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Abstract

Extending the Reach of Searches for Staus, Charginos and
Neutralinos with the ATLAS Experiment

at the Large Hadron Collider

Dominic Matthew Jones

This thesis describes new approaches to extend the sensitivity
reach of searches for three types of supersymmetric particles; staus,
charginos and neutralinos, using the 139 fb-1 of data collected with the
ATLAS experiment at the Large Hadron Collider between 2015 and
2018. Searches for three different production modes of these particles
are considered, with new approaches for each that highlight different
methods for improving sensitivity.

Firstly, a search for direct stau production, in which staus decay
to tau-leptons and neutralinos, is presented. The search makes use of
Boosted Decision Trees to classify the signal from the Standard Model
backgrounds and in doing so significantly improves the sensitivity
compared to a previous search using the same dataset. No signifi-
cant differences between the observed data and the Standard Model
predictions are found but new, world-leading limits on direct stau pro-
duction are set. Models with mass degenerate left and right-handed
staus are excluded at 95% confidence level for stau masses between
80 GeV and 500 GeV, with the low mass reach closing a previous gap
in sensitivity between previous searches performed by the ATLAS ex-
periment and searches conducted by experiments at the Large Electron
Positron collider. This search also provides the first sensitivity at the
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ATLAS experiment to the right-handed stau only interpretation, for
which models with right-handed stau masses between 100 GeV and
350 GeV are excluded for a massless neutralino-one at 95% confidence
level.

Secondly, new search channels for the production of charginos and
neutralinos with highly compressed mass spectra are explored. In
particular, a re-interpretation of a previous search for new physics
performed at ATLAS in a final state with an energetic jet and large
missing transverse momentum is compared to a sensitivity study of a
vector boson fusion channel. The re-interpretation is found to have
sensitivity to previously uncovered regions of parameter space; for
a simplified wino/bino interpretation models with neutralino-two
masses of 140 GeV are excluded at 95% confidence level, under the as-
sumption that signal theoretical uncertainties have a negligible impact.
The vector boson fusion channel is assessed to have comparatively
limited sensitivity with differences in the signal modelling between
this study and previous work on this channel being identified. How-
ever, it is shown that the use of machine learning in this channel can
provide a significant gain in the sensitivity.

Thirdly, a statistical combination of previous ATLAS searches for
chargino pair production in three different topologies is performed
for the first time, leading to a notable enhancement in the overall
sensitivity.
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Preface

The work documented in this thesis was conducted while the author was a member
of the ATLAS collaboration, the group responsible for the operation of the ATLAS
experiment at the Large Hadron Collider located at CERN, Switzerland. The results
presented here rely upon much previous work and effort from other members of the
collaboration and of CERN in general, not least for the construction and operation
of the Large Hadron Collider and the ATLAS detector. Further, the analyses in this
thesis were done as part of analysis teams formed within the ATLAS Supersymmetry
working group which are highlighted below. This thesis focuses on the contributions
made by the author to these projects; work done by collaborators is explicitly noted.
An overview of the authors contributions is provided in the following. A more detailed
account can be found in Section A.1 of the appendix.

The search for direct stau production presented in Chapter 4 was done in collabora-
tion with the ATLAS Electroweak Supersymmetry Di-Tau analysis team. The author
was the primary analyzer for the direct stau search channel from March 2022-July
2023 and was responsible for many aspects of the analysis, including; designing and
implementing the Boosted Decision Tree based event selection; adapting existing
background estimation methods for this selection; evaluating systematic uncertain-
ties; setting up and running the statistical likelihood fits and making the final result
plots. Results of the direct stau search were presented by the author at the LHCP 2023
conference and have since been made public in a paper published by the ATLAS
collaboration [1].

The studies of new search channels for charginos and neutralinos with small mass
differences presented in Chapter 5 were performed by the author as part of the ATLAS
Compressed Electroweak Supersymmetry analysis team. The author was one of the
main analyzers of the vector boson fusion channel since its inception in April 2020 with
responsibilities that included producing the ntuples used in the analysis; comparing
the modelling of the dominant V+jets background by different Monte Carlo event
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generators and evaluating the potential sensitivity gain from using a machine learning
based event selection. Additionally, the author had an important role in identifying
the differences between the studies performed within ATLAS and a CMS analysis
which inspired the study of the vector boson fusion channel. The re-interpretation
of the mono-jet analysis was instigated by the author and served as their main focus,
alongside the search for direct stau production mentioned above, from January 2022.
The work done by the author in both the vector boson fusion and mono-jet channels is
intended to form part of a future ATLAS publication.

The statistical combination of searches for chargino pair production shown in
Chapter 6 was performed predominantly between April 2021 - July 2022 as part of the
ATLAS Electroweak Supersymmetry Combinations analysis team. The work on the
chargino pair production combination was shared equally between the author and
Ben Hodkinson, a fellow PhD student at Cambridge. The results of the chargino pair
production combination have been published by the ATLAS collaboration alongside
other combinations of searches for electroweak Supersymmetry [2].

In addition to the work presented in this thesis, the author also contributed to
other projects as a member of the ATLAS collaboration during their PhD. In particular,
the author completed their Qualification Task on the ATLAS Inner Tracker (ITk)
upgrade, developing software for Quality Control tests of strip sensors and updating
an automated wire-bonding test for barrel modules. This work provided essential
automation of these tasks and has already been used extensively by the ATLAS ITk
community. The work on the Quality Control tests was completed with David Rousso,
another fellow PhD student at Cambridge, and was presented at the 15th Pisa Meeting
on Advanced Detectors [3] and PIXEL 2022 conferences [4]. The author also performed
a sensitivity study of a photon initial state radiation search channel for charginos
and neutralinos with small mass differences (the subject of Chapter 5) which is not
discussed in this thesis. Lastly, between August 2022 - August 2023 the author was
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Introduction

Particle physics is the study of the fundamental building blocks of the universe; what
they are, their properties and how they interact with each other. Humanity’s current
best understanding of particle physics is encoded in a theoretical framework known
as the Standard Model (SM). Since its inception, the SM has been extremely successful;
it has been used to make many predictions which agree with results obtained from
numerous experiments. However, there are observed phenomena, that a complete
theory of particle physics perhaps ought to be able to explain, which the current
formulation of the SM cannot account for. Together with theoretical arguments, they
suggest the SM is incomplete and thus provide motivations for possible extensions to
the SM. These extensions in general predict the existence of new particles.

Supersymmetry (SUSY) is one such extension to the SM and predicts the existence
of many new particles, referred to collectively as super-particles or sparticles. Despite
having strong theoretical motivations, SUSY does not make precise predictions on the
properties of sparticles such as their masses or decay branching fractions. Dependent
upon their properties, certain sparticles could be produced in detectable amounts at
particle colliders. Being, at time of writing, the largest and highest energy particle
collider in the world, the Large Hadron Collider (LHC) located at CERN, Geneva,
provides the best prospects for producing sparticles. Consequently, searches for
sparticles are performed by experiments at the LHC, with the aim of finding evidence
for their existence. These searches involve looking for discrepancies, typically excesses,
in the number of particle collisions recorded by the experiments that satisfy particular
criteria compared to the number that would be expected from the SM alone. The
criteria define search channels which target specific production and decay modes of
sparticles. The particle collisions are referred to as events. In the absence of observing
discrepancies in search channels, constraints can be placed on the properties of the
sparticles being searched for and on parameters of SUSY in general.
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Introduction

Many searches for sparticles have already been conducted by experiments at the
LHC, and indeed at previous particle colliders. So far no significant evidence for the
existence of any sparticles has been found. However, there remains significant amounts
of unexplored Supersymmetric parameter space. Given this, and the significant effort
and expense that goes into the construction, design and running of particle accelerators
and detectors, it is important that every effort is made to extend the sensitivity reach of
sparticle searches as far as is reasonably possible. Further, so far the particle collision
data used for these searches corresponds to only ∼5% of the total dataset that aims to
be recorded by the experiments at the LHC, which is planned to continue operating
past 2040. Thus, now is an opportune time to devise and test strategies that can
enhance the sensitivity of these searches.

In this thesis, strategies for extending the reach of searches at the ATLAS experi-
ment, one of the experiments at the LHC, for three different sparticle production/decay
scenarios are studied. All of these scenarios involve staus, charginos or neutralinos
being produced via the electroweak interaction. Such production modes are amongst
the most challenging to search for at a hadron collider due to their relatively small
production rates. However, there are reasons to suggest that these scenarios may be
amongst the first or possibly the only production/decay modes to be accessible at the
LHC, including the provision of a dark matter candidate compatible with cosmological
models and theoretical arguments based on the concept of naturalness.

The first scenario studied concerns the direct production of staus decaying to
neutralinos. A new search for this scenario is detailed which uses machine learning to
optimise the selection of events and by doing so significantly improves the sensitivity
reach compared to a previous search performed with the same dataset. The second
scenario is the production of charginos and neutralinos which are very close in mass
to each other, with mass differences less than 1 GeV. The charginos and neutralinos in
this scenario are referred to here as having an ultra-compressed mass spectrum. New
search channels for this scenario are explored to assess their sensitivity. Specifically, a
re-interpretation of a previous ATLAS search is used to determine the sensitivity of the
mono-jet search channel, followed by a dedicated sensitivity study of a vector boson
fusion search channel. The third scenario is the pair production of charginos decaying
to W-bosons and neutralinos. Results of previous ATLAS searches for chargino pair
production across three different search channels are statistically combined for the first
time, leading to a significant enhancement of the total sensitivity reach.
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Introduction

The first three chapters of this thesis provide background information on searches
for SUSY with the ATLAS experiment. Specifically, Chapter 1 provides a theoretical
overview of the SM and SUSY, including a discussion of the shortcomings and open
questions of the SM and how these motivate the existence of SUSY. Chapter 2 then
describes the LHC and the ATLAS experiment, including details of the ATLAS detector
and how the particles produced in collisions are reconstructed. How this information
is used to perform searches for new physics is the subject of Chapter 3, which also
includes a discussion of how machine learning techniques can be used to improve
their sensitivity compared to more traditional analysis techniques. Following this
background information, dedicated chapters detail each of the three studies mentioned
above. The new search for direct stau production using machine learning is presented
in Chapter 4, the exploration of new channels charginos and neutralinos with com-
pressed mass spectra in Chapter 5 and the combination of searches for chargino pair
production in Chapter 6, after which final conclusions are presented.
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Chapter 1

The Standard Model and
Supersymmetry

“The real goal of physics is to come up
with an equation that could explain the
universe but still be small enough to fit
on a T-shirt.”

Leon M. Lederman, physicist

As mentioned in the introduction, the SM of particle physics details the current best
understanding of the fundamental particles of the universe and how they interact with
each other. It was constructed predominantly over the 20th century, with the Higgs
boson being the most recent particle in the SM to be discovered by the ATLAS [5] and
CMS [6] experiments in 2012. Over this time, and since, the SM has been tested to
extremely high precision by numerous experiments, not least by those at the LHC in
recent years. For example, Figure 1.1 shows measurements performed by the ATLAS
experiment of the production cross-sections1 of numerous SM processes compared
to their theoretical predictions in the SM. The predictions agree across 13 orders of
magnitude, including for extremely rare processes with very small cross-sections.

While the predictions of the SM agree with the vast majority of the results from
experiments designed to test it2, there are what will here be called “particle-level”
phenomena that the SM cannot explain. Furthermore, it can be argued that theoretical

1 Cross-sections describe the rate at which a given interaction between particles occurs.

2 There are a couple of possible exceptions, which will be discussed later in this chapter.
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Chapter 1: The Standard Model and Supersymmetry

Figure 1.1: Summary of Standard Model cross-section measurements made with the ATLAS
experiment, compared to their theoretical predictions. Figure taken from reference
[7]. Note cross-sections are given in units of barn, b, where 1 b = 10-28m2.

aspects of the SM suggest the existence of a higher level theory. Consequently, there
are several motivations for extending the SM. Supersymmetry is one such proposed
extension, which looks to address some of these questions. This chapter first provides
a brief description of the SM in Section 1.1, which is followed by a discussion of its
shortcomings and open questions in Section 1.2. Supersymmetry is then introduced
in Section 1.3 as a possible solution to some of these shortcomings. In the first two
sections, emphasis is placed on aspects on the SM and its shortcomings that are
particularly relevant to Supersymmetry.
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Chapter 1: The Standard Model and Supersymmetry

1.1 The Standard Model

The SM is a relativistic quantum field theory (QFT) in which particles are excitations of
quantum fields that exist in four-dimensional Minkowski space-time. It describes all
known particles and how they interact with each other via the electromagnetic, weak
and strong forces. This section aims to review the key aspects of the SM, beginning
with the constituent particles and their interactions followed by a discussion of the
underlying structure of the SM, which reveals itself through symmetries.

1.1.1 Particles and Interactions

Particles

Empirically, the SM consists of 17 fundamental particles3 and at least 19 experimentally
determined parameters4 governing their properties and interactions. The particles can
be categorized by their properties in several ways. Firstly, they can be classified based
on their spin, s, a property which describes a particles’ intrinsic angular momentum,
as either bosons or fermions depending on whether they have integer of half-integer
spin respectively. Bosons are described as mediating interactions between themselves
and other particles whilst fermions are described as matter particles.

Bosons can be divided into gauge-bosons, which have s = 1 and the Higgs boson,
which has s = 0. The gauge-bosons consist of the photon, γ, which mediates the
electromagnetic (EM) interaction; the W± and Z-bosons which mediate the weak
interaction and gluons, g, of which there are 8 varieties, that mediate the strong
interaction. The photon and gluon are massless while the W± and Z-bosons have
masses around 100 GeV. The Higgs field, from which the Higgs boson, h, arises,
meanwhile has a special role; fermions acquire their mass through interactions with
the Higgs field. The Higgs field is also crucial to the process of electroweak symmetry
breaking (EWSB). Prior to EWSB, which is thought to have occurred at some point in
the early universe, the electromagnetic and weak interactions can be considered as
different manifestations of the same interaction (the electroweak interaction) and the

3 Though this number depends exactly on how the particles are counted, for example whether left
and right-handed fermions are counted separately.

4 There are exactly 19 free parameters taking neutrinos to be massless. Including neutrino masses
and oscillations, discussed in Section 1.2.1, adds at least a further seven parameters.

7



Chapter 1: The Standard Model and Supersymmetry

W±-bosons, Z-boson and photon are replaced by four massless gauge bosons, W1,2,3

and B with the W1 field having positive electric charge, W2 having negative electric
charge and W3 being electrically neutral. The importance of EWSB will be discussed
in the next section on symmetries. Of the bosons, only the photon is stable; the others
exist only for a short-time before decaying.

Fermions are divided into quarks, which can interact via the strong force, and
leptons which do not. Six flavours of quark have been discovered; up (u), down (d),
charm (c), strange (s), top (t) and bottom (b), three of which have an electric charge of
+2/3 (u, c, t) and three with an electric charge of -1/3 (d, s, b). The quarks are grouped
into three generations, (u, d), (c, s) and (b, t), each generation consisting of a quark
with charge +2/3 and one with charge -1/3. The masses of the quarks increases across
the generations with (u, d) being the lightest and (t, b) the heaviest.

Due to their interactions with the strong force, quarks carry a colour charge of
either red, green or blue. Aside from the top quark, quarks do not exist freely but
instead exist in bound states with zero total colour charge called hadrons (such as the
proton and neutron) which are held together by the strong force. That quarks exist
only in these bound states is known as confinement and is a consequence of the nature
of the strong interaction, which will be discussed later in this section. The top quark
decays too quickly (due to its large mass) to form these bound states. Of the known
hadrons, only the proton is not known to be unstable; other hadrons only exist for a
short amount of time before decaying, although fortunately for us neutrons can form
stable nuclei with protons. Parton Density Functions (PDFs) are used to describe the
distribution of energy and momenta of the consistuent quarks and gluons, collectively
known as partons, in these bound states.

Leptons can be further divided into those with an electric charge of -1 and those
that are electrically neutral, called neutrinos, and again come in three generations. The
three generations of charged leptons, in order of increasing mass, are the electron,
muon and tau-lepton, each of which has an associated neutrino. Of the charged
leptons, only the electron is stable while the muon and tau-leptons have lifetimes of
2.2 µs and 0.29 ps respectively [8]. In what will here be called the ‘vanilla’ version of
the SM, the neutrinos are all massless but experimental results over the past 20 years
have demonstrated that the different flavours of neutrino can oscillate into each other,
which suggests they do have (very small) masses. Neutrino masses are discussed more
in Section 1.2.1.
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All particles have the properties of charge, spin and mass which are listed in
Table 1.1. Fermions also have a property called chirality. Fundamentally, chirality is a
purely quantum mechanical property related to the phase of a particles wavefunction.
Fermions can have either left or right-handed chirality, with the left and right-handed
variants being excitations of different fields5. For massless particles, chirality is the
same as helicity, which describes whether a particle’s spin aligns with its direction of
motion. A key feature of the SM is the existence of anti-particles: for each SM particle
there exists also an anti-particle which has identical mass but opposite charges. Some
particles (notably the γ and the Z-boson) are their own anti-particle. Particles also have
a property called parity, which describes whether their wavefunction changes sign
upon spatial inversion. Fermions and the Higgs-boson have positive parity (meaning
the wavefunction does not change sign) while anti-fermions and gauge-bosons have
negative parity.

Interactions

Interactions can occur between fermions and bosons and between different bosons.
Some bosons can also interact with themselves. These interactions can be represented
by Feynman diagrams which are constructed of interaction vertices. Only certain
kinds of interaction vertex are allowed. Beginning with the EM force, the only allowed
interaction between fermions and photons is illustrated by Figure 1.2. These EM
interactions can only occur for fermions with non-zero electric charge. As photons
have no electric charge of their own, they cannot self interact, but they can interact
with W-bosons (pictured later). The EM interaction is further described by Quantum
Electrodynamics (QED).

Permitted interaction vertices governed by the strong force are shown in Figure 1.3.
Interactions between fermions and gluons, illustrated by Figure 1.3(a), can only occur
for fermions with colour charge (quarks). Unlike the photon, the gluon itself has
non-zero colour charge and so interactions between gluons are possible, as shown
by Figures 1.3(b) and 1.3(c). The strong interaction is further described by Quantum
Chromodynamics (QCD).

5 As a consequence of not interacting with any of the strong, EM or weak interactions, right-handed
neutrinos have not been observed and so nominally are not included in the SM. Their possible
inclusion is discussed in this chapter in Section 1.2.1.
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Type Particle Electric Charge Spin Mass

Quarks

up, u + 2/3

1/2

2.16 MeV
down, d − 1/3 4.67 MeV
charm, c + 2/3 1.27 GeV
strange, s − 1/3 93.4 MeV

top, t + 2/3 172.69 GeV
bottom, b − 1/3 4.18 GeV

Leptons

electron, e −1

1/2

0.549 MeV
electron neutrino, νe 0 0†

muon, µ −1 105.66 MeV
muon neutrino, νµ 0 0†

tau-lepton, τ −1 1.777 GeV
tau neutrino, ντ 0 0†

Gauge bosons

photon, γ 0

1

0∗

W±-bosons, W± ±1 80.377 GeV
Z-boson, Z 0 91.1876 GeV
gluon(s), g 0 0∗

Scalar bosons Higgs boson, h 0 0 125.25 GeV

Table 1.1: The particles in the SM with their electric charges, spins and experimentally deter-
mined masses, taken from [8].∗For the photon and gluon, the theoretical masses
of zero are used.†Similarly, for neutrinos masses are here listed as zero but are
discussed in Section 1.2.1.
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f

f

γ

Figure 1.2: EM interaction vertex between fermions and a photon, f denotes any fermion with
antiparticle f̄ . Diagrams produced using TikZ-Feynman [9].

q

q

g

(a) Strong interaction

g

g

g

(b) Triple gluon vertex

g

g

g

g

(c) Quartic gluon vertex

Figure 1.3: Strong interaction vertices, q denotes any quark. Diagrams produced using TikZ-
Feynman [9].

The allowed weak interactions are shown in Figure 1.4. For fermionic weak interac-
tions it is useful to distinguish between two types; charged current weak interactions
mediated by the W±-bosons (Figure 1.4(a)) and neutral current weak interactions
mediated by the Z-boson (Figure 1.4(b)). For fermions, only left-handed fermions (and
right-handed anti-fermions) interact via the charged current weak interaction while
all known fermions interact via the neutral current, though the strength of the inter-
actions depends upon the chirality of the fermion. For interactions between leptons
and W±-bosons, in order to conserve electric charge, charged leptons can only interact
with neutrinos. Only interactions involving the same flavour of charged lepton and
neutrino have been observed.

For interactions between quarks and W±-bosons, an up-type quark must interact
with a down-type quark in order to conserve electric charge. Unlike leptons, quarks
can interact across the generations, although the interactions are strongest between
quarks of the same generation. The relative strengths of the charged weak interactions
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between quarks are encoded in the CKM matrix. W±-bosons can also interact with
Z-bosons, themselves and with photons as previously mentioned, as shown by Fig-
ures 1.4(c)-1.4(e). The weak interaction is the only known interaction to violate parity;
weak interactions are not symmetric under a parity transformation, whereas strong
and EM interactions are symmetric.

f

f
′

W±

(a) Charged current weak
interaction

f

f

Z

(b) Neutral current weak
interaction

W+

W−

Z/γ

(c) Triple electroweak
vertex

W−

W+

W−

W+

(d) Charged quartic weak
vertex

W−

W+

Z/γ

Z/γ

(e) Mixed charged-
neutral quartic weak
vertex

Figure 1.4: Weak interaction vertices. In these diagrams, f denotes any fermion with an-
tiparticle f̄ , f ′ a different variety of fermion and Diagrams produced using TikZ-
Feynman [9].

The Higgs boson interacts with all fermions and bosons that have mass, via the
vertices shown in Figure 1.5. Self interactions of the Higgs boson, as shown in Fig-
ures 1.5(c) and 1.5(d), are also possible although are yet to have been experimentally
verified.

An important aspect of the SM is the relative strength of the different interactions
which are governed by coupling ‘constants’, here denoted αEM, αS and αW corre-
sponding to the electromagnetic, strong and weak interactions respectively. As a
consequence of renormalization (discussed briefly in the next section), the values
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f

f

h

(a) With fermions

V

V

h

(b) With gauge-bosons

h

h

h

(c) Higgs triplet vertex

h

h

h

h

(d) Higgs quartic vertex

Figure 1.5: Allowed interactions between the Higgs-boson with fermions, gauge-bosons and
itself. V denotes either a W±- or Z-boson. Diagrams produced using TikZ-Feynman
[9].

taken by these coupling constants vary with the energy scale being considered, in
particular the value of αEM increases with energy while the value of αS decreases. The
latter is known as the asymptotic freedom of QCD. At an energy scale of 1 GeV, typical
of most interactions at the LHC, these constants take values of αEM ∼ 0.007, αS ∼ 1,
and αW ∼ 0.03, hence strong interactions are dominant at the LHC. Importantly, al-
though the value of αW is greater than that of αEM, the rate of weak interactions are
suppressed with respect to strong and EM interactions due to the mediating W-bosons
and Z-bosons having mass.

The confinement of quarks to bound states, mentioned earlier, is a consequence of
gluons being massless and self-interacting combined with the value of αS decreasing
with energy. These effects cause the strength of the strong force to not decrease as the
separation between two coloured particles increases. In addition to restricting quarks
to exist in bound states, a further consequence of confinement is that when quarks or
gluons are produced at particle colliders, they rapidly interact via the strong force to
produce collimated collections of hadrons, called jets, a process called hadronization.
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Hence, individual quarks and gluons are not able to be reconstructed at particle
colliders, only the jets they form.

The strength of interactions of the gauge-bosons and fermions with the Higgs
boson is also governed by αW but for fermions the interaction is suppressed by a
factor of m f /mW where m f is the fermion mass and mW is the W-boson mass. Thus,
interactions with the Higgs boson are very weak for all but the heaviest of fermions.

1.1.2 Structure and Symmetries

That the particles of SM can be classified in the way described above, and that their
interactions obey particular rules, suggests some high level of structure is present in
the SM. This is indeed the case and the structure can be viewed more clearly through
observing the symmetries of the SM. To understand these symmetries, it is necessary
to know that the SM can be expressed as a Lagrangian. As in classical mechanics, the
Lagrangian, L, is the kinetic energy minus the potential energy, and the action, S, is the
integral of L over time. For relativistic QFTs, a more useful quantity is the Lagrange
density L (often, and here henceforth, just referred to as the Lagrangian), which is the
derivative of the Lagrangian in 3-dimensional space, and is in general a function of
the particle quantum fields. The action can therefore be written as

S =
∫

Ldt =
∫
Ld4xµ. (1.1)

By the principle of least action, the dynamics of a physical system can be determined
from requiring the action to be extremal, i.e. δS = 0. Hence, the dynamics of the SM
are determined from its Lagrangian.

The full SM Lagrangian consists of many terms which describe the dynamics of the
individual particles and how they interact with each other. A condensed version of
the SM Lagrangian, prior to the process of electroweak symmetry breaking (EWSB)
mentioned earlier, can be written as:

LSM = −1
4

FµνFµν + iψ̄ /Dψ + yiψ̄Li φψRi + h.c. + |Dµφ|2 −V(φ). (1.2)

The first term describes the dynamics and self-interactions of the gauge fields; there is
one such term of each of the gluon, W and B fields. The second term encodes how the
fermions interact with the gauge-bosons, with ψ and ψ̄ being fermion and anti-fermion
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fields and /D being the covariant derivative, which includes gauge field terms. The
third term details how the fermions interact with the Higgs field, φ, with the sum
running over the three lepton and six quark flavours and the L and R denoting left and
right-handed chirality respectively. The strength of these interactions are governed
by the size of the couplings yi which are known as Yukawa couplings. The “h.c.”
following this term stands for the hermitian conjugate of the previous term which
represents the interaction of anti-fermions with the Higgs field. The penultimate term
represents the interactions of the weak gauge fields with the Higgs field and the final
term represents the potential of the Higgs field. With all these terms, an important
property of the SM Lagrangian is that it is renormalizable, which put simply means
that divergences which arise in certain calculations (of for example cross-sections) can
be dealt with in a self-consistent way.

To return to symmetries, in general, a symmetry describes a transformation that
can be made to the fields under which the action, and thereby any physical observable,
is invariant. By Noethers’ theorem [10], every symmetry of this kind leads to a con-
served quantity, for instance invariance under translations in time yields conservation
of energy. Symmetries can be described by transformations under groups with the
generators of the groups controlling the transformations. Four types of symmetries
are present in the SM; the fundamental symmetries of space-time, internal symmetries,
accidental symmetries and approximate symmetries. The space-time symmetries are
described by the Poincaré group and encode invariance under space-time transla-
tions, 3D-rotations and Lorentz transformations which in-turn ensure the SM obeys
conservation of energy and momentum and complies with the postulates of special
relativity.

The internal symmetries of the SM arise from redundancies in the definitions of
the gauge fields; these fields can be modified in ways that do not change the action.
This is known as gauge invariance. The internal symmetries differ before and after
EWSB. Before EWSB, the SM had an overall internal symmetry of

SU(3)C × SU(2)L ×U(1)Y, (1.3)

where SU(3)C corresponds to the eight gluon fields and the conservation of colour
charge; SU(2)L corresponds to the three weak fields W1,2,3 and the conservation of
weak iso-spin; and U(1)Y the B field and conservation of weak hyper-charge. As not
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Name Fields (SU(3)C, SU(2)L, U(1)Y)

Quarks

(
u
d

)
L

(3, 2, 1
3 )

uR (3̄, 1, −4
3 )

dR (3̄, 1, 2
3 )

Leptons

(
e
ν

)
L

(1, 2, -1)

eR (1, 1, 2)

Gauge-bosons
W (1, 3, 0)
B (1, 1, 0)
g (8, 1, 0)

Higgs H (1,2,1)

Table 1.2: The particles in the Standard Model, prior to electroweak symmetry breaking, and
their representations in the gauge symmetry groups.

all particles experience all interactions, they have different representations under these
groups, illustrated in Table 1.2.

Upon EWSB, the W3 and B fields mix to give the Z-boson and the photon and
the SU(2)L ×U(1)Y is broken to leave only a U(1)EM symmetry, which corresponds
to the photon and conservation of electric charge. EWSB is caused by the Higgs
field acquiring a non-zero vacuum expectation value (VEV) as the temperature of the
universe decreased shortly after the Big Bang. This is a result of the Higgs potential
having a global minimum not situated at zero. The Higgs VEV is found to be 246 GeV
(as determined from measurements of the masses of the W±, Z and h and the strength
of electroweak interactions), and is related to the energy scale at which EWSB occurs.
The Higgs boson exists as a result of EWSB, thus EWSB is responsible for the origin of
fermions masses. Additionally, the W±- and Z-bosons also acquire their mass through
EWSB.

Turning to accidental symmetries, each flavour of lepton has an associated lepton
number which is +1 for leptons of that flavour, -1 for anti-leptons of that flavour and
0 for all other particles. Similarly, quarks have a baryon number of +1, anti-quarks
a baryon number of -1 and all other particles have a baryon number of 0. The total

16



Chapter 1: The Standard Model and Supersymmetry

lepton number(s) and baryon number are conserved in all SM interactions, but these
are considered “accidental” symmetries as they are not built into the SM Lagrangian,
and are not represented by a group symmetry. Parity conservation in electromagnetic
and strong interactions are also accidental symmetries.

Similarly, the SM also has approximate symmetries between the different genera-
tions of quarks and leptons with each generation experiencing the same interactions.
While these can be represented by groups, these symmetries are only approximate
due to the masses of quarks and leptons differing across the generations. The SM
is also approximately symmetric under CP transformations. CP stands for charge-
conjugation and parity; a CP transformation is one in which a particle is transformed
to its antiparticle and parity is inverted. The SM is only approximately CP symmetric
as processes in the quark sector have been observed to occur at different rates under
CP transformations, for example in the decay of neutral kaons (a meson composed of
down and anti-strange quark) [11, 12]. The origin of this CP violation is from non-zero
imaginary components of the CKM matrix mentioned earlier. In addition, CP violation
is in principle allowed in QCD but has not been observed, a phenomenon known as the
strong CP problem which is discussed briefly in the next section. Neutrino oscillations,
also discussed in the next section, can provide another source of CP violation as well.
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1.2 Shortcomings and Open Questions

Having reviewed key aspects of the SM, focus turns to the phenomena the SM cannot
explain. Here, these are divided into purely particle scale observations and then astro-
physical/cosmological scale observations which could have particle level explanations.
Additionally, as mentioned earlier it can be argued that theoretical aspects of the SM
suggest the existence of a more fundamental theory6. In the following discussion
of these shortcomings, more attention is paid to those with particular relevance to
Supersymmetry.

1.2.1 Particle-scale Observations

The most obvious ‘shortcoming’, already mentioned in previous section is neutrino
masses. In the vanilla formulation of the SM, neutrinos do not have mass because the
absence of right-handed neutrinos means there are no Yukawa terms, describing the
fermionic interactions with the Higgs field, in the SM Lagrangian for neutrinos7. How-
ever, recent experiments have demonstrated that the different flavours of neutrinos
are capable of oscillating into each other. The simplest way with which this could be
understood is with the existence of neutrino mass eigenstates, at least two of which
must have non-zero mass for the oscillations to be possible. Combining results of
several neutrino experiments, the best fit values of the two neutrino mass differences
are found to be 8.6 × 10−3 eV and 0.05 eV [13], meaning at least one of the mass
eigenstates has a mass greater than 0.05 eV. An upper limit on the sum of the neutrino
masses of 0.2 eV [14] has also been obtained from a combination of cosmological and
astrophysical observations.

Right-handed neutrinos can be added (as singlets in all gauge groups) to the
SM, giving Dirac mass terms in the Lagrangian analogous to those for the charged
leptons. As right-handed neutrinos would not interact with any of the strong, weak
or electromagnetic forces they would be considered sterile. As a consequence of this
sterility, Majorana mass terms, representing a different type of interaction between the
neutrinos and the Higgs field, could also be added to the SM Lagrangian. These terms
would imply that the right-handed neutrinos were their own anti-particles. Such terms

6 More fundamental in the sense that the SM could be derived from it.

7 Generic fermion mass terms also cannot be added to the SM as such terms would not be gauge
invariant.
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would not be renormalizable and so the Standard Model would instead need to be
treated as an Effective Field Theory (EFT), which breaks down at some high energy
scale. A see-saw mechanism between the Dirac mass and Majorana mass could explain
why the neutrino masses are so small. The other possibility is that there is a reason
why Majorana mass terms could not be added to the SM Lagrangian and potentially
also an explanation as to why the Dirac masses for neutrinos are so small. Either way,
additions to the vanilla SM Lagrangian are needed to explain the existence of neutrino
masses. The experimental bounds on neutrino masses put the energy scale at which
the SM breaks down as being around 1015 GeV, although this only represents an upper
bound; this treatment does not say the SM cannot break down at much lower energies.

Alongside neutrino masses, there are a couple of other recent particle-level ex-
perimental results that the SM might not be able to explain, although there status is
yet to be unanimously agreed upon by the particle physics community. The first is
the measurement of the anomalous magnetic moment of the muon, g− 2, which has
recently been measured at the Fermilab National Accelerator Laboratory to be more
than five standard deviations higher than was originally predicted based upon the
SM [15]. However, more recent theoretical calculations have produced values of g− 2
that are significantly closer to the experimental value [16], so at present it is unclear
whether this measurement can be taken as evidence of physics beyond the Standard
Model (BSM).

The second result is a precise measurement of the W-boson mass by the CDF
collaboration, which differs from the SM prediction (based upon global fits of other
measured quantities, such as the Z-boson mass) by 7.2 standard deviations [17].
However, as well as being at odds with the SM prediction, this measurement is also
at odds with other measurements of the W-boson mass made by other experiments,
including a recent result released by the ATLAS collaboration which has comparable
statistical uncertainty [18]. Hence, more work is needed to understand the sources of
the discrepancies between the experimental results before this measurement can be
considered as evidence for BSM physics.

1.2.2 Astrophysical and Cosmological Observations

Turning to astrophysics and cosmology, there are observed phenomena that could
potentially have particle level explanations. The most apparent of these is dark matter
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(DM). A variety of astrophysical observations, across a large range of length scales,
suggest the existence of additional matter in the universe which has mass but does not
interact via the strong or electromagnetic forces (reference [19] provides a summary).
One example, at the galactic scale, is that the speed with which stars orbit spiral
galaxies does not decrease with distance from the galactic centre as rapidly as would be
expected based upon the distribution of visible matter (and using General Relativity),
but could be explained by the existence of a “halo” of DM on the outskirts of galaxies.
Another example, this time at the inter-galactic level, is that the motion of colliding
galactic clusters suggests they contain a significant amount of DM. Further examples
include strong and weak gravitational lensing and fits of temperature fluctuations in
the Cosmic Microwave Background [20]. Under the Λ-Cold Dark Matter model of
cosmology, and based upon these astrophysical and cosmological observations, DM
accounts for 27% of the mass-energy of the universe, compared to around 5% for the
normal matter in the SM. The only possible DM candidates in the SM, the (left-handed)
neutrinos, would travel at too high velocities to be considered as cold DM, instead
being a form of hot DM [21].

Several new types of particle could account for cold DM. One of the most popular
candidates are Weakly Interacting Massive Particles (WIMPs); particles with masses
of order 100 GeV that only interact weakly (either via the weak force or some as yet
undiscovered force which is at least as weak). WIMPs are a popular DM candidate
due to what is known as the ‘WIMP miracle’: if a stable WIMP exists then, based upon
the current understanding of the early universe, it would naturally be produced in
an abundance which matches the experimentally determined amount of DM in the
Universe today, a quantity known as the DM relic density [22].

Aside from astrophysical observations, evidence for the existence of DM could
be found from searches at particle colliders, such as the ones discussed in the rest
of this thesis, or by direct detection experiments. While DM would pass through
particle detectors without leaving a trace, its presence could be inferred from the
presence of significant amounts of missing energy. This is discussed in more detail
with reference to the ATLAS detector in the next chapter. Many searches for particulate
DM at colliders have been performed, including by experiments at the LHC, but have
so far yielded no significant evidence for its existence.

Direct detection experiments aim to observe DM from the recoil of atomic nuclei
caused by interactions between the nuclei and DM particles arriving from space.
Numerous experiments searching for such signatures have been constructed and are
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located underground in order to reduce SM backgrounds. So far, the data collected
from these experiments also does not provide any strong evidence for particle DM [23].
However, combined with the results from astrophysical observations and collider
searches, limits have been placed on various DM scenarios but there remains much
unexplored parameter space.

Aside from DM, there exist some arguably even greater unresolved issues when
trying to marry the SM with cosmological observations. One of these is the matter-
antimatter asymmetry in the universe; matter comprises almost all observed visible
matter but the SM would suggest matter and anti-matter should have been created in
more equal proportions during the Big-Bang. The observed amount of CP violation
in the SM cannot account for the observed matter-antimatter discrepancy. Another,
and arguably the biggest short-coming of the SM (if considering it as a theory of
everything) is the current omission of gravity. While a spin-2 graviton, mediating
gravity, could be added to the SM, there are challenges in maintaining renormalizability
and accurately describing the behaviour of gravitational waves. Furthermore, one
of the biggest unresolved issues in modern physics is the fact that the value of the
vacuum energy determined from cosmological models is many orders of magnitude
(at least 60 according to [24]) smaller than what it is calculated to be from the SM
and QFT, although it is perhaps unfair to consider this disagreement as purely as a
shortcoming of the SM.

1.2.3 Suggestions of a more Fundamental Theory

Gauge hierarchy problem

In addition to these unexplained phenomena, certain aspects of the SM suggest the
existence of a more fundamental theory. The first of these is known as the gauge
hierarchy problem. In the SM, the mass of the Higgs boson is formulated as a rest
term, known as the bare mass m0, which is a free parameter in the SM, that receives
contributions from all other particles that interact with the Higgs field:

m2
h = m2

0 + ∑
i

δm2
h,i, (1.4)

where the sum is over all particles (with mass) in the theory. These corrections arise
from loop diagrams, examples of which are shown in Figure 1.6.

21



Chapter 1: The Standard Model and Supersymmetry

h h

s

(a) Scalar

f

f

h h

(b) Fermion

V

V

h h

(c) Boson

Figure 1.6: Feynman diagrams illustrating the one-loop corrections to the Higgs boson mass,
produced using TikZ-Feynman [9].

Treating the SM as an effective field theory (EFT) which breaks down at some
energy scale Λ, for a particle of mass mi the one loop corrections have the form

δm2
h,i ∝ ±λ2

i

[
Λ2 + Cm2

i ln(
Λ
mi

)

]
, (1.5)

where λi represents the size of the coupling to the Higgs field and C is a constant, the
value of which depends on whether the particle is a boson or a fermion as does the
sign of the correction. The important thing to note is that part of this correction is
proportional to Λ2, meaning the corrections to the Higgs boson mass are quadratically
divergent with respect to this energy scale. Following the discussion of neutrino
masses, Λ could be as large as 1015 GeV (or using the Planck mass (the energy scale
associated with gravity), 1019 GeV). The central question of the gauge hierarchy
problem is how the Higgs boson mass is only ∼100 GeV if it can receive corrections
many orders of magnitude larger, without the need for significant fine-tuning of m0

(having it take a very precisely tuned value such that the total Higgs boson mass
agrees with the experimentally measured value). To give strength to this problem, it is
worth noting that corrections to fermion masses in the SM receive similar corrections
due to their interactions with gauge bosons, but in this case the masses are protected
from diverging by the gauge symmetries of the SM (which cause various diverging
terms to cancel with each other).

Grand Unification

A second suggestion of a more fundamental theory is related to electroweak symmetry
breaking; given that the electromagnetic and weak forces can be unified above a
certain energy, then potentially the strong force can be unified with the electroweak
forces at a higher energy. This idea is known as Grand Unification and in general
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means that the SM has, above this energy scale, some higher symmetry than SU(3)C×
SU(2)L ×U(1)Y. Supporting this hypothesis, the relative strengths of the forces in the
SM, which as mentioned previously depend upon the energy scale being considered,
are found to almost coincide at high energies. Potential additions to the SM could allow
the couplings to exactly coincide. A larger symmetry group could also explain the
quantized nature of the different charges of the SM particles.

Additional Indications

There is also the strong CP problem, introduced earlier, which put simply is that, in
the current formulation of QCD, CP-violation can occur but has not been observed
meaning that tight constraints can be placed on the parameter controlling the rate of
CP-violating processes8. Again the problem is one of fine-tuning; an explanation as to
why the value of this parameter is so small is desired. Finally, there are several other
peculiarities in the SM for which an explanation is coveted. For instance why there
are exactly three generations of quarks and leptons, an explanation for the accidental
symmetries discussed in the previous section, why the charges of the quarks come
in units of 1/3 and why the masses of the SM particles occupy such a large range of
masses (a more general hierarchy problem). More generally, between the parameters
of the SM there are 19 degrees of freedom (not including neutrino mass oscillations,
which provide at least 7 more) that at present have to be taken from experiment. A
more fundamental theory could provide the origin of or place additional constraints
on their values.

8 The strongest constraints come from the experimental upper bounds on the neutron electric dipole
moment [25].
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1.3 Supersymmetry

Several of the shortcomings of the SM discussed in the previous section can be ad-
dressed by introducing new particles and a new symmetry called Supersymmetry,
or SUSY for short. SUSY would be a new space-time symmetry between bosons and
fermions which would require the existence of a new boson and a new fermion for
each existing fermion and boson in the SM respectively, each sparticle differing in spin
by 1/2 compared to its SM partner. As mentioned in the introduction, collectively
these new particles are known as superparticles or sparticles. Under a supersymmetric
transformation, the SM particles would transform to their superpartner and vice-versa
under the super-Poincaré group (which is the Poincaré group with this additional
boson-fermion symmetry).

If SUSY were an exact symmetry, then the sparticles would have the same masses
as their SM partners. This is clearly not the case as sparticles with such masses would
have been visible in numerous previous experiments, so, if it exists, SUSY must be a
broken symmetry. The formulation of SUSY that introduces the fewest number of new
particles and interactions is known as the Minimal Supersymmetric Standard Model
(MSSM) [26, 27]. In the following, we will briefly review the particle content and key
aspects of SUSY and the MSSM in particular before discussing the shortcomings of the
SM that SUSY can address.

1.3.1 Key Aspects

Particle Content

In SUSY, the SM particles are put into supermultiplets with their superpartners. In
particular, SM fermions form chiral supermultiplets with their superpartners which are
scalars (s=0), while SM bosons form gauge supermultiplets with their superpartners
which are spin-1/2 fermions. The superpartners of the SM fermions are given the same
names as their SM partners but with an ‘s’ prefix, so for example the superpartner of
the electron is called the selectron. For the SM bosons, the superpartners, collectively
called gauginos, are affixed with an ‘ino’ suffix, for instance the superpartner of the SM
B-field is the bino field. The sparticle fields take the same label as their SM partners,
but with an above tilde (∼) symbol. It is important to note that although there exist
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Chiral supermultiplets Spin=0 Spin=1/2

Squarks, quarks

(
ũ
d̃

)
L

(
u
d

)
L

ũR uR

d̃R dR

Sleptons, leptons

(
ẽ
ν̃

)
L

(
e
ν

)
L

ẽR eR

Higgs, Higgsinos

(
H+

u

H0
u

) (
H̃+

u

H̃0
u

)
(

H0
d

H−d

) (
H̃0

d
H̃−d

)
Gauge supermultiplets Spin=1/2 Spin=1

Gluino, gluon g̃ g
Wino, W-bosons W̃±, W̃0 W±, W0

Bino, B B̃ B

Table 1.3: Particle content of the Minimal Supersymmetric Standard Model (MSSM). Only
one generation of lepton and up and down type quarks are shown but all three are
present.

separate superpartners for the left and right-handed SM fermions, which are labelled
accordingly, being scalars these superpartners have no handedness of their own.

One key aspect of SUSY is that an additional Higgs doublet field, with opposite
hypercharge to the one in the SM, is required in order to avoid gauge anomalies (such
as violation of electric charge) as is a modification of the existing SM Higgs doublet.
The new Higgs doublet fields, each of which is complex, are labelled u and d as they
are responsible for giving masses to up and down type quarks respectively (with Hd

also being responsible for the charged lepton masses). Upon electroweak symmetry
breaking (EWSB), five Higgs scalars remain, three of which are neutral, one with
a charge of +1 and one with a charge of -1. The lightest neutral scalar is typically
assigned to be the SM Higgs boson. The particle content of the MSSM, prior to EWSB,
is shown in Table 1.3.
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After the electroweak and super symmetries are broken, the electroweak gauginos
and higgsinos with the same charges mix to form mass eigenstates. The electrically
charged eigenstates are known as charginos while the neutral ones are known as
neutralinos. They are labelled as χ̃±j and χ̃0

j respectively, with j = 1, 2 for charginos
and j = 1, 2, 3, 4 for neutralinos in order of increasing mass. Collectively, charginos
and neutralinos are referred to as electroweakinos. Depending on the level of mixing,
the individual electroweakinos may be said to be more wino, bino or higgsino like.
Sfermions of equal charge can also mix with each other to form mass eigenstates.
The amount and nature of the mixing depends upon how SUSY is broken. For the
sfermions, in all cases the mixing is expected to be most significant for the third
generation (i.e the stop quarks and staus) due to their larger Yukawa couplings.

SUSY breaking and Model Building

As discussed, SUSY must be a broken symmetry which suggests there may be a
mechanism behind how it is broken. The supersymmetric Lagrangian can be separated
into a part that preserves SUSY and a part that does not. The part that does preserve
SUSY is relatively well-defined theoretically (as so far as what terms are allowed)
but there are many possibilities for the SUSY breaking part. Consequently, it is
helpful to consider SUSY not as one theory with precise predictions but instead
as a framework from which particular supersymmetric theories, or models, can be
constructed. The nature of the terms in the SUSY breaking part of Lagrangian has
important implications for the phenomenology of SUSY, in particular the sparticle
mass spectrum. The MSSM reduces the freedom of the SUSY violating part due to
it requiring SUSY to be only softly broken (the meaning and motivation of which is
discussed in the next section (Section 1.3.2) but even then the full SUSY Lagrangian
contains over 100 free parameters.

R-Parity

SUSY introduces R-parity [28] as a quantity that, if conserved, prevents baryon and lep-
ton number violating processes (which have been strongly constrained by experiment).
The R-parity of a particle is defined as

PR = (−1)3(B−L)+2s, (1.6)
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where B is the particles’ baryon number, L its lepton number and s its spin. SM
particles have an R-parity of +1 and sparticles an R-parity of -1. For a SUSY model
in which R-parity is conserved, every interaction must involve an even number of
sparticles and no mixing between sparticles and particles is permitted. Two further
important consequences of R-parity conservation are that 1) at colliders sparticles
must be produced in even numbers and 2) the lightest SUSY particle (LSP) is stable.
While a good mechanism for preventing problematic processes, it is also possible that
R-parity violating couplings between sparticles are sufficiently small to suppress such
processes. R-parity is however conserved in the MSSM.

1.3.2 Motivations

Having established what SUSY is we can turn to its motivations of which there are
three key ones. The first is that SUSY can mitigate the gauge hierarchy problem
introduced in Section 1.2.3. This is because the quadratically divergent corrections
to the Higgs mass have opposite signs for bosons and fermions, and the sum of all
the quadratically divergent corrections would in fact perfectly cancel if SUSY were an
exact symmetry [29]. While it is known that SUSY is not an exact symmetry, it is still
possible for the quadratic divergences to cancel. Models for which this is the case are
said to have softly broken SUSY.

However, even in softly broken SUSY models it is still possible to arrive at some
kind of hierarchy problem if terms in the SUSY breaking part of the Lagrangian are
themselves too large that fine-tuning of the Higgs boson mass is still required. The
values of parameters controlling the size of these terms are closely related to the masses
of the gluino and stop quark (which has the largest impact on the corrections to the
Higgs boson mass due to the large top quark mass), such that the requirement of the
soft breaking terms to not be too large implies the stop quark and gluino must be
relatively light. Exactly how light they are required to be is a complex question as it
depends on how the amount of fine-tuning is quantified and also on whether SUSY
is treated as an effective field theory (EFT) or as part of a larger theory that works at
higher energy scales, such as string theory. Historically, EFT based approaches led
to requiring the stop mass to be less than ∼400 GeV in order to maintain naturalness
( [30] and references there-in). Such a scenario is now comfortably excluded by the
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searches performed by the ATLAS [31] and CMS [32] experiments; stop quark masses
below 1 TeV are largely9 excluded at 95% confidence level.

By contrast, the value of the same naturalness measures can differ greatly when
SUSY is evaluated as part of a larger theory in which SUSY parameters are correlated,
highlighting that EFT approaches are in this case actually quite model-dependent [33].
A model-independent approach, outlined in [30], argues that in fact the stop quark can
have a mass of several TeV without breaking naturalness. What is instead required
in this approach, where naturalness is evaluated from the equation for the Z-boson
mass, is that the Higgsinos must have masses close to that of the weak scale, more
specifically less than a few hundred GeV, a scenario not completely ruled out by
searches by ATLAS and CMS. Hence, it is difficult to determine any clear upper limits
on sparticle masses for which SUSY would present, on its own, a natural solution to
the hierarchy problem and it doing so is still a possibility.

A second motivation for SUSY can be found by revisiting Grand Unification. The
presence of the additional particles in SUSY changes how the strength of the couplings
vary with energy scale. For certain SUSY models, the strength of the couplings can in
fact converge10 at high energies as illustrated in Figure 1.7.

Thirdly, SUSY can also provide compelling DM candidates, typically in the form
of the lightest neutralino or the gravitino (which would be the superpartner of the
graviton) [34, 35]. More precisely, this is the case for SUSY models where R-parity is
conserved and the LSP is electrically neutral. Although not all models of this kind can
fulfil the restrictions on DM that have been set by astrophysical observations, direct
detection experiments and collider searches, there are many models which can survive
these constraints [36].

In addition to these three key motivations, the mass of the Higgs boson being
less than 135 GeV is often heralded as a success of SUSY, as this is required in the
MSSM (with a more general limit related to grand unification requiring the mass to
be less than 200 GeV) [37]. Interestingly, although as mentioned the results are not
universally accepted, SUSY could potentially also (simultaneously) explain both the
muon g− 2 anomaly [38] and a higher than expected W-boson-mass [39]. And as a

9 See discussion of simplified models in the next section (1.3.3)

10 Or at least the couplings strengths are significantly closer to converging than in the SM case, with
differences being more easily able to be attributed to new particles near the convergence energy.
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Figure 1.7: Unification of gauge couplings with and without SUSY. From top to bottom, the
sets of lines plot the inverted strength of the interactions related to the B, W1,2,3

and gluon fields (prior to EWSB) both for the SM (grey dashed lines) and for the
MSSM (coloured lines) as a function of energy. For the MSSM case, the value of the
strong coupling at the Z-boson mass is varied between 0.117 (red line) and 0.121
(blue line). Figure taken from [29].

final motivation, it is worth noting that SUSY is often a key component of quantum
theories of gravity.

1.3.3 Searching for Supersymmetric Particles

The new particles introduced by SUSY could be produced at particle colliders such as
the Large Hadron Collider (LHC) and could be detected from a wide variety of exper-
imental signatures. Many searches for supersymmetric particles have already been
performed, at the LHC with the ATLAS and CMS experiments, by the experiments at
the Large Electron Positron (LEP) collider, which was housed the same ring in which
the LHC now resides, and at the Tevatron collider at the Fermi National Accelerator
Laboratory in the USA. A general outline of how such searches are performed can be
found in Chapter 3. So far, none of these searches have yielded any concrete evidence
for the existence of Supersymmetric particles, but they have been able to exclude
particular Supersymmetric models.
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In particular, individual searches are typically designed using simplified models, in
which only a couple of the new SUSY particles have masses within experimental reach
and the branching fractions of certain decay modes are fixed. Although such models
do not represent ‘realistic’ models of SUSY, as argued in [40] they capture the main
kinematics of the processes they target such that the searches which use them have
good sensitivity to more complex models that include the target processes. Further,
in general the cross-sections of the target production modes in the simplified models
are in general not vastly different then they are in more complex models (although
this does depend greatly on the production mode), hence the restrictions on sparticle
masses that can be set using the simplified models can, in some cases, be interpreted
as absolute limits on the sparticle masses. However, the assumptions of the simplified
models should always be considered when interpreting the results of searches.

The phenomenological MSSM (pMSSM) [41] provides a more general framework
with which to interpret the search results by imposing certain restrictions on the MSSM
such that the number of free parameters is reduced from over 100 to 19. The following
restrictions on top of the MSSM conditions are applied:

• No flavour changing neutral currents (as these are heavily constrained by numer-
ous experiments).

• No new sources of CP-violation (to avoid models which violate experimental
constraints on the electric dipole moments of the electron and neutron, and on
the Kaon system).

• Universality between the first and second generations of squarks and fermions
(to avoid models which do not satisfy experimental constraints from neutral Kaon
mixing).

The results of the individual searches are re-interpreted for models satisfying the
pMSSM criteria from which the fraction of models with certain characteristics that
are excluded can be computed (for instance the fraction of models with a χ̃0

1 within a
certain mass range). Additional constraints, such as those arising from DM models
or the Higgs boson mass, can also be applied. The results from the ATLAS [36] and
CMS [42] pMSSM interpretations using the data collected at the LHC between 2010-
2013, show the significant impact these searches have in constraining these SUSY
models. Nevertheless, many (natural) SUSY models were not, and have yet to be,
excluded.
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The searches discussed in this thesis are for electroweak SUSY production, in which
the new SUSY particles are produced via W-bosons, Z-bosons or photons. More
detail on the specific processes can be found in the corresponding chapters, but for
now it is useful to note that the constraints on squark and gluino masses are much
larger than the constraints on sfermions and electroweakinos (and consequently the
amount of SUSY parameter space with light sfermions and electroweakinos that is
excluded is much less than the fraction of excluded with comparatively light squarks
or gluinos). This is primarily due to much larger production cross-sections at the
LHC for squarks and gluinos. While a proton-proton collider has disadvantages for
electroweak SUSY searches compared to a lepton-lepton collider, the larger centre of
mass energy, large amount of data collected, and sophisticated analysis techniques
that have been developed mean that searches being conducted by ATLAS and CMS at
the LHC are able to probe previously unexplored regions of the electroweak parameter
space, as will be seen in the latter three chapters of this thesis.
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Chapter 2

The ATLAS Experiment at the Large
Hadron Collider

“Theory will take you only so far.”

J. Robert Oppenheimer,

Oppenheimer (2023)

To test for possible extensions to the Standard Model (SM) like Supersymmetry, it is
necessary to construct particle colliders capable of producing such particles. Located
100m underground on the Swiss-French border, the Large Hadron Collider (LHC) at
CERN is currently the largest and highest energy particle collider in the world, capable
of colliding protons together at centre of mass energies up to 14 TeV. Since coming
online in 2010, a rich array of physics has been studied by the detector experiments
at the LHC, including the discovery of the Higgs boson by the ATLAS and CMS
experiments, precision measurements of rare SM processes and searches for physics
beyond the Standard Model (BSM). This chapter first provides some background
information on the LHC and proton-proton collisions in Section 2.1 followed by
a detailed look at the ATLAS experiment in Section 2.2, with which the searches
presented in this thesis have been performed.
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2.1 The Large Hadron Collider

2.1.1 Overview

The LHC is a circular collider; particles lap a ring, 27 km in circumference, many
times as they are accelerated. As mentioned at the end of the previous chapter, the
Large Electron Positron collider (LEP) experiment was previously located in the same
ring. The LHC is primarily used to collide protons at very high energies, but can
also collide heavier ions at lower energies. During proton collisions, protons travel
around the ring in bunches, one beam of bunches travelling clockwise the other
anticlockwise. Each bunch consists of O(1011) protons. There are four points where
these beams cross each other, resulting in collisions. Detector experiments are located
at each of these interaction points (IPs). Of the four primary detector experiments two,
ATLAS (A Toroidal LHC ApparatUS) [43] and CMS (Compact Muon Solenoid) [44],
are general purpose detectors, designed to study a range of phenomena while LHCb
(LHC Beauty) [45] is a forward detector optimized for the study of b-quark related
process and ALICE (A Large Ion Collider Experiment) [46] is focused on analyzing the
aforementioned heavy-ion collisions to study quark-gluon plasma.

Protons are only collided in the LHC during ‘Runs’ with time in between Runs
dedicated to upgrade and maintenance work. Run 1 of the LHC took place from
2010-2013, Run 2 from 2015-2018 and Run 3 commenced in July 2022. In Run 1, protons
were collided at centre of mass energies of 7-8 TeV, while during Run 2 the energy
was increased to 13 TeV. For Run 3, the collision energy has been further increased to
13.6 TeV. Beyond Run 3, significant upgrades will take place to increase the luminosity
(discussed below) such that the LHC will become the High Luminosity LHC (HL-
LHC). The analyses discussed in this thesis make use of the data collected by the
ATLAS experiment during Run 2.

During Run 1 and 2, the protons in the beams were sourced from bottles of pres-
surised hydrogen. An electric field stripped hydrogen atoms of their electrons, after
which they were first accelerated by a linear accelerator, Linac2, to energies of 50 MeV.
For Run 3, Linac2 was replaced by another linear accelerator, Linac4, which instead ac-
celerates negative hydrogen ions from a H- ion source. The negative ions are stripped
of their electrons prior to the next stage. Both Linac2 and Linac4 make use of radio
frequency (RF) cavities to accelerate the protons/negative hydrogen ions. After the
initial acceleration, the energy of the protons is further increased by a succession
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Figure 2.1: Schematic of the accelerators at CERN. Adapted from [47].

of three increasingly large synchrotrons (the Proton Synchrotron Booster (PSB), the
Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS)) until they reach
an energy of 450 GeV, at which point they enter the main LHC ring. A schematic of
these accelerators is shown in Figure 2.1. Each of the synchrotons, and the main LHC
ring, consist of RF cavities, which accelerate the protons, and various types of magnet
to control the trajectory of the beams. The main dipoles generate magnetic fields of
8.3 T. Quadrupole, sextupole and octupole magnets are used to squeeze the beams
prior to collisions, reducing the beam spot size and thus increasing the interaction rate.
During Run 2, interactions occurred at intervals of roughly 25 ns. Whilst the beams of
colliding, the interaction rate decreases over time as the protons in the bunches are
lost (or depleted). Eventually (typically after ∼12 hours during Run 2), the beams are
dumped and a new fill of protons is later injected.

2.1.2 The Nature of Proton-Proton Collisions

Protons are one of the best candidates for exploratory colliders such as the LHC due to
their relatively large mass (which keeps synchrotron radiation low), long (potentially
infinite) lifetime and ease of sourcing. However, numerous complications arise from
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protons not being fundamental particles (recall from Chapter 1 they are bound states of
quarks and gluons). An immediate consequence of this is that the centre of mass energy
of the hard scatter, the specific high energy parton-parton interaction of interest, is not
known precisely as the total energy of the protons is distributed among their partons.
Another consequence is that there can be additional processes on top of the hard scatter.
An illustration of a proton-proton collision is shown in Figure 2.2. The complication
this causes is compounded at the LHC where multiple simultaneous proton-proton
interactions occur each time the bunches cross. In such events, a primary vertex has to
be defined and objects from the other vertices are known as pile-up objects. During
Run 2 of the LHC, there was an average of number of 34 interactions per bunch
crossing at the ATLAS IP [48]. This is expected to increase to around 50 for Run 3 and
to 200 at the HL-LHC.

Figure 2.2: An illustration of a typical proton-proton collision. In red is highlighted the high
energy parton-parton interaction of interest but other partons also interact. Image
taken from [49].

What happens in each proton-proton collision is governed by the underlying Quan-
tum Field Theory and so is inherently probabilistic (at least from a practical perspec-

36



Chapter 2: The ATLAS Experiment at the Large Hadron Collider

tive). Many new physics and interesting SM processes are or are expected/constrained
to be much rarer than the majority of SM processes that occur at the LHC, particularly
generic strong interactions between partons. Consequently, most events are not inter-
esting to analyze and, even if they were, it would not be practically possible to record
all the information from every event. To avoid writing out all events to disk, ATLAS
and the other experiments at CERN design algorithms that determine whether events
are interesting for analysis (based on what searches or measurements are desired)
and only such events are written to disk. These algorithms and selections are known
as triggers. An example trigger might require an event to have two electrons with
large momenta. The trigger system of the ATLAS experiment is discussed later in this
chapter in Section 2.2.3.

2.1.3 Luminosity

As will be seen in the next chapter, searches for new physics and precision SM mea-
surements benefit from having a larger total number of collisions (i.e. more data) to
analyze. For a particular physics process i, the rate of that process occurring is given
by

dNi

dt
= σi · L, (2.1)

where σi is the cross-section for the process (a measure of its probability to occur) and
L is the (instantaneous) luminosity, a property of the collider. A useful measure of the
amount of data delivered to or recorded by a particle detector over a given period of
time is the integrated luminosity L:

L =
∫
Ldt. (2.2)

Luminosity depends upon several factors; the number of proton bunches in each beam
which collide when the beams crossed, how tightly squeezed the proton bunches are,
the angle at which the bunches cross, the transverse offset between the beams and the
number of protons per bunch. These factors can be optimized to give a high luminosity
whilst still ensuring the particle detectors have the necessary bandwidth to process
the high collision rate.
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Nominally, the instantaneous luminosity from a single fill (also called a run) de-
creases exponentially once collisions have commenced as protons in the beam are
either depleted in collisions or are lost due to experimental effects. With this luminosity
profile, increasing the total integrated luminosity requires increasing the maximum or
peak instantaneous luminosity, which can put more severe demands on the detector
components and event reconstruction algorithms, as a high peak instantaneous lumi-
nosity means a high peak number of pile-up events. As a more efficient alternative
to this exponential profile, luminosity levelling can be employed whereby the initial
instantaneous luminosity is reduced from its possible maximum but the beam parame-
ters are adjusted during the run to maintain this instantaneous luminosity for a certain
period. Luminosity levelling by adjusting the separation of the beams was used at the
ATLAS and CMS IPs towards the end of Run 2, and has been used since Run 1 at the
LHCb and ALICE IPs. For Run 3, luminosity levelling will be achieved at the ATLAS
and CMS IPs by increasing the amount by which the beams are squeezed during a run,
a technique known as β∗ levelling [50].

Measuring the detector luminosity and total integrated luminosity accurately is
of fundamental importance for physics analysis. In ATLAS, the primary luminosity
measurement is from a hit-counting method using the LUCID2 sub-detector. This
measurement is complemented by other measurements based on diamond sensors
in the Inner Detector, track counting, and from electrical currents in the central Tile
and Electromagnetic end-cap calorimeters (see Section 2.2.2 for details of each of these
sub-detectors), which allow the evaluation of a long term stability uncertainty. These
methods require calibration from special low-luminosity runs in order to determine
the absolute luminosity (as opposed to the measured visible luminosity, which is
method dependent). The analyses discussed in this thesis use the dataset collected
by the ATLAS experiment during Run 2 which has a total integrated luminosity
measurement of 139 fb-1, which corresponds to over 1016 proton-proton collisions. The
total uncertainty on the integrated luminosity used in the analyses in this thesis is
taken as 1.7% [51], although a more recent measurement has reduced this uncertainty
to 0.83% [52].

38



Chapter 2: The ATLAS Experiment at the Large Hadron Collider

2.2 The ATLAS Experiment

Having reviewed some key aspects of the LHC, attention now turns to the ATLAS
experiment. It is important to appreciate that the ATLAS experiment consists not
only of the ATLAS detector, but also the software and computing infrastructure that
facilitate the analysis of the data collected and the 6000 scientists, engineers and
support staff from 42 countries which form the ATLAS collaboration. This section is
structured as follows; an overview of the ATLAS detector including the coordinate
system is given in Section 2.2.1. The different sub-detectors comprising the full ATLAS
detector are described in turn in Section 2.2.2 which is followed by a discussion of the
ATLAS trigger system in Section 2.2.3. Section 2.2.4 then outlines how the information
recorded by the sub-detectors is used to reconstruct particles for physics analysis.
Lastly, Section 2.2.5 will briefly describe how the response of the ATLAS detector
is simulated as this is often used for making predictions in physics analyses. The
technical information in this section is taken from the ATLAS summary paper [43]
except where otherwise indicated.

2.2.1 Overview

As mentioned, the ATLAS detector is a general purpose particle physics detector
designed to facilitate the study of a wide variety of phenomena. ATLAS is (approxi-
mately) cylindrically symmetric and has nearly 4π of solid angle coverage. It is located
in an underground cavern at Point-1 of the LHC complex. Measuring 44 m long and
25 m tall, it is the largest detector ever constructed for a particle collider.

The primary physical components of ATLAS are its sub-detectors and its magnet
systems. Closest to the interaction point is the Inner Detector (ID), which registers
hits, with fine granularity, when charged particles pass through it. Beyond this is
a central solenoidal magnet which produces a magnetic field inside the ID, aligned
along the beam direction, which bends the path of charged particles such that the
charge and momenta of the particles can be measured from the curvature of tracks
reconstructed from the hits that are registered. Past the solenoid are the electromagnetic
and hadronic calorimeters (ECALs and HCALs respectively), which record energy
deposits of photons/electrons and hadrons respectively. The calorimeters also serve to
stop the passage of these particles. The last layer of ATLAS is the muon spectrometer
(MS), which consists of various measurement chambers and toroidal magnets to
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precisely identify and measure the properties of muons. Figure 2.3 shows a cutaway
of ATLAS for reference labelling the key components. Additionally, there are several
detectors located in the forward regions of ATLAS (region close to the ends of the
ATLAS ‘cylinder’) which serve special functions that will be briefly discussed in the
next section.

Figure 2.3: Cutaway of the ATLAS detector [43].

Coordinates

Conventionally, a right-handed set of axes is defined with the x-axis pointing towards
the centre of the LHC ring, the y-axis directed vertically upwards and the z-axis
running along the beam direction (the axis of the ATLAS cylinder). Cylindrical
coordinates are used in the transverse (x-y) plane with R being the perpendicular
distance from the interaction point and φ being the azimuthal angle. Transverse
quantities, such as transverse momenta, pT, refer to this plane. Pseudorapidity is
defined as

η = − ln tan(θ/2), (2.3)

where θ is the polar angle from the z-axis. A pseudorapidity of zero corresponds
to a particle emitted in the transverse plane while pseudorapidities with magnitude
greater than 2.5 are within 10°of the z-axis. For massless particles, the pseudorapidity
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is equivalent to the rapidity, y, which is defined as

y =
1
2

ln(
E + pz

E− pz
), (2.4)

where E is the particles energy and pz is the momentum in the z-direction. For highly
relativistic particles, pseudorapidity is approximately equal to rapidity but has the
advantage θ is more directly related to the detector than pz and so is more often used
in physics analyses. Pseudorapidity is used over θ at the LHC because differences
in rapidity (and therefore also pseudorapidity for highly relativistic particles) are
invariant under Lorentz boosts in the z-direction; which is useful as in proton-proton
collisions the longitudinal momentum of the hard scatter is not known. The separation
between two particles in η-φ space, ∆R, defined as

∆R =
√
(∆φ)2 + (∆η)2, (2.5)

is another quantity often used in physics analyses.

2.2.2 Sub-Detectors

Inner Detector

The Inner Detector (ID) is designed to record the tracks of charged particles which
can be used to; identify the particles; measure their momenta; and, in events with
multiple interaction vertices, determine which vertex the particles originated from.
As mentioned, the ID is the closest part of ATLAS to the interaction point; coming
within 33 mm of the colliding proton beams. The ID has three distinct parts; working
outwards from the beam these are the Pixel Detector (PD), Semi Conductor Tracker
(SCT) and the Transition Radiation Tracker (TRT). Each of these components are
divided into central barrel parts and end-cap disks. In total the ID extends 1.08 m
radially and 6.2 m along the z-direction. A cross-section of the ID is shown in Figure 2.4.
The central solenoid magnet which lies just beyond the ID consists of over 9 km of
niobium-titanium superconductor wire embedded into strengthened aluminium strips,
resulting in a 2 T magnetic field inside the ID. Important to note is that the ID only has
coverage for |η| < 2.5 (with full coverage in φ), meaning the tracking information it
provides is only available in this central region.
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The PD and SCT are both solid state silicon detectors. They consist of small pieces
of doped silicon which are reversed bias during operation to establish an electric field.
When a charged particle passes through a piece of the silicon it creates electron-hole
pairs which are collected at electrodes, registering a hit. The path of the charged
particle can then be constructed from the location of these hits. Additionally, the track
information can be used to identify longer lived particles (both SM particles, such as
tau-leptons or B-hadrons, but potentially also long-lived BSM particles) which have
track origins that are displaced from the interaction point.

The PD consists of over 90 million individual silicon pixels that are arranged in
four concentric layers in the barrel region and three discs at each of the end caps. The
innermost layer of the PD, the Insertable B-Layer (IBL) was added between Run 1 and
Run 2. This was as an alternative to replacing the innermost layer of the PD (which
would have needed to be replaced due to radiation damage) while also improving
the overall tracking performance. Each pixel measures 50 µm × 400 µm in the Rφ x z
directions in the three outer layers and 50µm × 250 µm in the IBL, resulting in a hit
resolution of 12 µm and∼70 µm in the Rφ and z directions respectively. The larger SCT
has a lower resolution of 17 µm× 570 µm in Rφ × z but covers a larger area, consisting
of over 4000 modules across three barrel layers and 18 end-cap disks. Each module
has silicon micro-strips on each side to register hits, with over 6 million micro-strips
being used in total.

The TRT is made up of 300,000 drift tubes or straws, each 4 mm in diameter,
interleaved with polypropylene radiators. These straws are filled with a Xenon-based
gas mixture and have a gold-plated tungsten wire at their centre. Kapton, a polyimide
film, is used for the outer walls of the straws. When a charged particle passes through
the straw, the gas is ionized. A 1.5 kV potential difference is maintained between
the tungsten wire and the straw walls such that this ionization can be detected, and
registered as a hit from which tracks can be reconstructed like in the PD and SCT.
Measuring the number of hits above a given threshold across multiple straws provides
a method for particle identification for particles with momentum less than 10 GeV.
Additionally, when highly-relativistic charged particles pass through the radiators
they emit transition radiation in the form of X-rays (due to passing through materials
with different refractive indices). This transition radiation also ionises the Xenon gas
mixture, but to a much greater degree than the passage of a charged particle does.
The amount of transition radiation depends upon the ratio of a particle’s energy and
mass, such that it can be used as a method of particle identification, with typically only
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electrons being produced with sufficiently large energy to mass ratio to give significant
transition radiation [53].

The ID is set to be replaced by the Inner Tracker (ITk), a more advanced silicon
detector, after Run 3. ITk will be a significant upgrade in resolution from the ID,
which will be necessary to maintain good tracking performance with the larger pile-up
conditions that will be present at the HL-LHC. The replacement is also necessary as the
radiation damage the ID will have sustained after Run 3 will have severely degraded
its performance.

Figure 2.4: Cutaway of the Inner Detector, taken from [54]. R is the radial distance from the
interaction point.

Calorimeters

Beyond the ID are several calorimeters, of both electromagnetic (EM) and hadronic
variety. In particular there is a central barrel Liquid Argon (LAr) EM calorimeter, a
hadronic barrel tile calorimeter, separate EM and hadronic LAr end-caps and a forward
calorimeter (FCAL) with both EM and hadronic layers. A layout of these calorimeters
is shown in Figure 2.5. Note there is a gap between the barrel and end-cap calorimeters
covering (1.37 < |η| < 1.52).

Concerning the basic operation of calorimeters, when particles interact with matter
they can produce cascades of additional particles known as a shower. Calorimeters
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Figure 2.5: Layout of the ATLAS calorimeters, from [43].

can be used to measure the energy of incoming particles by absorbing these showers
and the particles themselves. All the calorimeters in ATLAS are sampling calorimeters;
they consist of interwoven layers of a passive material, which both causes the particles
to shower and absorbs the particles in the shower, and an active material that facilitates
measuring the energy of the showers. Electrons and photons produce electromagnetic
showers which are absorbed by the electromagnetic calorimeters (ECALs). Hadrons
also produce activity in the ECALs but are much more penetrating than electrons
and photons due to their larger nuclear interaction lengths and so usually pass into
the HCALs. Muons have even longer interaction lengths in these materials and so
pass through the calorimeters without losing much energy. Having small interaction
cross-sections, neutrinos pass through the calorimeters without depositing any energy.

An important property of calorimeters is their energy resolution, which is usually
parameterized as

∆E
E

=
cs√

E

⊕ cn

E

⊕
cc, (2.6)

in which E in the shower energy, cx are constants and the ‘
⊕

’ symbol denotes that the
terms are summed in quadrature. The first term is a statistical error arising from the
stochastic nature of showers; the second term is a consequence of electronic noise and
the final term accounts for inhomogeneities in the sampling material, radiation damage
and calibration uncertainties. The energy resolution of the ATLAS calorimeters is
determined from tests using electron beams (of varying energy). For all the ATLAS
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calorimeters, the stochastic term is the dominant contribution to the resolution, with
the later two terms often being combined in quadrature.

Examining the different calorimeters in detail, the barrel and end-caps ECALs have
lead as the passive material and LAr as the active material, the latter of which requires
the calorimeters to be cooled to 88K [43]. Charged particles ionise the LAr, producing
measurable electric currents. The lead absorbers are arranged in an accordion pattern,
with LAr filling the cavities, in order to achieve full coverage in φ. There is a thin
(∼11 mm) LAr pre-sampler between the ID and barrel ECAL to correct for fluctuations
in the energy loss of electrons and photons from their travel through the ID and central
solenoid. In total, the ECAL layers corresponds to more than 22 electron/photon
interaction lengths. Following the parameterization of Equation 2.6, the ECAL has a
stochastic constant cs = 10%

√
E, a noise constant of cn = 200 MeV and a calibration

constant cc = 0.2%.

Moving to the HCALs, the barrel Tile HCAL consists of a main segment and two
extended segments, all of which use steel plates as the passive material and plastic
scintillators for measurement. Photons produced by the scintillators are transmitted
by wavelength shifting fibres to photomultiplier tubes to measure the signals. The
barrel HCAL is significantly larger than the barrel ECAL as a consequence of hadronic
showers being on average much larger than EM ones. The HCAL end-caps are subject
to higher levels of radiation, predominantly from proton remnants, than the barrel
component and so have LAr as the active material and radiation hardened copper as
the passive material. The HCAL has poorer resolution than the ECAL, a consequence
of its larger size meaning that achieving the same resolution would be significantly
more expensive. The resolution parameters of the barrel HCAL are cs = 50%

√
E,

cn = 1.6 GeV and cc = 3% [55].

The last calorimeter system is the FCAL, which provides coverage for 3.2 < |η| <
4.9. This high η coverage is important for many physics signatures, in particular the
measurement of missing transverse energy (see Section 2.2.4) and vector boson fusion
signals, such as the one studied in Chapter 5. Three layers comprise the forward
calorimeter; each layer using LAr as the active material, with copper and tungsten
being used as the passive material in the first and outer two layers respectively. The
first layer acts primarily as an EM calorimeter while the outer two layers act as
hadronic calorimeters. The energy resolution terms for EM showers in the FCAL are
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Figure 2.6: Diagram of the Muon Spectrometer, taken from [43, 58].

cs = 25%
√

E, cn ≈ 200 MeV, cc = 4% while for hadronic showers they are cs = 100%
√

E,
cn ≈ 500 MeV, cc = 10% [56, 57]1

Muon Spectrometer

The outermost part of the ATLAS Detector is the MS, which, as the name suggests, is
dedicated to detecting muons and measuring their properties. Like the ID, the MS is
subject to a magnetic field to deflect the path of muons. The magnetic field is produced
by a combination of eight barrel toroidal magnets (toroids) and two end cap toroids
which produce a magnetic field which is mostly orthogonal to the particle trajectories.
The strength of the field varies from 0.5 T from the barrel toroids for |η| < 1.6 to 1 T
from the end cap toroids for 1.6 < |η| < 2.7. Four different detector technologies are
used in the MS; Monitored Drift Tubes (MDTs) and Cathodes Strip Chambers (CSCs)
for precise measurements of muon tracks and Resistive Plate Chambers (RPCs) and
Thin Gap Chambers (TGCs) for use in muon triggers. Figure 2.6 shows the layout of
the MS, highlighting where each of these technologies is used.

1 For the FCAL, the EM shower noise term is taken to be that of the first layer of the FCAL, while for
hadronic showers it taken to be that of the second and third layers.
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MDTs are used to provide the tracking information in the barrel region, where they
are arranged in three concentric layers, and for all but the innermost layer of the end
caps, where CSCs are used instead. MDTs operate in the same way as the drift tubes
in the TRT, each tube having a 30 mm diameter aluminium casing, filled with a (93/7)
Ar/CO2 gas mixture, and a 50 µm tungsten-rhenium wire at their centre. CSCs are
multi-wire proportional chambers (MWPCs) which consist of closely spaced anode
wires crossed with cathodes strips contained in a (80/20) Ar/CO2 gas. The wires point
in the radial direction. Passing muons ionize the gas, giving an electrical signal. Tracks
are reconstructed by interpolating the location of these signals. The forward region,
2.0 < |η| < 2.7, sees higher particle fluxes and greater muon-track densities, with both
effects being greater closer to the interaction point. CDCs provide a higher readout
rate and greater resolution than MDTs, hence there use in the forward region for the
first plane of the end cap.

The trigger chambers cover |η| < 2.4, with RPCs being used in the barrel (|η| <
1.05) region and TGCs in the end caps (1.05 < |η| < 2.4). Although not as precise as
the MDTs or CSCs, the trigger chambers have much faster readout times such that
they can be used for triggering. The RPCs feature two parallel electrode plates with
an electric field of 3.9 kV/mm, filled with gas (C2H2F4/Iso-C4H10/SF6 (94.7/5/0.3))
which is ionized by the passage of muons. RPCs can be used to trigger muons with
transverse momenta as low as 6 GeV. Like the CSCs, the TGCs are also MWPCs but
differ in that the wire-to-cathode distance is smaller than the wire-to-wire distance,
which is partly why the TGCs offer better timing resolution (the other reason being a
stronger electric field). TGCs have a slower response time than RPCs but are better
able to handle the higher particle rates in the forward region.

Forward Detectors

In addition to the main sub-detectors, there are also three specialized detectors located
in the forward regions. The first of these is LUCID (LUminosity Cherenkov Integrating
Detector), specifically LUCID-2 [59], which as previously mentioned is used as the
primary way luminosity is measured in ATLAS. LUCID consists of two modules which
are situated on both sides of the interaction point at z = ±17 m. Each module consists
of 16 primary photomultipliers close to the beam line which have quartz windows as
the Cherenkov medium. The number of hits recorded from interacting protons is used
to determine the luminosity.
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The second forward experiment is ALFA (Absolute Luminosity For ATLAS) and is
significantly further away from the interaction point, with modules at z = ±240 m.
ALFA consists of Roman pots containing scintillating fibre trackers, which get to within
1 mm of the beam. The main utility of ALFA is to measure elastic-scattering amplitudes
at high scattering angles (from which it is possible to determine the luminosity). ALFA
is not used in normal LHC running conditions as it is radiation sensitive but is instead
used in dedicated runs. Lastly, there are also Zero-Degree Calorimeters located at
z = ±140 m which are designed to measure neutrons from heavy ion collisions at
|η| > 8.3, which is important for determining the number of spectator neutrons in
these collisions.

2.2.3 Trigger System

As previously mentioned, the majority of proton-proton collisions are not interesting
for physics analysis so detector experiments have trigger systems which determine
which events to record data for. The ATLAS trigger system consists of a Level-1
hardware trigger and a software based high level trigger (HLT). The Level-1 trigger
uses reduced-granularity information the calorimeters (Level-1 Calo) and from the
RPCs and TGCs in the muon spectrometers (Level-1 Muon). This information is
processed by a central trigger processor (CTP) where Regions of Interest (ROIs),
defined by a geometrical area and object properties, are identified. The CTP makes
a first selection of which events to possibly keep based on these ROIs from a trigger
menu. The ROIs are then passed on to the HLT which makes use of the full detector
information to make more complicated selections, from a more complicated menu.
Events that are accepted by the HLT are then recorded by a Read-Out system. During
Run 2, the Level-1 trigger reduced the event rate from the nominal LHC 40 MHz to
100 kHz and the HLT further reduced this to 1 kHz.

The design of the triggers in the trigger menu must balance obtaining a large data
yield for analysis with keeping trigger rates low enough to stay within a manageable
bandwidth. To aid with this, triggers can be pre-scaled to reduce their acceptance
rate. A pre-scale indicates how many events are rejected before the physics decision
is applied; a trigger with a pre-scale of 10 only computes the physics decision for 1
in every 10 events that pass its criteria. For the analyses presented in this thesis, the
triggers used had the lowest (often no) pre-scale during the Run 2 data taking period
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of the available triggers. Details of the specific triggers can be found in the relevant
chapters.

The trigger selections are based on the ‘online’ reconstruction of physics objects,
which is faster but less accurate than the ‘offline’ reconstruction discussed in the
next section. To ensure the objects used for passing the triggers are reconstructed,
a step known as trigger-matching is usually employed during the offline analysis
that requires offline objects (of the same kind) to be reconstructed close to the online
objects used to pass the trigger, otherwise the event is vetoed. As a consequence of
the difference between online and offline reconstruction, triggers in general also have
an efficiency, defined as the fraction of events in which the offline objects meet the
trigger criteria that pass the trigger requirements. These efficiencies are measured
using a mixture of simulation and data-driven techniques and in general vary with
the kinematics of the objects in question. In particular, triggers tend to have lower
efficiency at low transverse momenta and have an efficiency plateau above a given
threshold. In general, it is recommended that events used in physics analyses are on
these trigger plateaus as this tends to result in better modelling from simulation and
smaller uncertainties. This recommendation is followed in the analyses presented in
this thesis.

Figure 2.7: Schematic of the ATLAS trigger system during Run 2, taken from [60]
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2.2.4 Object and Event Reconstruction

Once events have been selected and written to disk, to perform a physics analysis the
information from the individual sub-detector components is used to reconstruct the
physics objects in an event. In general all events are required to have a primary vertex;
a vertex being a point in 3D space representing a single proton-proton interaction.
For the analyses presented in this thesis, a primary vertex is required to have at least
two associated charged-particle tracks with pT > 500 MeV. The position of the vertex
must also be consistent with the beam spot envelope. For events which have multiple
vertices fulfilling these criteria, the primary vertex is identified as the vertex with
highest Σp2

T of associated tracks. Reconstruction and identification of the particles
originating from this primary vertex utilises the different signatures particles leave in
the detector. An illustration of the general signatures, which are discussed below, is
shown in Figure 2.8.

Figure 2.8: Signatures different Standard Model particles leave in the ATLAS detectors, taken
from [61]. Note that protons and neutrons also deposit some energy in the electro-
magnetic calorimeter which is not depicted.

Along with general signature requirements, sophisticated identification (ID) algo-
rithms have been developed to discriminate between prompt objects, originating from
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the hard scatter, from fake and non-prompt objects that leave similar signatures. In
many cases, sophisticated machine learning algorithms are used for reconstruction
and identification. An overview of these algorithms is provided in the next chapter,
in Section 3.2. Various working points (WPs) are defined for these algorithms which
have different efficiencies, fake rates and uncertainties for the objects in question. The
efficiencies and background rejection rates typically display a dependence on pT and η.

Simulation of physics processes is very commonly used to predict possible signals
and the SM background when performing physics analyses, hence it is necessary to
validate that the reconstruction and ID algorithms perform similarly for simulation
and for real data. Scale factors are computed to take into account where discrepancies
arise, often using tag and probe based approaches which ensure that the object under
consideration is not used for triggering. A general description of the reconstruction
and ID algorithms used for the different physics objects is discussed below with
specific details (such as which WPs are used) given in the relevant analysis chapters.

Jets

As mentioned in the previous chapter, hadronisation causes quarks and gluons pro-
duced in collisions to form collimated cones of hadrons called jets. The reconstructed
jets approximate the energy and momentum of the original quark or gluon. Jets leave
both tracks in the ID and topological energy deposits in the calorimeters, primarily
the Tile HCALs, called topo-clusters. Forward jets, outside the region covered by the
ID, can only be constructed from the calorimeter information. At the start of Run
2, jets were only reconstructed using the calorimeter energy deposits but this recon-
struction method was replaced by a particle flow algorithm [62] which integrates both
the tracking and calorimeter information. In both types of reconstruction, the anti-kt

algorithm [63] is used to construct the jets from the input information, typically using
a radius parameter of R=0.4. Generally, only jets with pT > 20 GeV are reconstructed
and used for physics analysis. Vertex tagging algorithms [64] aim to separate jets
originating from the hard scatter from those originating from pile-up, with a dedicated
tagger for forward jets [65]. These algorithms exploit the fact that pile-up can be
treated as noise.

It is necessary to calibrate the energy of jets as several effects would otherwise lead
to significant differences between data and simulation. These effects include energy
that may not be measured in the calorimeters due to leakage or inactive material and
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pile-up effects which give additional energy deposits. The jet energy scale (JES) is
defined as the difference between the true jet energy and the reconstructed energy
divided by the true jet energy. The JES for the Run 2 data collected by ATLAS was
calibrated using comparisons between data and simulation of dijet, multi-jet, Z+jets
and γ+jets processes [66]. Similarly, the jet energy resolution (JER), which describes
the spread of reconstructed energies about the true value, also needs to be calibrated.
For the ATLAS Run 2 dataset this was done using dijet events in which the two jets are
balanced against each other, allowing a precise measurement of their momenta. As
jets are the most common object resulting from proton-proton collisions, a dedicated
technique exists to subtract contributions to primary jets from those originating from
pile-up. The method is based upon jet areas and provides event-by-event and jet-
by-jet corrections [67]. Jets can also arise from detector noise or cosmic rays; events
containing jets in which these origins are likely are removed [68].

The moderately long lifetime of b-hadrons (∼10-12 s), means it is possible to identify
jets which contain them from the displaced secondary vertex of the b-hadron decay
(typical mean flight length of b-hadrons at the LHC is ∼1cm). Identifying these jets
can be useful for physics analysis, for example in identifying jets originating from
top quarks which decay primarily to a b-quark and a W-boson. This identification
of these jets is the job of b-tagging algorithms; multivariate algorithms which make
use of differences in the ID track parameters and possible secondary vertices for
discrimination [69]. Jets passing the chosen working point of the b-tagging algorithm
are known as b-tagged jets or b-jets for short. Analogous tagging algorithms have been
developed for jets containing c-hadrons but do not perform as well due to the shorter
lifetime of c-hadrons making such jets harder to distinguish [70]. Algorithms also exist
to distinguish jets originating from quarks from jets originating from gluons [71], a
task of even greater difficulty.

Electrons

Electrons are reconstructed from matching tracks in the ID to clusters of energy
deposits in the ECALs. Upper bounds are placed on the ID track |z0 sin θ|, where z0 is
the longitudinal impact parameter and θ is the polar angle, and on the significance of
the transverse impact parameter, |d0/σ(d0)|, to ensure tracks are close to the primary
vertex and of good quality. Bremsstrahlung is taken into account in the fitting of the
ID tracks. As for jets, energy calibrations of the clusters is necessary.
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Electron ID algorithms are used to separate prompt electrons from hadronic jets,
non-prompt electrons from hadron decays and electrons from converted photons (pho-
tons that originate from the primary vertex which pair produce electrons and positrons
before reaching the ID). ECAL shower shapes, properties of the primary electron track
and the matching of the track to the ECAL clusters are used for discrimination. The
Electron ID algorithm used in Run 2 defined three working points, loose, medium and
tight, with average acceptance efficiencies for prompt leptons of 93%, 88% and 80%
respectively [72]. To further suppress fake and non-prompt backgrounds, isolation
requirements are placed on electron candidates which require there to be limited ID
tracks and calorimeter energy deposits surrounding them. At present, electrons can be
accurately reconstructed and identified for pT > 4.5 GeV.

Muons

The reconstruction of muons is based primarily upon matching ID tracks to tracks
reconstructed from hits in the MS sub-systems, though calorimeter energy deposits
are also used in regions for which the MS has reduced acceptance (due to services and
cabling for the inner sub-detectors). As for electrons, requirements are placed on the
transverse and longitudinal impact parameters. Muon ID algorithms serve to reject
fake or non-prompt muons, the latter of which mainly originate from pion and kaon
decays. The quality of the track fits is used a primary discriminating variable, with
non-prompt tracks displaying a characteristic kink which worsen the fit quality. Loose,
medium and tight WPs are defined this time with efficiencies of 96.7%, 95.5% and
89.9% respectively for muons with 4 < pT < 20 GeV [73].

Dedicated WPs exist for low-pT muons, which may not reach the MS due to energy
losses in the calorimeters, that allows reconstruction down to pT as low as 3 GeV.
Additionally, a high-pT WP is defined which has lower reconstruction efficiency but
greater momentum resolution for muons with pT > 100 GeV. Isolation criteria are
also placed on muons to further separate prompt and non-prompt muons from semi-
leptonic hadron decays, with the latter often being embedded in a jet. Isolation WPs
are defined by selections on track and calorimeter based isolation variables.
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Tau-leptons

Tau-leptons can decay leptonically (to electrons or muons) or hadronically (to quarks)
with the hadronic branching fraction being 65%. For the leptonic case, the daughter
electron or muon is reconstructed as a prompt electron or muon following the descrip-
tions given above. The hadronically decaying case can be further split into two main
subsets, 1-prong and 3-prong decays depending on the number of charged mesons
(predominantly pions) in the decay products, with 1-prong and 3-prong decays ac-
counting for 72% and 22% of hadronic tau-lepton decays respectively. The signature
of these decays is therefore a narrow jet cone with one or three associated tracks in
the ID. Hadronic tau-lepton reconstruction is seeded by the jet reconstruction; jets
with pT > 10 GeV and |η| < 2.5 that satisfy these track requirements are considered as
tau-lepton candidates [74].

Like jets, it is necessary to calibrate the tau-lepton energy scale (TES). The baseline
method starts with the local hadronic calibrations from the JES calibration and then
has additional corrections for pile up, treated separately the 1-prong and 3-prong
cases. The energy resolution for this method significantly degrades at low pT so a
Tau-lepton Particle Flow (TPF) method, utilising reconstruction of individual hadrons,
was developed to improve the resolution at low pT [75]. The TPF and baseline methods
are combined, together with additional tracking and calorimeter information, using a
multivariate Boosted Regression Tree (BRT).

On top of the reconstruction algorithms, Tau-ID algorithms serve to reject jets
that fake hadronically decaying tau-leptons. Two types of Tau-ID algorithms were
developed in ATLAS during Run 2, both multivariate techniques utilising calorimeter
and track based variables. In both cases, separate algorithms were trained for the
1-prong and 3-prong cases. Boosted Decision Trees (BDTs) were used up until shortly
after the end of Run 2 upon which they were succeeded by Recurrent Neural Network
(RNN) based algorithms which have significantly greater background rejection [76].
Both algorithms were trained using Z/γ∗ → ττ simulation as the signal and dijet
events from data as the background.

In addition to jets, electrons can also fake the 1-prong hadronic tau-lepton signature.
At the start of Run 2, this contamination was first reduced by considering overlapping
electron and tau candidates. If the candidates were separated by ∆R < 0.4 and the
electron candidate passed at least the very loose electron ID WP, then the (1-prong)
tau-lepton was rejected. This approach was succeeded by a dedicated BDT developed
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to reduce this fake background with improved performance. For Run 2 analyses,
hadronic taus can be accurately reconstructed and identified for pT > 20 GeV.

Photons

The reconstruction of photons primarily uses topo-clusters in the ECALs and thus
shares many similarities with electron reconstruction. Unlike electrons, unconverted
photons have no associated tracks in the ID while converted photons can be matched
to conversion vertices consisting of pairs of electron and positron tracks. Photon ID is
designed to select prompt, isolated photons and uses a cut-based selection on shower
shape variables to reject backgrounds from hadronic jets. Dedicated steps are taken
to resolve ambiguities between electron and photon candidates. As for electrons,
isolation criteria are also applied. Loose, Medium and Tight WPs are defined with
Tight serving as the primary selection. For transverse energies above 70 GeV, the ID
efficiency reaches 92% for unconverted photons and 98% for converted photons [77].
Photons are able to be reconstructed for |η| < 2.37 and transverse energies as low as
10 GeV.

Overlap Removal

The aforementioned reconstruction algorithms are run independently of each other;
consequently detector signatures may be considered as part of different physics objects
simultaneously. To avoid double counting, an overlap removal is performed where-by
pairs of physics objects that are geometrically close to each other in the detector are
identified and only one of the objects in each pair is subsequently used in the analysis.
Details of the overlap removal steps taken for the analyses discussed in this thesis are
given in the relevant chapters.

Missing Transverse Momentum

Although as previously discussed the total centre of mass energy of the hard scatter is
not known in a hadron collider, what is known is that the total transverse momentum
of the colliding partons prior to the event is zero (to a very good approximation) and so
by conservation of momentum the vector sum of the transverse momenta of the physics
objects after the collision should also be zero. However, not all physics objects leave
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visible traces in the detector, for example neutrinos pass through without interacting.
The reconstruction of physics objects is also not perfectly accurate. These effects give
rise to missing transverse momentum which, without mismeasurement effects, would
be equal to the sum of the transverse momenta of the invisible particles in the event.
The missing transverse momentum is a three vector, ~pmiss

T , with magnitude Emiss
T ,

known as the missing transverse energy, which is computed for each event as

~pmiss
T = −∑

i
~pi

T − ~psoft
T , (2.7)

where the sum in the first term, known as the hard-term, is over the reconstructed
physics objects and the second term, known as the soft-term, is computed from any
remaining tracks and jet candidates with pT < 20 GeV that point to the primary
vertex [78]. The sum is performed prior to overlap removal, but in a specific order
(electrons, photons, hadronic taus, muons, jets) with candidates being rejected if
they share a calorimeter signal with an object previously included in the sum. Being
primarily reconstructed from ID and MS tracks, there is a special overlap treatment
for non-isolated muons (muons with calorimeter signals). The x and y components of
the ~pmiss

T are computed separately and combined vectorially to give the overall Emiss
T

and φ angle. Similar to the hard objects, different working points are defined for ~pmiss
T

which place requirements on the jets used in the calculation.

Missing transverse momentum is an important signature for many beyond the
Standard Model physics scenarios; the only trace many dark matter candidates would
leave in the ATLAS detector would be through contributing to the Emiss

T . R-parity
conserving SUSY signatures in which the lightest SUSY particle is electrically neutral
also often result in large Emiss

T , as will be seen in the analyses presented in later
chapters.

In addition to the Emiss
T , the significance of the Emiss

T can be calculated to better
identify events with real Emiss

T from those in which the Emiss
T is a result of mismeasure-

ment [79]. An object based Emiss
T significance is computed as the log-likelihood ratio

of the hypothesis that the transverse momenta of the invisible particles is zero to the
hypothesis that it is different from zero. It can be written as

Emiss
T significance =

Emiss
T√

σ2
L(1− ρ2

LT)
, (2.8)
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where σL is the resolution in the longitudinal direction (direction parallel to the Emiss
T )

and ρLT is the correlation factor between the longitudinal and transverse measure-
ments. Events which are likely to have real Emiss

T have a large Emiss
T significance.

Data Quality Requirements

Only data recorded during well understood detector conditions should be used for
analysis. This leads to several data quality requirements needing to be imposed
to ensure that the information originating from each of the detector sub-systems is
complete and reliable. In addition, ‘event-cleaning’ is employed to remove events
in which physics objects look to be located in problematic regions of the detector, or
that are otherwise incomplete. For the data collected during Run 2, 95.6% of the data
collected by ATLAS passed these criteria [80].

2.2.5 Simulation

As will be discussed in the next chapter, predictions of the rate of particular types
of events are needed in order to perform physics analyses. Often these predictions
use simulations of the physics processes, which aim to capture the complexity of the
underlying particle interactions and the interactions of the produced particles with
the ATLAS detector. Simulation first involves producing events with Monte Carlo
(MC) event generators which aim to model the hard scatter of the physics process
in question as well as the hadronisation of quarks and gluons. These different steps
may be handled by different software packages. The interactions of other partons
outside the hard scatter, referred to as the ‘underlying event’, are also modelled,
which requires using the use of parton distribution functions (PDFs) mentioned in the
previous chapter that model the kinematics of the quarks and gluons in the protons.
These PDFs are tuned to better match results from data in dedicated studies (the
original PDFs themselves are also largely determined from experimental data).

Generally, large numbers of MC events are generated (more than the relevant
expected data yield) which are then weighted such that the sum of the MC event
weights gives the expected yield for a given process. From the generation alone, the
individual MC events in general do not have the same weight, as corrections and
re-weighting (based on comparisons with data and/or theoretical calculations) may
need to be applied which depend upon the event kinematics. It should be noted that
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it is possible for individual MC events to have negative weights, but predictions of
negative total yields are considered unphysical. Hence, when designing analyses care
should be taken that such events are not separated from the positively weighted events
they are designed to be (partially) cancelled with. Effects of pile-up also need to be
accounted for; events are usually re-weighted such that the pile-up conditions match
that of the relevant data-taking period.

An important aspect of MC generation is the precision to which the physics pro-
cesses are modelled. At their simplest, simulations are of leading order (LO) and only
include the dominant interactions for a physics process (typically ones with the fewest
number of interacting vertices). More accurate simulations include next-to-leading
order, next-to-next-leading order and so forth contributions. Dedicated software pack-
ages are often used for the computation of the cross-sections, which may be to higher
levels of precision then is used to model the kinematics.

After generation, the appearance of the resulting particles in the ATLAS detector
is modelled by a simulation [81] based on GEANT4 [82]. It is then necessary to apply
the same reconstruction and identification algorithms, discussed at the end of the
previous chapter, to the simulation that are applied to data. This requires applying
additional weights multiplicatively to the MC events to account for, as an example,
a reconstruction algorithm that has a different efficiency for data and simulation.
Another important correction is to the distribution of the number of proton-proton
interactions occurring per bunch crossing, which is known as pile-up reweighting.
Other non-weight based corrections are also applied to the simulation, for instance to
account for the Jet Energy Resolution mentioned in the previous section.

It is worth highlighting that fully simulating the response of the ATLAS detector
is typically the most computationally intensive part of a physics analysis, due in
large part to the complex geometry of the calorimeters. To help offset this, ‘fast’
simulation techniques have been developed as an alternative to the full simulation
which use a parameterisation of the calorimeter responses in order to speed up the
computation time [83]. Although not as accurate, fast simulation is typically useful
for modelling hypothetical signals as often many slight variations of the signal need
to be generated. As a side note, information from the MC generation step, prior
to simulating the ATLAS detector response, referred to as ‘truth’ information, is
often recorded and useful for verifying aspects of the modelling and for evaluating
theoretical uncertainties.
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Analysis Methods

“All [statistical] models are wrong, but
some are useful.”

George Box, statistician

Having seen at the end of the previous chapter how particles in proton-proton
collisions are reconstructed, attention now turns to how this information can be used
to search for new physics. As outlined in the introduction, searches for new physics
at collider experiments involve looking for discrepancies, typically excesses, in the
yields of particular types of events in data compared to the theoretical predictions
of these yields based upon our understanding of the Standard Model (SM). How the
significance of potential excesses is quantified, and the analysis steps necessary to
make reliable predictions of these event yields, is the subject of the first part of this
chapter in Section 3.1. Specific details of the HistFitter [84], pyhf [85] and underlying
HistFactory [86] software packages that are used in the analyses presented in this
thesis will be discussed where relevant. With this knowledge, Section 3.2 will then
discuss how machine learning (ML) algorithms can be used to improve the sensitivity
of these searches, with particular focus placed on Boosted Decision Trees (BDTs), the
type of ML algorithm used by the analyses presented in this thesis. Subtleties related to
the application of ML to the kind of analyses presented in this thesis will be discussed.
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3.1 General Setup of a Search for New Physics

As discussed in the introduction, the essence of a search for new physics at collider
experiments is a comparison of the number of particular types of events seen in actual
data with predictions based upon the SM, with a significant discrepancy possibly
indicating the presence of physics beyond the Standard Model (BSM). From here on,
the most common case of searching for an excess caused by an additional physics
process, referred to as the signal, will be considered.

The types of events examined, defined by the types of physics objects in them
and the kinematics of the objects, are chosen based on predictions of the number of
possible signal and expected SM background events, with the aim of maximizing the
statistical significance of an excess the signal could cause. The event requirements
define regions (of phase space). Observation of significant excesses in these regions that
are aligned with the signal in question can be interpreted as evidence of the signal’s
existence, while the absence of any significant excesses can be used to place constraints
on the likelihood of the signal’s existence. In general, analyses are performed blinded
to avoid human bias; analyzers do not look at the data in regions where significant
signal is expected until they have confidence in the SM background predictions in
these regions.

This section will first cover the ingredients needed for performing such an analysis
before explaining how things are formulated statistically. A discussion of more ad-
vanced methods, used to enhance the sensitivity of searches (including those presented
in this thesis), are then discussed at the end of this section.

3.1.1 Ingredients

Signal, background and data yields

In order to perform a search for new physics, it is necessary to have predictions of the
expected number of signal and background SM events as well as the data yields in
the analysis regions. This is done by simulation, discussed at the end of the previous
chapter, for the signal and a mixture of simulation and fully or semi data-driven
methods for the SM backgrounds. Semi-data-driven aim to account for potential
shortcomings of the simulation, in the form of mis-modelling actual data, by applying
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correction factors to the simulation. These correction factors usually take the form of
normalisation factors for specific background processes and may be applied to regions
as a whole or might vary across a kinematic range. Fully data-driven methods do
not rely on MC simulation for the specific process in question and instead typically
re-weight data in other regions of phase space. In general, fully data-driven methods
are needed for QCD multi-jet backgrounds, which are difficult to simulate accurately.

Regions

As mentioned, the requirements placed on the events that are used for a search define
regions. Regions are split into different types which serve different purposes. Regions
in which a statistically significant amount of signal is expected are known as Signal
Regions (SRs). Separate from SRs, Control Regions (CRs) are often defined which
can serve multiple purposes, but in all cases the expected amount of signal in the
CRs should be statistically insignificant, such that they can be safely unblinded before
background estimates are finalised. CRs should be orthogonal to SRs; no events
should be able to simultaneously enter a CR and a SR to avoid the double counting
of events. CRs are often dominated by a particular type of background such that, by
comparing the data to the nominal background prediction, they can be used to check
the modelling of and if necessary determine correction factors for the background
in question. In general, CRs also serve to constrain systematic uncertainties. This
function of CRs is discussed later in this section after the statistical formalism has been
explained. It is usually desirable for CRs to be kinematically similar to the SRs to give
confidence that the background predictions will be accurate in the SRs, though often
there is a trade-off between kinematic similarity and increasing the CR statistics.

Alongside SRs and CRs, a third type of region, Validation Regions (VRs), are also
usually defined. VRs are used to check the background predictions agree well with
data prior to unblinding the SRs, and so should also have low signal contamination.
As with CRs, it is desirable for VRs to be kinematically close to the SRs. Unlike CRs,
VRs are not used to constrain systematic uncertainties or fit normalisation factors (they
are not included in the likelihood function discussed later in this section). Typically,
VRs are closer to the SRs than CRs and can have slightly higher levels of signal
contamination.

To conclude the discussion on regions, it is worth stating explicitly that all types of
regions can be either binned in certain kinematic variables (in the form of histograms),
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or unbinned. For the binned case, the yield in each bin is considered as a separate
observation to compare to data.

Systematic Uncertainties

As well as the predicted yields in the analysis regions, it is necessary to estimate
systematic uncertainties on both the signal and background yields. The sources of
systematic uncertainty can broadly be divided into experimental uncertainties arising
from detector and event reconstruction effects, theoretical uncertainties from the
Monte Carlo (MC) modelling, and uncertainties arising from the finite number of MC
events, here called MC statistical uncertainties. There may also be method specific
uncertainties if data-driven methods are used to estimate background yields. For
systematic and experimental uncertainties, what is required is an estimate of how
these uncertainties effect the yields of the relevant background processes in each of
the analysis regions.

For MC statistical uncertainties, as shown in [87], the sum of the MC weights
squared provides an estimate of the variance, and so the square root of the sum
of MC weights squared is used as the uncertainty. It is evident that increasing the
number of raw MC events for a prediction (at a given integrated luminosity) should
decrease the MC statistical uncertainty as the individual events will have smaller
weights. It is worth noting that MC generators can produce small numbers of events
with abnormally large weights which can severely increase this uncertainty even if
they only occur rarely. As an example, if 10,000 raw MC events pass the selection
requirements for a region, each with a weight of 0.01 (giving a total expected yield
of 100 for the region), the MC statistical uncertainty on the predicted yield is 1%.
However, if 10 out of the 10000 MC events (i.e. 0.1% of events) have instead a weight
of 1, than the MC statistical uncertainty is over 3%, three times greater. Similarly,
negatively weighted MC events contribute to increasing the MC statistical uncertainty
while decreasing the total yield, thereby increasing the overall fractional MC statistical
uncertainty, and so are also in general undesirable (but are often used to correct for
overpredictions of the simulation or interference effects and so may be unavoidable).
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3.1.2 Likelihood Construction

Having acquired the necessary ingredients, we can now review how searches are
formulated statistically. Searching for new physics involves comparing the hypothesis
that only the SM background is present with the hypothesis that a signal and the SM
background is present. The fundamental construction for performing these tests is a
likelihood function, or model, which describes the probability of getting the observed
data given the theoretical predictions and uncertainties. The model consists of a
number of parameters that control normalisation factors for specific physics processes
and the effect of systematic uncertainties. Mathematically, the model can be written as
f (x|φ) where x represents the observed data and φ represents the model parameters.

In general, only one of the model parameters is of interest, and is indeed referred to
as the parameter of interest, µ, while the remaining parameters are known as nuisance
parameters (NPs), labelled θ. For testing the existence of a new signal, the parameter of
interest is the signal strength, µSIG, which for convenience will here just be labelled as
µ. A µ value of one would indicate the presence of the signal with the expected cross-
section, while a µ value of zero means the complete absence of the signal. Parameters
may in general be constrained by a probability distribution or unconstrained. These
constraints take the form of auxiliary measurements which are independent of the
observed data yields. In general, µ and other normalisation factors are also required
to be non-negative.

For a typical analysis, the likelihood function can be written as

L(x|µ, θ) =
regions

∏
r

bins

∏
b

P(xr,b|νr,b(µ, θ))∏
χ

Cχ(aχ|χ) (3.1)

where the first term is a product sum over all bins in all regions being included with
P(xr,b|νr,b(µ, θ)) being the probability of observing xr,b events in bin b of region r,
given an expected number of events νr,b(µ, θ), which follows a Poisson distribution.
The second term represents the auxiliary constraining terms with Cχ(aχ|χ) being the
probability of observing auxiliary data aχ given the value of parameter χ. The product
runs over all parameters φ = (µ, θ) which have constraint terms.

The expected number of events in each bin in each region is a sum over all the
relevant (signal and background) physics processes. The expected yield for each
process can be modified by normalisation factors or through the effect of systematic
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uncertainties. The latter are controlled by parameters which have corresponding
constraint terms. In HistFactory, the modifications to expected process rates from
experimental and theoretical uncertainties are constructed by piecewise linear inter-
polation between the nominal expectation and ‘up’ and ‘down’ templates for that
uncertainty provided by the user. Different methods exist for computing the ‘up’ and
‘down’ templates. Commonly, for experimental systematic uncertainties they may
be determined by varying either the weights or kinematics of individual events and
comparing the region yields to the nominal yield, while for theoretical uncertainties
comparisons between different MC generators are often used. The constraining terms
typically take the form of Gaussian distributions, with σ = ±1 corresponding to the
‘up’ and ‘down’ values and σ = 0 being the nominal yield. The multiplication of the
NP constraining terms in Equation 3.1 assumes that the NPs are independent of each
other. In HistFactory, unless otherwise specified a single NP controls the MC statistical
uncertainty in each bin of each region for all the physics processes together and is also
constrained by a Gaussian distribution.

3.1.3 Fitting

The most probable set of parameters values φ given the data is the set that maximizes
the likelihood. The process of obtaining the most likely set of parameter values is
known as performing a ‘fit’ or profiling. In typical analyses at ATLAS, likelihoods
typically consist of over 100 NPs, hence finding the set of parameter values which
maximises the likelihood cannot be done analytically. Instead, dedicated tools have
been developed that perform these maximizations numerically. The fits performed
in Chapters 4 and 5 use the HistFitter software package which uses the MINUIT2
software package [88] for this step, while the fits in Chapter 6 use the pyhf software
package with Scipy [89] being used for the likelihood maximization. In practice, these
packages minimize the negative log of likelihood functions as, given the typical form
of the likelihood functions, these are easier to compute. These packages also provide
measures of the quality of fits to ensure they converge to stable minima.

If, as a result of the fit, the systematic NPs take values that differ significantly from
their nominal value, they are said to have been ‘pulled’ by the fit. When they occur,
such pulls should be carefully examined to understand their origin. Additionally,
uncertainties on the NP values can be significantly constrained after a fit and this
should also be understood. Furthermore, how the systematic uncertainty NPs are
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correlated with each other should be checked; in general it is desirable for the NPs
to not be strongly correlated with each other as they should describe physically
uncorrelated effects. However, correlations can arise in cases where the up and down
templates of the uncertainties are similar, in which case it should be assessed if such a
similarity is reasonable.

3.1.4 Hypothesis Testing

The fitting of the likelihood function described above is used to perform hypothesis
tests from which decisions, such as whether the data indicates evidence of new physics,
can be made. For search-based analyses two types of hypothesis tests are performed.
The first, used when trying to discover new physics, is formulated as having the
null hypothesis H0 as only the SM background being present and the alternative
hypothesis, H1 as the signal also being present on top of the background. The second
case, used for establishing limits on particular signals, is formulated the opposite way
around, with H0 being the signal plus background hypothesis and H1 the background
only hypothesis. This is because statistical tests are usually formulated in terms of
rejecting the null hypothesis in favour of the alternative one.

Hypothesis testing requires the use of test statistics in order to compute p-values,
which indicate the level of compatibility of a hypothesis with the data. Explicitly, the
p-value for a given hypothesis test is the probability of obtaining data that is less than
or equally consistent with the hypothesis as the actual data obtained. Following the
Neyman-Pearson lemma [90], for making the kind of statements about discovery or
exclusion that are desired, likelihood ratios are the most useful kind of test statistic.
Specifically, the ratio

λ(µ) =
L(µ, θ̂µ)

L(µ̂, θ̂µ̂)
, (3.2)

where θ̂µ are the profiled set of NPs for a given value of µ and µ̂ is the value of µ

which maximizes the likelihood, is used to construct the test statistics for search-based
analyses in the ATLAS collaboration. This ratio is known as the profile likelihood ratio.
Clearly, 0 ≤ λ(µ) ≤ 1 as the denominator is the global maximum likelihood.

65



Chapter 3: Analysis Methods

In practice, the test statistic used is given by

tµ = −2 ln λ(µ), (3.3)

as this is easier to compute given the form of the likelihoods. For a value of µ very
consistent with the data, tµ approaches zero while for very incompatible values tµ

approaches infinity. Hence, the p-value for a particular value of tµ is computed as

pµ =
∫ ∞

tµ

f (tµ|µ)dtµ, (3.4)

where f (tµ|µ) is the probability distribution of tµ given a particular value of µ (this is
a distribution because the value of tµ can vary if the experiment were to be repeated
for the same underlying true value of µ). When testing for the discovery of a positive
signal, tµ is taken to be zero for µ < 0, as in this case it is desired that only excesses in
the number of events contribute to rejecting H0.

The distributions f (tµ|µ) are in general not known and so must be approximated.
Two common approaches exist for approximating them. The first is to generate pseudo-
experiments using Monte Carlo, known as “toys”, from the likelihood function. Many
toys (O(1000)) are needed to model the distributions accurately, particularly the tails
which are often of interest, which can be computationally expensive. An alterna-
tive approach is to use an analytical approximation [91], known as the asymptotic
approximation, for tµ given by

tµ = (
µ− (µ̂)

σ
)2 +O( 1√

N
), (3.5)

where µ̂ is the estimator of µ which follows a Gaussian distribution with standard
deviation σ, and N is the expected event yield in the signal region. For this to be a
good approximation, N, needs to be sufficiently large (typically N > 10) such that the
O( 1√

N
) term can be neglected. The standard deviation σ is in general obtained from

the covariance matrix of the estimators of all the parameters but can also be estimated
as

σ2 =
(µ− µ′)2

tµ,A
, (3.6)

where µ′ is the assumed signal strength and tµ,A is the test statistic evaluated on the
Asimov data set, which is equal to the region yields when the model parameters
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take their expectation values. With this approach, the distribution of f (tµ|µ) is then
approximated by Equation (33) in reference [91].

3.1.5 CLs values

Instead of just using p-values, a quantity known as the CLs value is computed using
the signal plus background and background only hypothesis p-values. The explicit
goal of the CLs method [92] is to discover a true signal or exclude a non-existent signal
as strongly as possible while keeping the probability of discovering a non-existent
signal or excluding a true signal below a certain user defined threshold. The CLs value
is computed as

CLs =
P(s + b)

P(b)
, (3.7)

where P(s + b) is the p-value for the signal plus background hypothesis given by
Equation 3.4 with µ = 1 and P(b) is the p-value of the background only hypothesis
given by Equation 3.4 with µ = 0. The CLs value is used to set limits on signals at a
given confidence level; for example signals with a CLs value less than 0.05 are said
to be excluded at a 95% confidence level. The lower the CLs value, the greater the
confidence with which the signal can be said to be excluded. The motivation for using
the CLs method instead of just using P(s + b) is to limit the extent to which small
positive signals can be said to be excluded as a result of significant deficits in the
observed data compared to the SM background predictions being seen in SRs. In such
cases, the value of P(b) would also be small thereby increasing the CLs value.

As mentioned, analyses are typically performed blinded, by which the data in the
SRs is only be revealed when all other aspects of the analysis are firmly established. To
gauge the sensitivity of an analysis, expected CLs values are often computed which use
the Asimov dataset in place of the real observed values (which in turn are used after
unblinding to give the final observed CLs values). In searches for BSM models with
different signal parameters (such as the masses of the new particles), it is common to
plot 95% confidence level ‘exclusion contours’ in the signal parameter space joining
points for which the CLs value is equal to 0.05. As well as being able to exclude
particular signals, CLs values can also be used to set upper limits on the signal strength
for a given signal. This involves computing the CLs value for different values of µ from
which the value of µ for which the CLs value would fall below a given threshold (e.g.
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0.05) can be determined. This value of µ is then said to be the upper limit on the signal
strength at that confidence level; signals that are at least as strong as this value of µ are
said to be excluded at that confidence level. Using the nominal cross-section used for
the signal, these upper limits can be converted into upper limits on the cross-section
for the signal process.

3.1.6 Fit Types

For future reference, it is useful to explicitly define three different types of fit that are
used in the analyses presented in this thesis. The first is known as a background-only
fit, the unique feature of which is that the likelihood does not include a signal model
(or equivalently the signal strength is fixed to zero). Background-only fits are useful
in determining the normalisation factors on specific background processes and for
verifying background predictions are compatible with the observed data in validation
regions (VRs). VRs are in general not included in the likelihood and as such they are
not used in the determination of normalisation factors or the constraining of systematic
uncertainty NPs. Background-only fits are often performed on likelihoods that only
include the control and validation regions prior to unblinding the signal regions.

The second type of fits are exclusion fits, also known as model-dependent signal fits.
These fits include a specific signal model and their purpose is to assess the compatibility
of that signal with the observed data through the computation of CLs values. The
third type of fit are model independent or discovery fits. These are similar to the
exclusion fits but instead of including a particular signal model test for the presence of
a generic excess in a given (unbinned) SR. The SRs being used for discovery fits are
referred to as discovery regions. In HistFitter, discovery fits are performed through
the use of a dummy signal with a nominal yield of one in the SR being tested. The
upper limit on the signal strength of this dummy signal can then be interpreted as a
model-independent limit on the number of signal events in the SR. The upper limit
can also then be converted into an upper limit on the visible cross-section, which is
defined as

σvis = ε× a× σ, (3.8)

where ε is the reconstruction efficiency (fraction of ‘real’ physics objects that get
reconstructed), a is the acceptance (fraction of events that pass the SR selection criteria,
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excluding reconstruction effects) and σ the nominal production cross-section of a
physics process.

3.1.7 Control Regions, Shape fits and Combinations

Before moving on it is worth discussing the operation of CRs, shape fits and combina-
tions of individual analyses as these techniques are important in the later chapters of
this thesis. To understand how they function, it is first necessary to understand how
systematic uncertainties are formulated in the likelihood.

Formulation of systematic uncertainties

As previously discussed, theoretical and experimental systematic uncertainties are
considered in analyses. In general, uncertainties can be correlated or uncorrelated
between regions (and between bins of kinematic variables). Where uncertainties are
correlated, their effect is controlled by a single NP whilst uncorrelated uncertainties
are controlled by separate NPs. In the analyses considered in this thesis, theoretical
uncertainties are taken to be uncorrelated between processes but correlated between
analysis regions except where otherwise indicated. This means that, for each process, a
single NP controls the effect of a systematic on the process yield in all regions, with each
process having a separate NP (for example there would be a separate NP associated
to the uncertainty on the Parton Distribution Functions for each background process
effected by this uncertainty). Experimental uncertainties by contrast are correlated
between processes and between regions and so each is controlled by a single NP.

Control Regions

That systematic uncertainties can be correlated across analysis regions allows their
effect in certain regions to be constrained by the data yields in different regions. In
particular, the size of systematic uncertainties in SRs for particular backgrounds can
be constrained from dedicated CRs which have high statistics and high purity in that
background. The constraining power a region has depends upon the data statistics
and the size of the systematic uncertainties in the region (very large uncertainties
require fewer statistics to constrain). For this reason, it is generally desirable for CRs
to contain significantly more events than SRs whilst still having similar size systematic
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uncertainties such that they have greater constraining power (and so that validation
regions can be used to test the accuracy of the model with these constraints applied).

In addition to there constraining power, HistFitter and other fitting packages make
use of a transfer factor approach for backgrounds with normalisation factors which
further allows CRs to reduce the impact of systematic uncertainties. As outlined in
the HistFitter paper [84], for a simple analysis with one SR and one CR, and one
background process estimated from MC multiplied by a normalisation factor µb, the
background predictions in the SR and CR are given by

Nb(SR, est) = µb ×MCb(SR, init.), (3.9)

Nb(CR, est) = µb ×MCb(CR, init.), (3.10)

where MCb(SR, init.) and MCb(CR, init.) are the initial MC background predictions
from simulation. As µb is the same in both the SR and CR, the estimation in the SR can
be re-written as

Nb(SR, est) = Nb(CR, fit)× MCb(SR, init.)
MCb(CR, init.)

. (3.11)

where Nb(CR, fit) is the fitted number of background events in the CR and the ra-
tio MCb(SR,init.)

MCb(CR,init.) is known as the transfer factor. From this, it can be seen that if the
effect of a systematic uncertainty is to simultaneously increase MCb(SR, init.) and
MCb(CR, init.), its effect on Nb(SR, est) will partially cancel, thereby reducing its im-
pact. This formalism also explains another motivation for having CRs with large
statistics, as the uncertainty on Nb(CR) directly effects the uncertainty on Nb(SR, est).
The TF approach is implemented for all background processes carrying normalisation
factors for the analyses presented in this thesis.

Shape Fits

As previously mentioned, the regions defined in an analysis can be binned in particular
kinematic variables. Fits including such regions are called shape fits. Shape fits in
SRs can enhance the sensitivity of an analysis, as the presence of a signal could cause
small excesses across multiple bins which combined may be significant, even if the
excesses in the individual bins may on their own be insignificant. Bins with lower
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signal purity, defined as the ratio of the signal yield to the background yield (S/B), may
also aid in constraining systematic uncertainties, although this depends on whether
the uncertainties are correlated across the bins. Unless otherwise stated, the fits in
this thesis utilising shape fits correlate the uncertainties on the shape and on the
normalisation in each region (i.e. their effect is controlled by a single NP.) Additionally,
shape fits can be helpful when designing searches for multiple signals which may
have slightly different kinematics (testing signals with different particle masses for
example) which may cause excesses to occur in different bins. In these scenarios, shape
fits can be helpful in providing sensitivity to multiple signals without having to define
multiple regions and, in the case of an excess, discriminating between the different
signal hypotheses.

Combinations

Often, BSM models, such as Supersymmetry, may lead to experimental signatures
with different final states, but, for practical purposes, multiple separate analyses may
be conducted each of which targets only a subset of these final states. As an example,
a particular BSM model may result in final states with one lepton and a high pT

jet, or alternatively two leptons and no high pT jets. In such cases, combining the
results of the individual analyses can lead to a significant gain in the overall sensitivity,
particularly for models in which the individual analyses have comparable sensitivity.
Mechanically, combinations take the form of running new statistical fits that include
all the signal and control regions of the individual analyses. In order to be valid, it is
necessary for all regions to be orthogonal to each other, or for overlaps to be otherwise
removed (or for overlaps to be sufficiently small to have negligible impact). The power
of performing combinations will be demonstrated for chargino pair production in
Chapter 6.

3.1.8 High Level Kinematic Variables

To aid with discriminating possible BSM signals from the SM background, high-level
kinematic variables, constructed from the four vectors of reconstructed physics objects,
are often used. For later reference, a couple of such variables are defined here.

The first of these variables is the transverse mass computed between a pair of
physics objects. For two objects with transverse four momenta p1

T = (E1
T,~p1

T) and
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p2
T = (E2

T,~p2
T) and masses m1 and m2, the transverse mass is defined as

m2
T(p1

T, p2
T) = m2

1 + m2
2 + 2(E1

TE2
T − ~p1

T · ~p2
T), (3.12)

Hence, the transverse mass between a particle, for example a tau-lepton, and the ~pmiss
T

is defined as

m2
T(τ,~pmiss

T ) = m2
τ + 2(Eτ

TEmiss
T − ~pmiss

T · ~pτ
T), (3.13)

As the energies and momenta for the events considered at the LHC are typically much
greater than the tau-lepton mass, the transverse mass can be approximated as

m2
T(τ, pmiss

T ) ≈ 2Eτ
TEmiss

T (1− cos(∆φ(τ, Emiss
T ))), (3.14)

and hence has larger values when the tau-lepton and ~pmiss
T are back-to-back.

The second variable is the “stransverse mass” [93, 94], more commonly referred to
as mT2, which is a useful kinematic variable for events in which a pair of particles are
produced that each decay to visible and invisible daughter particles. This is the case
for the direct stau signal which is the subject of the next chapter. For an event in which
the two produced particles each decay to two visible daughters with transverse four
momenta d1

T and d2
T and two invisible daughter particles, mT2 is defined as

mT2 = min
/q1
T+ /q2

T= /~pmiss
T

[
max

(
mT(d1

T, q1
T), mT(d2

T, q2
T)
)]

(3.15)

where q1
T and q2

T are four vectors that are chosen to minimise the larger of the two
transverse masses under the constraint that their total energy and momentum equals
the total missing transverse energy and momentum. The mass of the invisible daugh-
ter(s) is (are) in general a parameter of mT2 (entering into Equation 3.15 in q1

T and q2
T).

A potentially useful property of mT2 for these events is that it has a kinematic endpoint
at the parent particle mass. As an example, for two W-bosons decaying leptonically to
visible charged leptons and invisible neutrinos, the mT2 distribution has an endpoint
at the W-boson mass. For a BSM signal the mT2 distribution may extend well beyond
this endpoint. Since its inception, mT2 has been used to great effect by many searches
for supersymmetric particles performed by the ATLAS and CMS experiments and will
be used in the search for direct stau production in Chapter 4.
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3.2 Enhancing the Sensitivity of Searches using

Machine Learning

Following the discussion in the previous section, it is clearly desirable for signal
regions (SRs) to have a high signal purity (S/B). SRs are most simply defined via a
’cut and count’ approach in which (typically one dimensional) ‘cuts’ on kinematic
variables define the selection criteria, for example requiring an event to have Emiss

T

greater than 250 GeV. Machine learning (ML) algorithms, designed to classify potential
signal events from background events using kinematic variables as input features,
can instead be used to define SRs. These algorithms produce models that compute a
classifier score for each event. The scores can be interpreted as how likely the event is
to belong to either the signal or background class and an SR can be defined by cutting
on the classifier score. Such SRs should have higher signal purity than those that
can be defined using a cut and count approach as ML algorithms can better exploit
correlations between kinematic variables.

ML algorithms have been widely used in LHC analyses for several years in searches
for BSM physics [95]. Also, as seen in the previous chapter, many of the reconstruction
and identification algorithms make extensive use of ML for increased efficiency and
enhanced background rejection. Only binary classifiers, which have two input classes
(the signal and the background) are used in this thesis but multi-class classifiers, which
classify more than two classes, have also been used in BSM searches to define CRs
enriched in particular backgrounds. In this Section, general considerations of using
binary classifiers for defining SRs will be discussed followed by a detailed look at
the workings of Boosted Decision Trees, which are used in analyses presented in
Chapters 4 and 5.

3.2.1 General Considerations

Binary Classification

The goal of classification algorithms is to produce a function or model which can, based
on a vector of input features x, predict the correct class an event belongs to, ŷ = f (x)
where ŷ is the predicted class label which is desired to be 0 for the negative class
(here the background) and 1 for the positive class (here the signal). Generally, these
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functions consist of many internal parameters. The values of the internal parameters
are determined during training in which part of a dataset, or indeed a dedicated
dataset, known as the training (data)set, is used. The classifiers used in this thesis are
trained using supervised learning, in which during training the class labels of the data
are known. The parameters of the model are determined through minimizing a loss
function. The loss function used in the models presented in this thesis is known as the
binary cross entropy in which, for a single event, the contribution to the loss is given
by

l(yi, pi) = −(yi ln pi + (1− yi) ln(1− pi)), (3.16)

while the total loss is

L(yi, pi) ∝
N

∑
i=1
−yi ln pi + (1− yi) ln(1− pi), (3.17)

where the sum is over all events N and pi is the predicted probability from the model
that event i belongs to the positive class. This probability is typically related to a ‘raw’
predictive score from a model ŷ by a (scaled) sigmoid transformation of the form

pi =
1

1 + e−ŷi
. (3.18)

A raw score of zero means an event has a probability of 0.5 of belonging to the positive
class (i.e. the same as random guessing).

Over-fitting

After training, the general performance of a model (how well it can distinguish be-
tween the different classes) should be assessed on a dataset that is statistically inde-
pendent of the training dataset which in this thesis will be referred to as the evaluation
(data)set. This is because it is possible for models to learn significant amounts of noise
in the training dataset at which point they might be said to be over-fit, although this
depends upon exactly how over-fitting is defined. Classically, over-fitting tends to
degrade, or at least not significantly improve, a models’ performance on unseen data
and/or introduce unnecessary complexity1 and so is undesirable. Conversely, it is

1 Though this is not necessarily always true, and recent ML research suggests optimal performance is
in some cases be obtained from models which would classically be considered to be over-fit [96].
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also possible for a model to not learn all the generalizable information available from
the training data in which case the model may be said to be under-fit.

It should be noted though that it is possible for ML models to perform significantly
better on the training set than on unseen data without them being problematically
over-fit. This is because in some cases it might be difficult for the model to learn
the general underlying characteristics of the data without learning any noise. Given
this, simply comparing the performance of the model on the training dataset and
an unseen dataset may not necessarily give a clear indication of whether a model is
problematically over-fit or not.

Arguably, the unseen dataset being large enough to be able to reliably estimate
a models’ performance is the only thing which is important. How large this dataset
needs to be depends upon the model’s complexity with more complex models needing
larger datasets to capture all of their behaviour. Concrete prescriptions of how much
discrepancy between the train and unseen dataset performance is permissible, and/or
how large an unseen dataset needs to be for a given model do not exist as such
requirements depend heavily on the specific dataset.

In the absence of such prescriptions, in this thesis early stopping is used as the pri-
mary method to help prevent problematic over-fitting. In early stopping, an additional
dataset, here called the validation (data)set, is used to assess the models’ performance
during training at regular intervals. Additional complexity ceases to be added to the
model when this performance stops improving. In this way, early stopping limits the
extent to which models can become over-fit. The validation set should be considered
as a subset of the training set, as it is not completely unseen during training and model
selection (see below), hence it is important to still have a completely unseen dataset
for the final evaluation of a models’ performance.

Hyperparameters and Model Selection

As well as the internal parameters of the model, ML algorithms also have hyperpa-
rameters which control aspects of the training and can set restrictions on a model’s
complexity. The optimal set of hyperparameters maximizes the model’s general per-
formance (the performance on unseen data). Along with the hyperparameters, there
are numerous other attributes to a model and its training that can also be altered,
for instance what kinematic variables are used as inputs or how much data is used
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for training. To select which input/hyperparameter configuration leads to the best
model, a validation dataset (which may or may not be the same as the one used for
early-stopping) can be used with the optimal configuration being determined as the
one which gives the best performance on this dataset. Again it is important that the
final evaluation of the model uses an independent dataset to this validation set, as
potentially the validation set performs slightly better with the chosen model than a
completely unseen dataset.

Different strategies exist to find the optimal set of hyperparameters. A simple,
brute-force approach used in the work presented in this thesis is a grid-search, where-
by all possible combinations of hyperparameters are tested from a user-defined grid.
Early stopping can implicitly set certain hyperparameters of a model and so can reduce
the dimensionality of grid searches. There are several metrics to assess and compare
the performance of models. In this thesis, the Area Under Curve (AUC) score is used
which is defined as the area under a Receiver Operating Characteristic (ROC) curve,
which is a plot of signal efficiency against background rejection. A perfect model, that
classifies all events correctly would have an AUC score of 1.0 while an AUC score of
0.5 is equivalent to random guessing. An example ROC curve is shown in Figure 3.1.

Figure 3.1: Example Receiver Operating Characteristic, with example Area Under Curve
scores.
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Model Interpretation

It is important to prevent ML models from being black boxes by understanding what
features of the dataset they are exploiting. This can be done by evaluating the feature
importance’s of the input variables, which measures how often the input variables
are used by the model and how much their use improves the model performance.
Shapely Additive ExPlanations (SHAP) values [97, 98] provide additional insight into
the dependence of a model on the input features. SHAP values use concepts from game
theory, treating input features as players in a game, to describe the effect of adding an
input feature to a model on the output score for each event. This is computed from
averaging the impact of adding the feature to the set of models defined by the possible
combinations of the other input features, in order to take into account correlations
between the input features. A large SHAP score for the value of a particular input
feature indicates that the feature having such a value contributes significantly to the
model score for that event belonging to the positive class (the class for which model
scores are typically high).

The impact certain features have on a particular event for one of the models used
in Chapter 4 is shown in Figure 3.2. The event (and indeed all events for this particular
model) starts with a score of E[ f (X)] = 0.583 based on the relative balance and
scaling of the input classes. The impact the input features have on this baseline
prediction is then shown, with the total from all features equalling the final output
score f (x) = 0.768, indicating this event is deemed overall to be signal like. From
this plot it can be seen the (relatively high) value of the variable ∆φ(τ1, τ2) contributes
most significantly to the final score being signal like, while the (relatively low) value
of the mT2 variable lowers the overall score. More details on this specific model can be
found in Chapter 4.

Cross Evaluation

Generally, it is desirable to use as much data as possible for training ML models,
whilst also having enough data in the evaluation set to meaningfully assess models’
performances. In the context of searches for new physics at the LHC, when using the
typical setup of separate training and evaluation sets, the desire for a large training
set must be further traded-off against the desire to have a large evaluation dataset to
reduce the relative statistical error arising from finite (MC) statistics for the signal and
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Figure 3.2: SHAP values of the input features for an example event for one of the models
discussed in Chapter 4. The event initially has a score of E[ f (X)] = 0.583 but, due
to the value of the input features, has a final model score of f (x) = 0.768 (meaning
it is more signal like).

background predictions. A setup that avoids this trade-off, is to make use of ’Cross
Evaluation’2 in which the total dataset is divided into N folds and N separate models
are trained with each model using one of the folds as its evaluation set. An overall
model score can be defined which takes, for each event, the score coming from the
model for which that event was in the evaluation set (and therefore not in the training
set). Such a procedure allows all the available signal and background events to be
used for evaluation without incurring a bias from the models differing performance
on training vs unseen data. For the evaluation of data not seen by any of the models,
events would need to be randomly assigned to one of the models. The performance
of each of the models should be sufficiently similar such that which model is used
for an event does not greatly affect the overall output score. Validation datasets can

2 ’Cross Evaluation’ is made up terminology based on the more standard cross validation with which
it shares similarities, but there are important differences. Generally, cross validation is used during
model selection to verify a chosen hyperparameter configuration/setup performs similarly across
different training and validation sets. Typically, a final model is then trained using all the data
with the chosen hyperparameters (as using more data can in general can only further improve a
model). Cross validation is useful in applications where the model itself is the final product, whilst
in the context of a BSM LHC search the final product is the evaluation of the signal and background
predictions (and eventually the data) using the model.
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also be included in cross evaluation. A schematic of 5-fold cross-evaluation, including
validation datasets, is shown in Figure 3.3.

Fold 1 Fold 2 Fold 3 Fold 4 Fold 5

Model 1 Evaluation Training Training Training Validation

Model 2 Validation Evaluation Training Training Training

Model 3 Training Validation Evaluation Training Training

Model 4 Training Training Validation Evaluation Training

Model 5 Training Training Training Validation Evaluation

Figure 3.3: Schematic of 5-fold Cross Evaluation. Five models are trained and each fold is
evaluated using the model for which it was not part of the training (or validation)
dataset(s).

Importantly, when systematic uncertainties that modify the kinematics of simulated
events are evaluated, for each event the systematic variations should be evaluated
with the same model as was used for the nominal variation in order to not conflate any
differences in the models performances’ with the effect of the systematic uncertainties.
Cross-evaluation has been used by many previous analyses at the ATLAS, CMS and
LHCb experiments.

Imbalanced Classes and Event Weights

Often the classes in a classification problem occur with different frequencies and are
said to be imbalanced, with the majority class being the one that occurs more frequently.
This can complicate training a good model, as the model may be able to achieve good
performance simply by classifying all events as the majority class. Imbalanced classes
can often occur in the context of BSM searches, where the BSM signal tends to be
much smaller than the background (at least in terms of the expected yields). A further
complication arises if the individual events have their own non-uniform weights,
as is also the case for BSM searches in which MC simulation is used for the signal
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and/or background3. When using events weights, the loss function in Equation 3.17 is
modified to include the individual event weights, wi, as

L(yi, pi) ∝ ∑
i=1

wi[−yi ln pi + (1− yi) ln(1− pi)]. (3.19)

When event weights are being used, imbalance may occur in either the weighted
yields or the raw number of events available or both. An imbalance in the weighted
yields can be resolved by scaling the weights of one or both of the classes such that the
total weight of each class is equal, and is the approach taken for the models presented
in this thesis. An advantage of this approach is that the model is then agnostic towards
the total cross-section of the signal compared to the background; it cares only about
relative shape differences in the input variables. This can be useful as often the cross-
section of hypothetical BSM signals is not known precisely. An imbalance in the raw
number of events presents a more complicated issue; a model might be incentivised to
isolate regions of the input phase space where the S/B might be high as a consequence
of this imbalance rather than these regions actually having a high weighted S/B,
analogous to binning a histogram too finely as is illustrated in Figure 3.4. The isolation
of such regions by the model could be problematic as events being in such regions
would contribute to these events having high classifier scores, and the background is
likely under-estimated in these regions. Compounding the issue is that such an effect
may not be detectable via over-fitting checks as the number of raw background events
in such regions may be low in both the training and evaluation datasets.

To resolve this potential issue, it is desirable to prevent models from deliberately
isolating such regions, or at least limiting the extent to which they can do so. For
the models presented in this thesis, this is done through the model hyperparameters.
Specific details are discussed in the relevant analysis chapters. It should be noted that
simply having the same number of raw events for signal and background would not
solve or prevent this issue as the raw events are unlikely to be evenly distributed across
the multidimensional phase space defined by the kinematic variables being used for
training, and so these ‘artificial’ regions of high S/B could still occur. Furthermore,
simply restricting how tight a cut is placed on the final classifier score also does not

3 It is of course possible to not use the event weights in the training and simply set all the weights to
be equal. However, it is generally desirable to use the event weights during training so that the
shapes of kinematic variables are accurate.
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Figure 3.4: Example of a region of artificially high S/B caused by an imbalance in the number
of raw signal and background statistics. The hashed bar indicates the MC statistical
uncertainty on the background. The signal has a much greater number of raw
MC statistics at high Emiss

T than the background, making it possible to define
regions where the background prediction is zero. A similar problem arises from
simply cutting on Emiss

T too tightly (above 300 GeV). Clearly the background is
underestimated in such regions hence they should not be used to define SRs. It is
therefore important to ensure that ML models are not making such selections.

solve this issue as different regions of the input feature phase space can end up at high
scores.

Additionally, when using data with event weights special attention must be paid
to the handling of negatively weighted events. From Equation 3.19 it can be seen
that incorrectly classifying a negatively weighted event decreases the loss and thereby
improves the performance of the model. From the model’s perspective this makes
sense as classifying negatively weighted background events as being very signal like
will ultimately lead to a lower background yield at high scores. However, as discussed,
negatively weighted yield predictions are unphysical and in general it is desirable
to avoid separating these negatively weighted events from the positively weighted
events they are supposed to cancel with. There are several ways negatively event
weights could be dealt with. In the models presented in this thesis, a conservative
approach is used whereby negatively weighted events are not used during the model
training such that it is impossible for the model to be deliberately biased towards
incorrectly classifying them. This comes with the disadvantage that the shapes of
the input kinematic variable distributions are less accurate, particularly for physics
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processes with larger fractions of negatively weighted events, but this effect is found
to be small for the models presented in this thesis.

3.2.2 Boosted Decision Trees

As mentioned, the ML models used in the analyses presented in this thesis are Boosted
Decision Trees (BDTs). LightGBM [99] being the software package used for their im-
plementation. In the following, a general description of BDTs will be given including
a discussion of the hyperparameters. Specific details of LightGBM will also be men-
tioned, including hyperparameter names and a brief discussion of some advantages
LightGBM offers compared to other BDT software packages.

General Description

Boosting in general refers to combining many individual models together (which
typically have weak individual classification power) into a single model; BDTs consists
of a sequence of many individual decision trees. A single classification decision tree
makes a series of selections based on the input features to separate the classes from
each other. Initially all events start with the same score, ŷi = ŷ0

i which depends on the
overall balance of the two classes. The selections made by the tree splits the events
into nodes that have more of one class than the other. In LightGBM, for a given node
the selection chosen is the one that maximizes the reduction in the loss function. BDTs
and decision trees in general are therefore considered greedy algorithms, as decisions
made early on in the tree are not necessarily optimal for the splits made later. Nodes
cease to be split based upon various criteria controlled by the BDTs hyperparameters,
discussed later in this section. The terminal nodes of a decision tree are known as leaf
nodes. The new score for each event depends upon the leaf node it ends up in, with
the leaf score being determined by the ratio of signal and background events that end
up in it; in general nodes with a higher signal to background ratio will have a greater
leaf score. These leaf scores can be used to compute the predictions after the first tree

ŷi = ŷ0
i + α f (xi), (3.20)

where xi is the vector of input features for event i, f (xi) represents the output score
from the decision tree and α is the learning rate; a hyperparameter which controls how
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quickly the scores are modified. A diagram of an example decision tree is shown in
Figure 3.5.

Signal 
Like

Bkg  
Like

 xij < c1

Single Decision Tree

 xij ≥ c1

 xik < c2  xik ≥ c2  xil < c3  xil ≥ c3

Input: yi − ̂y0
i

Signal 
Like

Bkg  
Like

Output: ̂yi = ̂y0
i + α f(xi)

Figure 3.5: Diagram of a single decision tree. Various selection criteria are made at each node
based on the input features in order to separate the classes. The end nodes are
leaf nodes and can be labelled as being either signal or background like. The xij
denote the values for event i of input feature j and the cn are the ‘cut’ values on
these features.

In a BDT, subsequent decision trees use either the residual after the previous tree
as their input (for instance the second decision tree would use yi − ŷ1

i as the input
for each event), or a re-weighting based upon whether events were misclassified.
In this way, the second BDT is encouraged to correctly classify events that were
incorrectly classified by the first tree. When the residuals are used, the output of the
second tree serves as a correction and is added to the overall prediction, which should
become more accurate. When using a re-weighting approach, multiple options exist
for computing an overall score, for instance taking a (weighted) majority vote from
each decision tree. LightGBM uses the residuals as inputs for subsequent trees, and so
only that approach will be considered in the rest of this section. A diagram showing
the addition of a second decision tree is shown in Figure 3.6. This pattern is repeated,
with the third decision tree using the residuals from the second tree and so on for
further trees.

With this formalism, the loss function for an individual event (Equation 3.16) after
m decision trees can be written (neglecting event weights) as

l(yi, ŷm
i ) = −yi ln pm

i − (1− yi) ln(1− pm
i )), (3.21)
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Figure 3.6: Diagram of multiple decision trees comprising a BDT in which the second decision
tree uses the residuals from the first tree as its input.

where pm
i is the sigmoid transformation of ŷm

i . Given that the size of the additions to
the overall ŷi should decrease with successive decision trees, the loss can be expanded
as a Taylor series about ŷi = ŷm−1

i ,

l(yi, ŷm
i ) = l(yi, ŷm−1

i ) + (ŷm
i − ŷm−1

i )
∂l(yi, ŷm

i )

∂ŷi

∣∣∣
ŷi=ŷm−1

i

+ ... (3.22)

Noting that ŷm
i − ŷm−1

i = α fm(xi) (Equation 3.20) and defining the gradient as

gm−1
i =

∂l(yi, ŷm
i )

∂ŷi

∣∣∣
ŷi=ŷm−1

i

, (3.23)

and the hessian as

hm−1
i =

∂2l(yi, ŷm
i )

(∂ŷi)2

∣∣∣
ŷi=ŷm−1

i

, (3.24)

the total loss can be approximated as

L(y, ŷm) =
N

∑
i
[l(yi, ŷm−1

i ) + gm−1
i α fm(xi) +

1
2

hm−1
i (α fm(xi))

2], (3.25)
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and it can be shown that

gm−1
i =

∂l(yi, ŷm
i )

∂ŷm
i

∣∣∣
ŷi=ŷm−1

i

= yi − pm−1
i . (3.26)

The gradient being related to the residuals in this way is known as gradient boosting
or gradient descent.

Regularization terms may be added to Equation 3.25 to slow the rate of change
of the loss in order to avoid over-fitting. For BDTs, the most useful kind of loss term
is known as L2-regularization and adds a term of the form 1

2 λ ∑L
j w2

j where λ is a
hyperparameter controlling the size of this correction, wj is the weight (raw score)
of leaf node j and L is the total number of leaves. This term discourages leaves
from having very large weights (very high positive or negative scores), which can
be symptomatic of over-fitting. In LightGBM, the leaf weights are determined by
minimizing the loss (i.e. requiring ∂L

∂wj
= 0) from which it can be shown the leaf

weights are equal to

wj = −
G

H + λ
, (3.27)

where G is the sum of gradients of the events in the leaf and H is the sum of hessians.

Hyperparameters

A couple of hyperparameters controlling the construction of the BDT have already
been mentioned; the learning rate α and the L2-regularization parameter λ. In addition
to these, several hyperparameters exist to prevent a BDT from becoming too complex
to avoid over-fitting. A general discussion of these follows, after which specific details
of the names of these hyperparameters in LightGBM is given for reference.

The most straightforward way to prevent over-fitting is to place restrictions on
how individual trees can grow, for instance by limiting the maximum depth and/or
the maximum number of leaves a single decision tree can have. Both options exist
in LightGBM (with trees ceasing to grow once either stopping condition is reached).
Similarly, it is also desirable to limit the overall number of decision trees. The number
of trees can be set explicitly via a hyperparameter, or alternatively early-stopping can
be used in which trees stop being added once performance on a (hold-out) validation
set ceases to improve (after a set number of trees). Another hyperparameter to control
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over-fitting is by requiring there to be a minimum number of (raw) events in a leaf
node.

Relatedly, in certain BDT packages including LightGBM, it is possible to put restric-
tions on the splitting conditions, specifically via a parameter known as the minimum
sum hessian. As mentioned, the hessian is defined as the second derivative of the loss
function with respect to the prediction. For the binary cross entropy, it can be shown
that

hm
i =

∂2l(yi, ŷm
i )

(∂ŷm
i )

2 = (1− pm
i )pm

i . (3.28)

When event weights are included in the training, each term is multiplied by its respec-
tive weight. The hessian is therefore always positive for any event (provided its weight
is positive) and the sum of the hessians for the events in a given leaf j, Hm

j , is related to
the number of events in the leaf and the strength of the predicted probabilities for the
events. For an individual event, hm

i is largest for pm
i = 0.5 and is relatively small when

pm
i is close to zero or one. Therefore, by requiring Hm

j to have a minimum value for
a given leaf, it prevents leaf nodes with very high confidence (in which most events
have pm

i close to zero or one) from existing. Such leaf nodes are more likely to occur
later in the training and can result in over-fitting, hence it is useful to put a restriction
on them.

For reference, the hyperparameters used in the LightGBM models presented in this
thesis are:

• learning_rate: the α parameter described above.

• max_depth: controls how many levels can be added to the individual decision
trees.

• max_leaves: limits the maximum number of leaf nodes that a single decision tree
can have.

• min_data_in_leaf: minimum number of (raw) events required in a leaf node.

• n_estimators: the number of individual decision trees. When using early stop-
ping, this represents an upper bound on the number of trees that could be added.

• l2_regularization: controls the λ regularization parameter discussed above.
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• min_sum_hessian_in_leaf: minimum sum hessian in a node required for a fur-
ther split to be made.

• feature_fraction_bynode : what fraction of the kinematic variables are available
for choosing a split at each node. This can be useful in allowing sub-dominant
features (i.e. features that do not necessarily offer the greatest reduction in loss
for that node) to be used which may have important correlations with other input
features.

• early_stopping_rounds: when using early stopping, how many trees can be
added without performance on the validation dataset improving before training
is stopped.

• max_bin: number of bins used for constructing histograms of the input features
(see below).

• min_data_in_bin: minimum number of raw events in each bin during the con-
struction of the input feature histograms (see below).

Other hyperparameters not mentioned here take their default values for the models
in this thesis.

Advantages of LightGBM

In addition to the large range of hyperparameters available, LightGBM offers a couple
of other key benefits compared to other BDT software packages. The first is that the
input features are binned in to histograms with the selections made at each node
restricted to use values at the bin boundaries. This offers a significant performance
speed up compared to looking through the whole dataset to choose optimum cut val-
ues. It also provides a way to restrict the granularity with which the distributions are
examined, as it is possible for the user to pre-define the binning of the input features
or control the number of bins through the max_bin and min_data_in_bin hyperparam-
eters mentioned above. The other main advantage of LightGBM is that the individual
decision trees grow leaf-wise rather than depth-wise; during the growth of particu-
lar decision tree, the leaf with the largest performance gain is split first rather than
splitting leaves based upon their depths. As trees are not normally grown to their full
depth (due to hyperparameter restrictions), leaf-wise growth increases the likelihood
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that good performing nodes are added first prior to reaching the stopping conditions.
The models presented in the next chapter will make use of these advantages.
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Chapter 4

Search for Direct Stau Production

“Oh God! It’s the machines. They’re
starting to take over.”

John Connor, Terminator 3: Rise of

the Machines (2003)

The methods described in the previous chapter will now be put to use in a search
for direct stau production; a possible signature of Supersymmetry with unique mo-
tivations and challenges. This search will utilise machine learning to improve the
sensitivity compared to previous searches for the same signature. The search presented
here uses the full 139 fb-1 Run 2 dataset with centre of mass energy of 13 TeV collected
by the ATLAS experiment between 2015-2018 and has been published in a paper by the
ATLAS collaboration [1]. This chapter is structured as follows; Section 4.1 introduces
the direct stau signal and the motivation for this search after which Section 4.2 provides
a high level overview of the analysis strategy. The remaining sections then describe
the analysis in depth; Section 4.3 details the data and simulated event samples used
in the analysis; Section 4.4 the event reconstruction, Section 4.5 the signal region opti-
mization including information of the machine learning models used; Section 4.6 the
background estimation strategy; Section 4.7 the systematic uncertainties; Section 4.8
the results and Section 4.9 the conclusions from performing this search.
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4.1 Introduction

The prediction by Supersymmetry (SUSY) of the existence of additional particles leads
to many possible experimental signatures to search for at the Large Hadron Collider
(LHC). One such signature would be an excess of events with two oppositely charged
tau-leptons and significant Emiss

T arising from R-parity conserving supersymmetric
models in which staus (τ̃) are produced via a Z-boson and decay into standard model
tau-leptons and χ̃0

1, with the χ̃0
1 being the lightest SUSY particle (LSP). Being electrically

neutral and stable, the only trace left by a χ̃0
1 would be through contributing to the Emiss

T .
Such a production mode is what is referred to as direct stau production. A Feynman
diagram of direct stau production is shown in Figure 4.1.

Figure 4.1: Feynman diagram illustrating direct stau production. The grey circle represents
multiple diagrams in which two staus are produced from electroweak bosons
produced by the proton-proton collision.

In addition to the general motivations for SUSY described in Chapter 1, supersym-
metric models where the lightest neutralino is the LSP and the stau has a relatively light
mass (of order 100 GeV) are particularly compelling as stau-neutralino co-annihilation
occurring in the early universe could lead to a dark matter relic density consistent
with cosmological observations as described in reference [100] (with the χ̃0

1 being the
dark matter candidate). Furthermore, although in the minimal supersymmetric stan-
dard model (MSSM), discussed at the end of Chapter 1, the different slepton flavours
(electrons, muons and staus) are assumed to be close in mass, in larger Grand Unified
Theories this degeneracy does not hold and the lighter of the two stau mass eigenstates
is often the next-to-lightest SUSY particle after the lightest neutralino [101]. Hence,
if SUSY exists, direct stau production may be one of the first accessible signatures at
particle colliders.
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Given these motivations, the ATLAS and CMS collaborations have previously
conducted searches for direct stau production. The latest results using the full Run 2
dataset (excluding the search presented here) can be found in references [102](ATLAS)
and [103](CMS). For convenience, these searches are designed using simplified models
of direct stau production in which the τ̃ and χ̃0

1 are the only accessible SUSY particles
at the LHC (the other SUSY particles have their masses set above 100 TeV) and the τ̃

decays with 100% branching fraction to the standard model τ and a χ̃0
1. These searches

are sensitive to models with τ̃ masses between 100 and 400 GeV and χ̃0
1 masses between

0 and 200 GeV. The masses of the τ̃ determines the predicted production cross-section
while the masses of both the τ̃ and χ̃0

1 effect the shapes of kinematic variables.

Both of the latest ATLAS and CMS searches targeted a final state in which both of
the standard model tau-leptons decay hadronically (the “had-had” final state). Final
states in which one or both of the staus decay leptonically are of course possible,
and indeed CMS has conducted a search using the “lep-had” final state [104] (in
which one of the taus decays hadronically and the other leptonically), but they suffer
from unique challenges such that they have limited sensitivity compared to the all
hadronic channel. To review first the had-had channel, the main SM backgrounds
for this final state are: multi-jet QCD events where two jets are misidentified as
hadronically decaying tau-leptons (referred to here-on as the multi-jet background);
Z+jets (predominantly form Z→ ττ); W+jets (where the W-boson decays to a hadronic
tau-lepton and a jet fakes the other hadronic tau-lepton); backgrounds originating from
a hard scatter with one or more top quarks (e.g. tt̄ and single-top processes) in which
W-bosons from the top decays themselves decay into tau-leptons, collectively referred
to as the ’top’ background and multi-boson backgrounds (primarily di-boson events
with WW, WZ and ZZ production). There is also a small contribution from Higgs
bosons decaying to tau-leptons. Compared to analogous searches for direct smuon
and selectron production, the main challenges with stau production in the had-had
final state are the large multi-jet background; the lower reconstruction efficiency of
tau-leptons compared to electrons and muons; the larger systematic uncertainties
associated with tau-lepton reconstruction and identification, the higher pT thresholds
of the hadronic tau-lepton triggers compared to electron and muon triggers (due to
smaller rates at which jets can fake electrons and muons) and the reduction in effective
cross-section from requiring both of the tau-leptons to decay hadronically.

Considering briefly the challenges of the other tau-lepton decay channels, for the
“lep-had” final state, the main challenge is the large background from W+jets which is
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enhanced compared to its presence in the had-had channel due to the ability of the
W-boson to decay directly to electrons and muons. Although the multi-jet background
is greatly reduced in the lep-had channel compared to the had-had channel, the W+jets
background is more problematic as it contains real Emiss

T from the neutrinos and so is
harder to discriminate from the signal. The state with two leptonically decaying tau-
leptons is impacted by the small leptonic tau-lepton branching fraction; tau-leptons
decay leptonically 35% of the time and hadronically 65% of the time, hence the “lep-
lep” final state is only 12% of total branching fraction of two tau-leptons, but the fake
backgrounds are greatly reduced compared to the other final states.

Though the non had-had channels have in general more limited sensitivity com-
pared to the had-had channel due to these challenges, the lower pT thresholds of
the electron and muon triggers compared to the hadronic tau-lepton triggers mean
that these channels have much better sensitivity to models which have smaller mass
differences between the τ̃ and χ̃0

1 as such models result in tau-leptons with lower pT.
In particular, as will be seen in the rest of this chapter, the had-had final state is not
sensitive to models with ∆(m(τ̃), m(χ̃0

1)) < ∼70 GeV. The non had-had channels will
be necessary to obtain sensitivity to these compressed models. Further, combinations
between the different channels could also enhance the overall sensitivity, particularly
for moderately compressed models for which the had-had channel has some sensitivity.
The rest of this chapter though concerns only the had-had final state.

The most recent ATLAS search in the had-had final state utilised two unbinned
signal regions; one targeting ’low mass’ staus the other ’high mass’ staus; whilst the
most recent CMS search used a multi-bin approach consisting of 29 signal region bins
split across three kinematic variables. Neither of these searches saw any significant
discrepancies with respect to the SM predictions and as such were able to set exclusion
limits on the simplified SUSY models for different values of stau and neutralino-one
mass (m(τ̃) and m(χ̃0

1) respectively). Limits are computed for the case where τ̃L and τ̃R

are mass degenerate (referred to as τ̃L,R production) and also for τ̃L and τ̃R production
separately. The production of right-handed staus has a smaller cross-section than the
production of left-handed staus due to the smaller couplings of the τ̃R with Z-bosons.
The ratio of τ̃L τ̃L: τ̃R τ̃R production is roughly 2.5:1.

The 95% confidence level exclusion contours for τ̃L,R and τ̃L only production from
the first ATLAS full Run 2 search are shown in Figure 4.2. Comparable limits were
obtained by the CMS full Run 2 search, although it had slightly greater sensitivity
at lower m(τ̃). For τ̃L,R production, models for which 90 GeV < m(τ̃L,R) <400 GeV
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and m(χ̃0
1) ≈ 0 are excluded at 95% CL while for τ̃L production models for which

115 GeV < m(τ̃L) < 350 GeV is excluded. For m(τ̃L,R) = 300 GeV, χ̃0
1 masses up to

150 GeV are excluded. As mentioned above, limits for τ̃R production are significantly
weaker. The first full Run 2ATLAS search was not able to set any (observed) limits on
τ̃R production at 95% confidence level while the CMS search was able to obtain the first
(observed) sensitivity to τ̃R production for 150 GeV < m(τ̃R)<250 GeV with neutralino
masses up to 50 GeV excluded for m(τ̃R) = 200 GeV. In addition to the ATLAS and CMS
limits, models with m(τ̃) < 87 GeV have been excluded by searches performed by the
experiments at the Large Electron-Positron (LEP) collider ( [105], [106], [107], [108]) for
χ̃0

1 masses up to 80 GeV. Considering the latest ATLAS limits only extend as low as
m(τ̃L,R) = 110 GeV, this means there is a sensitivity gap between the ATLAS limits and
the LEP limits.
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Figure 4.2: 95% CL exclusion limits set by the previous ATLAS search for direct stau produc-
tion, for (a) τ̃L + τ̃R and (b) τ̃L only production. Taken from reference [102].

The aim of the new search presented here is to improve the sensitivity with respect
to the previous ATLAS search (for all values of m(τ̃) and m(χ̃0

1)) using the same
dataset but employing machine learning algorithms, in particular Boosted Decision
Trees (BDTs), trained to separate the signal from the SM backgrounds, to define the
signal regions. Additionally, the new search also takes advantage of the improvements
in hadronic tau-lepton identification coming from the use of a recurrent neural network
algorithm developed by ATLAS [76], discussed in Chapter 2, Section 2.2.4, since the
previous search which significantly reduces the fake multi-jet background.
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4.2 Overview of Analysis Strategy

As mentioned in the introduction, the direct stau signal features two tau-leptons of
opposite electric charge (sign), which here are required to decay hadronically, and
large Emiss

T in the final state. These criteria therefore form the basis for the event
selection in the signal regions (SRs). The asymmetric di-tau trigger, which requires two
hadronically decaying tau-leptons with different pT thresholds, is used to select these
events. The invariant mass of the two tau-leptons is also required to be significantly
greater than the Z-boson mass in order to suppress the background from Z+jets.
Similarly, the stransverse mass (introduced in Chapter 3, Section 3.1.8) of the two
tau-leptons, with the mass of invisible particles set to zero, is required to be greater
than 30 GeV to suppress the multi-jet background. Events with reconstructed muons,
electrons, additional tau-leptons or b-tagged jets are vetoed. On top of these baseline
requirements, the primary SR selection is based upon BDT classifier scores. As the
kinematics of the direct stau signal vary with both τ̃ and χ̃0

1 mass, four separate BDTs
are trained on groups of signals with different ranges of m(τ̃) and m(χ̃0

1) with the
grouping determined via a dedicated clustering algorithm. The selections on the
classifier scores are optimized to maximize the significance to the respective target
mass scenarios, with two bin shape fits being employed in three out of four of the SRs
to further increase the sensitivity. The SRs are not made explicitly orthogonal to each
other.

All the SM backgrounds except the multi-jet background are estimated using
Monte Carlo (MC) simulation with Control Regions (CRs) being defined for each of
the W+jets, Z+jets and top backgrounds to determine their normalisations. The W+jets
and top CRs require a muon in place of one of the hadronic tau-leptons to separate
themselves from the SRs, with the top CR further requiring events to have a b-tagged
jet. The Z+jets CR meanwhile is separated from the SR by inverting the selection on
the invariant mass of the two tau-leptons. For the multi-jet background, a data-driven
method is employed which utilises CRs separated from the SR by requiring looser tau-
lepton identification criteria, dropping the opposite-sign requirement and inverting
the stransverse mass requirement. The normalisations for the multi-boson and Higgs
backgrounds are taken from theoretical predictions. For each of the backgrounds
except the Higgs background, a Validation Region (VR), orthogonal to the SRs, is
defined to check the accuracy of the prediction. Additionally, an inclusive VR, also
orthogonal to the SRs, is defined to verify the compatibility of the different background

94



Chapter 4: Search for Direct Stau Production

estimation strategies together. Experimental and theoretical uncertainties are evaluated
for the signal and background processes. Statistical fits are performed using the
HistFitter [84] software package to test the signal hypotheses. Details of all these
aspects are provided in the following sections.

4.3 Data and Simulated Event Samples

As just described in the overview, simulation using Monte Carlo (MC) event generators
is used to model the kinematics of all the SM backgrounds aside from the multi-jet
background. MC is also used for the kinematics of the direct stau signals and to com-
pute cross-sections for the SUSY processes; multi-boson and Higgs boson backgrounds
and the different components of the top background. The event generators used for
the matrix element (ME) calculations, modelling the parton showers and the sets of
parton distribution functions (PDFs) and tuning used are summarised in Table 4.1 and
are discussed in more detail below. The samples used in the analysis were prepared
by various collaborators.

The direct stau signals are generated using MadGraph [2.2.3] [109] with ME calcu-
lation being performed at tree level. The ME calculation includes the emission of up to
two additional partons. PYTHIA [8.186] [110] is used for modelling the parton shower
hadronisation, and underlying event using the NNPDF2.3LO PDF set with the ATLAS
A14 tune [111]. RESUMMINO v2.0.1 is used to calculate the signal cross-sections to
next-to-leading order (NLO) in the strong coupling constant, with resummation of
soft gluon emission added at next-to-leading-logarithm accuracy (NLL) [112,113]. The
cross-section uncertainty is calculated from an envelope of cross-section predictions
using different PDF sets and factorisation and renormalization scales, following the
procedure described in reference [114]. Stau masses between 80 GeV and 560 GeV
are generated for neutralino-one masses between 1 GeV and 240 GeV. Cross-sections
vary from 0.80 pb for m(τ̃L,R) = 80 GeV to 0.30 fb for a m(τ̃) = 560 GeV. Uncertainties
on these cross-sections vary between two and three percent. Left and right-handed
staus are produced with the same mass in each sample but, for interpreting the non-
degenerate mass case, whether the staus are left or right-handed is recorded for each
event.

The Z+jets and W+jets backgrounds are generated with SHERPA [2.2.1] [115, 116].
The ME calculations include up to two additional partons at NLO and four addi-
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tional partons at leading order (LO), using the Comix [117] and OPENLOOPS [118,119]
generators merged with the SHERPA parton shower [120] following the MENLOPS
prescription [116] with the NNPDF3.0NNLO [121] PDF set. The nominal normalisa-
tion of the Z+jets and W+jets backgrounds are taken from the next-to-next-to-leading
order (NNLO) cross-sections in reference [122].

The multi-boson background consists of events in which two or three vector bosons
(V = [W, Z]) are produced and are also generated using SHERPA. Specifically, SHERPA

[2.2.1] at NLO is used as the generator for tri-boson and di-boson processes where the
bosons decay semi-leptonically while SHERPA [2.2.2] is used for di-boson processes
where the bosons decay fully-leptonically. Multiple matrix elements are matched and
merged with the SHERPA parton shower based on Catani–Seymour dipole factorisa-
tion [120] using the MENLOPS prescription [116, 123–125]. Virtual QCD corrections
for matrix elements at NLO accuracy are provided by the OPENLOOPS library [119].
As for the Z+jets and W+jets processes, the NNPDF3.0NNLO set is used with the
dedicated tuning developed by the SHERPA authors. The cross-sections used for the
multi-boson processes have been computed to NLO by the ATLAS collaboration, using
of a variety of theoretical calculations and programs [126–130].

Several processes involving top quarks contribute to the combined top background,
the dominant processes being the production of top quark pairs (tt̄) and single-top
production in the Wt−, s− and electroweak t-channels. Rarer processes including
the production of a top quark pair alongside a vector boson or Higgs boson are also
included as are events simultaneously producing three or four top quarks. POWHEG-
BOX [v2] [131–134] is used to generate the tt̄ and single-top processes while Mad-
Graph[2.2.2] [135] at NLO is used for the rarer processes. For both sets of processes
PYTHIA [8.186] is again used for the parton shower, fragmentation, and the underlying
event using the NNPDF2.3LO [136] PDF set and A14 tune. For all top processes,
the top-quark mass is set to 172.5 GeV. Although normalised in a dedicated CR, the
relative normalisations of the different top-quark containing processes are important
in accurately modelling the overall top background. The cross-section prediction
fromTOP++ 2.0 [137–143], which is NNLO in QCD with resummation of next-to-next-
to-leading logarithmic (NNLL) soft-gluons, is used to normalise the tt̄ sample. For the
single-top processes, the NLO in QCD with NNLL soft gluon corrections cross-section
from [144, 145] is used for the Wt-channel while the NLO in QCD cross-section from
[144, 145] is used for the t- and s-channels.
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Events with Higgs bosons also provide a small contribution to the total SM back-
ground. POWHEG-BOX [v2] is used to model Higgs bosons produced via gluon–gluon
fusion and vector boson fusion with PYTHIA [8.186] used for the parton shower and
NNPDF3.0NNLO as the PDF set with the AZN tune. PYTHIA [8.186] is used to
generate events with a Higgs boson with a vector boson while MadGraph is used
for events in which a Higgs boson is produced with a tt̄ pair. Cross-sections from
Ref. [146] are used to normalise the Higgs boson processes.

For all processes, PYTHIA [8.186] [147] is used to simulate additional proton-proton
interactions on top of main interaction to account for pile-up. For this modelling, the
NNPDF[2.3lo] LO PDFs [136] are used with the A3 set of tuned parameters [148]. Fast
simulation, described at the end of Chapter 2, is used to model the response of the
ATLAS detector for the signal samples while the full simulation based on GEANT4 [82]
is used for the background samples, except for a few minor EWK Z+jet processes with
very small yields in the phase space considered here.

As mentioned at the beginning of this chapter, the dataset to which the SM pre-
dictions are compared to in this analysis corresponds to 139 fb−1 of proton-proton
collision data collected between 2015 and 2018 by the ATLAS detector, at a centre-of-
mass energy of 13 TeV. The data quality requirements outlined at the end of Chapter 2
are imposed to ensure that only events in which the entire ATLAS detector was
functioning well are used [149].

4.4 Event Reconstruction

The event reconstruction follows the general prescriptions detailed in Chapter 2,
Section 2.2.4, including the primary vertex and data quality requirements. Specific
details of which reconstruction and identification (ID) algorithms are used for the
objects in this analysis, and their relevant working points (WPs) are given below. These
definitions follow recommendations from relevant ATLAS working groups. For the
leptons, two classes of objects are given; baseline objects for use in the overlap removal
steps also described below and signal objects used in the analysis region selections.
Here, and in the rest of this chapter, tau-leptons refer specifically to hadronically
decaying tau-leptons (as discussed in Chapter 2 leptonically decay tau-leptons are
reconstructed as the electrons or muons they decay into).
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Process ME Genera-
tor

Parton
Shower

PDF set Tune

Direct stau sig-
nals

MadGraph
2.2.3

PYTHIA 8 NNPDF2.3LO A14

VV, VVV SHERPA
2.2.1/2.2.2

SHERPA NNPDF3.0NNLO SHERPA
default

Z/W+ jets SHERPA 2.2.1 SHERPA NNPDF3.0NNLO SHERPA
default

tt̄ + V, tt̄ + H, 3
top, 4 top

MG5_AMC PYTHIA 8 NNPDF2.3LO A14

tt̄, s/t-channel
and Wt single
top

POWHEG-
BOX

PYTHIA 8 NNPDF2.3LO A14

ttH, VBFH, gg+
H

POWHEG-
BOX

PYTHIA 8 NNPDF3.0NNLO AZN

Z/W + H PYTHIA 8 PYTHIA 8 NNPDF2.3LO A14

Table 4.1: Details of Monte Carlo generators used in the direct stau analysis. The second
column denotes the generator used for modelling the hard scatter at the matrix
element (ME) level; the third the generator used for modelling the parton shower,
the fourth the set of parton distribution functions (PDFs) used and the fifth how the
PDFs are tuned to better agree with data.

The algorithms, WPs and requirements on the physics objects used in the direct
stau search are as follows:

• Jets: Reconstructed using the particle-flow algorithm using anti-kt calorimeter
cluster inputs with a radius parameter of 0.4. Required to have pT > 20 GeV and
|η| < 2.8. The medium WP of the jet vertex tagging algorithm is used to reject
jets originating from pile up.

• b-Jets: The DL1r algorithm is used to tag jets containing b-hadrons. The WP used
has a reconstruction efficiency of 77% and has a rejection factor for light (u− or d-
type) jets of 140.

• Electrons: Baseline leptons are required to have pT > 4.5 GeV, |η| < 2.47, longi-
tudinal impact parameter |z0 sin θ| < 0.5 mm and must pass the loose WP of the
electron-ID algorithm. Signal electrons are further required to have pT > 25 GeV,
have transverse impact parameter significance |d0/σ(d0)| < 5, pass the tight
electron-ID WP and satisfy loose isolation criteria.
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• Muons: Baseline muons are required to have pT > 3 GeV and |η| < 2.7,
|z0 sin θ| < 0.5 mm and pass the medium WP of the muon-ID algorithm. Signal
muons must also have pT > 25 GeV, |d0/σ(d0)| < 3 and like electrons must pass
loose isolation criteria.

• Tau-leptons: baseline tau-leptons are required to have pT > 20 GeV, |η| < 2.5
and must be associated with one or three Inner Detector tracks. Baseline tau-
leptons are also required to pass the loose WP of the RNN tau-identification (ID)
algorithm, while signal tau-leptons must pass the medium WP, which has a signal
efficiency for real tau-leptons of 75% and a background rejection factor of 2401.
Tau-leptons associated to one Inner Detector track (1-prong tau-leptons) must
also pass the medium WP of the BDT discriminant used to distinguish them
from electrons. Additionally, tau-leptons are required to lie outside the transition
region between the barrel and end-cap calorimeters (1.37 < |η| < 1.52).

• Emiss
T : The tight WP is used for jet component of the Emiss

T calculation.

Using the baseline objects, the following overlap removal steps are applied: first
jets with properties suggesting they are likely to be a prompt muon (low number
of tracks, sum of track pT similar to pT of muon candidate, little calorimeter energy
around the muon candidate) are removed. Tau-lepton candidates that have ∆R < 0.2,
where ∆R =

√
(∆y)2 + (∆φ)2 with electron or muon candidates are then removed.

Electron candidates sharing an Inner Detector track with muon candidates are also
removed, as our jets within ∆R < 0.2 of the remaining electron candidates. Further,
electron candidates within ∆R < r(pe

T) where

r(pe
T) = max(0.04 +

10 GeV
pe

T
, 0.4) (4.1)

and pe
T is the pT of the electron candidate, of jet candidates are also removed. Similarly,

jets within ∆R < 0.2 of muon candidates are removed followed by the removal
of muon candidates with ∆R < r(pµ

T) of the remaining jet candidates. Lastly, any
remaining jet candidates within ∆R < 0.2 of tau-lepton candidates are removed.

1 The use of the medium WP of the RNN tau-ID algorithm for the tau-leptons was chosen prior
to the author joining the analysis based upon it offering the best balance between S/B and total
statistics, the latter factor being particularly important given the use of machine learning models for
the signal region selections.
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4.5 Event Selection

This section describes the event selection of the Signal Regions (SRs) and is divided
into three parts. The first part considers the triggers and baseline selections which are
not dependent on the BDT classifiers. The second part then describes the setup of the
BDT classifiers in detail. Lastly, the third part explains how selections on the resulting
BDT scores are optimized to define the final SRs.

4.5.1 Triggers and Baseline Selection

Events entering the SRs are required to pass the asymmetric ditau trigger, which
requires two hadronic tau-leptons with different pT thresholds. The ‘ditau + Emiss

T

trigger’, which in addition to two hadronic tau-leptons requires a large Emiss
T , was

also considered but was found to add very little additional yield to the selections
considered here due to the high offline Emiss

T threshold of 150 GeV needed to be on the
efficiency plateau. For the event selection, the offline reconstructed tau-leptons are
required to have transverse momenta above certain thresholds, detailed in Table 4.2,
that are greater than the nominal High Level Trigger (HLT) thresholds to ensure that
the events selected are on the trigger efficiency plateau. The thresholds for the second
tau-lepton pT are higher in 2018 as for this data period the tau triggers included full
tracking information instead of fast tracking. The plateau requirement in also enforced
in the control and validation regions that use the asymmetric ditau trigger, except for
the regions used in the construction of the multi-jet estimate (discussed in Section 4.6.1).
Trigger matching between the online tau-leptons used to pass the trigger and those
reconstructed offline is also required.

Object Year HLT Offline

leading tau pT [GeV] 2015-2018 80 95
2nd leading tau pT [GeV] 2015-2017 50 60

2018 60 75

Table 4.2: HLT and offline thresholds on the tau-lepton transverse momenta required to ensure
that the selected events are in the plateau region of the corresponding trigger leg.

In addition to the trigger requirements, events entering the SRs are required to pass
a baseline set of selections. The final SRs definitions then include selections on the BDT
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scores on top of these requirements. The baseline requirements are listed in Table 4.3.
In accordance with the directs stau signal, the two highest pT tau-leptons are required
to be of opposite sign (OS), and events with an additional baseline tau-lepton, any
baseline electrons or any baseline muons are vetoed. To reduce the background from
top events, a b-jet veto is required. The invariant mass of the two tau-leptons mττ, is
required to be greater than 120 GeV to suppress the background from Z → ττ+jets
(and to a lesser extent the backgrounds from h→ ττ and multi-boson events). The mT2

variable computed between the two tau-leptons, with the mass of invisible daughter
particles set to zero, is required to be above 30 GeV to reduce the multi-jet background.
Following these selections, all signal events have Emiss

T > 20 GeV and separation
between the two tau-leptons ∆R(τ1, τ2) < 4, hence these requirements are also
applied. Tables detailing the number of signal, background and data events passing
each of these selections (and the final SR selections) sequentially can be found in the
appendix, Section A.2.5.

Common Signal Region Selection

pass asymm. ditau trigger
asymm. ditau trigger pT threshold requirements

two OS signal tau-leptons
N baseline taus == 2

N baseline electrons == 0
N baseline muons == 0

N b-jet == 0
mττ > 120 GeV

mT2(τ1, τ2) > 30 GeV
Emiss

T > 20 GeV
∆R(τ1, τ2) < 4

Table 4.3: Common selection requirements for events entering the direct stau SRs. The pT
threshold requirements of the asymm. ditau trigger refer to the selections in Table 4.2
that ensure events are on the trigger’s efficiency plateau. OS denotes that the two
signal tau-leptons are required to have opposite sign electric charge.
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4.5.2 Machine Learning Details

As described in the overview, four BDTs are trained on separate groups of signal
samples with different ranges of m(τ̃) and m(χ̃0

1). Each of the BDTs is a binary
signal/background classifier, with the individual signals within each group being
combined to from a single signal sample2. This subsection describes the BDTs in detail
and makes significant reference to the concepts described in the latter half of Chapter 3.
For clarity, the signal grouping used for the final models is shown here in Figure 4.3
but how this grouping is determined is not discussed until later in this subsection.
Broadly, group 1 consists of models with low m(τ̃) and small mass differences between
m(τ̃) and m(χ̃0

1), known as compressed models; group 2 of non-compressed models
with medium m(τ̃), group 3 of compressed models with medium m(τ̃) and group 4 of
models with high m(τ̃). Some points are not used for training any of the BDTs; the
reasoning for this is also explained later in this subsection.

The rest of this subsection is structured as follows; first aspects common to all
the BDTs used in this analysis are discussed; including the samples used for training
and evaluation, how these samples are weighted with respect to each other and the
kinematic variables that are used as input features. This is then followed by the
discussion of how the signal grouping was obtained. After this, attributes particular
to the optimization of the final models trained using the finalized signal groups
are discussed, namely restrictions that are applied during training to improve their
reliability, the cross evaluation setup and how the hyperparameters are optimized.

Common Aspects of all the BDTs

LightGBM [99], described at the end of the previous chapter, is the machine learning
package used for the BDTs. Binary cross-entropy (Equation 3.17) is used as the objective
function. The signal and background samples detailed in Section 4.3 are used for the
training and evaluation of the BDTs (and the overall yield predictions). For the signal
samples, events with left and right-handed staus are used together in the BDT training
as they have very similar kinematics. A simplified version of the data-driven estimate
of the multi-jet background which contains no negatively weighted events (which as

2 An alternative approach would have been to have trained a single machine learning model that was
parameterized by m(τ̃) and m(χ̃0

1). Using a parameterized BDT was briefly studied but was found
to give worse performance than the individual trained models, thought to be due to the limited
number of background MC events detailed later in this section.
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Figure 4.3: Grouping of the signal samples used to train the BDTs in the direct stau analysis.
As is described in more detail later in this section, points in grey are deliberately
not included in the training to increase the reliability of the interpolation of the
sensitivity between the respective signal regions defined by each BDT score.

explained in Chapter 3, Section 3.2 can bias ML models) is used during training in
place of the full multi-jet estimate. This simplified estimate is detailed in Section 4.6.1.
Normalisation factors for the W+jets and top backgrounds, as determined from a
background-only fit to the W+jets and top CRs, described in Section 4.6, are applied
to ensure that the background composition used for training the BDTs is accurate
(the BDTs were trained prior to the addition of a Z+jets control region, hence no
normalisation factor was applied to Z+jets in the training).

The BDTs are trained with events that pass the common SR selection discussed in
the previous subsection. The number of raw and weighted background events passing
this preselection is shown in Table 4.4, alongside yields for each of the signal groups.
For the signal groups, the weighted yield is the average of the samples within each
group and is included for illustration of the total signal to background ratio for each
group, while the raw number of events is the sum of all the samples in the group.
From these yields a reasonably large class imbalance in the number of raw events is
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evident, with signal groups 1, 2 and 4 having notably more raw events than the total
SM background. Due to this imbalance, the problem outlined in Chapter 3, Section 3.2
where ML models can isolate regions of phase space with artificially enhanced S/B
is of particular concern. This serves as the primary motivation for the restrictions
that are applied during the training of the final models, discussed in the third part
of this subsection, which limit the extent to which this isolation can occur. Looser
preselections for training the BDTs were also tested to see if greater statistics could
improve their performance. Significant gains in the performance of the final models
were not found, which is thought to be an additional consequence of the training
restrictions that are applied, as is also explained in the third part of this subsection.

Sample Weighted Yield No. Raw Events
Multi-jet 193.6 ± 2.6 5,564

Z+jets 142 ± 25 1,251
W+jets 105 ± 20 610

Top 28.1 ± 2.0 246
Multi-boson 29.4 ± 1.8 1,839

Higgs 2.9 ± 0.5 508

SM total 501 ± 33 10,018

Signal Group 1 65.9 ± 0.5 44,260
Signal Group 2 58.9 ± 0.6 19,943
Signal Group 3 23.2 ± 0.4 4,188
Signal Group 4 15.21 ± 0.11 45,611

Table 4.4: Weighted yields (at 139 fb-1) and number of raw events passing the BDT preselection
requirements for each of the background processes and signal sample groups. For
the multi-jet background, the yield is from the simplified estimate discussed in
Section 4.6.1. For the signal groups, the weighted yield is the average from the
signals included in the group while the raw number of events is the sum of all the
signals.

There are three important aspects of the relative weighting of the samples used
during training. Firstly, the individual event weights are used in the training to
ensure the distributions of the input variables (listed shortly) are accurate (as the
kinematic shapes between the weighted and raw distributions in general differ).
Negatively weighted events are not included in the training to avoid a bias towards
them. To ensure the performance of the BDTs is not over-tuned to MC events with
large weights, all MC events with an event weight greater than two are not included
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in the training and subsequent test-train comparisons. The threshold of two was
determined by first starting at a threshold of five and reducing this in integer steps
until good agreement between training and validation sets (with events with weights
larger than the threshold omitted) for an example BDT could be achieved. As the
different background processes contain different fractions of negative and largely
weighted events, the relative weights of the background samples used in the training
are re-scaled such that the relative proportions of the different backgrounds with the
negative and largely weight events omitted is the same as with them included.

These weight restrictions only have notably effect for the W+jets and Z+jets back-
grounds (both of which were generated with SHERPA-2.2.1). For W+jets, 21/610
raw events have event weights greater than two while 23% of events are negatively
weighted. The Z+jets background is less adversely effected having 7/1251 events
with weight greater than two and 16% of events with a negative weight. The other
backgrounds (and the signal samples) have no events with weights greater than two
and have less than 8% of events with a negative weight. Although the shapes of
the kinematic distributions are likely less accurate with these negatively weighted
events omitted, this only effects the optimality of the BDTs, not their validity (as no
restrictions on event weights are applied for the final background predictions, i.e. all
events are included in the evaluation stage).

Secondly, for each signal group the weights of each of the signals in the group is
scaled such the total weight of each signal is the same. This means each of the BDTs
focuses on separating each of the signal points within its group from the background
evenly and that the kinematics within each signal group are averaged. Thirdly, the
weight of the combined signal sample is further scaled such that its total weight
matches that of the background so good performance can be achieved using the binary
cross-entropy as the objective function.

Sixteen kinematic variables are used as input features for the BDTs:

• pT(τ1) : transverse momentum of the leading tau-lepton (the tau-lepton with the
highest pT).

• pT(τ2) : transverse momentum of the sub-leading tau-lepton.

• Emiss
T : magnitude of missing transverse momentum.

• ∆φ(τ1, τ2) : absolute difference in φ between the two tau-leptons.
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• ∆φ(τ1, Emiss
T ) : absolute difference in φ between the leading tau-lepton and the

~pmiss
T .

• ∆φ(τ2, Emiss
T ) : absolute difference in φ between the sub-leading tau-lepton and

the ~pmiss
T .

• ∆η(τ1, τ2) : absolute difference in η between the two tau-leptons.

• ∆R(τ1, τ2) : separation of the two tau-leptons, equal to
√
(∆φ(τ1, τ2))2 + (∆η(τ1, τ2))2.

• mττ : invariant mass of the two tau-leptons.

• mT(τ1) : transverse mass (defined in Chapter 3, Equation 3.12), of the leading
tau-lepton with the ~pmiss

T .

• mT(τ2) : transverse mass of the sub-leading tau with the ~pmiss
T .

• mT(τ1) + mT(τ2) : sum of the transverse masses of the leading and sub-leading
tau-leptons with the ~pmiss

T .

• mT2(τ1, τ2): stransverse mass (defined in Chapter 3, Equation 3.15) of the two
tau-leptons with the mass of invisible daughter particles set to zero.

• meff : effective mass, equal to the scalar sum of the transverse momenta of the
two tau-leptons plus the Emiss

T .

• ∆φ(τ1, Emiss
T )−∆φ(τ2, Emiss

T ) : difference between ∆φ(τ1, Emiss
T ) and ∆φ(τ2, Emiss

T ).

• Emiss
T

pT(τ1)+pT(τ2)
: ratio of the Emiss

T to the scalar sum of the tau pT s.

Comparisons of the shapes of each of these variables between example signals from
each of the groups and the total SM background can be found in the Section A.2.1 of
the appendix. Jet dependent variables are not included as the jet multiplicity is found
to be poorly modelled in W+jets, and for the signal samples jets are not modelled at
the matrix element level. Including additional mT2 variables with different masses
for the invisible daughter particles of 40 GeV and 100 GeV was also tested but their
inclusion was not found to offer a significant performance increase.

Signal Grouping

Having established aspects that are common to all the BDTs, how the grouping shown
in Figure 4.3 was arrived at can be discussed. The first step is to create a 2-dimensional
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embedding of the signal data using the UMAP [150] package. In relatively simple
terms, this package creates a low dimensional graph representation of the data which
preserves its topological structure. Using this embedding, the general procedure used
to group the signal samples is as follows:

1. Within the reduced dimensionality space of the embedding, the euclidean dis-
tances between the centres of each signal sample are computed, the centres being
defined by the average X and Y co-ordinates of the sample in this 2D space.

2. (Optional) The sample space is split into two halves; compressed models and
non-compressed models.

3. N ‘seed’ signal points are chosen as the N points for which the averaged minimal
distance of each of the chosen points from another of the chosen points is maxi-
mized, where N is the desired number of BDTs chosen by the user (i.e. choosing N
signal points that are on average far apart from each other kinematically). These
N points define the different sample groups. If splitting into compressed and
non-compressed halves, this step is done separately for each half.

4. The remaining signal points are added to the group which they are closest to (as
determined by the smallest average distance from the centre of the group). The
signal point which is closest to any of the groups centres is the first to be added,
after which the group centres are re-calculated and the process repeated.

5. Samples on the borders between the clusters are removed from the cluster they
belong to. The points which are removed are those (out of pairs of points on each
border) that are the furthest away from either of the group centres.

The decision whether to split into compressed and non-compressed halves is based
on prioritizing the sensitivity to the compressed models or optimizing for the whole
sample space evenly. The last step in the procedure is to check that there is not a
significant reduction in sensitivity in samples that are kinematically similar to those
used to train the BDTs, but that are not actually used in the training themselves.
Additionally, points on the outside of the sample grid are also not included in the
training for the same reason.

The final clustering (previously shown in Figure 4.3) arises from using the compressed/non-
compressed splitting with N = 2 for each half. Groups 1 and 3 are from the clustering
of the compressed mass points while groups 2 and 4 are from the clustering of the
non-compressed points. Different groupings were tested, namely having one or three
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clusters for each of compressed and non-compressed halves instead of two as well
as testing N = [3,4,5] without splitting the sample space into the compressed and
non-compressed halves. To compare the performance of different groupings, for each
grouping BDTs were trained for each cluster and the maximum significance scores
obtainable by cutting on the BDT scores (i.e. requiring events to have a BDT score
above a certain threshold), were computed for the signal samples in that cluster. This
procedure is shown explicitly for the final models in the next subsection. For these
tests, the standard ATLAS formula for estimating significance [151] was used with a
flat 20% uncertainty combined in quadrature with the MC statistical uncertainty on
the background. The value of 20% is based on the actual systematic error on the total
background yield at BDT preselection level.

The BDTs used in testing the different groupings used a manually tuned set of
hyperparameters detailed in Table 4.5 that was found to give good performance
without significant over-fitting across the signal groups. These BDTs did not have
the training restrictions that are applied to final models (discussed below) and cross
evaluation was not used in computing the significant scores (they were computed on
the training and test sets combined). Despite this, the comparison of the maximum
significance scores between different models is still valid as the models were not
significantly over-fit.

Hyperparameter Value

max_depth 3

num_leaves 8

min_sum_hessian_in_leaf 100

min_data_in_bin 50

min_data_in_leaf 50

learning_rate 0.1

l2_regularization 1000

feature_fraction_bynode 0.5

Early Stopping Yes

n_estimators 1500

early_stopping_rounds 10

Table 4.5: Set of hyperparameters for the BDTs used to compare the different signal grouping
schemes (not the final models).
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From testing the different grouping schemes with the compressed/non-compressed
splitting, it was found that there was a significant gain in the obtainable significance
scores in going from one to two clusters for each half, while the improvement in
going from two to three clusters was minimal. Similarly, when not splitting into
compressed/non-compressed halves, the clustering with N = 4 offered the best balance
of sensitivity. The performance of the final grouping and the N = 4 grouping was
similar but the final grouping had slightly better performance for the compressed
models with m(τ̃) ≥ 200 GeV, (for which the sensitivity is close to the 95% confidence
level), hence this grouping scheme was chosen for the final models.

Optimization of Final Models

As mentioned, for the final models additional restrictions are applied during training
in order to reduce the extent to which regions of artificially enhanced S/B may be
isolated. The first restriction is that the input variables to the BDT are pre-binned with
bins defined such that (for events passing the BDT preselection) the statistical error is
less than 30% in each bin. The number of bins for each variable depends upon how
the event weights are distributed and ranges from 11 to 27, with an average of 16.
Along with this pre-binning, the max_depth hyperparameter is set to one such that
each tree only makes a single selection on one variable. The combination of these
two restrictions prevents the BDTs from deliberately isolating regions of parameter
space where the background prediction is extremely unreliable. As the pre-binning
is determined from the events passing the common preselection (which is necessary
as this is the phase space in which the BDTs are ultimately evaluated), this limits the
potential gain of using a loosened preselection for training.

Restricting the maximum depth of the BDTs to one is certainly not ideal; a more dy-
namic solution would be a requirement that all leaf nodes have background yields with
an MC statistical uncertainty less than 30%. However, at present such an option is not
available (in LightGBM or other common BDT packages). While the isolation effect dis-
cussed above may in part be limited through use of the min_sum_hessian_parameter

(which is the approach taken for a study in the next chapter), given the imbalance in
the number of raw signal and background statistics here a more explicit restriction is
deemed to be necessary.

To optimize the hyperparameters for the final models, a grid scan is performed
over the learning_rate, feature_fraction_by_node and l2_regularization hyper-
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parameters with the training restrictions described above applied. The scan ranges
and intervals for these parameters are detailed in Table 4.6. Early stopping is again
used with n_estimators = 1500 and early_stopping_rounds = 10. For this grid scan,
and for the final models, 3-fold cross evaluation is used with a validation set, hence
for each signal group three BDTs are trained (for each hyperparameter configuration).
Only three (equal size) folds are used due to the limited number of statistics available
(recall from Chapter 3 it is important that the evaluation and validation sets have
reasonable statistics so that they can accurately evaluate a model’s performance). For
the final models, events are split into the respective folds by their event number (which
is randomised for MC events) such that events are evaluated by the same BDTs across
different kinematic based systematic uncertainties.

During the grid scan, the average Area-Under-Curve (AUC) score is computed
for the validation set (averaged across the 3 folds) and a 10 bin chi-squared test is
performed in the BDT score between the 3 pairs of training and validation set distribu-
tions (for both the signal and background) for each hyperparameter configuration The
best hyperparameter configurations for each signal group (and the corresponding best
BDTs) are selected as the configurations yielding the largest averaged validation set
AUC score that also pass the requirement of the total (across all the folds) chi-squared
p-value for the background and signal BDT score distributions being greater than
0.6 and 0.4 respectively. This requirement is to ensure the chosen models are not
significantly over-fit. For the BDTs trained on Signal Groups 2 and 4, the best AUC
score is not found to be significantly greater than the AUC score of the hyperparameter
configuration with the highest background chi-squared p-value (which correspond to
the models for which there is the greatest confidence that they are not significantly
over-fit), so for these signal groups this hyperparameter configuration is chosen. The
hyperparameter configuration used for the BDTs for each signal group is detailed in
Table 4.7.

Hyperparameter Scan Range/Intervals

learning_rate 0.01 - 0.1, in steps of 0.01

l2_regularization 1 - 1000, 10 steps geometrically spaced

feature_fraction_bynode 0.25 - 1.0, in steps of 0.25

Table 4.6: Hyperparameters scanned over in a grid search for the direct stau BDTs.
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Signal
Group

learning_rate feature_fraction
_by_node

l2_regularization

1 0.1 0.5 46

2 0.04 0.25 1000

3 0.01 1.0 21

4 0.01 0.25 1000

Table 4.7: Best BDT hyperparameter configuration for each signal group.

Figure 4.4 shows comparisons of the BDT score distributions between the train-
ing and evaluation sets for one of the three final BDTs trained using each signal
group (distributions for the other two BDTs for each signal group can be found in
Appendix A.2.2). In these plots, what is labelled as the training set is the actual training
set plus the validation set while the test set is the evaluation set. For all the BDTs,
the signal is the positive class such that a high BDT score indicates that an event is
more likely to be signal. As multiple signals are used to train each BDT, the signal in
these plots is composed of all the signals used in the training together, scaled to the
average weight of one signal. Events with weights larger than two are not included in
these distributions as these events are not included in the BDT training. The agree-
ment is generally good and indicates the models are not significantly over-fit. The
distributions for the BDTs trained on Signal Groups 2 and 4 occupy a smaller fraction
of the total BDT score range (which spans from 0 to 1) due to the larger value of the
l2_regularization hyperparameter.

Receiver operating characteristics for these BDTs are shown in Figure 4.5 and AUC
scores for each of the fold splits for the final models are detailed in Table 4.8 where it
can be seen the performance across the folds is similar. It is also evident that the BDTs
trained on signal group 4 have the best discrimination power as they have the largest
AUC scores, whilst those trained on signal group 1 have the weakest discrimination
power, meaning these signals are the hardest to separate from the SM background.

As outlined in Chapter 3, the use of cross evaluation allows all the data used to train
the BDTs to be used in the evaluation without incurring a bias (as in the evaluation
set, the BDT score which is used from an event is from the BDT for which it was not
part of the training set). For convenience, in the rest of this chapter, the scores from
the BDTs used to train the three different folds on signal group X are ‘combined’ to
from a single classifier score, BDT X score, where the combination involves, for each
event, using the score from the BDT for which the event was in the evaluation set.
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(a) BDT 1
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(b) BDT 2
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(c) BDT 3
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(d) BDT 4

Figure 4.4: Example train-test comparisons for the BDTs trained on the different signal sample
groups. All of these comparisons are using the same fold of the dataset for the
evaluation set each time (here labelled as the test set). The training set in these
plots includes the validation set.
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To demonstrate this is valid, comparisons of the BDT distributions for the evaluation
sets for each set of BDTs are shown in Figure 4.6 for the total SM background and an
example signal for each set. From these it can be seen that the BDT score distributions
are consistent within the statistical uncertainties and thus the scores from each fold
can be safely ‘combined’. Note these plots do not include negative or largely weighted
events as they were not included in the training but versions of these plots including
these events can be found in the appendix, Section A.2.2 (in which agreement is also
seen but the statistical uncertainties are notably larger).
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Figure 4.5: Example ROC curves for the BDTs trained on the different signal sample groups.
All of these comparisons are using the same fold of the dataset for the evaluation
set each time (here labelled as the test set). The training set in these plots includes
the validation set.

113



Chapter 4: Search for Direct Stau Production

Signal Group Split 1 Split 2 Split 3

1 0.827 (0.795) 0.834 (0.786) 0.823 (0.803)
2 0.872 (0.874) 0.882 (0.863) 0.879 (0.870)
3 0.886 (0.874) 0.900 (0.862) 0.886 (0.880)
4 0.938 (0.939) 0.944 (0.932) 0.940 (0.941)

Table 4.8: Area under curves for the BDTs trained on the different signal groups across the
different train/evaluation splits for the training+validation (evaluation) datasets.
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Figure 4.6: Comparison of the evaluation sets across the different train/evaluation splits, for
each set of BDTs.
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The combined BDT score distributions of the final models for the total SM back-
ground and example signal points for each BDT are shown in Figure 4.7. The per-
centage purity, S/B, for the signals in each bin is also shown, demonstrating the
discrimination power of the BDTs. In particular, for each signal group the BDTs are
effective in reducing the large multi-jet and Z+jets backgrounds. The W+jets back-
ground is the main background at high BDT 1 score, while for the other scores the
multi-boson background is dominant at high values.
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Figure 4.7: Combined BDT score distributions for the final models for the total SM background
and example signal points for each BDT. In these, and subsequent similar plots
in this thesis, the different background processes are stacked on top of each other
while the yields from the possible SUSY signals are overlaid. A flat 20% systematic
uncertainty, added in quadrature to the MC statistical uncertainty, is shown on
the SM background. The bottom panel of each plot shows the ratio of signal to
background yield (S/B) in each bin in for the example signals.
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To help understand what the BDTs are selecting for, SHAP values, outlined in Chap-
ter 3, Section 3.2, for an example BDT for each signal group are shown in Figure 4.8.
SHAP values for the other fold splittings for each group were checked to verify the
feature importances are consistent between the folds. As the signal is the positive
class in all of these BDTs, a high SHAP score for the particular value an input feature
takes indicates that the feature having such a value leads to the model classifying
that event as being signal like. The discontinuous nature of these SHAP plots (i.e.
the horizontal gaps for a given feature) is due to the restrictions applied to the BDTs
during training, namely restricting the maximum depth to be 1 and that the input
variables are pre-binned as together these restrictions limit the overall number of
leaves in each of the models.

From Figure 4.8(a), it can be seen that for the low mass signals events with high
∆φ(τ, τ), low ∆η(τ, τ), high Emiss

T /(pτ1
T + pτ1

T ) and high mT(τ1) + mT(τ2) are selected
as being very signal like. For signal group 2 (in the bulk of the signal grid), Figure 4.8(b)
shows that high mT(τ1) + mT(τ2) is very signal like, as is just high mT(τ1). High
mT2 and high Emiss

T are also very signal like. The BDTs trained on the high mass
compressed signals in signal group 3 (Figure 4.8(c)) see high mT(τ1) + mT(τ2) as a
dominant feature, but also has significant signal like contributions from high ∆φ(τ, τ),
low ∆η(τ, τ), similar to the low mass compressed signals. The SHAP values for the
BDTs trained on signal group 4 (Figure 4.8(d)) are similar to those trained on signal
group 2 with high mT(τ1) + mT(τ2), mT(τ1), mT2 and Emiss

T leading to events being
classified as being very signal like.
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Figure 4.8: SHAP summary plots for the BDTs trained on the different signal sample groups.
All of these comparisons are using BDTs with the same fold splitting.
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4.5.3 Signal Region Optimization

Using these BDT classifiers, Signal Regions (SRs) are defined by cutting on each of the
BDT scores and are labelled as SR-BDTX for the BDTs trained using signal group X. As
mentioned in the strategy overview, the SRs defined by each BDT are not explicitly
made orthogonal to each other. As was done when comparing the performance of the
different signal groupings, the cut value for each BDT score is chosen to maximize the
sensitivity to the signal samples used to train the respective BDTs, using the standard
ATLAS significance formula [151] with the MC statistical uncertainty combined in
quadrature with a flat 20% systematic uncertainty on the background. The statistical
uncertainty on the total background estimation in each SR is also required to be < 30%,
to ensure the background prediction is reliable.

To determine the precise cut values, the BDT distributions are studied with a fine
granularity as shown by the distributions in Figure 4.9. Jumps in the significance
can be seen when passing events with moderately high weights. Where possible
(i.e. without significantly comprising the sensitivity), the cut values are chosen to be
away from such large jumps in regions of comparative stability. For SR-BDT1, 2 and 3
the signal regions are split into two bins while for SR-BDT4 only a single bin signal
regions is used. The bin boundaries were determined by first cutting as tightly as
possible on the significance plateaus to define the lower edge of the final bin. The
lower edges of subsequent bins were then determined by requiring the background
yield to approximately equal that of the final bin, in order to keep statistical and
systematic uncertainties roughly constant across the bins (so that no one bin dominates
the likelihood fit). The binning used, and the significance score in each bin are shown
in Figure 4.10. From these plots it is evident that there is little sensitivity to be gained
from adding lower bins to these signal regions. The resulting final signal regions
definitions are shown in Table 4.9. As well as the binned SRs, discovery regions are
defined by merging the bins for each of SR-BDT1, SR-BDT2 and SR-BDT3 (as discussed
in the previous chapter, discovery regions are required to be unbinned). SR-BDT4 is
also used as discovery region.

The background yields and signal yields for representative signal points in each
of the SRs are shown in Table 4.10. From these yields it can be seen that W+jets is the
dominant background in SR-BDT1, while the multi-boson background is dominant in
SR-BDT2 and SR-BDT4. As W+jets comprises events for which one of the tau-leptons
originates from a jet, there is a brief study in the appendix, Section A.2.3 assessing
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Figure 4.9: BDT score distributions with fine granularity showing the significance upon cutting
to the right, using the MC statistical error plus a flat 20% systematic.

whether the use of the tight instead of the medium RNN tau-ID working point for
the tau-leptons could further improve the sensitivity to signals with low τ̃-mass.
Concerning the signal samples which look to fall out of the sensitivity reach of the
strategy presented here (with an integrated luminosity of 139 fb-1), for the models with
low m(τ̃) the sensitivity decreases with increasing χ̃0

1 mass as the tau-leptons become
softer, and the number of signal events passing the trigger requirements decreases
rapidly. For the models with high m(τ̃), the limitation is mainly statistical arising from
the small production cross-sections.
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Figure 4.10: N-1 plots of the BDT score distributions for the different combined BDTs showing
the binning used for the multi-bin fits and the significance score per bin (using
the MC statistical error plus a flat 20% systematic). Errors bars are from the MC
statistical uncertainties plus a flat 20% systematic error. The arrow indicates the
lowest edge of the first bin used in the respective signal regions.
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SR BDT 1 SR BDT 2 SR BDT 3 SR BDT 4
asymm. ditau trigger with plateau requirements

two OS signal τ

3rd baseline τ veto
light lepton veto

b-veto
Emiss

T > 20 GeV
minv(τ1, τ2) > 120 GeV
mT2(τ1, τ2) > 30 GeV

BDT 1 score >
[0.73, 0.78]

BDT 2 score >
[0.78, 0.82]

BDT 3 score >
[0.79, 0.86]

BDT 4 score >
0.64

Table 4.9: Signal region definitions. Multiple values for the BDT1 score, BDT2 score and
BDT3 score selections indicate the lower edges of the bins used for the two bin shape
fits in these variables. OS denotes the tau-leptons must have opposite sign electric
charge.

SM process SR BDT 1 SR BDT 2 SR BDT 3 SR BDT 4

Multi-jet 4.6± 2.7 0.0+2.0
−0.0 0.0+2.1

−0.0 0.2+0.4
−0.2

W+jets 23± 9 1.6± 1.0 2.3± 1.8 0.0+0.4
−0.0

Z+jets 7.1± 3.0 2.0± 1.0 6.1± 2.3 0.25± 0.11
Top 7.8± 1.1 2.1± 0.6 3.7± 0.8 0.16± 0.14

Multi-boson 6.6± 0.9 4.1± 0.6 4.5± 0.7 1.8± 0.4
Higgs − 0.021± 0.007 0.12± 0.05 −

SM total 49± 10 9.3± 2.5 17± 4 2.3± 0.7

m(τ̃, χ̃0
1) = (80, 1) GeV 40.3± 1.4 4.2± 0.4 10.8± 0.7 0.13± 0.07

m(τ̃, χ̃0
1) = (240, 80) GeV 17.2± 0.9 20.5± 1.0 23.6± 1.1 10.4± 0.7

m(τ̃, χ̃0
1) = (200, 100) GeV 15.4± 1.3 11.6± 1.1 15.1± 1.3 3.2± 0.6

m(τ̃, χ̃0
1) = (400, 1) GeV 4.59± 0.08 9.46± 0.12 9.39± 0.12 7.31± 0.10

Table 4.10: Yields table for the direct stau signal regions. Normalisation factors, as deter-
mined from the background only fit discussed in Section 4.6 are applied to the
W+jets, Z+jets and Top backgrounds. Uncertainties here are just MC statistical
uncertainties.
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4.6 Background Estimation

As was explained in the introduction to this chapter, the main SM backgrounds in this
analysis are the multi-jet background, Z+jets, W+jets, the top background and multi-
boson backgrounds with an additional small background from events with Higgs
bosons decaying to two tau-leptons. Figure 4.11 shows the composition of the total SM
background passing the BDT training preselection requirements (detailed in Table 4.3),
from which it can be seen that the multi-jet, Z+jets and W+jets backgrounds comprise
the largest portions. However, as was just shown in Table 4.10, the top and multi-
boson backgrounds also have significant contributions in the SRs and hence are equally
important to estimate accurately. As a reminder of the overall background estimation
strategy, the Z+jets, W+jets and top backgrounds are normalised in dedicated control
regions (labelled ZCR, WCR and TCR respectively) while the normalisation’s for
the multi-boson and Higgs backgrounds are taken from theoretical predictions, as
detailed in Section 4.3. Dedicated validation regions (VRs) enriched in each of the
backgrounds except the Higgs background are defined to verify the accuracy of each
of the background predictions; MJVR for the multi-jet estimate, ZVR for Z+jets, WVR
for W+jets, TVR for the top background and MBVR for the multi-boson background.
An inclusive validation region, InclVR, is also defined to check the compatibility of
the different estimation strategies together.

Details of each part of the background estimation strategy are discussed in turn
in this section. For convenience, the definition of all the CRs and VRs used in the
background estimate (excluding the control regions used for the multi-jet estimate) are
summarised in Table 4.11. Similarly, the predicted and observed yields in each of these
regions is listed in Tables 4.12- 4.15 and are summarised in Figure 4.14, where it can be
seen that the predictions all agree within one standard deviation. These predictions
come from a likelihood fit containing only the backgrounds and no signal (referred to
as a background-only fit), in which the normalisation factors on Z+jets, W+jets and
Top backgrounds are fit simultaneously from the Z+jets, W+jets and top CRs. As this
fit contains three normalisation factors on backgrounds which have non-zero yields in
each of the three CRs, no pulls or constraints on the systematic uncertainty nuisance
parameters (NPs) are seen in this fit, as shown in Figure 4.12.

Correlations between the NPs in this fit are also checked. The largest correlations
are shown in Figure 4.13. Correlations between the MC statistical NPs in the CRs and
the normalisation factors of the dominant background in those CRs are expected and
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Figure 4.11: Pie-chart showing the relative sizes of the main SM backgrounds for the direct
stau analysis. The Higgs background is not shown as it contributes less than 1%
of the total.

are not of concern. The large correlation between the α-TES-DETECTOR NP, which
describes an uncertainty in the tau-lepton energy scale, and the Z+jets CR is explained
by this uncertainty being particularly large (∼30%) on the Z+jets background in this
region. The remaining NP correlations are not considered large enough to be of
concern.

In the following subsections, post-fit kinematic distributions, resulting from the
background-only fit to the CRs are shown in each of the CRs and VRs. These distribu-
tions include the full systematic uncertainties that are discussed in the next section.
For brevity, only a selection of variables is shown in each region but all important
variables, including all the variables that used as input features for the BDTs, were
checked in every region prior to unblinding the SRs as part of the approval of this
analysis by the ATLAS collaboration.
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Process W+jets Top

Region WCR WVR TCR TVR

Charge combination OS

N signal τ = 1 = 1 = 2
N “tight” τ = 0 - -

N signal e/µ = 1 µ = 1 µ = 0
N b-jets = 0 ≥ 1 ≥ 1
Trigger single µ single µ asymm. di-τ

pT(τ1) [GeV] - - > 95
pT(τ2) [GeV] - - > 65

max[pT(τ), pT(µ)] [GeV] > 95 > 95 -
min[pT(τ), pT(µ)] [GeV] > 60 > 60 -

Emiss
T [GeV] > 20 > 20 > 20

mT(µ, Emiss
T ) [GeV] ∈ (50, 150] ∈ (50, 150] -

mT2(τ, µ)[GeV] > 30 > 30 > 30
mτµ [GeV] > 120 > 120 –
mττ [GeV] – – > 120

BDT scores All < 0.5 Any > 0.5 -

Process Z+jets Multi-boson Multi-jet Inclusive

Region ZCR ZVR MBVR MJVR InclVR

Charge combination OS

N signal τ = 2 = 2 = 2 = 2
N e/µ = 0 = 0 = 0 = 0

N b-jets = 0 = 0 = 0 = 0
Trigger asymm. di-τ asymm. di-τ asymm. di-τ asymm. di-τ

Emiss
T [GeV] - > 20 < 50 > 20

mT2(τ1, τ2)[GeV] > 30 > 30 > 30 > 30
m(ττ) [GeV] < 120 < 120 > 120 > 120
∆R(τ1, τ2) < 4 < 4 > 3 < 4

BDT 1 score ≤ 0.10 > 0.10 - ≤ 0.60
BDT 2 score - - - ≤ 0.70
BDT 3 score - - - ≤ 0.70
BDT 4 score ≤ 0.60 ≤ 0.60 > 0.61 ≤ 0.60

Table 4.11: The definition of the control and validation regions for the direct stau channel.
For the triggers, ‘asymmm. di-τ’ denotes the asymmetric di-tau trigger discussed
in Section 4.5.1 including the offline pT requirement to ensure events are on the
efficiency plateau.
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Figure 4.12: Nuisance parameter pulls for the direct stau background-only fit to the CRs. NPs
associated with normalisation factors and statistical uncertainties are shown in
blue and have a γ prefix while NPs associated with systematic uncertainties are
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Figure 4.13: Reduced correlation matrix for the direct stau background-only fit to the CRs
showing the fit parameters with the largest correlations. NPs associated with
normalisation factors and statistical uncertainties have a γ prefix while NPs
associated with systematic uncertainties have an α prefix.
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Table 4.12: Yields table (at 139 fb-1) for ZCR, ZVR with full systematic uncertainties.

SM process ZCR ZVR

Multi-jet 16± 4 13.9± 3.5
W+jets 1.3± 1.0 3.6± 1.2
Z+jets 321± 20 260± 40

Top 0.1+0.4
−0.1 1.3± 0.6

Multi-boson 6.5± 3.3 13± 4
Higgs 12± 4 10.6± 3.0

SM total 357± 19 310± 40

Observed 357 302

m(τ̃, χ̃0
1) = (80, 1) GeV 0.06+0.12

−0.06 0.44± 0.17
m(τ̃, χ̃0

1) = (240, 80) GeV − 0.208± 0.032
m(τ̃, χ̃0

1) = (200, 100) GeV − 0.22± 0.11
m(τ̃, χ̃0

1) = (400, 1) GeV − 0.043± 0.007

Table 4.13: Yields table (at 139 fb-1) for WCR, WVR with full systematic uncertainties.

SM process WCR WVR

Multi-jet − −
W+jets 509± 29 420± 90
Z+jets 15± 8 5.4± 3.5

Top 50± 10 46± 10
Multi-boson 35± 7 31± 10

Higgs 0.031± 0.013 0.8± 0.4

SM total 610± 25 510± 90

Observed 610 440

m(τ̃, χ̃0
1) = (80, 1) GeV 1.01± 0.21 3.3± 0.5

m(τ̃, χ̃0
1) = (240, 80) GeV 0.09± 0.07 1.10± 0.17

m(τ̃, χ̃0
1) = (200, 100) GeV 0.10+0.18

−0.10 0.81± 0.21
m(τ̃, χ̃0

1) = (400, 1) GeV 0.018± 0.006 0.186± 0.020
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Table 4.14: Yields table (at 139 fb-1) for TCR, TVR with full systematic uncertainties.

SM process TCR TVR

Multi-jet − 14.7± 3.4
W+jets 34± 8 8+8

−8

Z+jets 1.6+2.4
−1.6 5.7± 2.3

Top 466± 24 114± 19
Multi-boson 3.0± 2.0 1.0+1.1

−1.0

Higgs 0.64± 0.09 0.6± 0.5

SM total 505± 22 143± 21

Observed 505 134

m(τ̃, χ̃0
1) = (80, 1) GeV − 1.3± 0.5

m(τ̃, χ̃0
1) = (400, 1) GeV 0.0021± 0.0010 0.243± 0.030

Table 4.15: Yields table (at 139 fb-1) for MJVR, MBVR, InclVR with full systematic uncertainties.

SM process MJVR MBVR InclVR

Multi-jet 74± 13 0.7± 0.5 177± 30
W+jets 20± 13 0.00+0.11

−0.00 63± 26
Z+jets 9+15

−9 2.5± 1.1 110± 50
Top 1.8± 1.6 0.28± 0.14 14± 5

Multi-boson 2.6± 1.6 9.3± 3.4 14± 5
Higgs − 1.89± 0.25 2.3+2.7

−2.3

SM total 107± 27 15± 4 380± 60

Observed 111 11 424

m(τ̃, χ̃0
1) = (80, 1) GeV 3.5± 1.1 − 32± 6

m(τ̃, χ̃0
1) = (240, 80) GeV 0.40± 0.19 0.31± 0.11 4.5± 0.7

m(τ̃, χ̃0
1) = (200, 100) GeV 0.61± 0.29 − 5.8± 1.2

m(τ̃, χ̃0
1) = (400, 1) GeV 0.063± 0.021 0.49± 0.06 0.52± 0.09

128



Chapter 4: Search for Direct Stau Production

4.6.1 Multi-jet Estimation

A semi-data-driven ABCD method is used to estimate the multi-jet contribution. In an
ABCD method, four orthogonal regions (labelled here as CR-A, CR-B, CR-C and pre
SR-D) are defined, one of which (pre SR-D) contains within it the signal region(s). The
regions are separated by two variables, which should be uncorrelated with each other.
Estimates for the non multi-jet background are computed for all of these regions and
the data is unblinded in regions CR-A, CR-B and CR-C (which have a much lower S/B
than pre SR-D). The multi-jet background is taken to be the difference between the
data and the non-multi-jet background prediction in each of these regions. A transfer
factor, here denoted T, is computed as the ratio of the multi-jet background between
regions CR-C and CR-B. The multi-jet prediction in region pre-SR-D is then computed
as the multi-jet prediction in region CR-A multiplied by T. As the variables separating
the regions are uncorrelated, the real value of T is not assumed to change between
regions CR-C/CR-B and regions pre-SR-D/CR-A.

In this analysis, the ABCD regions are separated by requirements on the tau-lepton-
ID, the relative sign of the two tau-leptons and mT2(τ1, τ2). A schematic of the ABCD
method for this analysis is shown in Figure 4.15 and the full region definitions are
given in Table 4.16. In addition to the ABCD regions, two validation regions, VR-E and
VR-F, are also defined and are used to determine a systematic uncertainty, discussed
below. As in the signal region (SR) selections, the asymmetric di-tau trigger is used
but unlike the SR selections the pT threshold requirements to ensure events are on the
trigger efficiency plateau are not required to improve the available statistics. How the
potential bias this could introduce is checked is discussed in this section.

CR-A and pre-SR-D have the same definition except that in pre-SR-D the two
leading tau-leptons are required to be of opposite sign and to pass the medium tau-
lepton RNN-ID requirement (‘medium’ tau-leptons) while in CR-A events are required
to have at least two taus passing the loose tau-lepton RNN-ID requirement (‘loose’
tau-leptons) and in cases where the leading two tau-leptons do pass the medium
RNN-ID requirement they must be of the same sign. The same requirement on the
tau-lepton-ID and the charge of the two tau-leptons as in CR-A (SR-D) is applied
in CR-B (CR-C). The correlation of mT2(τ1, τ2) and the ID and sign requirements is
checked in Figure 4.16. From this it can be seen the shape of mT2(τ1, τ2) is not affected
by the tau-lepton-ID and sign requirements and thus is uncorrelated with them.
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The non-multi-jet background in each of these regions is estimated using MC. As
normalisation factors are used in the final fit for the Z+jets, W+jets and top back-
grounds, it is important these are taken into account in the multi-jet estimate. To do
this, the normalisation factors on each of these background and the multi-jet transfer
factor T are fit simultaneously using the constraints from each of Z+jets, W+jets and
top control regions plus the (data-MC) ratio between CR-B and CR-C (as this gives
four equations with four unknowns). Note that the W+jets and top CRs are expected to
have a negligible multi-jet contribution as they require one muon and one tau-lepton
(and the rate at which the multi-jet background can fake a muon is low compared to
the W+jets and top cross-sections) hence in these regions the multi-jet prediction is set
to zero. For technical convenience, this simultaneous fit is done separately from the
main background-only fit but the normalisation factors obtained from both fits are the
same. In further fits discussed in this chapter, the multi-jet background does not have
a floating normalisation factor and the multi-jet CRs are not included.

Data and MC yields in each of the ABCD regions and in VR-E and VR-F are
tabulated in Table 4.17. These yields include the fit normalisation factors on the Z+jets,
W+jets and top backgrounds. From these yields it can be seen the overall SM prediction
in pre-SR-D and VR-F agrees with the data within the statistical uncertainties. Yields
of example signal models are included to show the total signal contamination is low
in all the control and validation regions.

CR-A VR-E CR-B pre-SR-D VR-F CR-C

asymmetric di-tau trigger without pT threshold requirements
at least 2 loose tau-leptons

light lepton veto
2 loose (not medium) taus OR 2 same-sign medium tau-leptons at least two opposite-sign medium tau-leptons
mT2 > 30 GeV 20 < mT2 < 30 GeV 10 < mT2 < 20 GeV mT2 > 30 GeV 20 < mT2 < 30 GeV 10 < mT2 < 20 GeV

Table 4.16: Region definitions for the Multi-jet background estimation (mT2 is equivalent to
mT2(τ1, τ2)).

The transfer factor is computed to be 0.186 with an uncertainty of 0.021 resulting
from the finite data and MC statistics in regions CR-B and CR-C. To evaluate a sys-
tematic uncertainty on the transfer factor, the fit described above is repeated using
VR-E and VR-F in place of CR-B and CR-C respectively. The difference between the
transfer factor computed using VR-E and VR-F to the one using CR-B and CR-C is
taken as a systematic uncertainty on the multi-jet predictions. Using VR-E and VR-F,
the transfer factor is found to be 0.164 ± 0.022 (stat), meaning the size of the associated
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Figure 4.15: Illustration of the ABCD method for the multi-jet background determination in
the signal regions. The control regions CR-A, CR-B, CR-C, and pre-SR-D are used
for the ABCD method described in the text. Validation regions VR-E and VR-F, are
used to validate the ABCD method and to estimate the systematic uncertainties.
Figure adapted from [1].

systematic error is 12% and the final value of T is 0.186 ± 0.022(syst) ± 0.021 (stat).
This uncertainty is used as a systematic uncertainty on the multi-jet predictions, as
is the statistical uncertainty on T originating from the finite data and MC statistics
in regions CR-B and CR-C (of size 11%). Note that the statistical uncertainty on T is
separate from the statistical uncertainty on the final multi-jet estimates that originate
from the finite data and MC statistics in CR-A, which are also included in the final fits.

A potential bias in the multi-jet estimate could be introduced due to the ABCD
regions not requiring the asymmetric ditau trigger plateau selections, which are
required in the other analysis regions which require two tau-leptons. To verify this
is not the case, T is re-computed using the same selections for the ABCD regions
but requiring the plateau cuts. With the plateau cuts applied, T is computed to be
0.22 ± 0.07 (syst) ± 0.05 (stat), with the errors computed using the same methods
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CR-A VR-E CR-B pre-SR D VR-F CR-C

Z+jets 505± 31 332± 52 457± 67 1400± 43 939± 63 1651± 137
W+jets 390± 37 240± 53 315± 49 257± 33 188± 48 240± 57
Top 187± 5 79± 3 74± 3 309± 6 133± 4 148± 4
Multi-boson 48± 2 24± 2 25± 2 113± 3 47± 2 57± 2
Higgs 22± 1 8± 1 12± 1 59± 2 26± 1 37± 2

Total MC BG 1152± 48 683± 74 883± 83 2138± 55 1333± 79 2133± 148
Multi-jet prediction - - - 821± 138 776± 131 -
Total MC + Multi-jet - - - 2959± 149 2109± 153 -

Data 5564± 75 4855± 70 9402± 97 3127± 56 2018± 45 3719± 61

m(τ̃, χ̃0
1) = (120, 1) GeV 41.51± 1.31 11.77± 0.70 12.05± 0.72 163.16± 2.59 45.42± 1.38 46.36± 1.39

m(τ̃, χ̃0
1) = (200, 1) GeV 22.03± 0.50 2.37± 0.16 2.10± 0.15 88.65± 0.99 11.07± 0.36 10.43± 0.34

m(τ̃, χ̃0
1) = (360, 1) GeV 4.36± 0.25 0.31± 0.07 0.17± 0.05 19.12± 0.51 1.09± 0.12 0.96± 0.12

Table 4.17: Event yields in regions for used for the multi-jet estimation. No multi-jet prediction
is shown or CR-A, CR-B, CR-C and VR-E as the difference in data-MC in these
regions is used to construct the multi-jet estimate in the other regions. Errors are
from MC statistics.
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Figure 4.16: Shapes of (data - MC) for the CR-B/CR-A selection (without the mT2 (τ1, τ2) cut)
in orange and for the CR-C/pre-SR D selection in blue.

described above. This value of T agrees within the uncertainties with the nominal
value of T, hence no additional uncertainty is associated with the fact that the trigger
plateau cuts are not applied in the ABCD regions.

Example kinematic plots in VR-F and pre-SR D including the multi-jet prediction
are shown in Figures 4.17 and 4.18 respectively. A flat 20% systematic is included in
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these plots as an estimate of the total uncertainty (with the value of 20% being based
upon the computed uncertainty in the inclusive validation region - see Table 4.15).
Good agreement between the total background prediction and data is seen in both
VR-F and pre-SR D.

For training the BDTs, it is desirable to have a multi-jet estimate without negatively
weighted events (which are omitted from the BDT training). This is not possible with
the ABCD method, due to subtraction of MC from data resulting in a high fraction
of negatively weighted events, so an alternative multi-jet estimate is devised. In this
alternative estimate, a weight factor is computed such that the data yield in CR-A
multiplied by this weight factor is equal to the data-MC difference in CR-A. The
alternative multi-jet estimate in pre SR-D is then given by the data in CR-A multiplied
by this weight factor multiplied by T. Thus, by construction this alternative estimate
has no negatively weighted events, as both the weight factor and T are positive, and
the total yield prediction in pre SR-D is equivalent to that of the full multi-jet estimate.
However, it should be noted that the shapes of the kinematic distributions for this
alternative estimate are not as accurate as with the ABCD method, hence why this
alternative estimate is only used for training the BDTs. A comparison of the shapes of
key kinematic variables between the simplified and full multi-jet estimation methods
for events passing the BDT preselection can be found in the appendix, Section A.2.4,
where it can be seen the overall shape differences are small.

An additional validation region, MJVR, with higher purity in the multi-jet back-
ground is also checked. Unlike the regions used in the ABCD method, the plateau
selections on the asymmetric di-tau trigger, detailed in Table 4.2, are required in this re-
gion. The definition of MJVR is given in Table 4.11. It is orthogonal to the signal regions
due to the inverted BDT score requirements. The Emiss

T < 50 GeV and ∆R(τ1, τ2) > 3
cuts are to improve the purity in the multi-jet background which is found to be 67%.
This region is statistically independent of VR-F but is within pre SR-D. Predicted and
observed event yields for MJVR region can be found in Table 4.15; good agreement
between them is seen. A selection of post-fit kinematic distributions in MJVR are
shown in Figure 4.19 in which good agreement between the SM predictions and the
observed data is also seen.
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Figure 4.17: Kinematic distributions for Direct Stau in MJ VR-F. Normalisation factors are
applied to the Z+jets, W+jets and Top backgrounds. A flat 20% systematic is
applied on top of the statistical uncertainties.
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Figure 4.18: Kinematic distributions for Direct Stau in MJ pre-SR D. Normalisation factors
are applied to the Z+jets, W+jets and Top backgrounds. A flat 20% systematic is
applied on top of the statistical uncertainties.
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Figure 4.19: Post-fit kinematic distributions for MJVR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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4.6.2 Z+jets Estimation

The production of a Z-boson in association with jets poses an irreducible background
to the final state with two hadronically decaying tau-leptons and Emiss

T , which can
arise from the tau-lepton neutrinos. As previously mentioned, the shapes of kinematic
variables for the Z+jets background are taken from MC while the normalisation factor
is determined in a control region, ZCR with its use being verified in a validation region,
ZVR. Both regions are defined by the selections detailed in Table 4.11. Compared to
the signal regions, the cut on mττ is inverted which results in a greater than 90% purity
in Z+jets in both regions. A cut on BDT 1 score is used to separate ZCR from ZVR,
with ZVR being at higher values. The upper cut on BDT 4 score is used to make this
region orthogonal with the multi-boson validation region (discussed in Section 4.6.5).

The normalisation factor on the Z+jets background, µZ, is determined from the
background-only fit to the CRs to be 0.91 ± 0.07. Event yields in both the ZCR
and ZVR are shown in Table 4.12. In the ZVR, the total SM prediction is found to
match well with the number of observed data events. A selection of post-fit kinematic
distributions in the ZCR and ZVR can be found in Figures 4.20 and 4.21 respectively
where good agreement between the predictions and observed data are seen.
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Figure 4.20: Post-fit kinematic distributions for ZCR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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Figure 4.21: Post-fit kinematic distributions for ZVR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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4.6.3 W+jets Estimation

Events in which a W-boson is produced in association with jets give rise to a significant
background, particularly in SR-BDT1 which targets the signals with low stau mass.
This background consists of events where the W-boson decays to a hadronically decay-
ing tau-lepton and one of the jets fakes the other hadronic tau-lepton. As for the Z+jets
background, MC is used to estimate the kinematic shapes while the normalisation is
determined in a control region, WCR, and the accuracy of the prediction is verified in
a validation region, WVR.

Both WCR and WVR require events to have one hadronic tau-lepton and one
isolated signal muon, with the muon being used as a proxy for the other hadronic
tau-lepton required by the SR selections. The full selection requirements for the WCR
and WVR are detailed in Table 4.11. These selections are designed to emulate those
in the BDT training preselection (Table 4.3). The single-muon trigger is used in place
of the asymmetric di-tau trigger for these regions, but selections on the maximum
and minimum of the tau-lepton and muon pT are required to emulate its effect. The
requirement on the transverse mass of the muon with the Emiss

T , mT(µ, Emiss
T ), is to

improve the purity in W+jets while the veto on b-jets is to make this region orthogonal
with the top CR, detailed in the next subsection. The tau-lepton is required to pass
the “medium” ID requirement, but fail the “tight” ID requirement of the RNN tau-ID
algorithm. This veto on tight tau-leptons is used to allow the selection requiring a tight
tau-lepton to be used for a future search for direct stau production in the final state
with one leptonically decaying tau-lepton and one hadronically decaying tau-lepton.
By not including this phase space in the WCR, it allows the results of such a search to
be statistically combined with this one.

BDT scores computed for events in WCR and WVR use input variables which use
the muon four-vector in place of the second tau-lepton four-vector (for instance the
invariant mass of tau and muon, mτµ, is used in place of mττ) with the object with
the highest pT being used as the leading tau-lepton. The WCR and WVR are split via
a requirement on the BDT scores, specifically for the WCR all four BDT scores are
required to be less than 0.5 while for the WVR the inverse is required. This results
in the WCR being at low BDT scores and WVR being at high BDT scores and hence
kinematically more signal like. Both regions are more than 80% pure in W+jets. The
fake background, originating from multi-jet events with a fake muon and a fake tau, is
assumed to be negligible in these regions.
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The normalisation factor on the W+jets background, µW , determined in the back-
ground only fit to the CRs, is found to be 0.93 ± 0.11. Event yields in WCR and WVR
are detailed in Table 4.13, from which it can be seen that the total predicted yield in
the WVR agrees within one standard deviation with the observed data. A selection
of post-fit kinematic distributions in the WCR and WVR can be found in Figures 4.22
and 4.23 respectively; good modelling is observed in both regions. Taken together,
the WCR and WVR allow the full BDT score distribution to be inspected, to verify
good data/MC agreement at both low and high scores, hence these distributions are
included in both of these figures.
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Figure 4.22: Post-fit kinematic distributions for WCR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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Figure 4.23: Post-fit kinematic distributions for WVR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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4.6.4 Top Estimation

Events containing one or more top quarks also contribute significantly to the total SM
background. As already outlined in the analysis strategy overview, this background is
also estimated using MC normalised in a control region, TCR, which, like the WCR,
requires one hadronic tau-lepton and one signal muon, but additionally requires events
to have at least one b-jet to give a high purity in the top quark containing backgrounds.
As in the WCR, variables in the SRs computed using the second tau-lepton four-vector
here use the muon four-vector and the BDT scores use these variables as inputs in
place of their two-tau-lepton analogues. The top validation region (TVR) has the same
selections as the BDT preselection except for replacing the b-jet veto for a requirement
of at least one b-jet to enhance the purity in the top background.

The normalisation factor of the top background, µTop is determined from the
background only fit to the CRs to be 0.84 ± 0.05, which from the event yields in
Table 4.14 can be seen to lead to good agreement in the TVR. As neither the TCR nor
TVR are dependent on the BDT score cuts, the BDT score distributions can be plotted
in their entirety to check for mis-modelling, which from Figures 4.24 and 4.25 does
not appear to be present.
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Figure 4.24: Post-fit kinematic distributions for TCR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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Figure 4.25: Post-fit kinematic distributions for TVR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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4.6.5 Multi-boson Estimation

Events with more than one vector boson are the dominant background in SR-BDT2
and SR-BDT4. Due to the relatively small yield of this background, and its similarities
with the direct stau signal, it is difficult to isolate. Nevertheless, a dedicated validation
region, MBVR, with these backgrounds as the dominant contribution is established
by reversing the selection on mττ in the SRs and requiring a high BDT 4 score. Al-
though there are limited statistics in these regions, as detailed in Table 4.15, reasonable
data/MC agreement is seen and the region is 62% pure in multi-boson processes. Com-
pared to the signal region, the multi-boson contribution in MBVR consists primarily
of ZZ and WZ events while the SR is rich in WW events. Despite this, MBVR is still
useful as a VR for this background as the same MC generator is used for all of these
processes. A selection of post-fit kinematic distributions in this region can be found in
Figure 4.26, where again reasonable agreement is seen, though the distributions have
to be binned coarsely due to the limited statistics.

147



Chapter 4: Search for Direct Stau Production

0

1

2

3

4

5

6

7

8

9

E
ve

nt
s 

/ 2
0.

0 
G

eV 1− = 13 TeV, 139 fbs

MBVR Post-Fit

Data Multi-jet Z+jets

SM Total Top Multi-boson

Higgs

) = [80, 1] GeV
1

0χ∼, τ∼m(

) = [400, 1] GeV
1

0χ∼, τ∼m(

100 120 140 160 180 200 220 240

) [GeV]1τ(
T

p

0
0.5

1
1.5

2

D
at

a 
/ S

M

(a) pT(τ1)

0

2

4

6

8

10

12

E
ve

nt
s 

/ 2
0.

0 
G

eV 1− = 13 TeV, 139 fbs

MBVR Post-Fit

Data Multi-jet Z+jets

SM Total Top Multi-boson

Higgs

) = [80, 1] GeV
1

0χ∼, τ∼m(

) = [400, 1] GeV
1

0χ∼, τ∼m(

60 70 80 90 100 110 120 130 140 150

) [GeV]2τ(
T

p

0
0.5

1
1.5

2

D
at

a 
/ S

M

(b) pT(τ2)

0

2

4

6

8

10

12

14

16

E
ve

nt
s 

/ 1
00

.0
 G

eV 1− = 13 TeV, 139 fbs

MBVR Post-Fit

Data Multi-jet Z+jets

SM Total Top Multi-boson

Higgs

) = [80, 1] GeV
1

0χ∼, τ∼m(

) = [400, 1] GeV
1

0χ∼, τ∼m(

100 150 200 250 300 350 400

 [GeV]T
missE

0
0.5

1
1.5

2

D
at

a 
/ S

M

(c) Emiss
T

0

2

4

6

8

10

E
ve

nt
s 

/ 1
00

.0
 G

eV 1− = 13 TeV, 139 fbs

MBVR Post-Fit

Data Multi-jet Z+jets

SM Total Top Multi-boson

Higgs

) = [80, 1] GeV
1

0χ∼, τ∼m(

) = [400, 1] GeV
1

0χ∼, τ∼m(

400 450 500 550 600 650 700 750 800

) [GeV]2τ(
T

) + m1τ(Tm

0
0.5

1
1.5

2

D
at

a 
/ S

M

(d) mT(τ1) + mT(τ2)

0

2

4

6

8

10

12

14

16

18

20

E
ve

nt
s 

/ 0
.1

 

1− = 13 TeV, 139 fbs

MBVR Post-Fit

Data Multi-jet Z+jets

SM Total Top Multi-boson

Higgs

) = [80, 1] GeV
1

0χ∼, τ∼m(

) = [400, 1] GeV
1

0χ∼, τ∼m(

0.3 0.35 0.4 0.45 0.5 0.55 0.6

BDT 1 score

0
0.5

1
1.5

2

D
at

a 
/ S

M

(e) BDT 1 score

0

2

4

6

8

10

12

14

16

18

E
ve

nt
s 

/ 0
.0

1 

1− = 13 TeV, 139 fbs

MBVR Post-Fit

Data Multi-jet Z+jets

SM Total Top Multi-boson

Higgs

) = [80, 1] GeV
1

0χ∼, τ∼m(

) = [400, 1] GeV
1

0χ∼, τ∼m(

0.63 0.635 0.64 0.645 0.65

BDT 4 score

0
0.5

1
1.5

2

D
at

a 
/ S

M

(f) BDT 4 score

Figure 4.26: Post-fit kinematic distributions for MBVR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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4.6.6 Inclusive Validation Region

As previously discussed, in addition to the dedicated validation regions targeting
specific background processes, an inclusive validation region, InclVR, is also defined
to check the overall background estimation strategy and the modelling of the BDT
score distributions. This region has the same selection requirements as the signal
regions aside from the selections on the BDT scores. As detailed in Table 4.11, upper
bounds each on each of the BDT scores are set, which keep this region orthogonal with
the SRs and ensure the signal contamination is low enough that this region could be
safely checked prior to unblinding the SRs. It should be noted that this region overlaps
with MJVR but contains a significantly greater number of events. As well as checking
the background estimates work with each other, it also allows for testing the modelling
of Z+jets at mττ > 120 GeV, the multi-jet background at Emiss

T > 50 GeV and of W+jets
with two hadronic tau-leptons (albeit simultaneously).

From the overall yields in Table 4.15, it can be seen the total SM prediction agrees
well with the observed yield in this region. Figure 4.27 shows some kinematic distri-
butions in this region, including all the BDT scores, which look to be well modelled.
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Figure 4.27: Post-fit kinematic distributions for InclVR. First and last bins include the under-
flow and overflow respectively. The uncertainty band represents the full post-fit
systematic uncertainty on the background prediction.
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4.7 Systematic Uncertainties

Several sources of systematic uncertainty are considered in the analysis. The uncertain-
ties can be grouped into those which are experimental, resulting from uncertainties
on the event/object reconstruction and on the total integrated luminosity, and those
that are theoretical, which arise due to uncertainties on the modelling of the SM back-
ground processes and SUSY signals. Additionally, there are uncertainties due to the
finite number of MC statistics used to model each of the physics processes and uncer-
tainties specific to the data-driven estimate of the multi-jet background. Uncertainties
are incorporated into the statistical fits using nuisance parameters (NPs) as described
in Chapter 3, Section 3.1. The origin of the systematic uncertainties is discussed briefly
below, followed by an assessment of their impact on the analysis.

4.7.1 Experimental Uncertainties

The estimation of the experimental uncertainties follows the recommendations from
relevant working groups within the ATLAS collaboration. All experimental uncertain-
ties are evaluated on the SM background processes estimated using MC and on the
signal samples and are correlated across all the samples and across all the analysis
regions. The uncertainties associated with the physics objects fall into two types,
those which effect the weights of the individual MC events and those which effect
the distributions of kinematic variables, both of which impact the efficiencies of the
analysis selections.

Uncertainties on the reconstruction and identification of hadronically decaying tau-
leptons are of obvious importance to the analysis and are handled by 15 NPs in total.
In particular, five NPs describe uncertainties pertaining to the tau-lepton energy scale
(TES) introduced in Chapter 2, Section 2.2.4. Uncertainties are also associated with
the RNN ID algorithm distinguishing jets from tau-leptons and the BDT algorithm
distinguishing electrons from 1-prong tau-leptons. The uncertainty of the asymmetric
di-tau trigger efficiency is also evaluated. The Emiss

T is also of crucial importance to the
analysis. Uncertainties on the missing transverse momentum are primarily evaluated
by propagation of the uncertainties of the other objects with additional uncertainties
associated with the scale and resolution of Emiss

T soft-term, which is handled by 3 NPs.
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Uncertainties on jets are also important, primarily due to the impact they have
on the Emiss

T . For describing the jet uncertainties, the Category Reduction Full Jet
Energy Resolution (JER) scheme is used which consists of 13 NPs associated with
the JER and over 30 NPs associated with the Jet Energy Scale (JES). Uncertainties on
flavour and vertex taggers are also included for a total of 59 NPs related to jets. Muons
are important objects in the top and W+jets CRs. Uncertainties are evaluated on the
muon energy scale, reconstruction, identification and isolation requirements. In the
TCR, WCR and WVR, uncertainties on the single muon trigger are also evaluated.
Similarly, for electrons uncertainties on energy scale, energy resolution, reconstruction,
identification and isolation requirements are included, though have only a small
impact restricted to the application of an electron veto in all the analysis regions.

An uncertainty on the luminosity of 1.7% from the measurement described in
Chapter 2, Section 2.1.3 is included. Lastly, an uncertainty on the distribution of pile-
up interactions is evaluated by varying the parameter used for the pile-up reweighting,
mentioned briefly at the end of Chapter 2, Section 2.2.4.

4.7.2 Theoretical Uncertainties

Numerous theoretical uncertainties are ascribed to the different SM background and
SUSY processes. As for the experimental uncertainties, the prescription described here
is in accordance with the recommendations of relevant working groups within the
ATLAS collaboration. Unless otherwise indicated, these uncertainties are computed
by comparing nominal MC samples to samples with particular input parameters
varied. These comparisons are performed at truth-level (i.e not simulating the ATLAS
detector response) as reconstruction effects are assumed to be independent. Separate
NPs describing the same theoretical effect are used for different samples, for instance
separate NPs describe the impact of varying the factorisation scale for W+jets and
Z+jets, but only one NP per process is used to describe the effect across the different
analysis regions. Aside from the cross-section uncertainties, the following uncertainties
are all considered as uncertainties on the acceptance of the events in the various
analysis regions; the global normalisations of the variation samples is scaled to that of
the nominal.

For all the background processes, the impact of the choice of renormalization and
factorisation scale is assessed by varying these scales by a factor of 0.5 and 2, both
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individually and together, leading to seven total variations (including the nominal).
The variation from each up and down pair is described by a single nuisance parameter,
hence in total there are three NPs associated with the normalisation and factorisa-
tion scale for each background process. These variations are retrieved from internal
weights of the samples. For the SUSY processes, separate samples are generated by
varying the scalefact parameter in MadGraph, which varies the factorisation and
renormalization scales in a correlated way, again by 0.5 and 2. Hence, only a single NP
is used to describe the factorisation and renormalization uncertainty for the signals.

Uncertainties on the parton distribution functions (PDFs) are also considered for
all background processes except for the Higgs background where they are expected
to yield an overall negligible contribution to the total uncertainty. There are several
origins of PDF uncertainties, including experimental uncertainties from the datasets
used to extract them, theoretical uncertainties on their functional form and from
missing higher order corrections. These uncertainties are evaluated by taking the
envelope from a set of different PDFs with varied parameters. For the V+jets and
multi-boson backgrounds, the effect of the uncertainty on the strong coupling constant
is also considered in the computation of the PDF uncertainties. PDF uncertainties are
assumed to have a negligible effect on the signal acceptances and so are not evaluated
for the signal samples.

For the V+jets and multi-boson backgrounds, uncertainties on the matching scale
(CKKW scale) and the resummation scale (QSF scale) are evaluated. The matching
scale describes the transition between the perturbative QCD regime (used for the
matrix element calculations of the hard scatter) and the regime where parton showers
are used while the resummation scale is relevant to perturbative QCD calculations
(which involve summing over many processes with different amounts of initial or
final state parton emission). These uncertainties are assessed via comparisons with
dedicated MC samples that vary the resummation scale by a factor of two and the
resummation scale from 15 GeV to 30 GeV (with its nominal value being 20 GeV). A
matching scale uncertainty is also evaluated for the signal samples by varying the
xqcut parameter in MadGraph between 0.5 and 2.

For the top and Higgs backgrounds dedicated NPs account for uncertainties in the
amount of initial and final state radiation in place of these scale variations. Radiation
uncertainties are also evaluated for the signal samples. Several additional theoretical
uncertainties are evaluated uniquely for the top background; in particular for tt̄
and single-top events there are uncertainties associated with the hard scatter, parton
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showering and MC generator. An uncertainty on the interference between Wt and tt̄
is also included.

As the normalisations of the multi-boson and Higgs backgrounds are not deter-
mined from dedicated control regions, both of these samples carry uncertainties on
their total cross-section. These uncertainties account for the effects of PDF uncertainties
and next to leading order QCD scale variations. For the multi-boson background, the
uncertainty on the cross-section is 6% (using the same tools as used for computing
the cross-section [126–130]) while for the Higgs background it is 5% [146]. The signal
samples also have uncertainties on their cross-sections that include PDF and scale
variations, and like the cross-sections themselves are computed using RESUMMINO

v2.0.1 [112, 113]. These uncertainties vary between 2% and 5%.

4.7.3 Uncertainties on the Multi-jet background

The uncertainties specific to the multi-jet background were described in detail in Sec-
tion 4.6.1. To summarise, two systematic uncertainties are included which originate
from the systematic and statistical errors on the transfer factor respectively. Addition-
ally, the statistical uncertainty from the finite number of events in CR-A, which is used
to construct the multi-jet prediction, is also included and is controlled by a separate
NP to those controlling the overall MC statistical error in each region.

4.7.4 Impact of Systematic Uncertainties

Concerning first the impact of these uncertainties on the background estimates, the
sizes of the leading sources of systematic uncertainty on the total predicted background
yield in each of the SRs is shown in Table 4.18. These uncertainties are post the
background only fit to the control regions. From this it can be seen that the MC
statistical uncertainty is a large source of uncertainty in each of the SRs. This is partly
driven by the impact of W+jets and Z+jets events with relatively large events weights
(1 < weight < 5) but is also a consequence of the relatively small number of MC events
for these backgrounds.

Furthermore, the impact of these relatively largely weighted events is not confined
to the MC statistical uncertainty; some of these events fluctuate in and out of the SRs
with the different kinematic-based experimental uncertainties and hence artificially
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enhance the size of these uncertainties. This is particularly true of the jet energy
resolution uncertainties. Including these artificially large uncertainties is not neces-
sarily a conservative approach as they can lead to artificially large constraints on the
relevant NPs, which can in turn lower the uncertainty in other regions and/or on other
processes. In SR-BDT1, which was most adversely effect by these events, the effect
was mitigated by smoothing the problematic systematic uncertainties between the
two bins. This effect also resulted in fit convergence issues for fits including SR-BDT4.
To resolve this, for the Z+jets and W+jets backgrounds single placeholder NPs with
conservative ranges are used for each of these processes in SR-BDT4 to represent the
total experimental uncertainty. The ranges are computed such that the total uncertainty
on each of these backgrounds is the same as when using the individual experimental
NPs.

Region SR-BDT1 SR-BDT2 SR-BDT3 SR-BDT4

Total background expectation 49 9.8 17 2.4

MC + multi-jet statistical 19% 17% 19% 26%
Z+jets modelling 4.7% 3.1% 12% 1.3%
W+jets modelling 5.4% 2.8% 3.2% <1%
Top modelling 2.3% 10% 5.6% 5.4%
Multi-boson modelling 4.6% 16% 10% 30%
Multi-jet systematics 5.8% 10% 6.3% 12%
Normalisation factors 5.6% 2.8% 3.6% <1%
Tau-lepton exp. 7.7% 18% 14% 11%
Jet exp. 22% 20% 29% 37%
Emiss

T soft track exp. 8.0% 6.2% 5.1% 6.9%
Other exp. <1% <1% <1% <1%

Total systematic uncertainty 31% 37% 38% 58%

Table 4.18: Breakdown of the dominant systematic uncertainties on the total background
estimate in each of the signal regions, with ‘exp.’ standing for experimental. For
each group of uncertainties listed, the impact of all relevant nuisance parameters
are added in quadrature. Note that in general as uncertainties can be correlated the
quadrature sum of each group of uncertainties does not equal the total uncertainty.

That the MC statistical uncertainties are significant suggests the sensitivity of
this analysis, following the same strategy, could have notable improvement simply
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from having larger background MC samples. Further, increasing the MC background
samples would likely also lead to an improvement in the performance of the BDTs
as some of the training restrictions imposed on the models here could be relaxed.
It should however be noted that part of the origin in the limited MC statistics, in
particular for W+jets, is due to one of the tau-leptons originating from a jet that fakes
the tau-lepton signature. Generating MC samples with an enhanced amount of fake
tau-leptons is technically difficult as the fake rate is dependent on the tau-lepton
reconstruction and identification algorithms. Hence, for future searches, data-driven
methods for estimating this background are likely worth (re-)investigating.

The multi-boson modelling uncertainties also represent a large contribution in
each of the SRs, especially for SR-BDT2 and SR-BDT4, for which the multi-boson
background is the dominant contribution. In particular, the uncertainties on the
matching and resummation scale are dominant being around 25% each in these SRs.
Theoretical uncertainties on other background processes are also not negligible.

For uncertainties on the signal samples, a breakdown of the (pre-fit) size of sys-
tematic uncertainties on the signal yield for example signal points in each region is
shown in Table 4.19. Here, the tau-lepton experimental uncertainties are the dominant
contribution to the uncertainty, although modelling uncertainties are also reasonably
large for the low mass signals in SR-BDT1.
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Region SR-BDT1 SR-BDT2 SR-BDT3 SR-BDT4

Example signal m(τ̃, χ̃0
1) (80, 1) (240, 80) (200, 100) (400, 1)

Example signal yield 40.3 20.5 23.6 7.31

MC statistical 3.5% 4.9% 8.6% 1.4%
Signal modelling 11% 4.4% 3.6% 2.9%
Tau-lepton exp. 17% 14% 13% 8.3%
Jet exp. 2.9% 4.4% 6.6% 2.1%
Emiss

T soft track exp. 1.1% <1% <1% <1%
Other exp. 3.8% 3.8% 4.5% 4.7%

Total systematic uncertainty 21% 17% 18% 10%

Table 4.19: Breakdown of the dominant systematic uncertainties for example signal points for
each signal region. For each group of uncertainties listed, the impact of all relevant
nuisance parameters are added in quadrature. Note that in general as uncertainties
can be correlated the quadrature sum of each group of uncertainties does not equal
the total uncertainty.
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4.8 Results

4.8.1 Unblinded Signal Regions

Having established the validity of the background estimation, and computed the
relevant systematic uncertainties, the observed data yields in the SRs can be examined.
To first assess the magnitude of any possible discrepancies in the SRs, a background-
only fit is performed without the SRs being used as constraining regions (i.e. they are
not included in the likelihood function). The predicted SM yields are then compared
to data in each of the SRs. A comparison between the predictions and observed data
is shown in Figure 4.28 and tabulated in Tables 4.20-4.23. The data yields in the SRs
all show a 0.7 - 1.3 σ deficit compared to the SM prediction and hence provide no
evidence for physics beyond the SM. It should be noted that these deficits are strongly
correlated with each other due to the significant overlap between the SRs, in particular
between SR-BDT2 and SR-BDT3, which are illustrated in Figure 4.29.
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Figure 4.28: Pull plot of the SRs for the direct stau background only fit (in which the signal
regions are treated as validation regions).
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Table 4.20: Yields table (at 139 fb-1) for SR-BDT1 with full systematic uncertainties.

SM process SR-BDT1 SR-BDT1 Bin 1 SR-BDT1 Bin 2

Multi-jet 4.6± 2.8 2.2± 1.6 2.4± 2.3
W+jets 23± 10 12± 7 11± 4
Z+jets 7± 7 4± 4 2.8± 2.6

Top 7.8± 2.6 3.3± 1.7 4.5± 1.9
Multi-boson 6.6± 3.1 3.3± 1.9 3.3± 1.7

Higgs − 0.004+0.006
−0.004 −

SM total 49± 15 25± 10 24± 8

Observed 36 22 14

m(τ̃, χ̃0
1) = (80, 1) GeV 40± 9 14± 4 27± 6

m(τ̃, χ̃0
1) = (240, 80) GeV 17.2± 2.9 4.8± 1.5 12.4± 2.4

m(τ̃, χ̃0
1) = (200, 100) GeV 15.4± 3.0 3.8± 1.6 11.7± 2.7

m(τ̃, χ̃0
1) = (400, 1) GeV 4.6± 0.9 1.2± 0.4 3.4± 0.8

Table 4.21: Yields table (at 139 fb-1) for SR-BDT2 with full systematic uncertainties.

SM process SR-BDT2 SR-BDT2 Bin 1 SR-BDT2 Bin 2

Multi-jet 0.0+1.0
−0.0 0.0+1.0

−0.0 0.00+0.16
−0.00

W+jets 1.6+1.7
−1.6 1.6+1.6

−1.6 0.09+0.09
−0.09

Z+jets 2.0± 0.9 1.6± 0.8 0.40± 0.20
Top 2.1± 1.2 1.0± 0.9 1.0± 0.7

Multi-boson 4.1± 2.0 1.7± 0.9 2.3± 1.2
Higgs 0.02+0.14

−0.02 0.02+0.13
−0.02 0.004+0.018

−0.004

SM total 10± 4 5.9± 2.8 3.9± 1.6

Observed 4 3 1

m(τ̃, χ̃0
1) = (80, 1) GeV 4.2± 2.0 3.4± 1.4 0.7± 0.7

m(τ̃, χ̃0
1) = (240, 80) GeV 21± 4 7.5± 1.6 13.0± 2.4

m(τ̃, χ̃0
1) = (200, 100) GeV 11.6± 2.4 5.4± 1.0 6.2± 1.9

m(τ̃, χ̃0
1) = (400, 1) GeV 9.5± 1.1 2.1± 0.4 7.4± 0.9
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Table 4.22: Yields table (at 139 fb-1) for SR-BDT3 with full systematic uncertainties.

SM process SR-BDT3 SR-BDT3 Bin 1 SR-BDT3 Bin 2

Multi-jet 0.0+1.1
−0.0 0.0+1.0

−0.0 0.00+0.26
−0.00

W+jets 2+4
−2 2+4

−2 0.5± 0.5
Z+jets 6± 4 1.9+2.7

−1.9 4.1± 2.6
Top 3.7± 1.3 2.7± 1.1 1.0± 0.9

Multi-boson 4.6± 2.2 2.0± 1.2 2.5± 1.3
Higgs 0.13+0.15

−0.13 0.13+0.14
−0.13 0.001+0.012

−0.001

SM total 17± 7 9± 6 8.2± 3.3

Observed 7 6 1

m(τ̃, χ̃0
1) = (80, 1) GeV 11± 4 8.6± 3.0 2.2± 1.4

m(τ̃, χ̃0
1) = (240, 80) GeV 24± 4 8.5± 1.6 15.2± 2.6

m(τ̃, χ̃0
1) = (200, 100) GeV 15.1± 2.9 4.3± 1.1 10.8± 2.4

m(τ̃, χ̃0
1) = (400, 1) GeV 9.4± 1.4 3.7± 0.7 5.7± 1.1

Table 4.23: Yields table (at 139 fb-1) for SR-BDT4 with full systematic uncertainties.

SM process SR-BDT4

Multi-jet 0.20+0.28
−0.20

W+jets 0.0+0.7
−0.0

Z+jets 0.2+0.9
−0.2

Top 0.16+0.19
−0.16

Multi-boson 1.8± 1.0
Higgs 0.000+0.015

−0.000

SM total 2.4± 1.4

Observed 1

m(τ̃, χ̃0
1) = (80, 1) GeV 0.13+0.22

−0.13

m(τ̃, χ̃0
1) = (240, 80) GeV 10.4± 1.8

m(τ̃, χ̃0
1) = (200, 100) GeV 3.2± 1.1

m(τ̃, χ̃0
1) = (400, 1) GeV 7.3± 0.9
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Figure 4.29: Expected and observed overlaps between the direct stau SRs. Each row represents
the percentage of events shared between the labelled SR with each of the other
SRs.

Background-only fits including each SR in the likelihood function in turn were
also performed. The agreement in the respective SRs improves in these fits as the
background predictions in the SRs are scaled down with respect to the CR only fit.
These fits were checked to ensure no significant pulls, constraints or correlations are
introduced on the systematic NPs from the inclusion of the SRs and that the fits are
of good quality as assessed by the MINUIT2 [88] minimizer. Figures 4.30-4.33 show
the post fit nuisance parameter (NP) pull plots for these fits. The colour and naming
of the NPs follows the same convention as Figure 4.12. In each plot, the NPs labelled
“QCDStat” control the uncorrelated multi-jet statistical uncertainties in each of the SR
bins and have very large uncertainties on their values, both before and after the fit.
Some NPs have uncertainties greater than one due to both up and down templates
having yields less than the nominal in (one of) the SR bins in which a deficit in the
data with respect to the SM prediction is observed. Certain NPs also have post fit
constraints less than one as they are able to be constrained by the SR yield observations,
despite the limited SR statistics, due to the corresponding uncertainties being large in
these regions. Figures 4.34-4.37 show the NPs with the largest correlations in these
fits. Comparing these plots to the correlation matrix for the background-only fit to the
CRs in Figure 4.13, it can be seen no large unexpected correlations between NPs are
introduced by the inclusion of the SRs.

Fully unblinded post-fit BDT score distributions for events passing all the SR
selections except for the BDT score requirements are shown in Figure 4.38. These
distributions also come from the background-only fit to the CRs. The lower bins

161



Chapter 4: Search for Direct Stau Production

1.5− 1− 0.5− 0 0.5 1 1.5
α

_xsec_Higgsα
_xsec_Dibosonα

_Zll_Renorα
_Zll_QSFα

Sα_Zll_PDF_α
_Zll_PDFα

_Zll_FactoRenoα
_Zll_Factoα

_Zll_CKKWα
_Wlnu_Renorα

_Wlnu_QSFα
_Wlnu_PDFα

_Wlnu_FactoRenoα
_Wlnu_Factoα

_Wlnu_CKKWα
_Top_ttbar_interferenceα

_Top_showerα
_Top_hdampα

_Top_generatorα
_Top_Renorα

_Top_ISRα
_Top_FactoRenoα

_Top_Factoα
_Top_FSRα

_TauTrigHLT_tau50L1TAU12_medium1_tracktwo_TAUS_TRUEHADTAU_EFF_TRIGGER_SYSTMU161718α
_TauTrigHLT_tau50L1TAU12_medium1_tracktwo_TAUS_TRUEHADTAU_EFF_TRIGGER_SYST161718α

_TauTrigHLT_tau50L1TAU12_medium1_tracktwo_TAUS_TRUEHADTAU_EFF_TRIGGER_STATMC161718α
_TauTrigHLT_tau50L1TAU12_medium1_tracktwo_TAUS_TRUEHADTAU_EFF_TRIGGER_STATDATA161718α

_TF_QCD_SYSTVARα
_TF_QCD_STATVARα
_TES_PHYSICSLISTα

_TES_MODEL_CLOSUREα
_TES_INSITUFITα

_TES_INSITUEXPα
_TES_DETECTORα

_TAUS_TRUEHADTAU_EFF_RNNID_SYSTα
_TAUS_TRUEHADTAU_EFF_RNNID_HIGHPTα

_TAUS_TRUEHADTAU_EFF_RNNID_1PRONGSTATSYSTPTGE40α
_TAUS_TRUEHADTAU_EFF_RECO_TOTALα

_TAUS_TRUEHADTAU_EFF_ELEOLR_TOTALα
_PRW_DATASFα

_MuoTrigHLT_mu26_ivarmedium_OR_HLT_mu50_MUON_EFF_TrigSystUncertaintyα
_MuoTrigHLT_mu26_ivarmedium_OR_HLT_mu50_MUON_EFF_TrigStatUncertaintyα

_MUON_SCALEα
_MUON_SAGITTA_RESBIASα

_MUON_MSα
_MUON_IDα

_MET_SoftTrk_Scaleα
_MET_SoftTrk_ResoPerpα
_MET_SoftTrk_ResoParaα

_JET_Pileup_RhoTopologyα
_JET_Pileup_PtTermα

_JET_Pileup_OffsetNPVα
_JET_Pileup_OffsetMuα

_JET_JvtEfficiencyα
_JET_JER_EffectiveNP_9α
_JET_JER_EffectiveNP_8α
_JET_JER_EffectiveNP_7α
_JET_JER_EffectiveNP_6α
_JET_JER_EffectiveNP_5α
_JET_JER_EffectiveNP_4α
_JET_JER_EffectiveNP_3α
_JET_JER_EffectiveNP_2α

_JET_JER_EffectiveNP_12restTermα
_JET_JER_EffectiveNP_11α
_JET_JER_EffectiveNP_10α

_JET_JER_EffectiveNP_1α
_JET_JER_DataVsMCα

_JET_Flavor_Responseα
_JET_Flavor_Compositionα

_JET_EtaIntercalibration_TotalStatα
_JET_EtaIntercalibration_NonClosure_posEtaα
_JET_EtaIntercalibration_NonClosure_negEtaα

_JET_EtaIntercalibration_NonClosure_2018dataα
_JET_EtaIntercalibration_Modellingα

_JET_EffectiveNP_Statistical2α
_JET_EffectiveNP_Modelling3α
_JET_EffectiveNP_Modelling2α
_JET_EffectiveNP_Modelling1α

_JET_EffectiveNP_Mixed2α
_JET_EffectiveNP_Mixed1α

_JET_EffectiveNP_Detector1α
_Higgs_Renorα

_Higgs_ISRα
_Higgs_FactoRenoα

_Higgs_Factoα
_Higgs_FSRα

_FT_EFF_extrapolation_from_charmα
_FT_EFF_Light_systematicsα

_FT_EFF_C_systematicsα
_FT_EFF_B_systematicsα

_Diboson_Renorα
_Diboson_QSFα

Sα_Diboson_PDF_α
_Diboson_PDFα

_Diboson_FactoRenoα
_Diboson_Factoα

_Diboson_CSSKINα
_Diboson_CKKWα
_ZCR_cuts_bin_0γ

_WCR_cuts_bin_0γ
_TCR_cuts_bin_0γ

_SR_BDT_1_BDT1score_bin_1γ
_SR_BDT_1_BDT1score_bin_0γ

Lumi
_Zµ

_Wµ
_Topµ

gamma_shape_QCDStat_ZCR_QCD_ZCR_obs_cuts_bin_0
QCDStat_BDT1score_bin_1
QCDStat_BDT1score_bin_0

1.5− 1− 0.5− 0 0.5 1 1.5

µ / γ

Figure 4.30: Nuisance parameter pull plot for the background-only fit including the CRs and
SR-BDT1.
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Figure 4.31: Nuisance parameter pull plot for the background-only fit including the CRs and
SR-BDT2.
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Figure 4.32: Nuisance parameter pull plot for the background-only fit including the CRs and
SR-BDT3.
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Figure 4.33: Nuisance parameter pull plot for the background-only fit including the CRs
and SR-BDT4. The “α_Zll_ExpDummy” and “α_Wlnu_ExpDummy” NPs refer
respectively to the placeholder NPs on the Z+jets and W+jets discussed in Sec-
tion 4.7.4 that represent the total experimental uncertainty on these backgrounds
in SR-BDT4.
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Figure 4.34: Reduced nuisance parameter correlation matrix for the background-only fit in-
cluding the CRs and SR-BDT1.
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Figure 4.35: Reduced nuisance parameter correlation matrix for the background-only fit in-
cluding the CRs and SR-BDT2.
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Figure 4.36: Reduced nuisance parameter correlation matrix for the background-only fit in-
cluding the CRs and SR-BDT3.
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Figure 4.37: Reduced nuisance parameter correlation matrix for the background-only fit in-
cluding the CRs and SR-BDT4.
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Figure 4.38: Unblinded BDT score distributions for events passing the SR selections except for
the BDT score requirements, which are indicated by arrows.

in these distributions have significant overlap with the distributions plotted for the
inclusive validation region InclVR (Figure 4.27) but further show there is no significant
evidence of a shape trend in the comparison between data and the SM predictions
when the high BDT score bins are included. As they contain a reasonable number of
statistics, unblinded post-fit kinematic distributions are also shown for a selection of
variables in SR-BDT1 and SR-BDT3 in Figures 4.39 and 4.40 respectively, again using
only the CRs in the likelihood function. In general reasonable agreement between the
data and SM predictions is seen.
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Figure 4.39: Post-fit kinematic distributions for SR-BDT-1. First and last bins include the
underflow and overflow respectively. The uncertainty band represents the full
post-fit systematic uncertainty on the background prediction.
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Figure 4.40: Post-fit kinematic distributions for SR-BDT-3. First and last bins include the
underflow and overflow respectively. The uncertainty band represents the full
post-fit systematic uncertainty on the background prediction.

170



Chapter 4: Search for Direct Stau Production

4.8.2 Model Independent Upper Limits

As no significant excesses are observed, model independent limits are set on both
the number of signal events and on the visible cross-section, defined in Chapter 3,
Equation 3.8. To compute these, first upper limits on the number of signal events is
determined by including each signal region as a constraining region in the fit in turn
and fitting an upper limit to on the signal strength for a place-holder signal with a yield
of one in the SR under consideration. The visible cross-section limits are calculated as
the limit on the number of signal events divided by the total integrated luminosity.
The expected and observed model independent 95% CL upper limits on the visible
cross-section and number of signal events is shown in Table 4.24. Due to the limited
number of statistics available, for SR-BDT2, SR-BDT3 and SR-BDT4 the limits have
been computed using 10,000 pseudo-experiments for fits using different values of the
signal strength while for SR-BDT1 the asymptotic approximation has been used. Due
to the deficits compared with the SM prediction, the observed limits are stronger than
the expected limits for each SR.

Signal Region Exp. σ95
vis [fb] Obs. σ95

vis [fb] S95
exp S95

obs

SR-BDT1 0.22 0.18 30.3+9.7
−7.3 24.5

SR-BDT2 0.06 0.04 8.0+3.7
−3.0 5.7

SR-BDT3 0.07 0.04 9.7+3.5
−3.6 5.9

SR-BDT4 0.03 0.03 4.2+1.8
−0.8 3.8

Table 4.24: Expected and observed 95% CL upper limits on the visible cross-section (σ95
vis) and

number of events S95 in each of the direct stau search signal regions.
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4.8.3 Model Dependent Upper Limits

Exclusion limits are also set on the simplified direct stau models. These are computed
from fits that include the signals, CRs and relevant SR. Observed and expected CLs
values are computed for each signal point in each SR, for mass-degenerate left+right-
handed, left-handed only and right-handed only stau interpretations. As for the
model-independent limits, the fits for SR-BDT1 have been run using the asymptotic
approximation while the fits using the others SRs have been run using 10,000 pseudo-
experiments for each signal point. For each SR, pulls and correlations of the systematic
NPs were checked for example signal points to verify the inclusion of the signals
caused no large differences to the background-only fits and all fits are required to be
of good quality.

Expected and observed exclusion contours drawn using the results of these fits
are shown for each SR in Figures 4.41-4.43 for the different interpretations. These
contours indicate where the CLs value crosses 0.05; hence models with mass points
contained within these contours can be said to be excluded at 95% confidence level.
The yellow bands correspond to the ±1σ uncertainty on the expected exclusion limit,
indicating the effect of the overall systematic and statistical uncertainties. The solid
line represents the observed exclusion limit, with an error band given by varying the
signal cross-sections by their uncertainties. As a deficit in data compared to the SM
prediction is seen in all the SRs, the observed limit is stronger than the expected (by
approximately one sigma). The limits set by previous searches at ATLAS and by the
experiments at the Large Electron Positron (LEP) collider, discussed at the start of this
chapter, are shown in grey.

Overall exclusion contours for the different interpretations are shown in Figure 4.44.
These are constructed by, for each mass point, using the expected and observed CLs
value from the fit using the SR with the best expected sensitivity (lowest expected
CLs value) as determined using the asymptotic approximation for all fits (to avoid
discrepancies arising from using a finite number of pseudo-experiments). Which
SR is used for each mass point is illustrated in Figure 4.45 for each of the different
interpretations. Compared to the expected limits from the previous ATLAS search,
shown in grey, there is significantly improved coverage at low and high τ̃ mass for all
interpretations.

In particular, for the mass degenerate τ̃L + τ̃R interpretation, the exclusion contour
now extends to stau masses as low as 80 GeV, which closes the previous gap between
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the ATLAS limits and the LEP limits, and stau masses as high as 500 GeV. For the
left-handed only interpretation, the observed limit extends to τ̃L masses as high as
420 GeV, while for the right-handed only interpretation, the sensitivity indicated by
Figure 4.44(c) is the first sensitivity to the right-handed only scenario obtained by
ATLAS and indicates how the depth of the sensitivity in this search is improved as
well as the coverage. Models with right-handed staus with masses between 100 GeV
and 350 GeV are excluded. Plots showing the upper limits on the cross-sections can be
found in the appendix, Section A.2.6.

Comparing the best expected SRs for each mass point in Figure 4.45, to the mass
points used for training each of the BDTs in Figure 4.3, it can be seen the clustering of
the signal samples into low, medium and high masses has worked well as for low mass
points SR-BDT1 preforms best; for medium stau masses one of SR-BDT2/SR-BDT3
performs best and SR-BDT4 performs best for the high mass points. Concerning the
medium τ̃ masses, the split between SR-BDT2 and SR-BDT3 differs slightly from the
training groups. This difference could be due to a number of factors, including that the
grouping was optimized assuming a single bin SR with a flat systematic uncertainty of
20% and using a simplified calculation of the significance. Further, consulting Figures
4.41-4.43, it can be seen that SR-BDT2 and SR-BDT3 have very similar sensitivity
overall. This indicates that similar sensitivity for these points could likely have been
achieved by using them to train a single BDT rather than two and that if two BDTs
were to be used for these points then the grouping used here is potentially not optimal
for maximising the sensitivity to all mass points equally (recall that the grouping used
here was defined by prioritizing the compressed mass points over the non-compressed
ones).
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Figure 4.41: Expected and Observed 95% CL exclusion contours for each signal region for the
mass degenerate τ̃L + τ̃R interpretation. The yellow band corresponds to the ±1σ
uncertainty. The shaded grey area corresponds to the expected exclusion contour
of the first ATLAS full Run 2 stau search [102].
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Figure 4.42: Expected and Observed 95% CL exclusion contours for each signal region for
the τ̃L only interpretation. The yellow band corresponds to the ±1σ uncertainty.
For SR-BDT1, only a couple of the CLs values fall below the 0.05 threshold so a
contour cannot be plotted. The shaded grey area corresponds to the expected
exclusion contour of the first ATLAS full Run 2 stau search [102].
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Figure 4.43: Expected and Observed 95% CL exclusion contours for each signal region for the
τ̃R only interpretation. The yellow band corresponds to the ±1σ uncertainty. No
limit is shown from the previous full Run 2 ATLAS search as no points were able
to be excluded at 95% CL. For SR-BDT1, none of the CLs values fall below the 0.05
threshold so a contour cannot be plotted. Instead, the expected CLs values are
shown for the different points to show how near they are to this threshold.
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Figure 4.44: Overall exclusion contours for stau pair-production for the different interpreta-
tions. Each contour is made using, for each point, the SR with the taking the
best expected CLs value, which are shown in Figure 4.45. The yellow band corre-
sponds to the ±1σ uncertainty. The shaded grey area corresponds to the expected
exclusion contour of the first stau search as shown in [102]
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(b) τ̃L only
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(c) τ̃R only

Figure 4.45: Plots showing which SR has the best exclusion limit for each signal point for each
of the different interpretations.
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4.9 Conclusion

A new search for direct stau production in a final state with two hadronically decaying
tau-leptons and missing transverse energy, using the 139 fb−1 of integrated luminosity
of pp collisions at

√
s = 13 TeV collected by the ATLAS detector at the Large Hadron

Collider from 2015 to 2018, has been presented. Good agreement between data and the
SM predictions is observed in all signal regions, hence no evidence for the existence of
staus or neutralinos is found. The results are used to set model independent limits on
the visible cross-section and exclusion limits on simplified SUSY models. The use of
BDTs to separate the SUSY signal from the SM backgrounds has significantly extended
the reach of this search to new stau and neutralino masses for mass degenerate
left+right, left-handed only and right-handed only interpretations. At 95% CL, mass-
degenerate τ̃L,R is excluded up to 500 GeV, τ̃L up to 420 GeV, and τ̃R up to 350 GeV, in
all cases setting the strongest limits compared to previous searches. The sensitivity
to the τ̃R only interpretation obtained here is the first to be achieved with the ATLAS
experiment.
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Chapter 5

Searches for Ultra-compressed
Charginos and Neutralinos

“We’ve learned from experience that the
truth will out. Other experimenters will
repeat your experiment and find out
whether you were wrong or right.”

Richard Feynman, physicist

Having established new limits on direct stau production in the previous chapter,
attention now turns to other possible signatures of Supersymmetry (SUSY). Within
the landscape of SUSY models, R-parity conserving models in which charginos and
neutralinos are the lightest and next to the lightest SUSY particles (LSP and NLSPs
respectively) and the mass difference between the LSP and NLSPs are less than a
few GeV have some of the weakest exclusion limits. Such models are said here to
have ‘ultra-compressed’ electroweakino mass spectra and are referred to as Ultra-
Compressed models (UC-models) in the rest of this chapter. The limits on these
UC-models are relatively weak as, for reasons discussed in this chapter, the production
of compressed electroweakinos is a challenging signature to search for experimentally.
However, such models are well motivated due to the lightest neutralino being a
compelling dark matter candidate. Hence, the ultra-compressed region is an important
area of parameter space to cover.

Following an overview of these UC-models and previous searches for them in
Section 5.1, this Chapter then presents results of two analyses aiming to extend the
reach of the ATLAS experiment to these SUSY scenarios. The first in Section 5.2 features
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a re-interpretation of a previous ATLAS search [152] in a topology consisting of a high
pT jet and large Emiss

T , here-on referred to as the mono-jet search/topology. This search
targeted different BSM physics models yet may also have interesting sensitivity to
the UC-models. As no significant excesses compared to the SM predictions were
seen when this search was unblinded, the re-interpretation presented here evaluates
the exclusion limits that can consequently be placed on the UC-models. The second
analysis presented in Section 5.3 is a sensitivity study of the Vector Boson Fusion (VBF)
production channel. This analysis is motivated by a search performed by the CMS
experiment [153] which, again after seeing no significant excesses compared to the
SM predictions, was able to set what, at time of writing, are nominally the strongest
limits on some of these UC-models. The purpose of the sensitivity study is two-fold; 1.
to assess whether a similar search in ATLAS could reproduce these limits and 2. to
compare the sensitivity of a search in this channel to that of the mono-jet channel by
comparing the results to the re-interpretation described above. This comparison and
other conclusions are discussed at the end of this chapter in Section 5.4.

5.1 Overview of Ultra-compressed Electroweak SUSY

Models and Searches

In R-parity conserving models of Electroweak SUSY, charginos and neutralinos are
produced in pairs via interactions with W- and Z-bosons. Which production processes
are allowed i.e. which combinations of charginos and neutralinos can be pair-produced,
depends upon the mixing of the electroweakinos; whether they are wino, bino or
higgsino like. The ATLAS and CMS experiments have used two particular scenarios to
generate simplified models with which to design searches. The first scenario, referred
to here on as the higgsino scenario (abbreviated as HH), is that the χ̃0

2, χ̃0
1 and χ̃±1

are all pure higgsino states and the mass of the χ̃±1 is set to be halfway between the
masses of the χ̃0

2 and χ̃0
1. More generally, the χ̃±1 is expected to be closer in mass to the

χ̃0
2, but for the UC mass spectra considered here the exact hierarchy does not affect

the phenomenology. In the second scenario, referred to as the wino/bino scenario
(abbreviated as WB), the χ̃0

2 and χ̃±1 are mass degenerate pure wino states while the χ̃0
1

is a lighter pure bino state. Used together, these models serve as useful benchmarks
to capture the phenomenology of more complex interpretations. As a result of being
produced via the electroweak interaction, all electroweakino production modes have
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relatively small cross-sections compared to strongly produced processes, with cross-
sections typically of the order of pb. For the same process the cross-section for the
wino/bino scenario is larger than in the higgsino scenario due to larger couplings
between the wino-like electroweakinos and the W/Z-bosons.

Models with compressed mass spectra present additional challenges on top of these
small production cross-sections. In particular, in the models considered here the χ̃0

2

and χ̃±1 usually decay (with 100% branching fraction for the simplified models) to a χ̃0
1

and either a W- or Z-boson. Searches for these models generally rely on reconstructing
leptons from the W- or Z-boson decays (as multi-lepton signatures have smaller SM
backgrounds than multi-jet signatures, and, as discussed in Chapter 2 leptons can
be reconstructed down to lower pT). Depending on the exact production mode, it
is possible for up to three leptons to be present in the final state. The magnitude
of the pT of these leptons is related to the mass splitting between the χ̃0

2/χ̃±1 and
the χ̃0

1; when this mass splitting is very small the leptons will be produced with very
low pT. Consequently, the efficiency with which these leptons can be reconstructed
is low, thereby significantly hampering the sensitivity relative to models with non-
compressed mass spectra. Additionally, the amount of SM background with fake
leptons also tends to increase when the leptons have lower pT and these backgrounds
are generally more difficult to estimate.

To circumvent these issues, boosted topologies have been used in previous searches
for these compressed models in which the produced SUSY particles recoil against
initial state radiation (ISR), typically in the form of a high pT jet emitted from one of
the hard-scatter partons. Boosted topologies increase the pT of the leptons and also
result in a large Emiss

T (from the two χ̃0
1), which allows for discrimination against the

SM background and is also used for triggering (the leptons in even these boosted
scenarios are too soft to triggered on). As an alternative to fully reconstructing the
leptons, searches using an ISR jet plus disappearing track signature have also been
performed by the ATLAS [154] and CMS [155] experiments. The disappearing track
signature results from a χ̃±1 having a sufficiently long lifetime, as a result of it only
being slightly heavier than the χ̃0

1, such that it decays inside the Inner Detector (ID)
material, thus leaving a distinctive disappearing track which can be reconstructed.

The exclusion limits on the simplified higgsino and wino/bino models set by previ-
ous searches by ATLAS and by the experiments at the Large Electron Positron Collider
(LEP) in the compressed mass parameter space are shown in Figure 5.1. Models with
mass splittings greater than ∼1.5 GeV are excluded by a search performed with an
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(a) Higgsino scenario (b) Wino/bino scenario

Figure 5.1: Current ATLAS limits on (a) higgsino (b) wino/bino electroweak SUSY models
with compressed mass spectra. (a) taken from [31], (b) from [156]. In the left plot,
solid areas indicate observed limits and dashed lines expected limits.

ISR jet and two soft leptons in the final state [156], with the sensitivity dropping as the
mass splitting decreases due to the lower lepton reconstruction efficiency1. The disap-
pearing track search is able to exclude models with mass splittings below ∼0.4 GeV
(note that the limit set by the disappearing track search for the wino/bino scenario is
not shown but should be similar to that for the higgsino scenario). The search is not
sensitive to models with larger mass splittings as in such models the χ̃±1 decay before
reaching the ID material. For intermediate splittings in the higgsino scenario there is
a notable gap where at present the best limits are from the experiments at LEP [157].
This gap is known as the “higgsino gap”. An analogous gap exists for the wino/bino
scenario, although the aforementioned VBF result from CMS, discussed in more detail
below, is able to exclude models with χ̃0

1 masses up to 110 GeV for a mass splitting
∆m(χ̃

0
2, χ̃0

1) of 1 GeV and thus surpasses the LEP limit in the wino/bino gap region.

Broadly, there are two complimentary approaches to obtaining sensitivity to the
models in these gap regions, both of which still make use of the boosted topologies.
The first is to develop special reconstruction techniques for the soft SM decay products,
for instance dropping the standard lepton reconstruction and ID requirements and
instead developing dedicated working points or alternatively using tracks as proxies
for the final state leptons. There may also be special types of tracks to reconstruct, for

1 It is worth noting that searches with a final state of one soft lepton, Emiss
T and ISR jet have not been

performed by either ATLAS or CMS and have the potential to be sensitive to slightly smaller mass
splittings than the soft two lepton searches. However, compared to the two soft lepton final state
such a search would suffer from a large W +jets background. Consequently, such a search would
likely only extend the sensitivity reach to slightly smaller mass splittings.
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instance a soft displaced track with a characteristic kink originating from a charged
pion produced in a χ̃±1 decay as outlined in [158].

The second approach is to not attempt to reconstruct these soft decay products and
instead just use a zero-lepton final state including a lepton veto. Such a veto has a large
acceptance for these ultra-compressed models as the leptons fail the reconstruction/ID
requirements, even in the boosted topologies. Compared to the first approach, the zero-
lepton final state approach will have a poorer signal to background ratio, primarily due
to large backgrounds from W+jets (in which the W-boson either decays hadronically
or the lepton from a leptonic W-boson decay also evades reconstruction) and from
Z+jets where the Z-boson decays to a pair of neutrinos. However, these backgrounds
can be estimated very precisely using simulation (which may not model the special
track signatures particularly well) and dedicated Control Regions (CRs) which can
also be used to tightly constrain and cancel systematic uncertainties. Consequently, the
overall uncertainties on the background estimates can be very low, yielding sensitivity
to signals that are relatively small compared to the background.

Furthermore, for the mass splittings of interest the zero-lepton approaches should
be relatively agnostic to the precise mass splitting being considered, meaning sen-
sitivity can be obtained right down to mass splittings of zero. This is in contrast
to the special track signature approach; depending on the exact life-time the nature
of the signal tracks can change dramatically. This is a compelling argument when
considering the global picture of searches for SUSY; these compressed models rep-
resent a small fraction of the global SUSY parameter space, hence, given available
resources, it is debatable whether it is worth performing multiple dedicated searches
at multiple compressed mass splittings, given that the zero-lepton final state approach
requires less specialized effort.2 Additionally, the zero-lepton final state approaches
are often sensitive to other BSM scenarios, such as the Higgs boson decaying to a pair
of invisible particles. At the very least, it is certainly important to check the sensitivity
of the zero-lepton final state approach to quantify any potential gains of the special
track reconstruction approaches.

The two analyses presented in this chapter are both of the zero-lepton final state
variety. The first in Section 5.2 examines the most natural extension to the previous
searches which is to use the boosted ISR jet topology with large Emiss

T , here called the

2 Though a counter-argument could be made that, when viewed in lifetime parameter space, these
UC-models cover a much larger fraction of phase space than non-compressed searches.
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Figure 5.2: Example Feynman diagrams of χ̃0
2- χ̃±1 production (a) in association with an ISR

jet, (b) via Vector Boson Fusion (VBF). In the left diagram, the grey circle repre-
sents multiple diagrams in which the χ̃0

2 and χ̃±1 are produced from electroweak
bosons produced by the proton-proton collision. Due to the small mass splittings
between the χ̃0

2/χ̃±1 and χ̃0
1 s, the W- and Z-bosons are produced off-shell and

their decay products (not shown) are very soft such that they evade conventional
reconstruction.

mono-jet channel. An example Feynman diagram of χ̃0
2- χ̃±1 production with an ISR

jet is shown in Figure 5.2(a). As mentioned at the beginning of this chapter, ATLAS
has already performed a search for new physics in this topology using the full Run 2
dataset [152], which targeted a range of BSM scenarios and observed no significant
excesses compared to the SM predictions. As the compressed SUSY models considered
here provide no unique signature compared to these other BSM scenarios, there are
unlikely to be significant gains from re-optimizing the search for the SUSY signals.
Hence, the results of this search are simply re-interpreted for the UC-models to see
what limit can be set on them.

The second analysis presented in Section 5.3 is a sensitivity study of a search tar-
geting the Vector Boson Fusion (VBF) production mode, in which two initial state
partons radiate W-bosons or Z-bosons which ‘fuse’ to produce the electroweakinos.
Figure 5.2(b) shows an example VBF Feynman diagram of χ̃0

2- χ̃±1 production. The
experimental signature of the VBF processes is characterised by two jets with a large
separation in pseudorapidity and, for the SUSY signal, large Emiss

T from the χ̃0
1. Com-

pared to the mono-jet channel, the production cross-sections for the VBF channel are
about an order of magnitude smaller. However, the VBF topology potentially offers
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additional background discrimination power via the two VBF jets, hence it may have
competitive sensitivity with the mono-jet channel. The VBF channel is motivated by a
CMS result [153], which sets limits on the WB scenario that surpass those set by the
LEP experiments. The sensitivity of this result is particularly striking given that it only
uses about a quarter of the available Run 2 dataset. Like the Mono-jet scenario, ATLAS
has already performed a search for new physics in this final state, focused on a Higgs
boson decaying to invisible particles [159], here on referred to as the Higgs→invisible
analysis, again with no significant excesses being found. However, unlike the mono-jet
scenario, differences between the kinematics of Higgs→invisible signature and the
UC-models mean that significant sensitivity can be gained from a re-optimization of
the event selection to be more like that of the CMS analysis, as was demonstrated
by a collaborator3. This serves as the motivation for the dedicated sensitivity study
presented here.

3 In particular, it was demonstrated by members of the Higgs→invisible analysis team that a factor
of two gain in the upper limit on the signal strength could be obtained by altering the signal region
selections, as can be seen in reference [160] (accessible only to members of the ATLAS collaboration).
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5.2 Re-interpretation of the ATLAS Mono-jet search

This section describes the re-interpretation of the ATLAS mono-jet analysis and is
structured as follows; first a brief overview of important aspects of this search is given
in Section 5.2.1 (more details can be found in reference [152]). This is then followed
by details of the event generation of the UC-models and the re-interpretation setup.
Results of the re-interpretation are then presented in Section 5.2.3.

5.2.1 Overview of ATLAS Mono-jet search

The ATLAS mono-jet search was performed using the full Run 2 dataset and, as
mentioned in the introduction to this chapter, saw no significant excesses compared to
the SM predictions. The lack of excesses was used to set limits on various signal models,
including WIMPs produced via a generic axial vector and direct squark production.
Concerning the event selection, the Emiss

T trigger is used to select events in the Signal
Region (SR) with events being further required to have Emiss

T > 200 GeV. Events
with reconstructed electrons, muons, tau-leptons or photons are vetoed. Additional
requirements are placed on the pT of the ISR jet, the number of additional jets and the
azimuthal separation between the jets and the Emiss

T . A 13 bin shape fit in Emiss
T is used

in the SR such that the analysis is sensitive to a range of signal models.

The dominant Z(→ νν)+jets and W+jets backgrounds are estimated using simu-
lation as are all other backgrounds except for the multi-jet background for which a
data-driven method known as jet smearing, described in [161] is used. SHERPA [2.2.1]
is used as the event generator for the Z+jets and W+jets processes, with a reweighting
procedure used to account for higher-order QCD and electroweak corrections. The
Z(→ νν)+jets and W(→ `ν)+jets backgrounds are normalised in four dedicated Con-
trol Regions (CRs), enriched in Z → ee, Z → µµ, W → eν, W → µν respectively. For
the electron enriched CRs, the single electron trigger was used while the Emiss

T trigger
was used for the muon enriched regions. Backgrounds from tt̄ and single-top events
were also normalised in a dedicated CR, requiring a b-jet and also using the single
electron triggers. Within these CRs, a precoil

T variable is used as a proxy for the Emiss
T .

This variable is reconstructed in the same way as the Emiss
T but ignores leptons, hence

the leptons are treated as being invisible. The same selection criteria on the jets in the
SR is required in the CRs. Additional selection criteria are also required in for the CRs
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to improve their purities in the respective target backgrounds. The CRs are binned in
precoil

T using the same binning as is used for Emiss
T in the SR.

A full set of experimental and theoretical uncertainties are evaluated for the back-
ground predictions. HistFitter [84] is used for performing the statistical fits. In the
fit, a single normalisation factor is used to control both the Z+jets and W+jets back-
grounds, while separate normalisation factors are used for each of the tt̄ and single-t
backgrounds. The likelihood model was validated via a background-only fit to the
CRs prior to unblinding the SR. From this fit, the Z+jets and W+jets, tt̄ and single-t
normalisation factors were determined to be 1.13 ± 0.01, 0.9 ± 0.1 and 1.6 ± 0.4 re-
spectively. An important aspect of the mono-jet analysis is the very tight constraining
of the systematic uncertainties; the total background uncertainty in the SR varies
from 1.5-4.2% between the lowest and highest Emiss

T bins from the CR-only fit (i.e. not
including further constraints from the SR bins). While no overall significant excess is
seen in the SR, a ∼2 sigma excess is seen in one of the higher Emiss

T bins which tend
to have greater sensitivity to the signal models. Consequently, most of the observed
limits on signal models are weaker than their expected counterparts.

5.2.2 Signal Generation and Re-interpretation setup

Signal samples for the higgsino and wino/bino scenarios are generated at leading order
using MadGraph[2.9.5] [109], with MadSpin [162] used to decay the electroweakinos
and PYTHIA [8.306] [110] used to the model the parton shower and hadronisation.
In both models, the χ̃0

2 decay with 100% branching fraction to a χ̃0
1 and a Z-boson

and the χ̃±1 decay with 100% branching fraction to a χ̃0
1 and a W-boson. The signals

are generated with an ISR requirement to have at least one jet from the hard scatter
with pT > 100 GeV and are required to pass a Emiss

T filter. Cross-sections used for
the samples are computed from accurate calculations of the inclusive cross-section
which is multiplied by the ratio of the cross-section with the ISR requirement to the
inclusive cross-section taken from MadGraph, (multiplied by the filter efficiency).
The inclusive cross-sections are calculated in the same way as for the direct stau
samples; using RESUMMINO v2.0.1, which is next to leading order (NLO) in the
strong coupling constant, and adds the resummation of soft gluon emission at next-to-
leading-logarithm (NLL) accuracy [112, 113]. Explicitly, the cross-sections used for the

189



Chapter 5: Searches for Ultra-compressed Charginos and Neutralinos

re-interpretations is given by

σRe-Interp =
σ

MadGraph
ISR

σ
MadGraph
Incl

× σResummino
Incl × εfilter, (5.1)

where σ
MadGraph
ISR is the cross-section from MadGraph with the ISR requirement, σ

MadGraph
Incl

is the inclusive cross-section from MadGraph, σResummino
Incl is the inclusive cross-section

from RESUMMINO and εfilter is the MC filter efficiency. For the higgsino scenario, six
production modes are considered; χ̃0

2 χ̃+
1 , χ̃0

2 χ̃−1 , χ̃0
1 χ̃+

1 , χ̃0
1 χ̃−1 , χ̃+

1 χ̃−1 and χ̃0
2 χ̃0

1; while
for the wino/bino scenario only three production modes are permitted; χ̃0

2 χ̃+
1 , χ̃0

2

χ̃−1 and χ̃+
1 χ̃−1 . The production modes are generated separately but are combined to

form a single signal for a given mass spectrum. Signals are generated for multiple
mass values ranging from 85 GeV to 200 GeV for mass splittings between 0.2 GeV and
10 GeV to fully assess the sensitivity of the mono-jet analysis.

Inclusive cross-sections and the ratio of the cross-section with the ISR requirement
to the inclusive cross-section from MadGraph for the different production process
for some benchmark mass points are shown in Table 5.1. Summed over all of the
production processes, the typical inclusive cross-section is around 10 pb and the ratio
of the ISR to inclusive cross-section is around 10%. For illustration of the mono-jet
kinematics, distributions of the Emiss

T , leading jet pT and the difference in φ between
the leading jet and Emiss

T , ∆φ(j1, Emiss
T ), for the different higgsino and wino/bino

sub-processes with m(χ̃
0
2, χ̃0

1) = (100,99) are shown in Figure 5.3. These distributions
are constructed using an approximation of the ATLAS detector response, based on
smearing the truth MC information using the SimpleAnalysis framework [163]. For the
re-interpretation, the fast simulation described in Chapter 2 is used for modelling the
ATLAS response for the signal samples (full simulation was used for the background
processes).

The re-interpretation of the mono-jet analysis is performed using the RECAST
framework [164] in which the analysis steps are repeated for the new signal samples,
including statistical fits to determine the upper limit on the signal strength. The RE-
CAST of the mono-jet search was developed by members of the original mono-jet
analysis team and was adapted by a collaborator to facilitate combining multiple sam-
ples into a single signal as is done here. The fits include all the systematic uncertainties
on the background predictions that were featured in the original analysis. Experi-
mental uncertainties are also evaluated for the signal samples. At present, theoretical
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Process Sub-process Inclusive cross-section [pb] MadGraph ISR/Inclusive ratio

WB(150, 149)
χ̃0

2χ̃+
1 3.27 ± 0.13 0.11

χ̃0
2χ̃−1 1.91 ± 0.13 0.11

χ̃+
1 χ̃−1 2.61 ± 0.14 0.12

Total 7.79 ± 0.23 0.11

WB(100, 99)
χ̃0

2χ̃+
1 13.9 ± 0.5 0.082

χ̃0
2χ̃−1 8.8 ± 0.5 0.081

χ̃+
1 χ̃−1 11.6 ± 0.5 0.078

Total 34.3 ± 0.9 0.080

HH(100, 99)

χ̃0
2χ̃+

1 3.47 ± 0.13 0.083
χ̃0

2χ̃−1 2.17 ± 0.13 0.083
χ̃0

1χ̃+
1 3.53 ± 0.13 0.084

χ̃0
1χ̃−1 2.22 ± 0.13 0.083

χ̃+
1 χ̃−1 3.03 ± 0.13 0.090

χ̃0
2χ̃0

1 3.35 ± 0.13 0.079
Total 17.76 ± 0.32 0.084

Table 5.1: Cross-sections for example signal points used for evaluating the Mono-jet sensitivity.
The inclusive cross-sections are calculated with RESUMMINO. The last column
indicates the ratio of the cross-section from MadGraph with the ISR requirement
detailed in text to the inclusive cross-section from MadGraph.

uncertainties on the signal models have not yet been added, hence the limits presented
here should be considered as optimistic, though this is discussed further in the next
section.
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Figure 5.3: Distributions of key variables illustrating the kinematics for the Mono-jet analysis.
Overflow events are included in the first and last bins. The vertical lines indicate
the statistical uncertainties.
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5.2.3 Results

The 95% CLs exclusion contours for the higgsino and wino/bino scenarios are shown
in Figure 5.4, overlaid with the results from previous searches by ATLAS and the LEP
experiments discussed in the previous section. The upper limits on the signal strength
for a few benchmark points are also tabulated in Table 5.2 for reference. From these
figures it can be seen that the mono-jet analysis has significant interesting sensitivity
to the UC-models. In particular, the expected limit on the higgsino models extends to
120 GeV, surpassing the LEP limit and hence can be considered to close the higgsino
gap. However, the observed limit falls below that of the LEP experiments and hence is
not shown. The expected uncertainty band also has a relatively large width of 60 GeV.
Note also that for the higgsino contour a couple of points at low mass were added
based on extrapolation of the existing points in order to be able to draw the lower
edge of the uncertainty band.

The sensitivity to the wino/bino scenario is stronger, due to the larger production
cross-sections, and extends to 150 GeV and 200 GeV for the observed and expected
limits respectively. Thus, this interpretation is able to exclude, at 95% CL, wino/bino
models previously not excluded by any previous analysis (with the caveat about
theoretical uncertainties on the signal models). For both interpretations, the sensitivity
starts to decline as the mass splitting increases as leptons are able to be reconstructed.
The expected contours intersect those from the soft two lepton search at mass splittings
around 3 GeV.

Signal
95% CL Upper Limit
Expected Observed

WB (150, 149) 0.70+0.27
−0.20 0.89

WB (100, 99) 0.39+0.15
−0.11 0.47

HH (100, 99) 0.80+0.31
−0.22 1.1

Table 5.2: 95% CL upper limits from the re-interpretation of the mono-jet analysis for example
signal points.

For comparison with the VBF channel in the next section, the Emiss
T distribution

of the total SM background and benchmark signal points is shown in Figure 5.5,
together with the signal to background (S/B) ratio in each bin. For the wino/bino
signal with m(χ̃

0
2, χ̃0

1) = (100,99), the S/B falls just short of 20% in the final bin, while
for the higgsino scenario at the same mass the S/B is around 7%. Yields for the total
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Figure 5.4: Exclusion contours showing expected and observed 95% CL limits from the re-
interpretation of the mono-jet analysis for the higgsino and wino/bino scenarios,
overlaid with observed exclusion contours from other analyses. In particular; the
limits from a combination of the ATLAS soft 2-lepton [156] and 3-lepton [165]
search for the higgsino scenario, and of just the ATLAS soft 2-lepton search for the
wino/bino scenario are shown in blue; the higgsino limit from the ATLAS disap-
pearing track search [154] in orange and the observed limit from the experiments at
LEP [166] in grey. The observed mono-jet limit for the higgsino scenario falls below
the LEP limit and so is not shown.
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Figure 5.5: Distribution of the Emiss
T in the mono-jet SR for the total SM background and

benchmark signal points. Overflow events are included in the last bin.

background and these signal processes in the mono-jet SR, and in the last three SR bins
are detailed in Tables 5.3 and 5.4 respectively. From these yields, it can be determined
that the total S/B in the mono-jet SR is less than 2%, and that Z(→ νν)+jets is the
dominant background in the high Emiss

T bins, comprising around 70% of the total
background.

Additionally, from these yields it can also be seen that the uncertainty on the signal
yields in the final SR bins is around 20%. This uncertainty is dominated by the MC
statistical uncertainty on the signal samples. Tests performed with higher statistic
samples shows a negligible improvement in the limit, illustrating that the signal MC
statistical uncertainty does not have a big impact on the sensitivity. For this reason, the
inclusion of signal theoretical uncertainties, which are expected to be significantly less
than 20% in the high SR bins, are not expected to sufficiently degrade the limits shown
here, but nonetheless should be evaluated in future work to ensure a fair comparison
to the limits from other channels.
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Process SR Mono-jet

Z+jets 1,800,000
W+jets 1,100,000

VBF Z+jets 28,000
VBF W+jets 19,000

Top 120,000
Di-boson 46,000

Multi-jet + NCB 30,000

SM Total 3,100,000

WB (WB, 150) 27,000
WB (WB, 100) 68,000
HH (HH, 100) 37,000

Table 5.3: Total yields, at 139 fb-1, in the mono-jet SR for the SM background and example
signal processes. NCB stands for non-collisional background which is due to debris
from other proton-proton collisions and non-collision components.
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Process
Bin 11 Bin 12 Bin 13

Emiss
T [1000, 1100) GeV Emiss

T [1100, 1200) GeV Emiss
T > 1200 GeV

Z(→ νν)+jets 251 ± 10 126 ± 6 144 ± 8
Z(→ ee)+jets - - -
Z(→ µµ)+jets 0.200 ± 0.010 0.100 ± 0.010 1.19 ± 0.04
Z(→ ττ)+jets 0.100 ± 0.010 2.10 ± 0.08 0.50 ± 0.04

VBF Z+jets 24 ± 6 13.7 ± 3.3 20 ± 5
W(→ eν)+jets 6.7 ± 0.5 3.01 ± 0.24 2.59 ± 0.22
W(→ µν)+jets 16.2 ± 0.7 7.8 ± 0.4 13.4 ± 0.7
W(→ τν)+jets 33.7 ± 1.5 15.5 ± 0.8 15.9 ± 1.0

VBF W+jets 8.4 ± 2.8 5.0 ± 1.9 8.1 ± 3.3
Di-boson 17 ± 4 8.9 ± 2.4 12 ± 4

Top 1.56 ± 0.23 0.30 ± 0.05 0.100 ± 0.020

SM Total 359 ± 10 182 ± 6 218 ± 9

Observed 413 187 207

WB (WB, 150) 24 ± 6 21 ± 6 32 ± 8
WB (WB, 100) 26 ± 10 19 ± 9 40 ± 14
HH (HH, 100) 18 ± 5 11.6 ± 3.4 16 ± 4

Table 5.4: Yields for the SM backgrounds, data and example signal points in the last three SR
bins in the mono-jet analysis. Uncertainties on the background yields are from the
CR-only fit.
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5.3 Sensitivity Study of Vector Boson Fusion Channel

This section details a sensitivity study of the Vector Boson Fusion (VBF) channel, which
as mentioned is motivated primarily by a CMS partial Run 2 search [153] in this topol-
ogy. The sensitivity study is performed in view of using the full 139 fb-1 13 TeV Run 2
dataset collected by ATLAS. A like-for-like comparison with the CMS search is studied,
as are further optimizations of the SR, including the use of a BDT classifier. This section
is structured as follows; first an overview of the general analysis strategy is provided
in Section 5.3.1; Section 5.3.2 then describes the simulation and data samples used,
Section 5.3.3 the event reconstruction, Section 5.3.4 the SR optimization, Section 5.3.5
the background estimation and Section 5.3.6 an evaluation of the sensitivity, including
the comparison with the CMS result.

5.3.1 Overview of Analysis Strategy

The analysis strategy closely follows that of the CMS search and the ATLAS Higgs→invisible
search [159] in the VBF topology, both of which also share similarities with the mono-
jet search discussed in the previous section. In this study, two SRs are defined for
testing the sensitivity of this channel to the UC-models; the first, SR-CMS, aims to
replicate the selections used in the CMS analysis and the other, SR-BDT, relaxes some
of these selections and makes use of a BDT classifier score. For both SRs, the Emiss

T

trigger is used and events with reconstructed electrons, muons, tau-leptons or b-jets
are vetoed. Shape fits are performed in both SRs using a discriminating variable. In
this study, the effect of using the invariant mass of the two VBF jets (Mjj), the Emiss

T and
a BDT classifier score for this variable are compared. The sensitivity to the wino/bino
and higgsino scenarios are evaluated for similar benchmark mass points as used in
the mono-jet re-interpretation for comparison.

As in the mono-jet analysis, the main backgrounds in the SRs are from Z(→
νν)+jets and W+jets events in which either the W-boson decays hadronically or in
leptonic decays the lepton is not reconstructed. The modelling of these backgrounds is
crucial for accurately evaluating the sensitivity of the VBF channel. These backgrounds
are modelled primarily by MC simulation, specifically SHERPA [2.2.11], to which data-
driven correction factors from CRs are applied. Four CRs are defined that, like those in
the mono-jet and ATLAS Higgs→invisible searches, are enriched in Z → ee, Z → µµ,
W → eν, W → µν respectively. These CRs mirror the SR selections aside from the
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lepton vetoes. The modelling of the discriminating variables used for the SR shape
fits are checked in each of these CRs. Although much better agreement is seen then
with older simulations of these processes, some disagreement is still visible (albeit the
level of disagreement cannot be accurately quantified as full systematic uncertainties
are not evaluated). Other minor backgrounds from top and multi-boson events are
estimated purely from simulation. A non-negligible contribution to the background
from multi-jet events is expected in the SR but is neglected in this sensitivity study.
Based on the ATLAS Higgs→invisible and CMS searches, the contribution of this
background is expected to be around 5-7% of the total background in the SR and
therefore have a non-negligible effect on the overall sensitivity. Its omission means
that the study presented here should be taken as an optimistic one.

Experimental and theoretical uncertainties are not fully evaluated for this sensitivity
study; instead three configurations of simplified systematic uncertainties are used
which aim to emulate the dominant systematic uncertainties in each of the CMS,
ATLAS Higgs→invisible and ATLAS mono-jet analyses in order to efficiently obtain a
realistic assessment of the sensitivity of the VBF channel. Statistical fits are performed
using HistFitter [84] to establish upper limits on the signal strengths. More details of
each of these aspects is provided in the following sections.

5.3.2 Simulation and Data Samples

As for samples used for the mono-jet re-interpretation, the SUSY processes are gen-
erated using MadGraph[2.9.5] [109], interfaced with MadSpin [162] and PYTHIA

[8.245] [110]. The samples generated are required to have the invariant mass of the two
partons which radiate the vector bosons be greater than 500 GeV (after the radiation).
The separation in pseudorapidity between these two partons is required to be greater
than 3.5 to enforce the VBF topology. A filter on Emiss

T is also required.

Non-VBF production modes are included in the signal generation. Figure 5.6 shows
an example non-VBF Feynman diagram alongside a VBF Feynman diagram for χ̃0

2-χ̃±1
production. The non-VBF diagram shown is also labelled as QCD production due
to having two QCD vertices (and two electroweak (EW) vertices), in contrast to the
VBF diagram which has four EW vertices. Non-VBF diagrams with four EW vertices
are also possible and are also included in the event generation. Together with the
VBF diagrams, such production modes are referred to here as EW production. The
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Figure 5.6: Example VBF Feynman diagrams for χ̃0
2-χ̃±1 production via the different types of

production mode. Diagrams produced using TikZ Feynman [9].

QCD production modes have larger cross-sections than the EW modes but have softer
kinematics, making them less distinguishable from the majority of the SM background.
These non-VBF diagrams are included in the signal generation as events resulting from
such diagrams may pass the VBF selection criteria and also to ensure that interference
effects between the different production modes are accounted for.

Again like in the mono-jet analysis, multiple production processes occur for the
wino/bino and higgsino scenarios and are generated separately then combined into
a single signal for each mass spectrum. Due to the nature of the VBF production
diagrams, additional processes not considered in the mono-jet analysis are possible, for
instance χ̃+

1 -χ̃+
1 production. The cross-sections used for each of the signal processes are

taken directly from MadGraph as, at present, more accurate cross-section calculations
for the VBF production modes do not exist. Cross-sections for each of the production
processes for a few example mass points are detailed in Table 5.5. Compared to the
effective cross-sections for the mono-jet samples, the VBF cross-sections are around
an order of magnitude smaller. The same branching fractions used in the mono-jet
analysis are also applied here, namely forcing χ̃0

2 to decay to a χ̃0
1 and Z-boson and

forcing χ̃±1 to decay to a χ̃0
1 and W-boson.

As mentioned, the dominant backgrounds in the VBF channel originate from Z(→
νν)+jets and W(→ `ν)+jets, collectively known as the V+jets background. Similar to
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Process Sub-process Cross-section [fb]

WB(140, 139)

χ̃0
2χ̃+

1 22
χ̃0

2χ̃−1 11
χ̃0

2χ̃0
2 1.6

χ̃+
1 χ̃−1 19

χ̃−1 χ̃−1 0.43
χ̃+

1 χ̃+
1 0.47

Total 55

WB(100, 99)

χ̃0
2χ̃+

1 81
χ̃0

2χ̃−1 44
χ̃0

2χ̃0
2 3.4

χ̃+
1 χ̃−1 67

χ̃−1 χ̃−1 0.93
χ̃+

1 χ̃+
1 2.9

Total 200

HH(100, 99)

χ̃0
2χ̃+

1 22
χ̃0

2χ̃−1 12
χ̃0

1χ̃+
1 23

χ̃0
1χ̃−1 12

χ̃0
2χ̃0

2 0.38
χ̃0

2χ̃0
1 19

χ̃+
1 χ̃−1 20

Total 110

Table 5.5: Cross-sections for example signal processes used for evaluating the sensitivity of
the VBF channel. These cross-sections are for the combined QCD+EW production
modes. For the higgsino scenario, same-sign chargino processes are also possible but
have very small cross-sections and so can be neglected. Errors on the cross-sections
are not shown as they have not been accurately computed.

the SUSY signals, these processes have both EW and QCD production modes. For
this study, SHERPA [115, 116] [2.2.11] is used for the event generation of all V+jets
background processes. In these samples, up to two partons are modelled at next to
leading order (NLO) and up to five partons at leading order (LO) using the Comix [117]
and OPENLOOPS [118, 119] generators which are merged with the SHERPA Parton
shower [120] using the MENLOPS prescription [116]. Contributions from all possible
decays of the W- and Z-bosons are included. Electroweak virtual corrections are
applied to the QCD processes as described in [167]. As in the V+jets samples used
in the direct stau analysis, the NNPDF3.0NNLO [121] PDF set is used. Nominal
next-to-next-to-leading order (NNLO) cross-sections for these samples are taken from
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reference [168] but, as described in the overview, data driven correction factors are
applied to the V+jet backgrounds.

Sub-dominant backgrounds originate from tt̄, single-t and multi-boson processes.
Collectively, the tt̄ and single-t backgrounds are referred to as the top background
in the rest of this study. The samples used for these backgrounds are the same as in
the direct stau search in the previous chapter (detailed in Section 4.3), namely using
SHERPA [2.2.1/2.2.2] for the multi-boson processes and POWHEG-BOX [v2] [131–134]
for the top backgrounds. The parton showers, PDF sets and cross-sections used to
normalise these backgrounds are also the same as in the direct stau case. Details of
the event generators used for the signal and background processes are summarised
in Table 5.6. Other smaller backgrounds, such as from Higgs-boson processes, are
neglected in this sensitivity study, as their contribution to the total background is
expected to be very small.

Process ME Generator Parton Shower PDF Tune

VBF SUSY signal MadGraph
2.9.5

PYTHIA 8 NNPDF2.3LO A14

Z/W+ jets SHERPA 2.2.11 SHERPA NNPDF3.0NNLO SHERPA de-
fault

VV, VVV SHERPA

2.2.1/2.2.2
SHERPA NNPDF3.0NNLO SHERPA de-

fault

tt̄ and single top POWHEG-
BOX

PYTHIA 8 NNPDF2.3LO A14

Table 5.6: List of MC generators used for modelling the signal and background processes
for the VBF sensitivity study. The second column denotes the generator used for
modelling the hard scatter at the matrix element (ME) level; the third the generator
used for modelling the parton shower, the fourth the set of parton distribution
functions (PDFs) used and the fifth how the PDFs are tuned to better agree with
data.

The dataset collected by ATLAS during Run 2 is used to assess and correct the
modelling of the main V+jets backgrounds in the CRs. As in the Direct Stau search pre-
sented in Chapter 4, the data quality requirements discussed in Chapter 2, Section 2.2.4
are applied.
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5.3.3 Event Reconstruction

The event reconstruction follows the procedures outlined at the end of Chapter 2.
Fast simulation is used for the signal samples while full simulation is used for the
background processes. Events are required to have at least one primary vertex, which
must be consistent with the beam spot and be associated with two charged-particle
tracks with pT > 500 MeV. The vertex with the largest ∑(pT)

2 is chosen in events
with more than one vertex fulfilling these criteria. Specific details of the Identification
(ID) algorithms and working points (WPs) are given below:

• Jets: Reconstructed using the particle-flow algorithm using anti-kt inputs with
R=0.4. Required to have pT > 20 GeV and η < 4.5. Medium central JVT and loose
forward-JVT WPs are used.

• b-Jets: DL1r algorithm is used for b-tagging, WP with 85% efficiency is used.

• Electrons: Two types of electrons are defined. Baseline electrons are used for
vetoing electrons in the SR, and are required to have pT > 4.5 GeV, |η| < 2.47,
longitudinal impact parameter |z0 sin θ| < 0.5 mm and must pass the loose
electron-ID WP. Signal electrons are used for defining the V+jets CRs and have
additional requirements (to reduce contamination from fakes in these regions);
they must pass loose isolation criteria, pass the tight electron-ID WP and the
transverse impact parameter must satisfy |d0/σ(d0)| < 5.

• Muons: As for electrons, baseline muons are defined for vetoing muonic events in
the SR and signal muons for use in the V+jets CRs. Baseline muons are required to
have pT > 3 GeV, |η| < 2.7, |z0 sin θ| < 0.5 mm and must pass the loose muon-ID
WP. Signal muons are in addition required to pass loose isolation WP, medium
muon-ID WP and have |η| < 2.5, |d0/σ(d0)| < 3.

• Tau-leptons: Hadronically decaying tau-leptons, used for a veto in the SR, are
required to have pT > 20 GeV, |η| < 2.5 and pass the medium WP of the RNN
tau-ID algorithm.

• Emiss
T : Jets used in the Emiss

T reconstruction are required to pass the tight WP.

As in the direct stau search, an overlap removal is performed in order to avoid
double counting objects. The steps taken are the same as those described at the end of
Section 4.4, with the exception of the steps involving tau-leptons.
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5.3.4 Event selection and Signal Region Optimization

The selections defining SR-CMS and SR-BDT are given in Table 5.7. The two SRs share
many common selections, defining a common baseline selection. As mentioned in
the overview, events in the SR are required to pass the Emiss

T trigger. To ensure the
Emiss

T trigger is fully efficient, an offline Emiss
T > 250 GeV cut is also required. For

comptability with the VBF topology, events are required to have two ‘VBF tagged’ jets
which have pT > 30 GeV, exist in opposite hemispheres (enforced by the η j1 × η j2 < 0
requirement), and together have an invariant mass Mjj > 600 GeV. In events in which
more than one pair of jets fulfils these criteria, the pair of jets with the largest Mjj

are selected as the VBF tagged jets. Additionally, the leading VBF jet (the one with
the largest pT) is required to have pT > 60 GeV and the sub-leading jet is required to
have pT > 40 GeV. To suppress the multi-jet background, the jet closet in φ to the Emiss

T

is required to have ∆φ(j, Emiss
T ) > 0.4. As leptons from the SUSY signal are too soft

to be reconstructed, events with a reconstructed baseline electron, baseline muon or
hadronic tau-lepton are vetoed. To suppress the background from events with top
quarks, a b-jet veto is also required.

Three further cuts define SR-CMS; an increased pT threshold on the sub-leading
VBF-tagged jet of 60 GeV; a requirement for the separation in η between the two jets,
∆ηjj > 3.8, and increasing the threshold on the dijet invariant mass to Mjj > 1000 GeV.
For SR-BDT, these selections are instead replaced by a threshold on the BDT classifier
score, details of which are given below. The number of expected background events
passing these selections sequentially can be found in the appendix, Section A.3.3, along
with the yields for example signal points.

BDT Details

To fully explore the potential of the VBF channel, a binary BDT classifier is trained to
discriminate the SUSY signal from the background, again using the LightGBM package
introduced at the end of Chapter 3 and used for the direct stau models detailed in
the previous chapter. Binary cross-entropy is again used as the objective function.
The BDT is trained using the wino/bino signal samples with m(χ̃

0
2) = 100 GeV and

∆m(χ̃
0
2, χ̃0

1) = [0.2, 0.5, 1, 2] GeV and the simulated background samples. The signal
samples are combined to form a single signal sample with larger statistics. The
variation in the kinematics of the jets and Emiss

T between the different mass splittings
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is negligible. For training, events are required to pass the baseline VBF SR selection
shared by SR-CMS and SR-BDT. The raw and weighted MC yields for the signal and
background samples passing this selection is shown in Table 5.8. Compared to yields
used for training the BDTs in the direct stau search in the previous chapter (detailed
in Table 4.4), it can be seen that here a much greater number of raw statistics are
available. However, the weighted S/B for the VBF SUSY signal is notably smaller
(0.008 compared to 0.15 - 0.03 for the different direct stau signals).

As for the direct stau models, event weights are used in the training, the total
weighted signal yield is scaled to match the total weighted background yield and
negatively weighted events are not used in the training. Approximately 25%of the
QCD V+jets and 10% of the EW V+jets backgrounds have negatively weighted events,
hence their omission could have a sizeable impact. For this reason, BDTs were tested
including the negatively weighted events. These BDTs were not found to perform
significantly better than those in which the negatively weighted events were omitted,
hence they are not included in the training of the final models to rule out the possibility
of a deliberate bias. For this sensitivity study, correction factors are not applied to the

SR-CMS SR-BDT

Pass Emiss
T trigger

Emiss
T > 250 GeV

Two Non-b-tagged jets with pT > 30 GeV
η j1 × η j2 < 0

Mjj > 600 GeV

pj1
T > 60 GeV

pj2
T > 40 GeV

min[∆φ(j, Emiss
T )] > 0.4

N baseline electrons = 0
N baseline muons = 0

N hadronic tau-leptons = 0
N b-jets = 0

pj2
T > 60 GeV

BDT score > 0.65∆ηjj > 3.8
Mjj > 1000 GeV

Table 5.7: Selection requirements defining SR-CMS and SR-BDT
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Sample Weighted Yield No. Raw Events
QCD Z+jets 139,430 ± 210 4,354,972
QCD W+jets 71,840 ± 250 1,425,176
EW Z+jets 8,102 ± 20 175,814
EW W+jets 4,127 ± 14 95,771

Multi-boson 5,496 ± 33 177,691
Top 2,413 ± 18 21,987

SM total 231,410 ± 340 6,251,411

Training Signal 1,939 ± 6 286,599

Table 5.8: Weighted yields at 139 fb-1 and number of raw events passing the baseline VBF SR
selection shared by SR-CMS and SR-BDT. Errors shown on the weighted yields are
from MC statistics. For the training signal, the weighted yield is the average from
the four wino/bino signal samples with m(χ̃

0
2) = 100 and ∆m(χ̃

0
2, χ̃0

1) = [0.2, 0.5, 1,
2] GeV, while the raw yield is from the sum of these four samples. Note that the
background yields do not include any correction factors on the V+jets backgrounds.

V+jet backgrounds during the classifier training, which presents a potential avenue
for further optimization of the models.

In total 23 kinematic variables4 are used as input features for the BDT:

• pj1
T : pT of the leading VBF-tagged jet.

• pj2
T : pT of the sub-leading VBF-tagged jet.

• Emiss
T : missing transverse energy.

• Mjj: invariant mass of the two VBF-tagged jets.

• Pjj
T : vectorial sum of the pT of the two VBF-tagged jets.

• H jj
T : scalar sum of the pT of the VBF-tagged jets.

• H jj
T /Emiss

T : ratio of H jj
T to the Emiss

T .

4 This is a relatively large number of input features, and some of the variables are strongly correlated.
Although having a high number of input features should not worsen the performance of a BDT,
provided of course the variables and correlations are well modelled, it can complicate the interpre-
tation of feature importance and increase the model complexity without providing a significant
performance gain. For use in a full analysis, the BDTs should be (re-)trained using a subset of the
input features listed here, the variables retained being those which contribute significantly to the
performance.
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• Mrel
eff : the ‘relative effective mass’, defined as

Mrel
eff =

Mjj

〈Mjj〉bkg
+

Emiss
T

〈Emiss
T 〉bkg

, (5.2)

where 〈x〉bkg denotes the weight-averaged value of variable x for the total SM
background passing the training preselection. This variable aims to combine the
sensitivity of Mjj and Emiss

T into a single variable.

• ∆φjj: absolute separation in φ between the two VBF-tagged jets.

• ∆ηjj: absolute separation in pseudo-rapidity between the two VBF-tagged jets.

• ∆Rjj: separation between the two VBF-tagged jets, equal to
√
(∆φjj)2 + (∆ηjj)2.

• ∆φ(jj, Emiss
T ): absolute difference in φ between the vectorial combination of the

two VBF-tagged jets and the ~pmiss
T .

• ∆φ(j1, Emiss
T ): absolute difference in φ between the leading VBF-tagged jet and

the ~pmiss
T .

• ∆φ(j2, Emiss
T ): absolute difference in φ between the sub-leading VBF-tagged jet

and the ~pmiss
T .

• ∆(∆φ(j1, Emiss
T ), ∆φ(j2, Emiss

T )): absolute difference between ∆φ(j1, Emiss
T ) and

∆φ(j2, Emiss
T ).

• MT(j1, Emiss
T ): transverse mass (defined in Chapter 3, Equation 3.12), of the lead-

ing VBF-tagged jet and the Emiss
T . A definition of transverse mass can be found in

Chapter 3, Equation 3.12.

• MT(j2, Emiss
T ): transverse mass of the sub-leading VBF-tagged jet and the Emiss

T .

• MT(j1, Emiss
T ) + MT(j2, Emiss

T ): sum of the transverse masses of the leading and
sub-leading VBF-tagged jets with the Emiss

T .

• ∆φ(jY, Emiss
T ): absolute difference in φ between jet-Y and the ~pmiss

T , where jet-Y is
defined as the jet closet in φ to the ~pmiss

T .

• MT(jY, Emiss
T ): transverse mass of jet-Y and the Emiss

T .
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• ∆φ(jZ,~pmiss
T ): absolute difference in φ between jet-Z and the Emiss

T , where jet-Z is
defined as the jet with transverse mass with the Emiss

T is closest to the W-boson
mass.

• MT(jZ, Emiss
T ): transverse mass of jet-Z and the Emiss

T .

• min[∆φ(j, Emiss
T )]: minimum absolute difference in φ between any jet and the

Emiss
T .

Comparisons of the shapes of these variables for the total signal and background
samples used to train the BDTs can be found in Section A.3.1 of the appendix. The jet-Y
and jet-Z variables are aimed at reducing backgrounds from hadronically decaying W-
bosons and were suggested by a collaborator. Except for the jet-Y and jet-Z variables,
kinematics of non VBF-tagged jets and the total jet multiplicity are not included as
input features as only the two VBF jets are modelled at matrix-element level in the
signal, whereas up to four jets are modelled at matrix-element level in the backgrounds,
which could potentially cause artificial differences between these distributions for the
signal and background. The inclusion of additional variables related to the kinematics
of non-VBF tagged jets is another potential avenue for improving the sensitivity in the
VBF channel.

Unlike the final direct stau models, the binning of the input variables is not specified
explicitly and the maximum depth of the BDTs is not restricted to be one. Instead, the
min_sum_hessian_in_leaf hyperparameter is used to prevent the isolation of regions
of phase space with artificially high S/B. This is due to the better balance of signal
and background statistics available here meaning that the isolation effect is of less
concern. The input features are still binned into histograms but this time the LightGBM
default binning construction, in which the max_bin hyperparameter is set to 255 and
bin boundaries are chosen such that the bins contain an equal number of events (of
the total training dataset), is used.

For optimizing the hyperparameters and the implementation of the final models,
cross evaluation with a validation set is employed, using five-folds as opposed to
three-folds due to the large number of statistics available. Early stopping is again used,
with the early_stopping_rounds hyperparameter set to 10 and the maximum number
of trees set to 1500. The min_data_in_leaf, l2_regularization and max_leaves hy-
perparameters are set to 50, 1 and 8 respectively to limit over-fitting. A grid search is
then performed over the learning_rate, max_depth, min_sum_hessian_in_leaf and
feature_fraction_bynode hyperparameters in order to optimize performance. The
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AUC score, averaged over the five validation sets, is used to select the best hyperpa-
rameter configuration. The scan ranges and intervals are shown in Table 5.9, as well as
the values these hyperparameters take in the optimal models.

Hyperparameter Scan Range/Intervals Value in best models

learning_rate 0.1 - 0.5, in steps of 0.1 0.1

max_depth [3, 4, 5] 5

min_sum_hessian_in_leaf [10, 50, 100, 100] 100

feature_fraction_bynode [0.3, 0.5, 0.7, 1.0] 0.7

Table 5.9: Scan ranges/intervals for the hyperparameters used in the grid search for the VBF
BDT, alongside the values these hyperparameters take for the optimal model.

The receiver operating characteristic for the training and evaluation sets for one
of the five optimal models is shown in Figure 5.7 to show a general indicator of the
performance. Compared to the direct stau models in the previous chapter, the overall
AUC score is lower showing that in this case the overall discrimination power is
not as strong. AUC scores for the optimum model trained on each fold are listed in
Table 5.10 from which it can be seen that the performance across the folds is similar. A
comparison of the training and evaluation sets distributions of the BDT score for one
of these models is shown in Figure 5.8. A discrepancy between the training and test
signal yields is seen at low BDT scores, where the number of raw statistics in the signal
is low. Given the large number of events in the evaluation dataset, this disagreement is
not thought to be problematic for this sensitivity study. Train/test comparisons for the
optimum BDTs trained on the other folds can be found in the appendix, Section A.3.2.
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Figure 5.7: Receiver Operating Characteristic (ROC) curves for the training and evaluation
(labelled ’test’) sets for one of the optimum VBF BDTs.

Fold Split
AUC score

Training set Evaluation set

1 0.748 0.745
2 0.750 0.742
3 0.753 0.739
4 0.751 0.740
5 0.754 0.744

Table 5.10: Area under curve scores for the VBF BDTs across the different train/evaluation
splits.
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Figure 5.8: Comparison of the BDT score distributions for the training and evaluation (labelled
’test’) sets for one of the optimum VBF BDTs.
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A comparison of the BDT score distributions of the five different models for their
respective evaluation sets are shown in Figure 5.9 for the total SM background and
one of the example training signals. Consistent performance is seen for the models,
except for at very high scores where the number of events represents a small fraction
of the total. As in the direct stau models, the BDT scores are ‘combined’ with the final
score simply being referred to as the BDT score in the rest of this chapter. The full
distribution of this BDT score is shown in Figure 5.10 and shapes of the WB (100,99)
signal and the total SM background are shown in Figure 5.11. From Figure 5.10 it can
be seen that the contribution of the EW V+jet backgrounds becomes greater at higher
BDT scores while Figure 5.11 better highlights the discrimination power of the BDT.
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Figure 5.9: Comparison of the evaluation set BDT score distributions for the different fold
splittings, for an example signal and the total SM background used in training the
models.
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Figure 5.10: Distribution of the final BDT score combined across the different folds for the
total SM background and benchmark signal points, showing the S/B per bin. No
correction factors to the V+jets backgrounds are applied in this plot.
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Figure 5.11: Comparison of the shape of the BDT score distribution for the WB (100,99) signal
and the total SM background.
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Figure 5.12: SHAP value summary plot for one of the optimum VBF BDTs.

SHAP values for the input variables for one of the models with the optimum hyper-
parameter configuration are shown in Figure 5.12, ranked in order of their importances.
From this it can be seen that, as in the additional selections for SR-CMS, events with
high ∆ηjj, high pj2

T and high Mjj contribute to high signal like scores. Additionally,
events with high Mrel

eff are very signal like, showing the discrimination power present
in both Emiss

T and Mjj. Signal events also tend to have a high ∆φ(j1, Emiss
T ) while events

with very high pj1
T are determined to be more background like. Feature importances

for the models trained on the other folds are checked and are found to be very similar.

The threshold on the BDT classifier score of 0.65 defining SR-BDT is chosen such
that the total number of background events in SR-BDT is similar to that in SR-CMS.
This is in order to allow a fair comparison between shape fits performed in the two
SRs. Table 5.11 shows the total background and signal yields in SR-CMS and SR-BDT
(including correction factors on the V+jet backgrounds). It is evident that the signal
yields are∼50% higher in SR-BDT than in SR-CMS for approximately the same number
of background as a result of the BDT selection.
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Process SR-CMS SR-BDT

QCD Z+jets 12890 ± 70 16630 ± 60
QCD W+jets 6320 ± 70 6140 ± 60
EW Z+jets 2153 ± 10 2907 ± 12
EW W+jets 1066 ± 6 1177 ± 7

Top 320 ± 7 188 ± 5
Multi-boson 598 ± 11 671 ± 12

SM total 23350 ± 100 27710 ± 90

HH, (100, 99) 214.9 ± 3.1 341 ± 4
WB, (100, 99) 523 ± 6 782 ± 8

WB, (140, 139) 260.0 ± 3.4 399 ± 4

Table 5.11: Total yields (at 139 fb-1) in SR-CMS and SR-BDT. Correction factors to the V+jets
backgrounds are applied. Uncertainties are purely statistical.

215



Chapter 5: Searches for Ultra-compressed Charginos and Neutralinos

Shape fit optimization

As mentioned, within each of the SRs shape fits are performed to maximize the
sensitivity. For SR-CMS, three different shape fits are tested. The first replicates
the binning in Mjj used in the CMS analysis, which features 12 bins in total. The
second instead utilises a binning in Emiss

T , as done in the mono-jet analysis, in order
to compare the discrimination power of Emiss

T and Mjj. For this fit, the binning is
determined using the following procedure. First, the lower edge of the final bin is
chosen to maximize the significance for the wino/bino m(χ̃

0
2, χ̃0

1) = (100, 99) signal
in the final bin, as determined by the formula provided in [151], using a flat 10%
systematic uncertainty on the background predictions (combined in quadrature with
the MC statistical uncertainty). The value of 10% on this final bin is motivated by
the uncertainty on the final Mjj bin in the CMS analysis. Subsequent bin values are
then selected such that the number of events in each bin is similar to the number
of events in the final bins used in the mono-jet analysis SR. This procedure leads to
8 bins being defined in total. The third fit in SR-CMS is binned in Mjj like the first
but follows the same binning procedure as used for Emiss

T , and so also results in 8
bins. This configuration is tested in order to allow a fairer comparison between the
discrimination power of Emiss

T and Mjj. In SR-BDT, a single shape fit is performed in
the BDT classifier score with the binning determined using the same procedure, thus
also resulting in 8 bins.

Plots of Mjj, Emiss
T and the BDT classifier score illustrating the selection of the cut

values for the final bins is shown in Figure 5.13. Significance scores are shown for the
wino/bino m(χ̃

0
2, χ̃0

1) = (100, 99), wino/bino m(χ̃
0
2, χ̃0

1) = (150, 149), and higgsino
m(χ̃

0
2, χ̃0

1) = (100, 99) scenarios. Evident from these plots is that the significance score
for cutting on the BDT score has a much faster rise than cutting on Mjj or Emiss

T . It is
also evident that the optimal cut value does not differ greatly between the different
signal points. Figure 5.14 shows the binning used for each of the fits and shows the
ratio of signal to background yields (S/B) of each of the example signals in each bin.
From these plots it can be seen that the S/B varies from ∼ 2% up to a maximum of
10% in the highest BDT score bin. Yields in each of the last three bins for each shape fit
are shown in Tables 5.12-5.15 for reference. These yields include the correction factors
applied to the V+jet backgrounds.

Although the S/B is much smaller in the lower SR bins, they do contribute to
the overall sensitivity due to having smaller statistical and systematic uncertainties.
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Figure 5.13: Plots showing significance score for the VBF SRs and arrows indicating the lower
edge of the last bin used in each of the 8-bin shape fits.

As an indication of this, plots showing the significance score per bin for each of the
shape fit configurations are shown in Figure 5.15 in which the total uncertainty on the
background estimate is taken to vary linearly from 3-10% between the first and last SR
bin (which is roughly consistent with the overall effect of the uncertainties that will be
applied to the fits, discussed in Section 5.3.6).
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(a) Mjj, CMS binning
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(b) Mjj, Re-optimized binning
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Figure 5.14: Plots showing the binning used for each of the shape fits and the S/B for each
bin for example signal points. The correction factors for the V+jet backgrounds
described in Section 5.3.5 are applied.
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Process
Bin 10 Bin 11 Bin 12

Mjj [2800, 3200) GeV Mjj [3200, 3800) GeV Mjj > 3800 GeV

QCD Z+jets 267 ± 9 201 ± 9 114 ± 7
QCD W+jets 154 ± 11 114 ± 8 55 ± 5
EW Z+jets 114.0 ± 2.1 88.3 ± 1.9 74.2 ± 1.7
EW W+jets 77.8 ± 1.8 69.0 ± 1.6 63.5 ± 1.6

Top 11.3 ± 1.2 5.8 ± 0.9 6.5 ± 0.9
Multi-boson 17.8 ± 1.8 10.6 ± 1.4 7.3 ± 1.1

SM total 642 ± 14 489 ± 12 321 ± 9

HH, (100, 99) 8.7 ± 0.6 6.9 ± 0.6 4.0 ± 0.4
WB, (100, 99) 23.9 ± 1.2 20.1 ± 1.1 15.4 ± 1.0
WB, (140, 139) 13.7 ± 0.7 11.1 ± 0.7 8.5 ± 0.6

Table 5.12: Yields (at 139 fb-1) for the last three bins for the fit in Mjj using the binning in the
CMS analysis. Correction factors to the V+jets backgrounds are applied. Uncer-
tainties are purely statistical.

Process
Bin 6 Bin 7 Bin 8

Mjj [3000, 3400) GeV Mjj [3400, 4000) GeV Mjj > 4000 GeV

QCD Z+jets 200 ± 8 145 ± 7 83 ± 6
QCD W+jets 97 ± 9 81 ± 6 42 ± 4
EW Z+jets 89.0 ± 1.8 67.6 ± 1.6 56.1 ± 1.5
EW W+jets 62.0 ± 1.5 54.9 ± 1.5 50.0 ± 1.4

Top 6.2 ± 0.9 5.4 ± 0.9 4.9 ± 0.8
Multi-boson 11.1 ± 1.4 8.5 ± 1.3 5.6 ± 0.9

SM total 466 ± 13 362 ± 9 241 ± 7

HH, (100, 99) 7.2 ± 0.6 4.9 ± 0.5 2.69 ± 0.34
WB, (100, 99) 19.8 ± 1.1 15.8 ± 1.0 10.8 ± 0.8
WB, (140, 139) 11.0 ± 0.7 7.9 ± 0.6 6.8 ± 0.5

Table 5.13: Yields (at 139 fb-1) for the last three bins for the fit in Mjj using 8 bins. Correction
factors to the V+jets backgrounds are applied. Uncertainties are purely statistical.
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Process
Bin 6 Bin 7 Bin 8

Emiss
T [500, 550) GeV Emiss

T [550, 650) GeV Emiss
T > 650 GeV

QCD Z+jets 239 ± 6 197 ± 5 108.1 ± 3.3
QCD W+jets 64 ± 5 50 ± 4 24.3 ± 2.4
EW Z+jets 56.4 ± 1.7 56.3 ± 1.7 37.0 ± 1.4
EW W+jets 18.3 ± 0.9 15.7 ± 0.8 9.1 ± 0.6

Top 2.1 ± 0.5 2.1 ± 0.6 0.40 ± 0.23
Multi-boson 12.7 ± 1.4 12.5 ± 1.3 11.0 ± 1.3

SM total 393 ± 8 334 ± 7 190 ± 5

HH, (100, 99) 6.5 ± 0.5 7.5 ± 0.6 5.6 ± 0.5
WB, (100, 99) 18.9 ± 1.2 16.2 ± 1.1 12.6 ± 0.9
WB, (140, 139) 9.4 ± 0.6 10.9 ± 0.7 8.9 ± 0.6

Table 5.14: Yields (at 139 fb-1) for the last three bins for the fit in Emiss
T . Correction factors to

the V+jets backgrounds are applied. Uncertainties are purely statistical.

Process
Bin 6 Bin 7 Bin 8

BDT score [0.86, 0.88) BDT score [0.88, 0.9) BDT score > 0.9

QCD Z+jets 262 ± 6 145 ± 4 89 ± 4
QCD W+jets 80 ± 4 38.2 ± 3.0 23.0 ± 1.9
EW Z+jets 120.9 ± 2.3 85.1 ± 1.9 73.1 ± 1.8
EW W+jets 45.0 ± 1.3 33.4 ± 1.1 26.2 ± 1.0

Top 2.6 ± 0.6 1.1 ± 0.4 0.45 ± 0.23
Multi-boson 12.6 ± 1.4 8.9 ± 1.2 6.2 ± 1.1

SM total 523 ± 8 312 ± 6 218 ± 5

HH, (100, 99) 13.6 ± 0.8 9.3 ± 0.6 8.0 ± 0.6
WB, (100, 99) 37.9 ± 1.6 25.8 ± 1.3 21.3 ± 1.2

WB, (140, 139) 18.9 ± 0.9 15.0 ± 0.8 14.3 ± 0.8

Table 5.15: Yields (at 139 fb-1) for the last three bins for the fit in the BDT score. Correction
factors to the V+jets backgrounds are applied. Uncertainties are purely statistical.
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Figure 5.15: Plots showing the significance score per bin for each of the SR shape fit configura-
tions. The correction factors for the V+jet backgrounds described in Section 5.3.5
are applied.
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5.3.5 Background Estimation

As mentioned, four CRs requiring leptons are defined in order to check the modelling
of the V+jets backgrounds, particularly for the discriminating variables used for the SR
shape fits. These CRs are safe to unblind as they contain no signal contamination due
to the lepton requirements. The selections defining these CRs are listed in Table 5.16.
All the CRs have common selections on Mjj and the transverse momenta of the
VBF-tagged jets that replicate the SR selections. To replicate the Emiss

T selection and
distribution in the SR, a version of the Emiss

T is computed in which the leptons are
not included and are thus treated as being invisible, as is done in the mono-jet and
ATLAS Higgs→invisible analyses. Here this variable is denoted as Emiss

T (L.I.) where
L.I. stands for ‘Leptons Invisible’. Versions of other variables dependent on the Emiss

T ,
including the BDT score, are computed using Emiss

T (L.I.) and have the same notation.
The leading lepton is required to have pT > 30 GeV in all regions, a cut taken directly
from the ATLAS Higgs→invisible analysis, that suppresses fake backgrounds and
ensures events are on the lepton-trigger efficiency plateaus. Events with b-jets or
hadronic tau-leptons are vetoed in the CRs.

The one lepton CRs, CR-1L-El and CR-1L-Mu, are enriched in W → eν and W →
µν events respectively and serve to validate the modelling of W+jets. Events in
these regions are required to pass either the Emiss

T or single lepton triggers and must
have exactly one signal electron or one signal muon. In addition to the common CR
requirements, events entering these regions are required to have the transverse mass
between the lepton and the Emiss

T be 30 < MT(l1, Emiss
T ) < 100 GeV in order to

improve the purity in W+jets and have Emiss
T significance > 5 to reduce the number of

events with fake leptons.

Similarly, the two lepton CRs, CR-2L-El and CR-2L-Mu, are enriched in Z → ee,
Z → µµ respectively and serve to validate the modelling of Z+jets. For these regions,
an OR of the single- and di-lepton triggers is used and events are required to have
exactly two signal electrons or two signal muons of opposite sign. The invariant mass
of the two leptons is further required to fulfil 61 < Mll < 121 GeV to increase
the purity of Z → `` events. As these events are not expected to have real missing
transverse energy, an upper cut of 70 GeV is placed on the Emiss

T .

Two variations of each CR are defined. The first, labelled as [CR]-LC, applies on
top of the nominal selections the ‘linear cuts’ on Mjj, ∆ηjj and pj2

T listed in Table 5.16
that are required in SR-CMS. These variations are used to validate the Mjj and Emiss

T
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(L.I.) distributions and determine the V+jets correction factors used in the shape fits
performed in SR-CMS. The second variety, labelled [CR]-BDT, instead applies a cut
of BDT score (L.I.) > 0.65 to replicate the BDT score cut in SR-BDT and are used to
verify the modelling of the BDT score (L.I.) and determine the correction factors for
the shape fit in SR-BDT.

Process W+jets Z+jets

Region CR-1L-El CR-1L-Mu CR-2L-El CR-2L-Mu

Triggers Emiss
T OR single-lepton single-lepton OR di-lepton

Mjj > 600 GeV

pj1
T > 60 GeV

pj2
T > 40 GeV

Emiss
T (L.I.) > 250 GeV

minj[∆φ(j, Emiss
T (L.I.))] > 0.4

pl1
T > 30 GeV

N b-jets = 0
N hadronic tau-leptons = 0

N signal electrons = 1 = 0 = 2 = 0
N signal muons = 0 = 1 = 0 = 2

OS - Yes
MT(l1, Emiss

T ) ε[30, 100] GeV -
Emiss

T Significance > 5 -
Mll - ∈ [61, 121] GeV

Emiss
T - < 70 GeV

Linear Cuts (LC)
Mjj > 1000 GeV

∆ηjj > 3.8

pj2
T > 60 GeV

BDT selection BDT score (L.I.) > 0.65

Table 5.16: Baseline selection requirements defining the VBF control regions. pl1
T denotes the

pT of the leading lepton, MT(l1, Emiss
T ) the transverse mass between this lepton and

the Emiss
T and OS where two signal leptons of opposite electric charge are required.

As discussed in the analysis strategy overview, correction factors are determined
from comparing the Mjj, Emiss

T (L.I.) and BDT score (L.I.) distributions to data in the
CRs. Separate correction factors are determined for W+jets and Z+jets, but the fits
to the relevant one and two lepton CRs are performed simultaneously. As there is
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evidence of a shape trend in the data/MC comparisons for some of these distributions,
for determining the correction factors each distribution is split into a low and high
portion and separate correction factors are determined for each portion. The boundary
between low and high is chosen to coincide with the lower edge of the fifth bin for the
8-bin shape fits, such that the first four bins comprise the low portion and the latter
four the high portion (for the 12 bin CMS shape fit in Mjj, the lower edge of the ninth
bin coincides with the lower edge of the fifth bin for the 8-bin Mjj shape fit).

The computed correction factors are listed in Table 5.17, for which the uncertainties
arise purely from the limited MC and data statistics in each of the regions. Only the
correction factors determined from the relevant distribution in the appropriate CRs
are used for each SR shape fit. The correction factors are all less than one, indicating an
over-prediction of the SM background in all regions. Distributions of Mjj, Emiss

T (L.I.)
and BDT score (L.I.) in each of the CRs (for the relevant variations) are shown in
Figures 5.16-5.19 with and without the correction factors applied (labelled as ‘Pre-fit’
and ‘Post-fit’ respectively). In these plots, an uncertainty which varies linearly from
∼1-10% between the lowest and highest bin is shown for illustrative purposes but this
uncertainty is not included during the determination of the correction factors. The
binning used for these distributions matches the binning used in the corresponding
SR shape-fits. Disagreement in the ‘Pre-fit’ distributions is most evident in Mjj where
the over-prediction worsens at higher values. Hence, the correction factors deviate
most from one in the high Mjj regions, with the most extreme correction factor being
∼0.75 for Z+jets. Conversely, the over-prediction is worse at lower values of Emiss

T (L.I.)
than higher values, while the BDT score (L.I.) distributions have the flattest pre-fit
data/MC ratios. With the correction factors applied, the agreement is reasonable in all
regions, consistent within the illustrative uncertainty, thus the modified predictions
are deemed to be useful in estimating the sensitivity of the VBF channel.

Total yields in each of the CRs are shown in Table 5.18. The background yields
are from the Mjj shape fits, including the correction factors, and include the dummy
systematic uncertainties. Within these uncertainties, the total yields agree well with the
data. Evident from this table is the high purity of these CRs in their target backgrounds;
the purity varies from 88% for the one lepton CRs to 96% for the two lepton CRs. Also
evident is that the yields for the Z+jet CRs are about five times smaller than the W+jet
CRs, owing to the smaller Z → `+`− branching ratio compared to the branching ratio
of W → `ν.
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SR Shape Fit Variable Region
Correction Factors

W+jets Z+jets

Mjj
Mjj < 2600 GeV 0.812 ± 0.018 0.896 ± 0.024
Mjj ≥ 2600 GeV 0.788 ± 0.030 0.74 ± 0.05

Emiss
T

Emiss
T < 450 GeV 0.796 ± 0.018 0.874 ± 0.023

Emiss
T ≥ 450 GeV 0.940 ± 0.033 0.99 ± 0.07

BDT score
BDT score < 0.84 0.862 ± 0.012 0.939 ± 0.019
BDT score ≥ 0.84 0.791 ± 0.025 0.85 ± 0.06

Table 5.17: Data-driven correction factors applied to the W+jets and Z+jets backgrounds.
Uncertainties arise solely from the finite data and MC statistics in the respective
regions.

Process CR-1L-El-LC CR-1L-Mu-LC CR-2L-El-LC CR-2L-Mu-LC

QCD Z+jets 23.2± 0.9 56.7± 2.2 1040± 40 1330± 50
QCD W+jets 4900± 190 4860± 190 0.138± 0.007 1.23± 0.04
EW Z+jets 3.63± 0.22 6.5± 0.4 209± 12 243± 14
EW W+jets 1150± 70 1080± 70 0.123± 0.009 0.105± 0.011

Top 583± 23 529± 21 2.26± 0.13 2.99± 0.11
Multi-boson 205± 9 194± 8 36.7± 1.5 43.4± 1.8

SM total 6870± 210 6730± 210 1290± 40 1620± 50

Observed 7048 6558 1344 1574

Table 5.18: Yields (at 139 fb-1) for the Control Regions used in the VBF sensitivity study.
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Figure 5.16: Pre and Post-fit kinematic distributions in CR-1L-El. First and last bins include
the underflow and overflow respectively.
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Figure 5.17: Pre and Post-fit kinematic distributions in CR-1L-Mu. First and last bins include
the underflow and overflow respectively.

227



Chapter 5: Searches for Ultra-compressed Charginos and Neutralinos

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 4
00

.0
 G

eV 1− = 13 TeV, 139 fbs
CR-2L-El-LC Pre-Fit

Data SM Total

Strong Z+jets Strong W+jets

EW Z+jets EW W+jets

Multi-boson Top

) = (100,99)
1

0χ∼, 
2

0χ∼WB m(

1000 1500 2000 2500 3000 3500 4000 4500 5000

 [GeV]jjM

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

M

(a) Mjj Pre-fit

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 4
00

.0
 G

eV 1− = 13 TeV, 139 fbs
CR-2L-El-LC Post-Fit

Data SM Total

Strong Z+jets Strong W+jets

EW Z+jets EW W+jets

Multi-boson Top

) = (100,99)
1

0χ∼, 
2

0χ∼WB m(

1000 1500 2000 2500 3000 3500 4000 4500 5000

 [GeV]jjM

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

M

(b) Mjj Post-fit

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 5
0.

0 
G

eV 1− = 13 TeV, 139 fbs
CR-2L-El-LC Pre-Fit

Data SM Total

Strong Z+jets Strong W+jets

EW Z+jets EW W+jets

Multi-boson Top

) = (100,99)
1

0χ∼, 
2

0χ∼WB m(

300 400 500 600 700 800

 (Leptons Invisible) [GeV]miss
TE

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

M

(c) Emiss
T Pre-fit

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 5
0.

0 
G

eV 1− = 13 TeV, 139 fbs
CR-2L-El-LC Post-Fit

Data SM Total

Strong Z+jets Strong W+jets

EW Z+jets EW W+jets

Multi-boson Top

) = (100,99)
1

0χ∼, 
2

0χ∼WB m(

300 400 500 600 700 800

 (Leptons Invisible) [GeV]miss
TE

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

M

(d) Emiss
T Post-fit

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 0
.0

2 

1− = 13 TeV, 139 fbs
CR-2L-El-BDT Pre-Fit

Data SM Total

Strong Z+jets Strong W+jets

EW Z+jets EW W+jets

Multi-boson Top

) = (100,99)
1

0χ∼, 
2

0χ∼WB m(

0.65 0.7 0.75 0.8 0.85 0.9

BDT score (Leptons Invisible)

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

M

(e) BDT score (Leptons Invisible) Pre-fit

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 0
.0

2 

1− = 13 TeV, 139 fbs
CR-2L-El-BDT Post-Fit

Data SM Total

Strong Z+jets Strong W+jets

EW Z+jets EW W+jets

Multi-boson Top

) = (100,99)
1

0χ∼, 
2

0χ∼WB m(

0.65 0.7 0.75 0.8 0.85 0.9

BDT score (Leptons Invisible)

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

M

(f) BDT score (Leptons Invisible) Post-fit

Figure 5.18: Pre and Post-fit kinematic distributions in CR-2L-El. First and last bins include
the underflow and overflow respectively.
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Figure 5.19: Pre and Post-fit kinematic distributions in CR-2L-Mu. First and last bins include
the underflow and overflow respectively.
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5.3.6 Evaluation of Sensitivity

Fit Setup and Systematic Uncertainties

As this analysis features a shape fit across many SR bins, significance scores alone
cannot provide a useful estimate of the sensitivity. Instead, HistFitter [84] is used to
compute upper limits on the signal strength from fits to the multi-bin SRs. To accurately
assess the sensitivity, it is important to realistically model systematic uncertainties,
particularly on the V+jets background estimates. As mentioned, for this sensitivity
study simplified systematic uncertainties are included in the fits to represent the impact
of theoretical and experimental systematic uncertainties. Three different configurations
of systematic uncertainties on the V+jets backgrounds are tested, based upon the
strategies taken in the CMS VBF SUSY analysis [153], the ATLAS VBF Higgs→invisible
analysis [159] and the ATLAS mono-jet analysis [152] respectively, in order to build a
realistic picture of the sensitivity. Each of the configurations is described in turn in the
following and are summarized in Table 5.19.

In each case, the size of uncertainties is approximated based upon values taken
from the respective analysis documentation. The uncertainties are taken to be the
same for each of the discriminating variables used in the shape fit. The validity of
this assumption is discussed more after the results are presented, but it is thought
to be reasonable given that each of the SR bins contain roughly the same number of
events across Mjj, Emiss

T and the BDT score. Importantly, only the SR is used in each
fit; the CRs are not included as the uncertainties which are used for each configuration
are designed to represent the uncertainties on the SR predictions taking into account
the constraining and cancellation effects of the CRs. For each configuration, the total
pre-fit uncertainties on the background estimates per bin are similar and vary from
∼3% in the first SR bin to around ∼10% in the final SR bin.

Some common uncertainties are included across all the configurations. To represent
the overall impact of experimental uncertainties on the non V+jets processes, a 5%
uncertainty, correlated across the SR bins, is included on the signal and multi-boson
and top backgrounds. This uncertainty is correlated between all processes. It is also
included on the V+jets backgrounds but takes a smaller value of 0.1%, to represent its
impact after cancellations from the CRs are taken into account. In addition, uncertain-
ties varying linearly from 10-20% across the SR bins are included on the multi-boson
and top backgrounds to represent modelling uncertainties on their predictions. These
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uncertainties are uncorrelated between multi-boson and top but are correlated across
the SR bins for each process. A global 5% uncertainty is also applied to each of these
backgrounds to represent uncertainties on their cross-sections. No uncertainties emu-
lating modelling uncertainties are included on the signal processes to facilitate a fair
comparison with the results of the mono-jet re-interpretation presented in the previous
section. A 1% uncertainty on the luminosity, based upon the recent ATLAS measure-
ment [52], is also applied in all fits and MC statistical uncertainties are included on the
signal and all background processes.

Having established the uncertainties which are common to all configurations,
those which are unique to each are now detailed, beginning with the CMS style
configuration. In the CMS VBF SUSY analysis, separate CRs are defined for W+jets
and Z+jets with global transfer factors (TFs) defined for each process. Hence, in the
CMS style configuration global uncertainties are included on W+jets and Z+jets to
represent the uncertainties on these TFs. Based upon the total data statistics available
in the electron and muon CRs defined here, for W+jets, the uncertainty is taken to be
1%, while for Z+jets it is 2% due to two lepton CRs having fewer statistics. In the CMS
analysis, shape uncertainties on Mjj are evaluated based upon discrepancies in its
modelling in the CRs and are quoted as being as large as 10% in certain bins (though it
should be noted that the statistical uncertainty in the high Mjj bins in the CMS Z+jets
CR are ∼50%). To account for these, per bin uncertainties are included in the CMS
style configuration which vary linearly from 1-10% from the first to last SR bin (it
is assumed that discrepancies worsen at high values of the discriminating variable).
These uncertainties are uncorrelated between bins and between W+jets and Z+jets
but are correlated between the QCD and EW processes of the same bosonic variety.
Theoretical modelling uncertainties are not described for the V+jets backgrounds
given the ‘data-driven’ estimation method, and so are not included in the CMS style
configuration.

Moving to the ATLAS Higgs→invisible style configuration, instead of global TF
uncertainties on W+jets and Z+jets, per bin TF uncertainties are applied to reflect the
background estimation strategy taken in the ATLAS Higgs→invisible analysis, which
defines separate CRs for each SR bin. As well as being a very data-driven method, this
strategy also results in significant cancellations of the modelling uncertainties which
are quoted as being particularly large (∼30%) at high Mjj. The analysis make use of a
dedicated next-to-leading order theory calculation of the ratio of W+jets to Z+jets in a
‘VBF like’ phase space to base the Z+jets predictions off of the W+jets predictions, such
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that, for each SR bin, the W+jets and Z+jets CRs can be effectively combined to reduce
the size of the TF uncertainties (which would otherwise be particularly large for Z+jets
due to the limited CR statistics). Given this, based upon the statistics available in the
CRs using the different binning schema defined here, the TF uncertainties are taken to
vary from 1.5-7%, being largest in the high SR bins which have fewer statistics. These
uncertainties are uncorrelated across bins but are correlated between all the V+jets
processes. To reflect the uncertainty in the W+jets to Z+jets ratio, per bin uncertainties
are applied on each of the QCD and EW Z+jets predictions. These uncertainties are
taken to vary from 5-10% from the low to high SR bins and are uncorrelated across the
bins and between QCD Z+jets and EW Z+jets. Uncertainties varying from 0.1-3% are
also applied on the V+jets processes to represent residual modelling uncertainties, as
the cancellation from the CRs to the SRs is not described as being prefect. Following
the description given in the analysis documentation, these uncertainties are correlated
between QCD W+jets and QCD Z+jets and between EW W+jets and EW Z+jets but
not between the QCD and EW processes.

The third configuration tested is based upon the ATLAS mono-jet analysis. In this
configuration, a global 1% uncertainty is applied to all the V+jets backgrounds to reflect
the total uncertainty on the V+jets TF that is applied to all the V+jets backgrounds
in the Mono-jet analysis. The same uncertainties per bin to reflect the uncertainty on
the ratio of W+jets to Z+jets as used in the Higgs→invisible configuration are also
included on the Z+jets backgrounds to reflect the fact that having a global V+jets
TF relies upon using the W+jets estimate for the Z+jets estimate. As a global TF is
defined, the cancellation of modelling uncertainties is assumed to not be as great in the
high SR bins as it would be in the TF per bin approach taken by the Higgs→invisible
analysis. Hence, the residual modelling uncertainties in the high SR bins are taken
to be larger; varying from 0.1-10% instead of 0.1-3% (based upon the size of the
modelling uncertainties provided in the Higgs→invisible analysis documentation). As
in the Higgs→invisible style configuration, these uncertainties are correlated between
QCD W+jets and QCD Z+jets and between EW W+jets and EW Z+jets but not between
the QCD and EW processes.
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Configuration Uncertainties

CMS VBF SUSY style • Global 1% uncertainty on the W+jets backgrounds to
represent overall TF uncertainty, correlated between the
QCD and EW processes.

• Global 2% uncertainty on the Z+jets backgrounds to
represent overall TF uncertainty, correlated between the
QCD and EW processes.

• Per bin uncertainties varying from 1-10% for each of
the V+jets backgrounds to represent CR modelling discrep-
ancies. Uncorrelated between bins and W+jets and Z+jets
but correlated between QCD and EW processes of the same
bosonic variety.

• Global 0.1% uncertainty correlated between all processes
to represent residual experimental uncertainty.

ATLAS VBF Higgs→Invisible
style

• Per bin uncertainties varying from 1.5-7% to represent
the TF uncertainties per bin. Uncorrelated across bins but
correlated between all V+jets processes.

• 0.1-3% linearly varying uncertainty to represent residual
modelling uncertainties. Correlated across bins, between
EW W+jets and EW Z+jets and between QCD W+jets and
QCD Z+jets, but uncorrelated between EW and QCD pro-
cesses.

• 5-10% uncertainties on the Z+jets processes to represent
the uncertainties on the W+jets/Z+jets ratio. Uncorrelated
across bins and between QCD Z+jets and EW Z+jets.

• Global 0.1% uncertainty correlated between all processes
to represent residual experimental uncertainty.

ATLAS Mono-jet style • Global 1% uncertainty on all V+jets processes to represent
overall TF error. Correlated between all V+jet processes.

• 0.1-10% uncertainties on V+jet processes to represent
residual modelling uncertainties, correlated across bins, be-
tween EW W+jets and EW Z+jets and between QCD W+jets
and QCD Z+jets, but uncorrelated between EW and QCD
processes.

• 5-10% uncertainties on the Z+jets processes to represent
the uncertainties on the W+jets/Z+jets ratio. Uncorrelated
across bins and between QCD Z+jets and EW Z+jets.

• Global 0.1% uncertainty correlated between all processes
to represent residual experimental uncertainty.

Table 5.19: Summary of the different systematic uncertainty configurations applied on the
V+jets background estimates in the VBF sensitivity study.
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Results

The 95% CLs (expected) upper limits on the signal strength for the benchmark signal
points for the different systematic uncertainty configurations and shape fit variables
are shown in Table 5.20. A configuration in which only the (data) statistical5 plus
luminosity uncertainties are included is also shown for reference. From these limits
the first thing which is apparent is that none of the limits with systematic uncertainties
included are below one, indicating that an analysis would not have sensitivity to any
of these signals at 95% CLs level with a 139 fb-1 dataset. In particular, the limit for the
WB (100,99) point using the CMS style uncertainty configuration with Mjj is around
1.6 which is significantly weaker than would be expected based upon the CMS result
which has sensitivity to this point, particularly given that the study shown here uses a
four times higher integrated luminosity6, and that the upper limit with only data plus
luminosity uncertainties is only just below one. Reasons for this discrepancy will be
discussed shortly after the results using the different systematic configurations and
shape fit variables are compared.

Comparing the different uncertainty configurations, despite having rather different
underlying uncertainties the CMS and ATLAS Higgs→invisible style configurations
produce very similar limits which are significantly stronger that the mono-jet style
setup. This is due to the effect of the residual modelling uncertainties in the mono-
jet setup, which as a reminder are reasonably large in the high SR bins due to the
use of a global V+jets transfer factor. These modelling uncertainties are in general
much larger in the VBF channel than they are in the mono-jet analysis, hence why
the binned TF approach is preferable here. This comparison suggests that adopting a
configuration similar to that of the ATLAS Higgs→invisible analysis would provide
the best sensitivity whilst being significantly more reliable and data-driven than the
CMS style approach.

Comparing the different shape fit variables, it can be seen that the 8-bin and
12-bin Mjj shape fits produce very similar limits, highlighting that the uncertainty
configurations tested are relatively insensitive to the precise binning being used.
However, it can be seen that the shape fits in Emiss

T are able to provide a 10-20%

5 MC statistical uncertainties are not included in the statistical plus luminosity configuration.

6 Using a luminosity of 36 fb-1 the 95% CLs upper limit on the signal strength using the CMS style
uncertainty configuration on the WB (100,99) point is around 2.
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Uncertainty
Configuration Signal

Shape fit variable
Mjj 12 bins Mjj 8 bins Emiss

T BDT score

CMS VBF SUSY
Style

WB (140, 139) 3.09+1.24
−0.87 3.03+1.21

−0.86 2.62+1.05
−0.73 1.81+0.73

−0.50

WB (100, 99) 1.64+0.65
−0.47 1.62+0.65

−0.47 1.48+0.60
−0.42 1.04+0.43

−0.28

HH (100, 99) 4.29+1.74
−1.21 4.25+1.74

−1.18 3.50+1.41
−0.98 2.66+1.06

−0.74

ATLAS Higgs
→ Invisible
Style

WB (140, 139) 3.10+1.23
−0.89 3.07+1.26

−0.85 2.69+1.07
−0.76 1.86+0.74

−0.52

WB (100, 99) 1.61+0.65
−0.45 1.64+0.65

−0.47 1.50+0.61
−0.42 1.06+0.43

−0.29

HH (100, 99) 4.17+1.71
−1.16 4.35+1.76

−1.24 3.56+1.43
−1.02 2.66+1.06

−0.74

ATLAS
Mono-jet Style

WB (140, 139) 4.99+2.01
−1.39 4.52+1.82

−1.27 3.93+1.58
−1.10 2.71+1.08

−0.76

WB (100, 99) 2.51+1.00
−0.70 2.34+0.95

−0.66 2.15+0.87
−0.60 1.55+0.62

−0.43

HH (100, 99) 5.94+2.35
−1.70 5.74+2.30

−1.61 5.12+2.08
−1.42 3.84+1.54

−1.07

Statistical +
Luminosity
only

WB (140, 139) 1.77+0.71
−0.49 1.77+0.71

−0.49 1.53+0.61
−0.43 1.06+0.43

−0.28

WB (100, 99) 0.94+0.38
−0.26 0.94+0.38

−0.26 0.86+0.35
−0.24 0.60+0.24

−0.17

HH (100, 99) 2.49+0.99
−0.69 2.48+1.00

−0.70 2.04+0.81
−0.57 1.52+0.60

−0.42

Table 5.20: 95% CL upper limits at 139 fb-1 on the signal strength for example signal points
from shape fits performed in different kinematic variables with different systematic
uncertainty configurations, as described in text.

stronger limit than the Mjj shape fits. Further, the fits performed using the BDT score
improve upon the limits using Emiss

T by 25-30% for the different benchmark points,
with the limit approaching one for the CMS and Higgs→invisible style uncertainty
configurations. This improvement is also visible in the statistical plus luminosity only
uncertainty configuration, indicating it is not a consequence of how the systematic
uncertainties are set up. Hence, in a full analysis the use of ML classifier should be able
to significantly improve the sensitivity, although it should be recalled that this study
has assumed similar uncertainties for each of the shape fit variables; it is possible that
when fully evaluated the shape uncertainties for the BDT score distribution may be
higher than for Mjj or Emiss

T (for example, the uncertainty on the W+jets to Z+jets ratio
if the Higgs→invisible style approach were to be adopted). Nevertheless, given the
significant potential gains, the use of an ML classifier should be explored in a full
analysis.

However, even in the fit using the BDT score, the limit that can be obtained for the
WB (100,99) point is still above one, suggesting if this analysis were to be performed
it would not have sensitivity above the limits set by the experiments at LEP. To help
understand the lack of sensitivity compared to the CMS analysis, the Mjj distributions
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of the WB (100,99) point and of the total (expected) SM background used in this study
and in the CMS analysis are shown in Figure 5.20 (with the same binning as used in the
CMS analysis). These plots have been made using the publicly available information
from the CMS analysis for the CMS yields, and for the ATLAS yields by using the
Monte Carlo production period associated with the data collected between 2015-2016
by ATLAS, corresponding to an integrated luminosity of 36 fb-1, matching that of the
CMS analysis. Total yields in SR-CMS are also shown in Table 5.21. Comparing the
signal yields, the signal presented here, labelled as the ATLAS signal, is roughly half
that of the CMS yield across all the Mjj bins. For the background, the total yields are
more similar but at low values of Mjj the CMS background is around a factor of two
greater than the ATLAS yield while in the last Mjj bin the ATLAS yield is around a
factor of two larger.
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Figure 5.20: Comparison of the yields used in the VBF sensitivity study to those in the CMS
analysis. Only the background estimate corresponding to the data collected
between 2015-2016 is used for the ATLAS estimate, to match the integrated lumi-
nosity of the CMS analysis.

Considering first the discrepancies in the background yields, the lower background
at low Mjj for ATLAS can, at least in part, be explained by the omission of the multi-
jet background in this study. From the yields table, it can be seen that the W+jets
background is also around 50% smaller for this study while the Z+jets yields are com-
parable; this is attributed to the improved hadronic tau-lepton veto used here rejecting
a greater amount of W+jets events in which the W-boson decays to a hadronically
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Process CMS ATLAS

Z+jets 3714 ± 760 3894.8 ± 34.1
W+jets 2999 ± 620 1890.8 ± 38.4

Multi-boson 77 ± 18 252.7 ± 7.3
Top 681 ± 128 84.7 ± 3.5

Multi-jet 546 ± 69 -

Total SM 8017 ± 992 6123.1 ± 52.1

WB (100, 99) 259 138

Table 5.21: Comparison of the yields in SR-CMS between the CMS analysis and the sensitivity
study discussed here, labelled as ATLAS, at 36 fb-1. Uncertainties on the CMS
yields include the full systematic uncertainties evaluated in the CMS analysis,
while the ATLAS uncertainties are only statistical.

decaying tau-lepton. Similarly, the smaller top background can be attributed in part to
an improved b-jet veto. While the multi-boson background is around a factor of three
larger in this study, its overall effect on the sensitivity is negligible as it constitutes
less than 5% of the total background in even the high Mjj bins and so here is not of
concern.

For the last Mjj bin, the difference in the background yields could be a result of the
different MC generators used for modelling the V+jet backgrounds; the CMS analysis
used leading order MadGraph for these backgrounds whereas the study presented
here uses NLO SHERPA [2.2.11], with electroweak corrections. Although V+jets CRs
are used in both this study and the CMS analysis to verify the modelling, the data
statistical uncertainties in the final Mjj bins in the Z+jets CRs are approximately 25%
and 50% respectively. Combined with including other systematic uncertainties, this
may mean the discrepancy in the background yields in the last Mjj bin is in fact not
that significant and instead highlights a limitation of using global transfer factors for
estimating the V+jets background in this kind of analysis; that at high Mjj there is
room for significant variation in the modelling for which the accuracy of the modelling
in the CRs may be deemed acceptable due to the large data statistical uncertainties.

To understand the differences in the signal yields, discussions were held between
the ATLAS and CMS analyzers. First, the signal cross-sections used were compared.
Both analyses use MadGraph to generate the signals and compute the cross-sections.
The cross-section used for the WB (100, 99) point in the CMS analysis is 288 fb, which is
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around 50% greater than the cross-section used for the same sample in this study. This
difference primarily arises due to different parton-level requirements being applied
during the signal generation; the CMS analysis has looser requirements and hence the
signals have an appropriately larger cross-section. Based upon studies performed by a
collaborator, adjusting these parton level requirements looks to result in only a small
possible increase in the SR yields of up to 10%.

Other differences between the ATLAS and CMS signal generation setups have also
been identified (again by collaborators) including; slight differences in the wino/bino
mixing of the electroweakinos, whether VBF diagrams with squarks are allowed
during the generation, the value of the bwcutoff parameter (which controls what is
considered to be on-shell in s-channel resonances) and the decay widths of different
SUSY particles. These differences effect not only the signal cross-sections but also the
shapes of kinematic variables. Combined with the adjusted parton level requirements,
these differences can potentially explain why the yields from the CMS setup could be
around 20% larger than with the ATLAS setup.

Some of these differences in setup between ATLAS and CMS are also present
for other, non-VBF, signal topologies, but in these scenarios the differences have
less of an impact than in the VBF case due to the VBF diagrams being in general
more complex. For example, VBF diagrams producing charginos and neutralinos
that involve intermediate squarks are possible and turn out to have non-negligible
contributions to the cross-section even when the squark masses are much larger than
the electroweakino masses. For these effects, there is not necessarily a preferable
configuration (for usefully assessing the general sensitivity of the VBF channel to
the UC-models compared to other channels). Instead, what they highlight is that
the simplified model paradigm adopted for designing SUSY searches has certain
complexities for VBF production modes.

The combination of the differences listed above can still not completely account
for the overall factor of two difference between the ATLAS and CMS signal yields.
However, an additional difference in the generation commands used has also been
identified. In the CMS analysis, EW and QCD diagrams (discussed earlier in Sec-
tion 5.3.2) were generated with separate commands in MadGraph and consequently,
as confirmed by MadGraph developers, interference effects between the EW and QCD
diagrams were not considered. These interference effects turn out to significantly
decrease the signal yield in the SR like phase space. It is thought that this effect,
combined with the previous differences, can potentially explain the total discrepancy
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between this study and the CMS result, but more work is needed to confirm this.
Due to the omission of these interference effects, the simplified model interpretations
presented in the CMS analysis likely overstate the sensitivity of the VBF channel to the
ultra-compressed electroweakino models.

To summarise this discussion, the signals used in this study originate from a
valid generator configuration, but ambiguities in the setup mean that the SR yields
could be around 20% larger by using an equally valid configuration. However, the
yields cannot seemingly be as large as would be expected based upon the CMS
analysis without the unphysical neglection of interference effects between QCD and
EW production diagrams. Work by collaborators is ongoing to establish a common
VBF signal configuration between ATLAS and CMS for use in future searches. Based
upon the limits established in the sensitivity study shown in this section, a 20% increase
in effective cross-section would imply that, were such a search to be conducted in
ATLAS using a multivariate classifier and 139 fb-1 of data, it could potentially have
sensitivity to wino/bino models with χ̃0

1 masses just above the LEP limit. However,
without this boost in cross-section, no sensitivity to models above the LEP limit would
be obtainable. It should also be recalled that the study shown here likely provides
optimistic limits due to the omission of the multi-jet background and its uncertainties.
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5.4 Comparison and Conclusions

To recap the results presented in this chapter, first in Section 5.2 a re-interpretation
of the ATLAS mono-jet search was conducted to assess the channel’s sensitivity to
the UC-models described at the beginning of this chapter. The resulting expected
95% CLs upper limits on the higgsino scenario extends to models with a χ̃0

1 mass of
120 GeV, while the observed limit falls below the limits set by LEP. For the wino/bino
model, the expected limit extends to χ̃0

1 masses of 200 GeV while the observed limit
exceeds 140 GeV. These limits thus look to surpass those from the LEP experiments
and provide the current best limits on these models, with the caveat that theoretical
uncertainties on the signals were not included in the re-interpretation.

Second, in Section 5.3 a sensitivity study of the Vector Boson Fusion (VBF) chan-
nel to the UC-models was performed. Replicating the selections of a CMS analysis
from which it was inspired, the sensitivity was found to be significantly worse than
expected, falling below the LEP limits. The disagreement between the CMS analysis
has been determined by collaborators to be primarily due to differences in how the
signal samples were generated. For some of these differences, it is ambiguous as to
which choice yields models that are more useful in assessing the sensitivity of the VBF
channel to more general SUSY models with ultra-compressed charginos and neutrali-
nos. Within these differences, the relevant production processes could result in signal
yields 10-20% higher in the signal regions than reported in this study. However, it
has also been established that interference between electroweak and QCD production
diagrams was neglected in the CMS analysis, thus the limits it provides are likely
optimistic for more general models. Additionally, the use of a BDT classifier was
shown to have the potential to significantly improve the sensitivity of the VBF channel,
although even with its use the upper limits on the models used in this study still fall
(just) below the LEP limits.

Comparing the limits of the mono-jet re-interpretation and the VBF sensitivity study,
it is safe to conclude that the mono-jet channel has significantly greater sensitivity
than the VBF channel to the UC-models, even within the ambiguities of the VBF
signal generation. Although the two studies shown here do not provide an ‘apples-to-
apples’ comparison, the uncertainties used in the VBF study are based upon those in
analyses using the same region of phase space, thus the VBF study presented here is
thought to be a reasonably accurate assessment of the sensitivity. Further, comparing
the limits for the common points in Table 5.2 and Table 5.20, it can be seen that the
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mono-jet limits are stronger than the VBF limits that include only the statistical and
luminosity uncertainties. The superior sensitivity of the mono-jet analysis is largely
due to the increased statistics available; as has been shown the cross-sections are
approximately an order of magnitude larger. The main benefit of these increased
statistics is that, although for the signal models used here both the mono-jet and VBF
SRs have a similar total signal to background ratio (S/B), the high SR bins in the
mono-jet analysis have greater S/B than those in the VBF study, even when the BDT
score is used as the binning variable in the VBF SR (20% versus 10% for the WB (100,99)
point). While a higher S/B can be achieved in the VBF channel by cutting more tightly
on the VBF BDT score, the resulting SR bin would have a much smaller number of
events than the highest mono-jet bin (∼10 versus ∼200) and consequently have worse
sensitivity due to the increased statistical uncertainties. The potential benefit of the
VBF channel in providing additional discrimination power, and thus having a greater
total S/B, appears to be in part hampered by the interference between the QCD and
EW production diagrams reducing the yield in the VBF SR phase space, though further
study would be necessary to confirm this. Additionally, the systematic uncertainties
are smaller in the mono-jet channel than in the VBF channel (∼4% versus ∼10% in the
high SR bins). This is likely in part a further consequence of the increased statistics
available in the mono-jet channel, but is also due to the VBF processes being in general
more difficult to model accurately.

However, it is worth noting that potential improvements to the VBF analysis pre-
sented here are possible, on top of the potentially ∼20% larger signal yields from
changes in the signal generation. For example, correction factors on the V+jet back-
grounds could be included during the classifier training and the discrimination power
of the kinematics of additional, non-VBF tagged jets could also be used in the training,
provided additional jets are modelled at matrix element level in the signals. While
such improvements are unlikely to provide sufficient gain that the sensitivity of the
VBF channel can exceed that of the mono-jet channel, it may become more competitive.

In such a scenario, it is then likely that a statistical combination of the VBF and
mono-jet channels could notably improve the overall sensitivity to the UC-models. A
complication of doing such a combination would be that, with the selections discussed
here, the SRs of these analyses are not orthogonal to each other, with the VBF selections
representing a small portion of the total mono-jet phase space. To combine the analyses
this overlap would need to be removed. Such an overlap removal is done for the
Higgs→invisible signature in ATLAS [169], and so could in principle also be done for
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the UC-models7. Other search channels are also considered in the Higgs→invisible
combination, such as one with a final state consisting of a Z-boson plus Emiss

T which
targets the production of a Higgs-boson with a Z-boson. These channels should
also have some sensitivity to analogous signal processes for the UC-models, both for
the zero-lepton approach discussed here but also for the special track reconstruction
approach discussed in the introduction. Due to having the largest statistics, it is
perhaps reasonable to expect the mono-jet analysis to be able to set the strongest
limit on the UC-models out of all the available channels. However, the sensitivity
from other channels may be competitive, indeed a phenomenological study in [170]
suggests the ‘mono-V’ channel, in which charginos and neutralinos are produced
alongside a hadronically decaying W/Z-boson, could set a limit of 110 GeV on the
higgsino models using the ATLAS Run 2 dataset, which is only 10 GeV below that
of the mono-jet limit presented here. To maximize the overall sensitivity to these UC
models, all of these channels should be re-interpreted and the results combined where
possible. As will be demonstrated in next chapter, such combinations can lead to
significant gains in the overall sensitivity.

7 Interestingly, it is worth highlighting that for the Higgs→invisible signature the VBF channel is
significantly more sensitive than the mono-jet channel. This is due to the relative size of the Higgs
boson couplings to the SM vector-bosons leading to the Higgs→invisible signal having an enhanced
S/B in the VBF channel compared to the mono-jet channel, as well as benefiting from the enhanced
discrimination power of the VBF topology.
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Combination of Searches for Chargino
Pair Production

“Apes together strong!”

Caesar, Rise of the Planet of the Apes

(2011)

As discussed in Chapter 3, statistically combining the results of individual searches
for new physics can yield a large gain in the overall sensitivity. This will be demon-
strated in this chapter for chargino pair production, another possible signature of
Supersymmetry, by combining the results of four previous ATLAS searches covering
three different topologies, all using the Run 2 dataset. These searches were originally
designed with the intention that this combination be performed, hence the results
presented here are the culmination of significant previous effort by other members of
the ATLAS collaboration. This is also the first time searches targeting chargino pair
production in these topologies have been combined. The result has been made pub-
licly available in a paper published by the ATLAS collaboration [2]. An overview of
chargino pair-production and the searches that are combined is first given in Section 6.1,
followed by technical details of the combination in Section 6.2 and a description of
how systematic uncertainties are handled in Section 6.3. The results of the combination
are then presented in Section 6.4 followed by a brief conclusion in Section 6.5.
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6.1 Introduction

Chargino pair production is a possible signature of Supersymmetry and was one of
the wino/bino subprocesses considered in the previous chapter on ultra-compressed
charginos and neutralinos. The searches discussed in this chapter target this produc-
tion mode for models with more general mass spectra, specifically χ̃±1 masses between
100 GeV and 1000 GeV and χ̃0

1 masses between 0 GeV and 250 GeV, as charginos with
masses below 100 GeV have been excluded by the experiments at the LEP collider [157].
In the simplified models used for these searches, the χ̃±1 are purely wino, are produced
in opposite sign pairs via a Z-boson and decay with 100% branching fraction to a
W-boson and a bino χ̃0

1. A diagram illustrating chargino pair production is shown
in Figure 6.1. Although in general for supersymmetric models in which there are
charginos χ̃0

2-χ̃±1 pair production can also occur, there is no concrete prediction for
the mass difference between the χ̃±1 and the χ̃0

2. Hence, it is worthwhile to search for
chargino pair production in isolation as it may be visible before χ̃0

2-χ̃±1 pair production.

χ̃±
1

χ̃∓
1p

p

χ̃0
1

W±

χ̃0
1

W∓

Figure 6.1: Feynman diagram of chargino pair production. The grey circle represents multiple
diagrams in which a pair of opposite sign χ̃±1 are produced from electroweak
bosons produced by the proton-proton collision.

All final states targeting this model have significant Emiss
T from the χ̃0

1, but the
different possible decays of the W-bosons give rise to different final states. In particular,
whether one or both of the W-bosons decay leptonically gives three different final
states; two leptons, one lepton plus hadronic activity or just hadronic activity. With
the full Run 2 dataset, the ATLAS collaboration has performed searches targeting each
of these final states1. Specifically, two searches have been performed targeting the two

1 For the leptonic decay modes, the searches include decays to electrons and muons as well as decays
to tau-leptons which in turn decay leptonically to electrons or muons.
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lepton final state with no significant hadronic activity (abbreviated as 2L0J), the first
using an event selection based on Emiss

T and a shape fit in mT2 [171], while the second
used BDTs to define SRs targeting mass splittings close to the W-boson mass [172].
Pertaining to the order in which these searches were done, the mT2 analysis is here
referred to as the first wave 2L0J analysis, while the BDT analysis is referred to as the
second wave 2L0J analysis. For the one-lepton (1L) final state, ATLAS has recently
published a search [173] targeting chargino-neutralino and chargino pair production.
Finally, a search targeting the all-hadronic final state [174] has also been performed.
The 1L and all-hadronic analyses were the first searches in these topologies targeting
chargino pair production to be performed at the LHC.

None of these searches saw any significant excesses compared to the SM predictions,
hence each was able to set exclusion limits on the simplified model of chargino pair
production for a range of χ̃±1 and χ̃0

1 masses. Overlays of the observed and expected
exclusion contours for the individual analyses are shown in Figure 6.2, along with
the limits from the LEP experiments. From this figure, it can be seen that the two
2L0J searches have the best sensitivity at low chargino masses, owing to the lower
pT thresholds of the lepton triggers and the cleaner experimental signature. At high
masses, the all hadronic search has the best sensitivity due to the larger acceptance
courtesy of the greater hadronic branching fraction of the W-boson decays. Having
a mix of the above factors, the 1L search has the best sensitivity at intermediate
χ̃±1 mass. Notably, there is a gap in the observed limits between the 1L and all hadronic
analyses for 540 GeV < m(χ̃±1 ) <620 GeV where models with massless χ̃0

1 are not
excluded at 95% CL. The CMS experiment has also performed searches for chargino
pair-production, but with the Run 2 dataset has only specifically targeted the all
hadronic channel [175, 176]. Again no excess beyond the SM predictions was observed
and the resulting 95% CL exclusion contour is shown in Figure 6.3, which covers χ̃±1
masses between 300 GeV and 660 GeV.

The goal of statistically combining the Run 2 ATLAS searches is to further extend
the exclusion limits beyond what can be achieved from the overlay the individual
contours. The largest gain is likely to come at intermediate chargino masses where
several of the analyses have comparable sensitivity. Before proceeding, it should be
noted that the two 2L0J analyses overlap significantly, and so cannot be statistically
combined. When performing the combination, the 2L0J analysis out of the two which
has the best expected sensitivity, determined from the expected CLs values, is used
for each of the relevant mass points. As the second wave analysis only has the best
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Figure 6.2: The original expected (dashed lines) and observed (full lines) exclusion contours for
each of the analyses used in the combination. The limits from the LEP experiment
are also shown.
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Figure 6.3: 95% CL exclusion limits from the chargino pair-production search performed by
the CMS experiment using the Run 2 dataset, targeting the all hadronic final state,
from [176].

sensitivity at χ̃±1 masses less than 150 GeV, where neither the 1L nor all-hadronic
analysis has significant sensitivity, in practice this means only the first wave 2L0J
analysis is actually used in the combined fits.
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6.2 Combination Details

Concerning the selections made in each analysis, the first wave 2L0J analysis features
four signal regions (SRs), in each of which a shape fit in mT2 is performed, split by
whether the leptons are of opposite or same flavour and whether there are one or
two jets. This search also has separate control regions (CRs) for WW, VZ and top
backgrounds. Similarly, the second wave 2L0J analysis has two SRs split by the flavour
of the leptons, in each of which a shape fit in a BDT score is performed, and also has a
top CR and a di-boson CR. The 1L analysis features three SRs targeting low, medium
and high χ̃±1 masses respectively, a combined W+jets and one-lepton di-boson CR, a
2-lepton di-boson CR and a top CR. For the all-hadronic analysis, in total 10 SRs and
two CRs are defined but only the SR targeting the WW final state, and the CR used to
estimate the background in this SR, are used for this combination.

To ensure these selections are orthogonal with each other, a common baseline
lepton definition was adopted by all the analyses upon which to base their lepton
multiplicity selections. As a result, the signal regions for the analyses are orthogonal
by construction. Checks for overlaps between the control and signal regions between
the different analyses were performed by collaborators, using both data and high
statistic signal samples. No overlaps for the regions used in the combination were
found.

The primary inputs for the combination are workspaces from the individual anal-
yses, which detail the signal, background and data yields in each region, systematic
uncertainties and which backgrounds have normalisation factors2. The pyhf [85]
software package was used to run the combined statistical fits, using Scipy [89] to
minimize the negative log-likelihood in the fits. To have confidence in the results
of the combination, it was important to first reproduce the results of the individual
analyses. This is particularly important as pyhf and Scipy were not used for all the
original fits, but are used for the combination fits due to being significantly faster than
other software packages. All fits use the asymptotic approximation in the calculation
of the CLs values as all the analysis regions contain more than ten background events.
The original expected and observed CLs values for each of the analyses are shown in
Figures 6.4 and 6.5 respectively, together with the differences from recomputing them
using pyhf. Small differences are seen for several points, but these differences are in

2 For the first wave 2L0J analysis, a RECAST [164] implementation of the search was produced by a
collaborator in order to reproduce the workspaces.
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general where CLs values are large and so are not considered problematic3. These
differences are mainly due to the difference in the software package used to minimize
the negative log-likelihood; as mentioned for the recalculated values Scipy is used
whereas the original fits were performed using MINUIT2 [88].

3 Note the large discrepancy at (700,1) for the 2L0J wave 1 analysis is also not problematic as this point
is comfortably excluded by the all-hadronic analysis and so is not important for the combination.
Note also that the recalculated CLs values for the (300,0) and (200,50) points for the 1L analysis are
missing because the fits for these points fail to converge. This is not problematic as these points are
comfortably excluded by the first wave 2L0J analysis.
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(b) 2L0J wave 1 CLs: pyhf-orig
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(d) 2L0J wave 2 CLs: pyhf-orig
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(f) 1L CLs: pyhf-orig
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(h) All Hadronic CLs: pyhf-orig

Figure 6.4: The original expected C1C1WW CLs values for each analysis, and the difference of
the recalculated values using pyhf.
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(a) 2L0J wave 1 original CLs
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(b) 2L0J wave 1 CLs: pyhf-orig
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(c) 2L0J wave 2 original CLs
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(d) 2L0J wave 2 CLs: pyhf-orig
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(f) 1L CLs: pyhf-orig
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(h) All Hadronic CLs: pyhf-orig

Figure 6.5: The original observed C1C1WW CLs values for each analysis, and the difference of
the recalculated values using pyhf.
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As for the analyses in the previous two chapters, MadGraph was used for the
event generation with NLO cross-sections taken from RESUMMINO v2.0.1 [112, 113].
As the individual analyses target different regions of the m(χ̃

±
1 )-m(χ̃

0
1) parameter

space, workspaces for all m(χ̃
±
1 )-m(χ̃

0
1) points were not originally produced for all the

analyses. Collaborators generated additional points for the combination that were
then processed through the individual analyses4. The grid points available for each of
the analyses, including these additional points, is shown in Figure 6.6(a). Including
all points in the combination is not desirable; in particular points for which multiple
analyses are expected to have sensitivity, but that have only been processed for a
subset of the analyses, should not be included as such points would underestimate
the sensitivity. 5 The points which are included in the combination are shown in
Figure 6.6(b). The majority of points that are not included in the combination lie on
the high χ̃±1 mass edge of the 2L0J wave 1 contour (around m(χ̃±1 ) = 400 GeV) as they
have only been processed for the 2L0J wave 1 analysis but the 1L analysis is expected
to have sensitivity to them. Additionally, there are several other points that are not
included in the combination as they have only been processed for one of the 1L or
all-hadronic analyses where both are expected to contribute to the combination.
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Figure 6.6: Points available for each of the analyses.

4 Note that different filters are applied during the MC generation to the signal samples that are
evaluated by the different analyses to ensure good statistics. For example a two-lepton filter is
applied to the samples used to evaluate the 2L0J analyses.

5 The optimal strategy of course would be to process all points for all analyses, but this would require
generating a large amount of MC and is not necessary to establish the overall sensitivity of the
combination.
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6.3 Systematic Uncertainties

When performing combinations it is important to consider how systematic uncer-
tainties are correlated between the different analyses. Many sources of systematic
uncertainty are common between the searches considered here and their effect should
in general be correlated across the different analysis regions where appropriate (not
correlating the effects of uncertainties between analyses is not necessarily conserva-
tive). However, in practice correlating these systematic uncertainties can be difficult
if the analyses used different methods for estimating the same underlying sources of
uncertainty, resulting in a different number of nuisance parameters (NPs), or NPs with
different meanings. For the searches considered here, the overall impact of systematic
uncertainties on the analyses’ sensitivities are in general comparable to the impact of
statistical uncertainties, though for points that lie on the edge of the 95% confidence
level (CL) exclusion limits the statistical uncertainties are in general dominant. Hence
overall, the effect of correlating or not-correlating uncertainties across the analyses is
not expected to have a big impact on the combination, but nevertheless the impact
should be tested.

To assess the impact of correlating the uncertainties, the combined fits were run
both with all NPs uncorrelated between analyses and then with NPs correlated where
possible. In general, it is desired to use the approach outline in Chapter 3, Section 3.1.7
whereby experimental uncertainties are correlated between different SM processes
and across regions while theoretical uncertainties are correlated across regions but
uncorrelated between processes. In both correlation schemes, normalisation factors on
the same background processes are not correlated across the different analyses as their
value can differ depending on the area of phase space.

In the correlated where possible scheme, the luminosity, lepton, pileup re-weighting,
Emiss

T , and signal cross-section uncertainties were correlated across all the analyses.
Concerning uncertainties associated with small radius jets, the matter is more compli-
cated as the analyses used different configurations of NPs for uncertainties associated
with the Jet Energy Resolution (JER) and Jet Energy Scale (JES). Only where the config-
urations are the same can the NPs be safely correlated. The names of different JER/JES
uncertainty configurations used by the analyses, are shown in Table 6.1 alongside a
column which indicates whether the JES or JER uncertainties can be safely correlated.
The first part of the naming of these uncertainty configurations describes the number
of NPs used to describe the JES uncertainties, with the “CategoryReduction” having
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Chapter 6: Combination of Searches for Chargino Pair Production

30 NPs, while the “GlobalReduction” has 20 NPs and hence models the uncertain-
ties with less precision. The second part of the naming refers to the number of NPs
used to describe the JER uncertainties, “FullJER” having 13 NPs and “SimpleJER”
having 8 NPs.

As both the 2nd wave 2L0J analysis and 1L analysis use the CategoryReduc-
tion_SimpleJER systematic configuration, their JES and JER uncertainties can be fully
correlated. The first wave 2L0J analysis uses the CategoryReduction_FullJER so only
the JES uncertainties can be correlated with 1L. The use of the R4_GlobalReduction_SimpleJER
by the all-hadronic analysis means that neither the JER or JES uncertainties can be
correlated with any of the other analyses.

Correlate

JES/JER scheme JES JER

2L0JWave1 CategoryReduction_FullJER D ×
2L0JWave2 CategoryReduction_SimpleJER D D
1L CategoryReduction_SimpleJER D D
All had GlobalReduction_SimpleJER × ×

Table 6.1: The Jet Energy uncertainty scheme used by each analysis for the C1C1WW combina-
tion and an indication of what can be correlated.

Some theoretical uncertainties are also shared between analyses but the legitimacy
of correlating them is less straightforward on account of different (versions of) MC
generators being used to model the same background processes across different analy-
ses. The analyses in general also target different regions of phase space, thus in any
case correlating these uncertainties may not be appropriate. To test the possible impact,
the following theoretical uncertainties are correlated in the correlated where possible
scheme: the factorisation, renormalization, PDF, matching (CKKW) and resummation
uncertainties of the Z+jets and W+jets backgrounds (for the all-hadronic and 1L analy-
ses) and the di-boson renormalization, factorisation and PDF uncertainties (between
the 2L0J and 1L analyses).

Figure 6.7 shows the relative difference in the expected upper limit on the signal
strength from the combined fits with and without the uncertainties correlated. The
quality and stability of these fits was verified by a collaborator. For the majority
of points, the impact of correlating systematic uncertainties is negligible, although
a handful of points around (m(χ̃

±
1 ) = 400-500 GeV, m(χ̃

0
1) = 200 GeV), where the
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impact of the combination is greatest, do see around a 5% reduction in the limit
(thereby improving the sensitivity) when correlating the systematic uncertainties. This
improvement originates from marginally increased constraints on several nuisance
parameters (NPs) when performing the combined fit. This can be seen in Figure 6.8
which shows a comparison of NP constraints from performing the combined fit with
correlated uncertainties compared to the fits from the individual analysis, for the
m(χ̃

±
1 ) = 500 GeV, m(χ̃

0
1) = 200 GeVpoint. As illustration on how to interpret this

figure, the first systematic, “syst_VV_PDF”, which describes the PDF uncertainty
on the di-boson background, has a slightly tighter constraint from the combination
(shown in red), compared to the constraint coming from the 1L analysis alone (shown
in black), as it is correlated across the 1L and 2L0J wave 1 analyses. Only NPs that see a
difference in their constraints greater than 1% are included in Figure 6.8, demonstrating
that most NPs are not significantly impacted by being correlated.

The NP pulls on fits to observed data are also examined to check if correlating
the systematic uncertainties significantly changes the pulls compared to the individ-
ual analysis fits. As an example, a comparison of the observed pulls for the same
m(χ̃

±
1 ) = 500 GeV, m(χ̃

0
1) = 200 GeV mass point is shown in Figure 6.9. Only NPs for

which the pull has changed by more than 0.05 are shown. For this mass point, a signif-
icant change in the pull of the “MUON_ID” NP, which describes an uncertainty in the
muon identification algorithm, is seen. Consequently, it would not be recommended
to correlate this NP between these two analyses.

Given the small differences in the CLs values when correlating the systematic un-
certainties, and for harmony with other SUSY analysis combinations, it was ultimately
chosen to not correlate any systematic uncertainties aside from the luminosity and
signal cross-section uncertainties for the final results. The comparison of the expected
CLs values between the correlation schemes discussed here indicates that this choice
leads to slightly conservative limits for the points which stand to gain the most from
the combination, but that the overall impact from correlating uncertainties is small.
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Figure 6.7: The relative difference in the expected upper limit on the signal strength when
correlating (Corr) vs not-correlating (UnCorr) systematic uncertainties across the
different analyses. Negative values indicate where the correlated limit is lower,
and thus where there is a sensitivity gain from correlating systematic uncertainties.
Points with χ̃±1 masses less than 300 GeV are not shown as they are only evalu-
ated for the 2L0J analyses, hence they are not effected by the choice to correlate
uncertainties.
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Figure 6.8: Comparison of the NP constraints from the expected combined fit for m(χ̃
±
1 , χ̃0

1) =
(500, 200) GeV. Points in red show the fitted value of the NPs with their errors from
the combined fit, while points in black show the fitted value for the same NP from
the fit of one of the analyses, which analysis being indicated by the left-hand label.
Only NPs which exhibit a change greater than 1% are included. No pulls are seen
due to this being a fit using expected data yields.
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Figure 6.9: Comparison of NP constraints from the observed combined fit for m(χ̃
±
1 , χ̃0

1) =
(500, 200) GeV, following the same colour and labelling scheme as Figure 6.8. Only
NPs which exhibit a change greater than 1% are included.
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6.4 Results

The expected and observed exclusion contours from the combined fits are shown in
Figure 6.10, overlaid with the contours from the individual analyses for comparison.
Significant gain from the combination is evident. In particular, it can be seen that
the improvement from the combination is greatest for χ̃±1 masses around 700 GeV,
where the expected reach in χ̃0

1 mass is extended by 100 GeV due to both the 1L and
all-hadronic analysis having significant sensitivity. The gap in the observed limit
between the 1L and all hadronic analyses is also closed due to the combination. A
notable improvement in sensitivity can be seen at χ̃±1 masses around 350 GeV as well,
primarily from the combination of the 2L0J and 1L analyses. To further demonstrate
the gain from the combination, Figure 6.11 shows the relative change in the expected
upper limit on the signal strength between the combined fit and the otherwise best
expected analysis. From this figure it can be seen that the upper limit on the signal
strength is improved by up to 30%. Upper limits on the cross-section resulting from
the combination are shown in Section A.4 of the appendix.
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Figure 6.10: Expected and observed 95% CL exclusion contours from each individual analysis,
and from the statistical combination. Uncertainty bands are shown only for the
combination.
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Figure 6.11: The relative difference in the expected upper limits on the signal strength between
the combination and best expected analysis for each point. The shading is con-
structed using all the points used in the combination, of which only a subset are
labelled.

6.5 Conclusion

In this chapter, the results of four previous ATLAS searches for chargino pair-production
have been statistically combined for the first time. A significant gain in the overall
sensitivity to this production mode results from the combination, particularly for
chargino masses between 350 GeV and 700 GeV, for which models with χ̃0

1 masses of
up to 160 GeV are excluded. The expected limits presented here are the strongest for all
values of χ̃±1 mass, while the observed limits are the strongest for all values chargino
mass except for masses between 550 GeV and 650 GeV, for which the observed limits
from the CMS all hadronic search (Figure 6.3) are marginally stronger.
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Conclusion

In this thesis, three strategies for extending the reach of searches for staus, charginos
and neutralinos with the ATLAS experiment at the Large Hadron Collider have been
presented. Firstly, in Chapter 4 a new search for direct stau production utilising
machine learning was detailed. No significant excesses were seen compared to the
Standard Model (SM) predictions but new, world-leading limits were set on the sim-
plified model used to design the search. In particular, the sensitivity at 95% confidence
level (CL) to mass degenerate τ̃L and τ̃R was extended down to stau masses as low
as 80 GeV, closing a sensitivity gap between previous ATLAS limits and those set by
experiments at the Large Electron Positron (LEP) collider. At high τ̃ masses the sensi-
tivity extends to 500 GeV, 100 GeV greater than the previous ATLAS search using the
same dataset. The depth of the sensitivity was also improved such that this new search
was able to set the first 95% CL limits at the ATLAS experiment on τ̃R production,
excluding models for which 100 < m(τ̃R) < 350 GeV. A large portion of the improved
sensitivity is due to the machine learning based event selection. Further sensitivity
gains are likely possible using this approach with increased statistics for training more
complex models. Additionally, combining this search channel, in which both of the
tau-leptons decay hadronically, with future searches in which one of the tau-leptons
decays leptonically, will also improve the sensitivity for models with smaller mass
differences between the τ̃ and χ̃0

1.

Secondly, two new search channels for ultra-compressed charginos and neutralinos
were explored in Chapter 5. A re-interpretation of a previous ATLAS search for
physics beyond the Standard Model in a final state with a highly energetic jet and
large missing transverse momentum was shown to have significant sensitivity to
simplified SUSY models with ultra-compressed charginos and neutralinos. For the
wino/bino scenario, the observed limits set by this search look to be able to exclude,
at 95% CL, models with χ̃0

2 masses as high as 140 GeV, which have not been excluded
by any previous analysis. For the higgsino scenario, the expected limit closes the gap
in sensitivity between previous ATLAS searches and the LEP limit for mass splittings

261



Conclusion

between 0.4 and 3 GeV, though the observed limit falls below that of the experiments
at LEP. Given the sensitivity demonstrated by this study, the mono-jet search should
be included in reinterpretations of ATLAS searches for more general SUSY models
with ultra-compressed charginos and neutralinos.

A sensitivity study of the Vector Boson Fusion (VBF) channel to the ultra-compressed
models was also performed in Chapter 5. The VBF channel was found to have sig-
nificantly less sensitivity than the mono-jet channel discussed above, not having
sensitivity at 95% CL to models not already excluded by the LEP experiments, even
when employing a BDT for enhanced background reduction. The channel was also
found to be less sensitive than a similar analysis performed by the CMS experiment
due to differences in the signal generation and resulting signal models used to assess
the sensitivity. At present, some ambiguity remains as to what generation setup yields
models that are more useful in assessing the general sensitivity of the VBF channel
to the production of ultra-compressed charginos and neutralinos, with the signals
used here representing a conservative case. Thus, the possibility of combining the VBF
channel with the mono-jet channel and indeed other search channels was discussed
but its execution is left to future work.

Lastly, in Chapter 6 the results of previous ATLAS searches for chargino pair
production in two lepton, one lepton, and all hadronic final states were statistically
combined resulting in a significant extension of the total sensitivity reach to this
process. For χ̃±1 masses around 700 GeV, the expected reach in χ̃0

1 mass was extended
by 100 GeV and the upper limits on the signal strengths were increased by up to 30%.

As a closing note, it is worth recalling that the searches presented in this thesis
make use of the data collected by the ATLAS experiment between 2015 and 2018 which
represents only a small fraction (∼5%) of the total data that will be collected by the
experiment across the operational lifetime of the Large Hadron Collider. Accordingly,
more searches for sparticles are certain to be performed in the years to come which will
make use of this additional data. This likely includes future iterations of the searches
for staus, charginos and neutralinos via the production modes discussed here. Having
demonstrated their effectiveness for these SUSY signatures, the strategies detailed
here should be reused and further developed when performing these searches in order
to maximize their sensitivity reach.
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A.1 Breakdown of Authors Contributions

For clarity, a breakdown of the authors contributions to the work presented in Chapters
4 (search for direct stau production), 5 (searches for ultra-compressed charginos and
neutralinos) and 6 (combination of searches for chargino pair production) are detailed
below.

A.1.1 Search for Direct Stau Production

The author was responsible for the following aspects of the analysis:

• Designing the signal clustering for the BDTs which enabled the search to obtain
the first sensitivity to right-handed only stau production.

• Training and optimization of all BDTs, implementing cross evaluation to ensure
predictions are valid.

• Adapting the multi-jet background estimate to be done simultaneously with the
normalisation of other background processes, which led to better agreement with
the Standard Model predictions in relevant validation regions

• Proposed and designed the Inclusive Validation Region, which significantly
enhances the reliability of the search.

• Addition of a Z+jets Control and Validation Region, on the suggestion of collabo-
rators.

• Refinement of all previously defined Control and Validation regions.

• Re-evaluation of signal and background theoretical uncertainties.
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• Re-processing of ntuples for the direct stau channel to fix bugs, adapting code
originally written by a collaborator.

• Request of higher statistic signal samples for the low and compressed mass
models, which resulted in improved sensitivity in this region of parameter space.

• Setting up, running and validating all statistical fits, including unblinding of the
signal regions.

• Making all final post fit kinematic distributions and exclusion contours.

• SimpleAnalysis [163] implementation and computation of quantities for HEP-
Data.

• Presenting a poster on the direct stau channel at the LHCP 2023 conference.

A.1.2 Searches for Ultra-compressed Charginos and Neutralinos

For the Vector Boson Fusion sensitivity channel, the authors main contributions were:

• Development of analysis framework.

• Collating background Monte Carlo samples.

• Initial ntuple productions.

• Preparing signal sample requests.

• Comparisons of MadGraph, Sherpa-2.2.1 and Sherpa-2.2.11 V+jets Monte Carlo
samples.

• Fit studies comparing the sensitivity of binning in missing transverse energy, dijet
invariant mass and the BDT score.

• Studies showing the potential gain of using the kinematics of additional jets for
training the BDTs and dividing the signal region by jet multiplicity.

• Studies to help identify the origin of the discrepancy with the CMS analysis.

• Preliminary testing of a ‘double ratio’ method for estimating the V+jet back-
grounds.
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For the re-interpretation of the Mono-jet search, the authors main contributions
were:

• Request and validation of generated signals.

• Computation of signal cross-sections to be used for the RECAST based upon the
inclusive cross-sections.

• Preparing inputs for and running of the RECAST.

• Studies assessing the viability of performing a combination with the VBF channel.

A.1.3 Combination of Searches for Chargino pair-production

For the combination of searches for chargino pair-production, broadly, the author
was responsible for recalculating the CLs values for the individual analyses, selecting
the grid points to be included in the combination and assessing which systematic
uncertainties could be correlated between the analyses while a collaborator ran most
of the final combinations, assessed the stability of the statistical fits, and setup the final
plots, but there was substantial overlap between these responsibilities.

A.2 Additional details for the Direct Stau Search

This section of the appendix provides additional details on the search for direct stau
production presented in Chapter 4.

A.2.1 Signal and Background Shape Comparisons

Figure A.1 show the shapes of the BDT input kinematic variables for example signal
points and the total SM background used in the training. These plots are for events
passing the nominal BDT training preselection, detailed in Table 4.3.
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Figure A.1: Shape comparison of total background and example signal point passing the BDT
preselection cuts.
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Figure A.1: Shape comparison of total background and example signal point passing the BDT
preselection cuts.
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Figure A.1: Shape comparison of total background and example signal point passing the BDT
preselection cuts.
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A.2.2 Additional BDT Diagnostics

Comparisons of BDT score distributions for training and evaluation sets for the other
fold splittings for each of the four signal groups are shown in Figures A.2 and A.3.
The same notes as for the distributions for fold 1 in the main text (Figure 4.4) apply.
Although for some models the test background prediction is greater than the prediction
for the training set, the disagreement is not significant according to the chi-squared
test. Figure A.4 shows a comparison of the BDT score distributions of the evaluation
sets for each fold as in Figure 4.6 in the main text but also includes negatively weighted
events and events with weights larger than two (which are not included in the BDT
training, and thus could be evaluated with any of the BDTs). Agreement between the
folds is seen and the effect of the largely weighted events in apparent in the size of the
uncertainties which (as in Figure 4.6) are purely statistical.
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(b) Signal group 2, fold 2
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(c) Signal group 3, fold 2
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Figure A.2: Additional train/test comparisons for fold splitting 2 for BDTs trained with the
different signal groups.
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Figure A.3: Additional train/test comparisons for fold splitting 3 for BDTs trained with the
different signal groups.
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Figure A.4: Comparison of the evaluation sets across the different train/evaluation splits, for
each set of BDTs, including weights with large (event weight >2) and negatively
weighted events.
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A.2.3 Comparison of Tight and Medium Tau-ID Working Points

Given the W+jets background, in which one of the reconstructed tau-leptons originates
from a jet, is the dominant background in SR-BDT1, which targets the low mass signal
points, it is worth evaluating whether using the tight working point (WP) of the RNN
tau-ID algorithm instead of the medium WP could enhance the sensitivity in this
signal region (SR). Whether such a change is beneficial is a trade-off between enhanced
S/B and lower overall statistics, the latter factor being exacerbated in this case by the
use of machine learning for the signal region selections. For reference, the average
signal efficiencies and background rejection factors for the tight and medium WPs are
shown in Table A.2.

Signal efficiency Background rejection
Working point 1-prong 3-prong 1-prong 3-prong

Tight 60% 45% 70 700
Medium 75% 60% 35 240

Loose 85% 75% 21 90

Table A.2: Average signal efficiencies and background rejection factors for the RNN tau-ID
algorithm, reproduced from [76], as determined from simulated γ∗ → ττ (signal)
and dijet (background) data events.

To assess the effectiveness of the different WPs, first the yields passing the BDT
training preselection requirements (Table 4.3) are compared for the cases where both
tau-leptons must pass the medium WP (as in the main text) and the tight WP. These
yields are shown in Table A.3. For the case where the tau-leptons are required to pass
the tight WP, the multi-jet prediction, where both of the tau-leptons originate from
jets, is taken as the nominal prediction for the medium WP scaled down by a factor
of nine. The factor of nine is based upon the W+jets background (in which only of
the tau-leptons originates from a jet) being reduced by a factor of three in moving
from the medium to tight WP. In moving to the tight WP, the total background yield
reduces by ∼60%, with the dominant reduction coming from the multi-jet and W+jets
backgrounds, while the signal yields are reduced by ∼30%, hence there is a significant
improvement in the total S/B.
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Sample Medium Tight
Multi-jet 193.6 ± 2.6 21.2 ± 0.9

Z+jets 142 ± 25 116 ± 24
W+jets 105 ± 20 35 ± 12

Top 28.1 ± 2.0 15.1 ± 1.5
Multi-boson 29.4 ± 1.8 17.9 ± 1.4

Higgs 2.9 ± 0.5 1.28 ± 0.13

SM total 501 ± 33 207 ± 27

m(τ̃, χ̃0
1) = (80, 20) GeV 71.9 ± 1.9 49.0 ± 1.6

m(τ̃, χ̃0
1) = (100, 40) GeV 53.5 ± 1.2 35 ± 1.0

m(τ̃, χ̃0
1) = (120, 60) GeV 40.1 ± 3.3 28.3 ± 2.8

Table A.3: Weighted yields at 139 fb-1 of events passing the BDT Preselection requirements
for the SM backgrounds and low mass signal processes in the cases where both
the tau-leptons are required to mass the medium or tight WP of the RNN Tau-ID
algorithm discussed in the main text. Uncertainties are purely from MC statistics.

Evaluating the impact this could have on the sensitivity, high granularity distri-
butions of BDT 1 score are plotted for events passing this selection with significance
scores for example low mass signal points, using the standard ATLAS formula for
estimating significance [151] with a flat 20% plus MC statistical uncertainty on the
background (as was done for the SR selections in the main body), and are shown
in Figure A.5. These distributions are also shown with a coarser binning and signif-
icance score per bin in Figure A.6 and the maximum single bin significance scores
obtainable by cutting on BDT 1 score are tabulated in Table A.3. From these maximum
scores, a gain of ∼25% is apparent for the m(τ̃, χ̃0

1) = (120, 60) GeV point, while the
m(τ̃, χ̃0

1) = (80, 20) GeV point sees a smaller 10% increase and the m(τ̃, χ̃0
1) = (100, 40)

sees a slight decrease in moving from the medium to tight WP. Further, the distribution
of the significance scores with the tight WP used are noticeably flatter than for the
medium WP, suggesting an SR defined using the tight WP in the BDT 1 score is more
likely to benefit from the use of a shape fit. Additionally, the kinematic distributions
for events passing the medium/tight WPs are also different, hence further gain for the
tight WP case may be possible from re-training the BDTs using events passing only
the tight WP.

However, such a gain could potentially be offset by the reduced statistics that
would be available for training the BDTs. Moreover, if the strategy used in the main
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text is followed, than the BDTs would have to be retrained with the restrictions applied
during training to prevent regions of artificially high S/B being isolated modified to
reflect the reduced statistics (in particular, the pre-binning of the input features would
be significantly coarser). It is also likely that, though the yield is greatly reduced, the
uncertainty on the multi-jet estimate would be larger were it to be estimated in the
same way due to the lower statistics in the ABCD control regions that would require
the tight rather than medium tau-leptons. Given the low MC statistics, an alternative
method for estimating the W+jets background may be necessary as well. Hence, from
this simple study, it is not possible to fully determine whether a significant gain would
be possible for the low mass signals in moving from the medium to tight RNN tau-ID
WPs, but there is certainly potential. Thus, the use of the tight WP for SRs targeting
signals with low m(τ̃) should be studied in more detail in future iterations of the
analysis, particularly if a greater integrated luminosity is used.
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Figure A.5: Significance scores for selecting on BDT 1 score for using the medium and tight
tau-ID working points. Scores are shown for example signal points with low m(τ̃).

Signal Medium Tight

m(τ̃, χ̃0
1) = (80, 20) GeV 1.71 1.88

m(τ̃, χ̃0
1) = (100, 40) GeV 1.50 1.46

m(τ̃, χ̃0
1) = (120, 60) GeV 1.18 1.46

Table A.4: Maximum significance scores obtainable by cutting on BDT 1 score for example
signal points in the cases where both tau-leptons are required to mass either the
medium of tight WP of the RNN tau-ID algorithm.
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Figure A.6: Significance scores per bin of the BDT 1 score distribution for using the medium
and tight tau-ID working points. Scores are shown for example signal points with
low m(τ̃). Note that a finer binning than the one shown here (like the one used in
the main text) is more optimal when using the medium WP.

A.2.4 Simplified Multi-jet Estimation Comparison

Figure A.7 shows comparisons of a selection of kinematic variables between the
simplified and full multi-jet estimates, described in Section 4.6.1, at BDT preselection
level. In general, the agreement between the different methods is good, although
the simplified estimate is larger at high Emiss

T and high pT where the overall multi-jet
contribution is small.

276



Appendix

100 150 200 250 300

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 2
0.

0 
G

eV

Full MJ estimate

Simplified MJ estimate

1− = 13 TeV, 139.0 fbs
BDT Preselection

100 150 200 250 300

) [GeV]1τ(
T

p

0

1

2

3

S
im

pl
ifi

ed
/F

ul
l

(a) pT(τ1)

100 150 200

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 2
0.

0 
G

eV

Full MJ estimate

Simplified MJ estimate

1− = 13 TeV, 139.0 fbs
BDT Preselection

100 150 200

) [GeV]2τ(
T

p

0
0.5

1
1.5

2

S
im

pl
ifi

ed
/F

ul
l

(b) pT(τ2)

50 100 150

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 2
0.

0 
G

eV

Full MJ estimate

Simplified MJ estimate

1− = 13 TeV, 139.0 fbs
BDT Preselection

50 100 150

 [GeV]T
missE

0
1
2
3
4

S
im

pl
ifi

ed
/F

ul
l

(c) Emiss
T

1 2 3 4

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 0
.5

 

Full MJ estimate

Simplified MJ estimate

1− = 13 TeV, 139.0 fbs
BDT Preselection

1 2 3 4

)2τ, 
1

τ R(∆

0
0.5

1
1.5

2

S
im

pl
ifi

ed
/F

ul
l

(d) ∆R(τ1, τ2)

40 60 80 100

1−10

1

10

210

310

410

E
ve

nt
s 

/ 5
.0

 G
eV

Full MJ estimate

Simplified MJ estimate

1− = 13 TeV, 139.0 fbs
BDT Preselection

40 60 80 100

) [GeV]2τ, 1τ(T2m

0
0.5

1
1.5

2

S
im

pl
ifi

ed
/F

ul
l

(e) mT2(τ1, τ2)

100 200 300 400

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 5
0.

0 
G

eV

Full MJ estimate

Simplified MJ estimate

1− = 13 TeV, 139.0 fbs
BDT Preselection

100 200 300 400

) [GeV]2τ(
T

) + m1τ(Tm

0

1

2

3

S
im

pl
ifi

ed
/F

ul
l

(f) mT(τ1) + mT(τ2)

Figure A.7: Comparison of the simplified and full multi-jet estimation methods for events
passing the BDT preselection. The simplified method includes no negatively
weighted events and is used only to train the BDTs.

277



Appendix

A.2.5 Cut Flow Tables

Tables A.5 and A.6 show the expected number of events at 139 fb-1 sequentially passing
the signal region selections.

Selection [80, 1] [160, 1] [200, 100] [400, 1]

Preselection 413.0 230.0 89.7 18.5
trigger matching 410.2 227.3 89.3 18.3
Electron veto 407.1 224.9 88.9 18.2
Muon veto 404.9 224.4 88.3 18.1
OS τ pair 399.3 221.3 87.1 17.8
mT2(τ1, τ2) > 30 GeV 99.8 125.6 47.6 14.5
asymm. ditau τ pT thresholds 64.5 93.8 32.0 12.7
3rd baseline Tau veto 64.5 93.6 31.9 12.7
b-jet veto 63.4 91.1 31.0 12.4
mττ > 120 GeV 63.1 90.6 30.8 11.9
∆R(τ1, τ2) < 4 63.1 90.6 30.8 11.8
Emiss

T > 20 GeV 62.5 90.3 30.8 11.8

SR BDT-1 (BDT1score > 0.73) 40.3 45.3 15.4 4.6
SR BDT-2 (BDT2score > 0.78) 4.2 31.6 11.6 9.5
SR BDT-3 (BDT3score > 0.79) 10.8 41.5 15.1 9.4
SR BDT-4 (BDT4score > 0.64) 0.1 10.3 3.2 7.3

Table A.5: Number of expected signal events at 139 fb-1 passing the selections for the direct
stau signal regions for example [m(τ̃), m(χ̃0

1)] signal points, with masses in GeV.
Here ‘Preselection’ refers to events passing the asymmetric ditau trigger and having
at least two signal tau-leptons, which was required in the ntuple production of
these signals. The OS τ pair requirement is for the two highest pT tau-leptons to be
of opposite sign. Cuts except the BDT score cuts are applied consecutively, while
the BDT score cuts are applied one at a time.
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Selection Multi-jet Z+jets W+jets Top

Preselection - 18984.2 4085.7 2403.2
trigger matching - 18615.1 4001.2 2215.5
N sig. τ ≥ 2 - 14412.2 2153.2 1486.9
Electron veto - 14117.4 1919.0 1397.5
Muon veto - 13880.7 1871.8 1316.9
OS τ pair - 13612.6 1593.4 1259.7
mT2(τ1, τ2) > 30 GeV 820.9 1400.4 256.6 309.2
asymm. ditau τ pT thresholds 291.8 838.1 120.6 154.3
3rd baseline Tau veto 288.6 835.1 119.7 153.1
b-jet veto 269.9 735.8 111.4 30.4
mττ > 120 GeV 239.3 145.2 106.3 28.9
∆R(τ1, τ2) < 4 219.8 146.2 107.5 28.5
Emiss

T > 20 GeV 193.6 142.1 104.5 28.1

SR BDT-1 (BDT1score > 0.73) 4.6 7.1 22.7 7.8
SR BDT-2 (BDT2score > 0.78) 0.0 2.0 1.6 2.1
SR BDT-3 (BDT3score > 0.79) 0.0 6.1 2.3 3.7
SR BDT-4 (BDT4score > 0.64) 0.2 0.2 0.0 0.2

Selection Higgs Multi-boson SM Total Data

Preselection 478.6 819.7 - 77530
trigger matching 462.1 735.8 - 76540
N sig. τ ≥ 2 365.0 560.7 - 31427
Electron veto 352.3 507.2 - 30958
Muon veto 339.1 456.0 - 30500
OS τ pair 327.5 410.9 - 24528
mT2(τ1, τ2) > 30 GeV 58.9 112.6 2958.5 3127
asymm. ditau τ pT thresholds 35.2 63.6 1503.5 1562
3rd baseline Tau veto 34.1 61.0 1491.6 1554
b-jet veto 28.5 55.8 1231.8 1274
mττ > 120 GeV 4.1 30.0 554.0 605
∆R(τ1, τ2) < 4 4.1 29.8 536.0 587
Emiss

T > 20 GeV 2.9 29.4 500.6 534

SR BDT-1 (BDT1score > 0.73) 0.0 6.6 48.8 36
SR BDT-2 (BDT2score > 0.78) 0.0 4.1 9.3 4
SR BDT-3 (BDT3score > 0.79) 0.1 4.5 16.6 7
SR BDT-4 (BDT4score > 0.64) 0.0 1.8 2.3 1

Table A.6: Number of expected background and data events at 139 fb-1 passing the selections
for the direct stau signal regions. Here, the ‘Preselection’ requirement is for events
to be selected by the asymmetric ditau trigger and to have at least two baseline
tau-leptons. The OS τ pair requirement is for the two highest pT tau-leptons to be
of opposite sign. Normalisation factors from the background-only fit to the control
regions are applied to Z+jets, W+jets and top backgrounds. Selections except those
on the BDT score cuts are applied consecutively, while the BDT score cuts are
applied exclusively. No yields are shown for the multi-jet or total SM prior to the
selection on mT2(τ1, τ2) as prior to this selection there is no multi-jet estimate.
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A.2.6 Cross-section Upper Limits

Figure A.8 shows the observed 95% CL cross-section upper limits set by the direct
stau analysis (using the best expected signal region for each point). Expected and
observed contours showing where the upper limits are equal to the cross-sections of
the simplified models are overlaid. Note all the fits used to compute these limits use
the asymptotic approximation instead of pseudo-experiments as was done in the main
text for the computation of the CLs values for the fits using SR-BDT2, SR-BDT3 and
SR-BDT4. This results in slightly stronger limits at high m(τ̃) compared to the results
shown in the main text.
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Figure A.8: Observed 95% CL upper limits on the cross-section for (a), τ̃L,R, (b), τ̃L and (c), τ̃R
production. The contour lines indicate where the upper limits equal that of the
theoretical predictions.
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A.3 Additional details for the Vector Boson Fusion

Sensitivity Study

This section provides additional information on the Vector Boson Fusion sensitivity
study presented in Chapter 5, specifically the BDT used.

A.3.1 Signal vs Background Shape plots

Figure A.9 shows comparisons of the shapes of the kinematic variables that are used
as input features for the BDTs between the signal and background samples used in the
training.

A.3.2 Additional BDT details

Figure A.10 shows comparisons of the BDT score distributions between the training
and evaluation sets of the optimal models used in the VBF sensitivity study, for the
four other fold splittings. In general the models are very consistent with the first fold
splitting shown in the main text in Figure 5.8.
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Figure A.9: Shape comparison of total background and averaged signal for at the VBF BDT
preselection level.
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Figure A.9: Shape comparison of total background and averaged signal for at the VBF BDT
preselection level.
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Figure A.9: Shape comparison of total background and averaged signal for at the VBF BDT
preselection level.
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Figure A.9: Shape comparison of total background and averaged signal for at the VBF BDT
preselection level.
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Figure A.10: Additional training/evaluation set comparisons for the BDTs used in the VBF
sensitivity study.
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A.3.3 Cut Flow Tables

Tables A.7 and A.8 show the number of expected events at 139fb-1 passing the VBF
signal region selections as they are applied sequentially.

Selection HH
(100,99)

WB
(100,99)

WB
(140,139)

Preselection 2296.8 4728.9 1923.1
Emiss

T > 250 GeV 1414.7 2918.0 1254.1
min[∆φ(j, Emiss

T )] > 0.4 1109.1 2330.2 1024.7
Baseline lepton veto 1071.9 2230.0 985.5
b-jet veto 934.2 1953.6 873.0

pj1
T > 60 GeV 923.0 1930.7 864.5

pj2
T > 60 GeV 599.7 1295.7 609.1

∆ηjj > 3.8 248.4 592.4 289.9
Mjj > 1000 GeV 214.9 522.7 260.0

BDT score > 0.65 340.8 781.7 399.1

Table A.7: Number of expected signal events at 139 fb-1 passing the VBF signal region se-
lections for benchmark (m(χ̃0

2) GeV, m(χ̃0
1) GeV) mass points. Requirements are

applied sequentially except for the additional requirements, separated by horizontal
lines, that define SR-CMS and SR-BDT, which are applied separately. Preselection
refers to events passing and matching the Emiss

T trigger, and having two VBF-tagged
jets (non-b-tagged, pT > 30 GeV) in opposite hemispheres (η j1 × η j2 < 0) with
invariant mass Mjj > 600 GeV.
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Selection QCD
Z+jets

QCD
W+jets

EW Z+jets EW
W+jets

Preselection 562841.7 1328706.1 23242.6 68690.6
Emiss

T > 250 GeV 218411.6 327225.1 10762.4 20201.4
min[∆φ(j, Emiss

T )] > 0.4 165479.3 219217.9 8993.8 14805.1
Baseline lepton veto 157668.0 84080.3 8697.9 4660.1
b-jet veto 139434.8 71838.6 8102.4 4126.7

pj1
T > 60 GeV 134437.4 69141.4 8030.6 4084.5

pj2
T > 60 GeV 71631.2 35833.5 6232.2 3086.9

∆ηjj > 3.8 18952.3 10158.5 2666.9 1415.0
Mjj > 1000 GeV 14568.8 7805.8 2484.0 1322.8

BDT score > 0.65 17811.6 7144.3 3143.3 1382.3

Selection Multi-
boson

Top Total SM

Preselection 65669.1 649372.5 2698522.7
Emiss

T > 250 GeV 23835.3 152946.4 753382.2
min[∆φ(j, Emiss

T )] > 0.4 14751.7 69953.8 493201.6
Baseline lepton veto 7074.9 17804.8 279986.1
b-jet veto 5496.3 2413.7 231412.5

pj1
T > 60 GeV 5299.3 2284.8 223278.1

pj2
T > 60 GeV 3101.9 1187.6 121073.3

∆ηjj > 3.8 805.5 445.5 34443.8
Mjj > 1000 GeV 598.3 320.2 27100.0

BDT score > 0.65 671.0 188.1 30340.5

Table A.8: Number of expected background events at 139 fb-1 passing the VBF signal region
selections. Requirements are applied sequentially except for the additional require-
ments, separated by horizontal lines, that define SR-CMS and SR-BDT, which are
applied separately. Preselection refers to events passing and matching the Emiss

T
trigger, and having two VBF-tagged jets (non-b-tagged, pT > 30 GeV) in opposite
hemispheres (η j1 × η j2 < 0) with invariant mass Mjj > 600 GeV. No corrections
factors are applied to the V+jets backgrounds.
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A.4 Cross-section Upper Limits for Chargino

Pair-production Combination

Figure A.11 shows the observed 95% CL cross-section upper limits resulting from
the combination of searches for chargino pair-production in Chapter 6. Expected and
observed contours showing where the upper limits are equal to the cross-sections of
the simplified models are overlaid.
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Figure A.11: Observed 95% CL cross-section upper limits.
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Colophon

This thesis was made in LATEX 2ε using the “hepthesis” class [177].
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