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Abstract

While the Standard Model of particle physics is a theoretical framework extremely well val-
idated by experiments, it cannot provide answers to a number of questions raised by obser-
vations and theoretical considerations. This motivates the introduction of extensions of the
Standard Model, as e.g. supersymmetric theories. Supersymmetry associates supersymmet-
ric partners to the Standard Model particles and can thus, for example, provide a candidate
for dark matter.
In the first part of this work a search for the electroweak production of supersymmetric
particles with compressed mass spectra in a final state with two same-flavour leptons, high
missing transverse momentum and hadronic activity is presented. The search uses 139 fb−1

of data from proton-proton collisions at a center-of-mass energy of
√
s = 13 TeV, recorded

with the ATLAS detector at the Large Hadron Collider. No significant deviation from the
Standard Model prediction is seen in data and the analysis sets limits on the supersymmetric
particles in simplified models. The search is able to exclude electroweakinos in scenarios with
very small smass splittings down to 1.5 GeV.
In the second part of this work larger efforts within the ATLAS cooperation, in which the
presented search is embedded in, are introduced. These efforts aim to perform a large-scale
reinterpretation of ATLAS searches for electroweak production of supersymmetric particles
in a subspace of a set of more complete supersymmetric models. Analysis simplifications
necessary to perform such computationally challenging, large-scale reinterpretations are dis-
cussed. Preliminary studies are performed and their results are discussed, with a focus on
the impact of the search presented in the first part of this work on the more complex model
space. Ideas for additional efforts with a special focus on the dark matter perspective are
also presented.



Zusammenfassung

Obwohl das Standardmodell der Teilchenphysik eine sehr gut durch Experimente verifizierte
Theorie ist, gibt es durch Beobachtungen und theoretische Überlegungen aufgeworfene Fra-
gen, die es nicht beantworten kann. Diese Tatsache ist der Grund für die Einführung von
Erweiterungen des Standarmodells wie z.B. supersymmetrische Theorien. Supersymmetrie
sagt die Existenz von supersymmetrischen Partnern für die Teilchen des Standardmodells
voraus und kann somit unter anderem einen Teilchenkandidaten für Dunkle Materie liefern.
Im ersten Abschnitt dieser Arbeit wird eine Suche nach, durch die elektroschwache Wech-
selwirkung produzierten, supersymmetrischen Teilchen mit sehr komprimierten Massespek-
tren vorgestellt. Endzustände mit einem Elektron-Positron- oder Myon-Antimyon-Paar, hoher
fehlender Transversalenergie und hadronischer Aktivität werden untersucht. Die Suche be-
rücksichtigt 139 fb−1 an Daten aus Proton-Proton Kollisionen bei Schwerpunktsenergien von√
s = 13 TeV, die mit dem ATLAS Detektor am Large Hadron Collider aufgezeichnet wurden.

In den Daten wird keine signifikante Abweichung von den Vorhersagen des Standardmodells
beobachtet, weshalb die Analyse dazu benutzt wird gewisse Bereiche für die Massen der su-
persymmetrischen Teilchen vereinfachter Modelle auszuschließen. Die Suche kann Neutralinos
und Charginos in Szenarien mit sehr geringen Massendifferenzen bis zu 1,5 GeV ausschließen
Im zweiten Teil der Arbeit werden übergeordnete Forschungsanstrengungen innerhalb der
ATLAS Kollaboration beschrieben, in welche die beschriebene Suche eingebettet ist. Das
Ziel dieser Studien ist eine umfassende Neuinterpretation von Suchen nach, durch die elek-
troschwache Wechselwirkung erzeugten, supersymmetrischen Teilchen in einem Unterraum
einer Menge von vollständigeren supersymmetrischen Modellen. Die notwendigen Vereinfa-
chungen bezüglich der Analysen um eine solche rechenintensive Neuinterpretation durch-
zuführen werden besprochen. Vorläufige Studien werden durchgeführt und deren Ergebnisse
werden diskutiert mit einem Fokus auf den Effekt der im ersten Abschnitt besprochenen Suche
auf den komplexeren Modellraum. Darüber hinaus werden Ideen für weitere Forschungsan-
strengungen mit einem speziellen Fokus auf die Interpretation hinsichtlich Dunkler Materie
präsentiert.
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Chapter 1

Introduction

The goal of particle physics is to provide a description of nature on the most fundamental level
by studying the elementary building blocks of matter and their interactions. Especially during
the second half of the 20th century a fruitful interplay between theoretical predictions and
experimental observations improved the physicists’ understanding of nature on the subatomic
scale. These developments resulted in a theoretical framework, called the Standard Model
(SM) of particle physics. Since then the SM continually proved to be a highly succesful theory
with many of its predictions experimentally tested to remarkable precision. The discovery
of the Higgs boson by the ATLAS and CMS collaborations at the Large Hadron Collider
(LHC) in 2012 experimentally completed the SM. While this discovery of the last missing
constituent of the SM is another important milestone in particle physics, it also gives rise to
the question of what comes next, especially in terms of experimental physics.
In fact, there are several experimental observations and theoretical considerations, which can
not be explained or even addressed in the SM. For example, the existence of dark matter
(DM) is well-established by cosmological observations, but no particle in the SM has suitable
properties to be a candidate for it. The SM describes three of the four fundamental forces in
nature, namely the electromagnetic and weak forces, which are described in a unified way as
the electroweak force as well as the strong force. From the theoretical perspective it seems
plausible that an extension of the SM should exist for which the three forces are described
in a unified way at high energies. Ultimately a fundamental description of nature, valid at
energies corresponding to the Planck scale should also contain a description of gravity.
Many different approaches to physics beyond the Standard Model (BSM), aiming to explain
its shortcomings, exist. One popular theoretical framework extending the SM is Super-
symmetry (SUSY), which postulates a symmetry between bosonic and fermionic states and
associates supersymmetric partners to the SM particles. SUSY can thus, for example, provide
a candidate particle for DM.
As theoretical considerations suggest that supersymmetric particles could have masses at
a scale that can be probed with the LHC a lot of research within the ATLAS and CMS
experiments is dedicated to the search for SUSY. So far no signs for the existence of super-
symmetric particles have been found. After the recent completion of the second run of the
LHC at an upgraded center-of-mass energy of 13 TeV a larger than ever before amount of
data is available to be analysed by the researchers. This in particular enables searches for
supersymmetric particles produced through the electroweak interaction, which were in the
past limited by low production cross sections.
This work presents search efforts for the SUSY partners of the Higgs and gauge bosons, re-
ferred to as electroweakinos. The search uses 139 fb−1 of proton-proton collision data recorded

1



2 CHAPTER 1. INTRODUCTION

at a centre-of-mass energy of
√
s = 13 TeV and is interpreted in two different theoretical mod-

els with differing complexity. Chapter 2 provides an introduction to the relevant theoretical
concepts of the SM and SUSY. An overview of the LHC and the ATLAS experiment is given
in Chapter 3. In Chapter 4 the aforementioned search for electroweakinos is introduced and
its results in the context of a simplified model are reported. The content in this chapter
reviews the results of the search originally presented in Ref. [1]. Reinterpretations of SUSY
searches, focusing on the search presented in the previous chapter, in a more complete super-
symmetric scenario, referred to as the phenomenological Minimal Supersymmetric Standard
Model (pMSSM) are discussed in Chapter 5. Chapter 6 presents studies on the properties of
models in this SUSY scenarios using clustering algorithms. Efforts specifically assessing the
impact of electroweakino searches from a dark matter perspective are reviewed in Chapter 7.
A brief conclusion is given in Chapter 8.



Chapter 2

Theory

The aim of this chapter is to give a concise theoretical introduction to concepts necessary
for the later parts of this work. The first section therefore gives a short review of the Stan-
dard Model of Particle Physics (SM). In the second part the main motivations to consider
Supersymmetric theories are discussed and some important concepts and phenomenological
consequences are introduced. The presentation is mostly based on Refs. [2, 3] for the SM
and [4, 5] for Supersymmetry.

2.1 The Standard Model of particle physics

The Standard Model of Particle Physics is a theoretical framework, describing elementary
particles and their electromagnetic, weak and strong interactions. Its foundations were laid
in the 1960s with a theory by Glashow, Weinberg and Salam, combining unified electroweak
interactions with the Brout-Englert-Higgs mechanism [6–11]. Especially during the 1970s it
was further established by experimental discoveries and theoretical developments, e.g. the
development of the theory of strong interactions [12, 13]. Predictions made by the SM were
since then continually tested by experiments to very high levels of accuracy, making it a highly
succesful description of three of the four fundamental forces in nature. Gravity remains the
only force not described within the Standard Model.

2.1.1 Particle content of the Standard Model

In the Standard Model matter is made up by three generations of electrically charged leptons
and quarks of up- and down type. For every charged lepton there exists a corresponding
neutral neutrino. Quarks carry an additional quantum number called colour charge, which
can take one of three different values red, green and blue. All these particles are fermions
with spin s = 1/2 and for each exists a corresponding anti-particle with the same mass and
spin but inverted charge-like quantum numbers1.
Bosons with spin s = 1 serve as mediators for the fundamental forces described by the SM.
The massless photon γ mediates electromagnetic interactions between electrically charged
particles. The weak force can only be consistently described in a unified theory together with
the electromagnetic force. The vector bosons corresponding to this electroweak unification
are two electrically charged W± and a neutral Z boson. As opposed to the photon these
are massive particles, with masses generated through the Brout-Englert-Higgs mechanism,
discussed in Sec. 2.1.2. As a consequence an additional massive scalar particle, the physical

1The existence of antiparticles is necessary in a relativistic quantum theory.

3



4 CHAPTER 2. THEORY

particle electric charge [e] mass

leptons

electron (e) −1 511 keV
electron neutrino (νe) 0 0

muon (µ) −1 106 MeV
muon neutrino (νµ) 0 0

tau (τ) −1 1.78 GeV
tau neutrino (ντ ) 0 0

quarks

up (u) 2
3 2.16 MeV

down (d) − 1
3 4.67 MeV

charm (c) 2
3 1.27 GeV

strange (s) − 1
3 93 MeV

top (t) 2
3 173 GeV

bottom (b) − 1
3 4.18 GeV

Table 2.1: Overview of the fermions in the SM with their charges (in multiples of the elementary
charge e) and masses. Neutrinos are stated as massless. The experimentally measured values for the
stated masses as well as limits on neutrino masses can be found in [14].

particle spin electric charge [e] mass
photon (γ) 1 0 0
gluon (g) 1 0 0
W± 1 ±1 80.4 GeV
Z0 1 0 91.2 GeV

Higgs boson (h) 0 0 125 GeV

Table 2.2: Overview of the bosons in the SM with their spin, charges (in multiples of the elementary
charge e) and masses. Values taken from Ref. [14], rounded to three digits.

Higgs boson, appears. The discovery of the Higgs boson in 2012 is the most prominent
recent progress in experimentally validating the Standard Model. Finally, the mediators of
strong interactions are called gluons, which come in eight different states, each carrying a
combination of colour and anti-colour2. Gluons are massless and electrically neutral. The
particles of the SM are summarized in Tab. 2.1 and Tab. 2.2.

2.1.2 The Standard Model as a gauge quantum field theory

The SM is an example for a quantum field theory (QFT), which is the result of combin-
ing quantum mechanics with special relativity. One reason why in a QFT one introduces
(quantized) fields instead of just dealing with quantum mechanical particles is that in the
relativistic regime effects that change the number of particles are important. The dynamics
of these fields are described by a Lagrangian density L[ϕi, ∂µϕi] built from fields ϕi, which
are given by representations of the Lorentz group3. For a given Lagrangian the equations of
motion for the different fields are determined from the action

S =
∫

L(ϕi, ∂µϕi) d4x. (2.1)

using the principle of least action δS = 0. In this way, Lagrangians constructed to be explic-
itly Lorentz invariant, lead to a relativistic theory.

2How this comes about is described in more detail in Sec. 2.1.2.
3In fact in the most general case the fields transform in representations of the universal cover of the

Lorentz group, which is the group SL(2,C). These include then also the spinor representations corresponding
to fermions.
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In order for such a theory to also describe particles, one has to make sure that these can
be embedded into the fields. Particles in that sense are defined as irreducible unitary repre-
sentations of the Poincaré group, which according to their classification by E. Wigner [15],
are characterized by two quantum numbers, namely a non-negative real mass m and a non-
negative integer or half-integer spin j. For j = 0 there is always only one independent state
in the representation, while for j > 0 and m > 0 there are 2j + 1 and for m = 0 there is
exactly two.
If one now wants to construct a field theory as introduced above, also describing this notion of
particles, the construction of the Lagrangian has to be such, that the right number of degrees
of freedom is propagated. For example in the theory of a free massless spin-1 particle (e.g.
the photon), the form of the Lagrangian has to ensure that for the Lorentz vector Aµ, which
has four components, only two of them are treated as physical degrees of freedom. This is
the reason, why the corresponding Lagrangian

LMaxwell = −1
4FµνF

µν , Fµν = ∂µAν − ∂νAµ (2.2)

exhibits gauge invariance, which means that it is invariant under local transformations

Aµ(x) −→ Aµ(x) + ∂µα(x). (2.3)

While the concept of gauge invariance is therefore only a property (more precisely: a redun-
dancy) of the despcription, it can be used as a principle for the construction of Lagrangians.
In particular, when constructing an interacting theory, invariance under transformations of
a certain gauge group dictates the form of the interactions.

Abelian U(1) gauge theory

The following example yielding the quantum electrodynamics (QED) Lagrangian illustrates
how the gauge principle works in practice. One starts with the Dirac Lagrangian, describing
a free spinor field ψ with mass m, for which the adjoint spinor is denoted by ψ

LDirac = ψ(iγµ∂µ −m)ψ, (2.4)

which is invariant under a global U(1) transformation

ψ(x) −→ ψ′(x) = exp (iα)ψ(x), (2.5)

where α is real and spacetime independent. In order to include an interaction with a vector
field, one has to make sure, that the resulting Lagrangian is invariant under local transfor-
mations with a spacetime dependent parameter4

ψ(x) −→ ψ′(x) = exp (iα(x))ψ(x),

Aµ(x) −→ A′
µ(x) = Aµ(x) + 1

e
∂µα(x). (2.6)

This can be done by introducing Aµ via the covariant derivative

Dµ = ∂µ − ieAµ, (2.7)

replacing the ordinary derivative in the Dirac Lagrangian. The only thing still missing is
then the kinetic term for the vector field, but this is simply the free Maxwell Lagrangian (eq.

4A conventional factor 1/e, where e is the elementary charge, has been added with respect to the expression
from before.
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2.2). Finally the Lagrangian of QED is given by

LQED = ψ(iγµDµ −m)ψ − 1
4FµνF

µν

= ψ(iγµ∂µ −m)ψ − 1
4FµνF

µν − eψγµψAµ, (2.8)

which for quantized fields describes the electromagnetic interaction of charged fermions via
photons.

Non-Abelian SU(N) gauge theory

For the Standard Model one also has to consider non-Abelian gauge groups [16], specifically
the groups SU(N), which can be represented in the fundamental representation by unitary
N × N matrices, with det = 1, acting on N -dimensional vectors. As the considered groups
are Lie groups, any element can be written as

U(α1, ..., αn) = exp(iαaT a), (2.9)

where a summation over repeated group indices is implicitly assumed, αa are numbers
parametrizing the group elements and T a are called the group generators. For the groups
SU(2) and SU(3), which are needed for the SM, there are n = 3 and n = 8 generators re-
spectively5. The generators satisfy commutation relations involving the structure constants
fabc

[T a, T b] = ifabcT c. (2.10)
The following section extends the previous discussion to these cases. The free Lagrangian
for N fermion fields (all with the same mass m), arranged in a fundamental representation
multiplet Ψ = (ψ1, ψ2, ..., ψN )T reads

Lfree = Ψ(iγµ∂µ −m)Ψ, (2.11)

and is invariant under global transformations of the SU(N) groups just introduced, for which

Ψ(x) −→ Ψ′(x) = U(α1, ..., αn)Ψ(x). (2.12)

A Lagrangian, which is invariant under the same transformations with spacetime dependent
parameters, can again be constructed by the replacement

∂µ −→ Dµ = ∂µ − igWµ, (2.13)

where g is the coupling constant. The gauge field can be expanded in terms of the generators
as

Wµ(x) = T aW a
µ (x), (2.14)

so the resulting Lagrangian describes n vector fields W a
µ , transforming in the adjoint rep-

resentation. The invariant kinetic term for the gauge fields looks similar to the one in the
Abelian case and is given by

L = −1
4F

a
µνF

a,µν , (2.15)

where now the field strength has components

F a
µν = ∂µW

a
ν − ∂νW

a
µ + gfabcW b

µW
c
ν . (2.16)

The last part of this expression is quadratic in the fields W and contains the structure
constants, which reflect the non-commutativity of the group transformations. This leads to
cubic and quartic terms in the Lagrangian, describing self-interactions between the gauge
fields.

5The general formula for the number of generators of SU(N) is N2 − 1.



2.1. THE STANDARD MODEL OF PARTICLE PHYSICS 7

The Standard Model as a gauge theory

Finally, the Standard Model is based on the gauge group

SU(3)C ⊗ SU(2)L ⊗ U(1)Y . (2.17)

The gauge theory associated with the SU(3) part in this expression is called quantum chro-
modynamics (QCD) and describes the strong interaction. The subscript ‘C’ indicates that
the quantum number associated with the SU(3) symmetry group is the colour charge, which
can take three different values accordingly. The only fermions charged under this symmetry
are the quarks, with each of them described by a triplet of fermion fields q = (q1, q2, q3)T . As
there is n = 8 generators for SU(3), the same number of gauge fields are introduced when
constructing a gauge invariant Lagrangian, and these fields can be identified as the different
gluon states. As already discussed for general SU(N) gauge theories, the gluons are them-
selves colour-charged and therefore self-interacting. This leads to a property of QCD called
asymptotic freedom, which means that at small, subnuclear distance scales the interactions
between quarks and gluons become very weak. On the other hand, at large distances the
coupling becomes strong, such that colour charged particles can never be observed as free
particles. This phenomenon is called confinement.
Electroweak interactions of elementary particles are based on the gauge group SU(2)L ⊗
U(1)Y . The subscript ‘Y ’ stands for the weak hypercharge, while the ‘L’ indicates that only
left-handed fermions are charged under the corresponding SU(2) symmetry group. The three
generations of left-handed leptons and quarks in the Standard Model form SU(2) doublets

Li
L =

(
νe

e

)
L

,

(
νµ

µ

)
L

,

(
ντ

τ

)
L

, Qi
L =

(
u
d

)
L

,

(
c
s

)
L

,

(
t
b

)
L

, (2.18)

while the right-handed fermions are singlets

ℓiR = eR, µR, τR, ui
R = uR, cR, tR di

R = dR, sR, bR. (2.19)

With these it is then possible, following the same procedure as before, to construct a La-
grangian invariant under the respective gauge group. This time there are three gauge fields
W a

µ associated with the three generators of SU(2) and one vector field Bµ associated with
the hypercharge group U(1)Y . In order for the Lagrangian to be gauge invariant, there can
not be any mass terms for these gauge boson fields. In order for a theory to describe gauge
bosons with non-zero mass, such as the W± and Z0, the full symmetry has to be broken.
In the Standard Model this is achieved through the Brout-Englert-Higgs mechanism6 with a
spontaneous symmetry breaking pattern

SU(2)L ⊗ U(1)Y −→ U(1)em, (2.20)

recovering the electromagnetic U(1) gauge group. For this a SU(2) doublet of complex scalar
fields

Φ(x) =
(
ϕ+(x)
ϕ0(x)

)
(2.21)

together whith a potential
V (Φ) = −µ2Φ†Φ + λ

4 (Φ†Φ)2 (2.22)

6The real physical purpose of the Brout-Englert-Higgs mechanism is to make sure that perturbative uni-
tarity is not lost at high energy. The existence of the Higgs boson ensures the cancelation of problematic
high-energy behaviour of scattering amplitudes coming from longitudinal components of massive vector bosons.
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is introduced. The parameters µ2 and λ are positive and real, such that the potential has
the form of a mexican hat with minima for non-zero field configurations. Therefore the Higgs
doublet obtains a non-zero vacuum expectation value (VEV), which can be taken to be

⟨Φ⟩ = 1√
2

(
0
v

)
, (2.23)

where v = 2µ/
√
λ depends on the parameters of the potential. This is not invariant un-

der the electroweak gauge transformations and thus the vacuum spontaneously breaks the
symmetry present in the Lagrangian. It can be shown, that there remains a subgroup of
symmetry transformations, which is exactly the U(1)em associated with electromagnetism.
If one expresses the Higgs field as excitations around this vacuum state and plugs this back
into the potential one obtains terms corresponding to the physical, massive Higgs boson and
three massless Goldstone bosons. These Goldstone bosons appear according to the Nambu-
Goldstone theorem [17, 18] whenever a continuous symmetry is spontaneously broken. For a
local symmetry they can be absorbed as the longitudinal component of then massive vector
bosons.
The mass terms one obtains for the gauge bosons are non-diagonal, but can be diagonalized
by a transformation from the fields W a

µ and Bµ to the physical fields

W±
µ = 1√

2
(W 1

µ ∓ iW 2
µ) (2.24)

and (
Zµ

Aµ

)
=
(

cos θW − sin θW

sin θW cos θW

)(
W 3

µ

Bµ

)
, (2.25)

with the weak mixing angle θW . After that it can be seen that the Higgs mechanism yields
massive W± and Z bosons, whereas the field Aµ is massless and can thus be identified with
the gauge boson of the electromagnetic U(1)em symmetry, which is the photon.
As also fermion mass terms of the form ψψ = ψLψR + ψRψL are not invariant under chiral
SU(2)L transformations, the Higgs doublet also serves the purpose of generating the mass of
the fermions through Yukawa interactions

LY = −
∑
i, j

(
L

i
LY

ij
ℓ ℓjRΦ +Q

i
LY

ij
d dj

RΦ +Q
i
LY

ij
u uj

RΦC
)

+ h.c. , (2.26)

with the indices i, j denoting the three generations and Yukawa coupling matrices Y ij
f . For

the quarks the mass terms one gets after spontaneous symmetry breaking, i.e. by replacing
Φ by its vacuum expectation value, read

LY,q = − v√
2
∑
i, j

(
d

i
LY

ij
d dj

R + ui
LY

ij
u uj

R

)
+ h.c. . (2.27)

By transforming from the flavour to the mass eigenstates with the help of different matrices for
u- and d-type quarks, these terms can be diagonalized. Applying the same transformations
in the interactions of quarks with the W± bosons reveals that there is mixing among the
different quark flavours in the charged current (CC) part of the Lagrangian described by a
unitary matrix called the Cabibbo-Kobayashi-Maskawa (CKM) matrix [19, 20]:

LCC = − g2√
2

(
ũLγ

µW+
µ VCKM d̃L + d̃Lγ

µW−
µ V

†
CKM ũL

)
. (2.28)

Here the tilde denotes the transformed fields. The CKM matrix is parametrized by three
rotation angles and one complex phase. This phase leads to violation of CP-symmetry in the
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Standard Model.
Furthermore these charged current interactions are the only way to change flavour, while
flavour changing neutral currents (FCNCs) are absent at tree level and generally suppressed
in the SM. The agreement of the Standard Model predictions regarding flavour structure and
CP-violation with experimental observations places stringent constraints on extensions of the
SM.
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2.2 Supersymmetry

The second section of this chapter introduces extensions of the Standard Model, for which
a symmetry relating fermions and bosons, called supersymmetry (SUSY) is introduced. It
starts by discussing some of the main motivations to consider supersymmetric theories. After
that some key features and their mathematical description are presented, focusing on the
SUSY model with minimal number of new particles, called the Minimal Supersymmetric
Standard Model (MSSM). Based on that, in the last part a simplification of the MSSM,
called the phenomenological MSSM (pMSSM), which is the model most relevant for the main
part of this work, is introduced. The content of this chapter can be found in much more
detail e.g. in Refs. [4, 5].

2.2.1 Motivations for Supersymmetry

The Hierarchy Problem

The issue described in the following, often refered to as the ’Hierarchy Problem’, is not a
problem of the Standard Model itself, but of any possible extension of it. Beyond Standard
Model (BSM) theories are considered, because the SM can not be a complete description of
nature up to arbitrarily large energy scales. At the latest at the Planck scale MP ≈ 1019

GeV, where effects of quantum gravity become important, there has to be a new theoretical
framework. The Higgs boson as a scalar particle receives loop corrections to its mass-squared
m2

h from any other existing particle that couples directly or indirectly to the Higgs field. The

Figure 2.1: Loop diagrams with a fermion (a) and a boson (b) coupling to the Higgs boson.

contribution to these corrections from a fermion loop as depicted in Fig. 2.1(a) is given by

∆m2
h = −

λ2
f

8π2 Λ2 + . . . , (2.29)

where λf is the corresponding Yukawa coupling and Λ is a cutoff, with the physical interpre-
tation to be the scale up to which the Standard Model remains valid. If one takes Λ to be the
Planck scale then the correction to the Higgs mass-squared becomes much larger than the
expected value itself. Similar corrections are obtained from loops involving a (hypothetical)
massive scalar as in Fig. 2.1(b). For quartic coupling to the Higgs boson λS they read

∆m2
h = λS

16π2 Λ2 + . . . . (2.30)

Although in above expressions terms depending on the square of the masses of the particles
in the loop, also leading to the same problematic behaviour of the Higgs mass, have been
omitted, comparing expressions (2.29) and (2.30) serves to illustrate how aforementioned
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problem can be solved. As the two contributions have a relative minus sign, they would
exactly cancel if for every fermion there were two scalars with λS = λ2

f . This is the case in
theories with supersymmetry, leading to systematic cancellation of all terms with problematic
behaviour and therefore making it possible for the Higgs mass to be at the electroweak scale, as
observed. The terms, which were neglected in both expressions above, are at most logarithmic
in Λ. Each of them depends on the square of the considered particle’s mass. This places an
upper limit on the superpartner masses, which should typically not be much greater than the
TeV scale.

Dark Matter

There is a convincing amount of experimental evidence for the existence of non-luminous
matter, called dark matter (DM) from astrophysical observations at all astrophysical length
scales [21]. One example on the galactic scale is the discrepancy in the form of measured
and expected rotation curves of galaxies. These curves describing the orbital velocities of
stars and gas as a function of their distance from the galactic center should fall off at larger
radii given only the visible mass in the galaxies. Observations however show flat behaviour
at large distances, which can be explained by the existence of a DM halo [22].
The total dark matter content in the universe can be infered from the analysis of anisotropies
in the cosmic microwave background (CMB), as e.g. done by the Planck mission [23]. Ordi-
nary matter makes up only about 4.9% of the matter/energy content of the universe, while
dark matter constitutes 26.1%. The highest percentage, roughly 69%, corresponds to dark
energy, the nature of which is an even bigger puzzle than DM. In principle the Standard Model
extended to account for massive neutrinos7, would have said neutrinos as candidates for dark
matter, but these are ruled out as sole or main component of DM e.g. by measurements of
the relic density [21]. Therefore one motivation to consider further extensions of the SM is to
have theories with new particles, for which at least one of them has the correct properties to
possibly account for the dark matter content in the universe. Candidate particles need to be
stable on cosmological time scales, not electromagnetically interacting and they have to yield
the correct value of the relic density [25]. A preferred type of DM candidates are Weakly
Interacting Massive Particles (WIMPs). In many SUSY models the lightest supersymmetric
particle (LSP) is neutral and colourless and its stability is guaranteed by R-parity conserva-
tion, a concept introduced in Sec. 2.2.5. Therefore these models contain good WIMP dark
matter candidates.

Unification of gauge couplings

In the Standard Model the electromagnetic and weak force are described by the theory of
unified electroweak interactions. The goal of grand unified theories (GUT) is to also incor-
porate the strong interaction in the unification to obtain a theory with a single interaction,
based on one non-Abelian gauge group. This larger gauge group, e.g. SU(5), is then thought
to be spontaneously broken down at high energies, to yield the low-energy description based
on the SM gauge group. The resulting organisation of particles in irreducible representations
of the unified gauge group could e.g. explain why electric charges are quantized as observed
with fractionally charged quarks yielding protons and neutrons, which in turn form neutral
atoms together with electrons.
If the Standard Model is to be extended to such a GUT, the electroweak and strong coupling
constants, when evolved with increasing energy, have to become equal at some high-energy

7The SM treats neutrinos as massless, but in fact it is known from the observation of neutrino osciallations
[24] that at least two of them have to be massive.
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scale. As can be seen in Fig. 2.2 this is not the case. In the Minimal Supersymmetric Stan-
dard Model, however, the additional particle content at the TeV scale leads to an intersection
of the inverse gauge couplings at about 1016 GeV.
The possibility of unification makes supersymmetric theories good candidates for physics
beyond the SM.

Figure 2.2: Evolution of inverse gauge couplings in the Standard Model (dashed lines) and the MSSM
(solid lines). The colours indicate different masses of supersymmetric particles. Figure taken from
Ref. [4]

2.2.2 Supersymmetry algebra and supermultiplets

Supersymmetry introduces transformations of bosonic states into fermionic ones and vice
versa. One can schematically write this as

Q |Boson⟩ = |Fermion⟩ (2.31)
Q |Fermion⟩ = |Boson⟩ , (2.32)

with Q the anticommuting fermionic generator of such transformations. In principle the
Coleman-Mandula theorem [26] restricts the symmetry group of a consistent 4-dimensional
QFT to consist of the direct product between the Poincaré group, describing space-time
transformations and an internal symmetry group. However this theorem is based on the as-
sumption that the generators are commuting and, as stated in the Haag–Lopuszanski–Sohnius
extension [27], can thus be evaded if the Poincaré algebra is extended by including anticom-
muting generators, as in supersymmetry. For a theory, which contains chiral fermions and
parity violating interactions, the important part of the algebra relations containing the gen-
erators Q and Q† then has the form

{Q,Q†} = Pµ,

{Q,Q} = {Q†, Q†} = 0, (2.33)
[Pµ, Q] = [Pµ, Q†] = 0.

Here Pµ denotes the four-momentum generator of spacetime translations and spinorial in-
dices have been suppressed.
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The particles described by a supersymmetric theory are arranged in irreducible representa-
tions of the supersymmetry algebra, which are called supermultiplets. The fermionic and
bosonic particles falling into one supermultiplet are usually referred to as superpartners. As
the supersymmetry generators commute with the four-momentum generator (see Eq. 2.33),
the Casimir invariant of the Poincaré algebra −P 2 = −PµPµ is also an invariant in the case
of supersymmetry. Therefore the particles in a supermultiplet have the same eigenvalues of
−P 2, which means they have the same mass. Furthermore particles in the same supermul-
tiplet are also in the same representation of the gauge group and thus their electric charges,
weak isospin and properties related to colour charge are also the same. It can be shown that
the number of fermionic and bosonic degrees of freedom within a given supermultiplet are
equal: nF = nB.
The first representation needed in order to construct a supersymmetric extension of the SM
is called a chiral (or scalar) supermultiplet and contains a Weyl fermion with two degrees of
freedom and two bosonic degrees of freedom assembled into a complex scalar8. The scalar
superpartners of fermions defined in this way are called sfermions. The second relevant repre-
sentation, the gauge (or vector) supermultiplet, contains a massless spin-1 boson and a Weyl
fermion, referred to as a gaugino.
The task, tackled in the next section, is now to accommodate the known SM particles to
these supermultiplets. By doing so it also becomes clear which new supersymmetric particles
(sparticles) appear. The following section focuses on the Minimal Supersymmetric Standard
Model (MSSM), which introduces the minimal amount of such new particles.

2.2.3 Particle content of the MSSM

It is impossible for any of the SM particles to be superpartners of each other, simply due to
the fact that they have different values for various quantum numbers, whereas particles in a
supermultiplet just differ by spin. Therefore all particles predicted by SUSY really are new,
unseen particles.
The quarks and leptons are arranged in chiral supermultiplets together with their bosonic
superpartners, the squarks and sleptons and the spin-1 bosons are put in gauge supermulti-
plets with corresponding gauginos. All the SUSY partners, with their names, notation and
spin are listed in Tab. 2.3.
It’s important to note that, as the SM treats left- and right-handed fermions differently, these
must belong to different supermultiplets and have distinct superpartners. Although the con-
cept of chirality is meaningless for scalar particles the different sfermions are still denoted by
f̃L and f̃R in order to distinguish them.
In order to give masses to u- and d-type quarks via Yukawa couplings and to avoid inconsis-
tencies due to gauge anomalies, in the MSSM one has to introduce two Higgs doublets

Hu =
(
H+

u

H0
u

)
, Hd =

(
H0

d

H−
d

)
. (2.34)

The fermionic superpartners of the Higgs scalars are called higgsinos and the corresponding
SU(2)L-doublets have components H̃+

u , H̃0
u, H̃0

d and H̃−
d . Spontaneous breaking of elec-

troweak symmetry in the MSSM is complicated by the fact that there exist these two Higgs
doublets and can only be fully understood after the concept of supersymmetry breaking is
introduced (see Sec. 2.2.4). Irrespective of the detailed form of the scalar potential, both Hu

and Hd develop non-zero VEVs, for which their ratio is typically given as tan β := vu/vd. Af-
ter electroweak symmetry breaking three of the eight degrees of freedom of the two complex

8Unphysical auxiliary fields, necessary to balance the number of degrees of freedom off-shell, are ignored
here.
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particle spin superpartner spin
quarks q 1/2 squarks q̃ 0
→ top t stop t̃

→ bottom b sbottom b̃
→ charm c scharm c̃
→ strange s sstrange s̃
→ up u sup ũ

→ down d sdown d̃

leptons ℓ 1/2 sleptons ℓ̃ 0
→ electron e selectron ẽ
→ muon µ smuon µ̃
→ tau τ stau τ̃
→ neutrinos νℓ sneutrino ν̃ℓ

gauge bosons 1 gauginos 1/2
→ boson B Bino B̃
→ boson W Wino W̃
→ gluon g gluino g̃

Higgs bosons H±,0
i 0 higgsinos H̃±,0

i 1/2

Table 2.3: Particle content of the MSSM, adapted from Ref. [5]. The first and second row labelled
spin show the spin of the particles and the corresponding superpartners respectively.

Higgs doublets become the longitudinal modes of the Z0 and W± bosons. The remaining
degrees of freedom lead to the appearance of five physical Higgs bosons in the MSSM: two
CP-even, neutral scalars h0 and H0, one CP-odd, neutral scalar A0 and two conjugate scalars
H± with charge ±1. Model-building experiences have shown, that sensible models can be
obtained, where h0 behaves nearly indistinguishable from the Higgs boson in the SM and
therefore these two particles are identified in those cases [4].
Due to electroweak symmetry breaking the superpartners of the Higgs degrees of freedom and
the electroweak gauge bosons mix to form electroweakinos. More precisely the neutral higgsi-
nos (H̃0

u and H̃0
d) and the Bino and neutral Wino yield mass eigenstates called neutralinos.

These are typically denoted by χ̃0
1, χ̃0

2, χ̃0
3 and χ̃0

4, conventionally labeled in ascending mass
order. The charged higgsinos and Winos mix to form charginos with charge ±1, referred to
as χ̃±

1 and χ̃±
2 , where the latter again has higher mass. While there is also mixing within the

squarks and sleptons, the gluino is the only sparticle that can not mix, because of it being
the only colour octet fermion.

2.2.4 Supersymmetry breaking

As a consequence of the way supersymmetric particles were introduced in Sec. 2.2.2 they
would all have to have masses equal to their SM counterparts. If that were true then they
would have already been dicovered, which is not the case. Therefore SUSY has to be a broken
symmetry, allowing the superpartners to have different masses. One important constraint on
how supersymmetry is broken is given by the hierarchy problem, introduced in Sec. 2.2.1 as
a main motivation to consider supersymmetric theories. In unbroken SUSY the introduced
particles and associated dimensionless couplings are exactly such that problematic contri-
butions to the Higgs mass-squared cancel. If that is supposed to still hold in the presence
of supersymmetry breaking the relations between couplings have to be maintained. Such a
breaking of SUSY is called soft supersymmetry breaking and can be described by writing the
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Lagrangian in the form
L = LSUSY + Lsoft, (2.35)

where LSUSY is SUSY invariant, while the terms in Lsoft violate supersymmetry but feature
only couplings with positive mass dimension.
In the MSSM the supersymmetry breaking Lagrangian Lsoft in its most general form intro-
duces a total of 105 new free parameters, not related to any parameters in the SM. Many of
these are related to flavour mixing or CP violating processes, which are heavily constrained
by experiments [14]. These and other experimental constraints justify the introduction of
SUSY models with additional assumptions restricting the space of free parameters [28]. One
of these constrained models, namely the phenomenological MSSM (pMSSM) is introduced in
Sec. 2.2.6.

2.2.5 R-parity

In principle it is possible for the Lagrangian of a supersymmetric theory to contain terms that
violate the conservation of Lepton number (L) and/or Baryon number (B). Corresponding
L- and B-violating processes have not been observed experimentally. One example for this is
the non-observation of proton decay via p → e+π0, which implies a lower limit for the proton
lifetime of roughly 1034 years [29].
These terms are avoided in the MSSM by introducing a new symmetry and conserved quantity,
called R-parity, which is a multiplicatively conserved quantum number given by a combination
of lepton number, baryon number and spin s:

PR = (−1)3(B−L)+2s. (2.36)

According to this expression, the SM particles and Higgs bosons are assigned even R-parity
(PR = +1), while the superpartners have odd R-parity (PR = −1). R-parity conservation at
each vertex has important phenomenological consequences:

• Sparticles are produced in even numbers (usually in pairs).

• A sparticle decays into an odd number of other lighter sparticles (usually only one).

• As a consequence the lightest supersymmetric particle (LSP) must be stable.

If the LSP is electrically neutral and only weakly interacting with ordinary matter it is a
candidate for dark matter, as introduced in Sec. 2.2.1. The lightest neutralino χ0

1 is the most
promising DM candidate in the MSSM as it typically is the LSP and fulfills the necessary
criteria.

2.2.6 The phenomenological MSSM

As discussed previously the MSSM introduces 105 new free parameters. Apart from the fact
that many of these lead to phenomenologically problematic models for generic parameter
values, the high number of parameters makes experimental analyses of the MSSM basically
impossible. Therefore, as already anticipated, it is reasonable to employ assumptions based
on phenomenological constraints in order to constrain the parameter space. By doing this
one obtains the pMSSM [28, 30], which has then only 19 free parameters, listed in Tab. 2.4.
The particular constraints, applied to restrict the parameter space are:

• No new source of CP-violation in addition to the CKM matrix. This is achieved by
assuming that all phases in the soft-SUSY breaking terms are zero.
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pMSSM parameters
tan β ratio of the VEVs of the two Higgs doublets
MA mass of the pseudoscalar Higgs boson
µ Higgs-higgsino mass parameter
M1, M2, M3 wino, bino and gluino mass parameters
mq̃, mũR , md̃R

, mℓ̃, mẽR first and second generation sfermion masses
mQ̃, mt̃R , mb̃R

, mL̃, mτ̃R third generation sfermion masses
At, Ab, Aτ trilinear couplings of the third generation sfermions

Table 2.4: Parameters of the phenomenological Minimal Supersymmetric Standard Model (pMSSM).

• The matrices for sfermion masses and trilinear couplings are diagonal. This prohibits
the existence of flavour changing neutral currents (FCNCs) at tree level.

• The masses for the first and second generation of sfermions are degenerate. The trilinear
couplings between sfermions and Higgs bosons are set to zero for the first and second
generation. This is justified by the fact that they always get multiplied by fermion
masses, which are negligibly small for the first two generations.

In this framework it is then possible to perform scans of the parameter space and compare
to experimental data, even more so if one focuses on a particular sector of the theory. The
following work is going to focus on the electroweak sector or more precisely on electroweakinos.

2.2.7 Simplified models

Searches for SUSY with ATLAS are mainly designed based on and interpreted in simplified
models [14, 31]. Such models take into account only a very limited set of sparticle production
and decay modes, leading to usually one specific fixed decay chain featuring typically two
or three SUSY particles. All other sparticles are assumed to be decoupled and play no role.
The branching ratios of decays of participating sparticles are often set to 100 %. Simplified
models replace the huge parameter space of complete SUSY scenarios with a small set of
model parameters, in most cases only the masses of the participating sparticles, which can be
varied freely. In practice, the model space spanned by the mass parameters is scanned using
a set of discrete signal or model points defined by their corresponding mass values, referred
to as a signal grid.
If no excess above the Standard Model expectation is found in a search, regions within the
parameter space of the simplified model, which are incompatible with the experimental ob-
servation, are determined. These experimental bounds are typically presented as exclusion
limits in planes spanned by the masses of the involved supersymmetric particles.
Simplified models are a very appealing framework for SUSY searches, because they feature
much fewer parameters compared to more complete supersymmetric models and offer the pos-
sibility to conduct comprehensive studies of individual SUSY topologies in a straightforward
and convenient way. If simplified models are a reasonable approximation of more complete
scenarios, they can be used to explore sizeable amounts of the parameter space of these more
complete models, but one has to keep in mind that exclusion limits obtained in simplfied
models are a priori only valid in the corresponding limited scope. Depending on the specific
case, simplified model limits can differ significantly from the true underlying constraints on
sparticle masses in more complete SUSY models. Oftentimes the exclusion in terms of the
sparticle masses is overestimated, especially when the simplified model assumes branching
fractions of 100 %, which is usually not the case in more complex SUSY models (see e.g. [32]).



Chapter 3

Experiment

One of the most important laboratories for experiments in particle physics is CERN [33]. The
CERN laboratory, located at the Franco-Swiss border near Geneva, comprises several particle
accelerators and detectors. It was founded in 1954 and nowadays has 23 member states [33].
Its infrastructure and the produced data serve as a basis for the research programme of 11400
scientists working for institutes in 76 countries, as of December 2020 [33].
The following chapter gives an outline of the Large Hadron Collider (LHC) and the ATLAS
experiment, within which the research efforts presented in this work are conducted. The first
part on the LHC is mostly based on Ref. [34], in which a much more detailed description of
the collider can be found.

3.1 The Large Hadron Collider

The LHC, installed in a circular tunnel with a circumference of 26.7 km at depths between
45 m and 170 m, is the largest particle accelerator at CERN. Its main purpose is to accelerate
and collide counter-rotating proton beams1 with a maximal design centre-of-mass energy of√
s = 14 TeV, i.e. 7 TeV per beam. Following the geometry of the tunnel, originally designed

and constructed for the Large Electron Positron Collider (LEP), the LHC consists of eight
straight sections and eight arcs. Four of the straight sections have beam crossings and are
used for the insertion of detectors. The other four are used for hardware necessary for the
operation of the collider.
Before it is injected into the LHC the proton beam is accelerated by passing through a se-
quence of smaller machines of the CERN accelerator complex, depicted in Fig. 3.1. The
pre-accelerator chain starts with the linear accelerator Linac22 and is followed by the PS
Booster, the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS). Each ma-
chine in the chain raises the energy of the protons, which are then injected into the LHC with
an energy of 450 GeV and further accelerated to the final beam energy. The acceleration of
the particles is achieved by using radio frequency cavities. The traversed accelerators also
serve the purpose of tuning the beam parameters as needed or desired for the LHC. At ex-
traction from the PS for example the protons in the beam are grouped in bunches of roughly
1011 protons with a bunch spacing of approximately 25 ns. Each beam in the LHC contains
2808 of these bunches.
In order to keep the protons on their circular trajectory around the ring 1232 superconduct-
ing dipole electromagnets are installed in the arc regions of the LHC. The superconducting
coils are cooled down to 1.9 K by superfluid helium and produce a magnetic field with a field

1In addition to that the LHC is also used as a collider for heavy ions.
2Linac2 was replaced in 2020 by Linac4 [36], as already shown in Fig. 3.1.
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Figure 3.1: The CERN accelerator complex [35].

strength of 8.3 T. The peak value of the dipole field strength is a limiting factor for the max-
imum beam energy, that can be reached by the LHC. Additional quadrupole and multipole
magnets are used to focus the beams and correct their trajectory.
The LHC is used for four main experiments with dedicated detectors: ATLAS [37], CMS [38],
ALICE [39] and LHCb [40]. The first two are general purpose detectors used e.g. in order to
search for and perform measurements of the Higgs boson and search for BSM physics. ALICE
is a detector primarily designed for heavy-ion collisions probing the physics of strongly in-
teracting matter and the quark-gluon plasma at high energies. By performing measurements
of CP violation and of rare decays of b- and c-hadrons, LHCb searches for BSM physics
responsible for the asymmetry of matter and antimatter in the universe. In addition to the
main experiments, several smaller ones are conducted with the LHC. TOTEM [41] studies
elastic and diffractive scattering, LHCf [42] is designed for measuerements on particles in
the very forward region and MoEDAL [43] mainly searches for magnetic monopoles. FASER
[44], which started measurements in 2021, is the most recent experiment at the LHC and is
dedicated to searching for light, extremely weakly-interacting particles.

Luminosity of the LHC and data-taking with ATLAS

The instantaneous luminosity Linst a collider provides is the most important quantity, besides
the beam energy [45]. For a proton-proton collider with Gaussian beam shape it is given in
terms of the beam parameters as

Linst =
frevnbN

2
p

4πσxσy
· F (θc, σx, σz). (3.1)

Here frev is the revolution frequency of a proton bunch, nb the number of proton bunches in
the machine and Np the number of protons per bunch. The parameters σx,y are the transverse
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(a) (b)

Figure 3.2: (a) Peak instantaneous luminosity delivered to ATLAS by the LHC in the course of 2018
and (b) the cumulative luminosity for the second data-taking period [50].

beam width and F is a correction factor, taking into account the reduction in luminosity due
to the angle θc between the beams at the collision point.
Using the integrated luminosity L the number of observed events for a particular process
with cross section σ under study can be calculated as

Nobs
events = σ · ϵ · L = σ · ϵ ·

∫
Linst dt, (3.2)

where ϵ is the detection efficiency of the corresponding experiment. From this it is clear
that luminosity is an important factor when it comes to obtaining event counts of statistical
significance when observing processes with low cross sections.
The first data-taking period of the LHC from late 2009 to 2013 is referred to as Run 1.
During this time period the LHC reached a center-of-mass energy for proton-proton colli-
sions of 7 TeV in 2010 and 2011 and an energy of 8 TeV in 2012, where it delivered a peak
instantaneous luminosity of Lpeak = 7.7 · 1033 cm−2s−1 and integrated luminosity of 22.7 fb−1

to ATLAS [46, 47]. In Run 2, which started in 2015 and ended in 2018, the LHC reached
values of instantaneous luminosity for proton beams with

√
s = 13 TeV about twice as high

as the design value of Linst = 1034 cm−2s−1 (see Fig. 3.2(a)) [48, 49]. As can be seen in Fig.
3.2(b), of the integrated luminosity of 156 fb−1 delivered by the LHC during Run 2, collision
data corressponding to 139 fb−1 were collected by the ATLAS detector and used for physics
analyses.
The instantaneous luminosity of the LHC is measured by dedicated detectors, which are
calibrated during specific low-intensity LHC fills [45]. An accurate measurement of the lumi-
nosity is important for physics analyses, e.g. for the evaluation of SM background levels and
determining the sensitivity to new processes in BSM studies [46].

3.2 The ATLAS Experiment

ATLAS (A Toroidal LHC ApparatuS) [37] is a general purpose detector designed to collect
data used for research on a broad range of topics, e.g. the search for and measurements of the
SM Higgs boson, precision tests of the SM and searches for hints on BSM physics, enabled by
the high energy and luminosity of the LHC. Goals in terms of physics and the experimental
conditions at the LHC translate to demands on the design of the ATLAS detector [37, 51],
e.g.:

• The fact that the LHC collides proton bunches, containing a high number of protons,
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with a small time interval in between bunch-crossings, leads to a phenomenon referred to
as pile-up. This means that the scattering events one is interested in are accompanied
by a number of undesired pp collisions. A fast detector response and high spatial
resolutions help mitigate this problem.

• The detector and its electronics have to withstand high levels of radiation coming mostly
from collisions at the interaction point.

• In order to separate rare processes from the very dominant QCD background of proton-
proton collisions, a good lepton identification and measurement is needed.

• Measurements of particle energies with a coverage of almost the full solid angle are
necessary for an accurate determination of missing transverse energy Emiss

T , important
in particluar for SUSY particle searches.

Figure 3.3: Computer generated image of the ATLAS detector, showing the general structure and
subsystems [52].

Fig. 3.3 shows a computer generated view of the 44 m long and 25 m high ATLAS detector
and its interior composition [37]. The design of ATLAS is to a large extent determined by
the magnet system [37], generating a magnetic field, necessary to determine the momenta
of particles by the form of their trajectories within the field [51]. The magnet configuration
consists of a thin superconducting solenoid surrounding the inner detector and three large
superconducting toroids, one for the middle part, called barrel and two for the end-caps.
The following sections give an introduction to the different components of the ATLAS detec-
tor, starting from the inner detector closest to the beam pipe, followed by the calorimeters
and the muon spectrometer as the outermost subsystem of the barrel and in the end-caps.
The information specific to the ATLAS detector presented throughout this part, including the
values of design parameters, is taken from Ref. [37], if not indicated otherwise. Information
on detector technology in general can be found in [3].
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(a) (b)

Figure 3.4: (a) Computer generated cut-away view of the inner detector [53] and (b) the different
layers of the inner detector in the barrel, including the IBL [54].

3.2.1 Coordinate system

In order to describe the particles resulting from collision events and features of detector
systems, a suitable coordinate system for the ATLAS detector has to be introduced. The
nominal interaction point is taken as the origin of a right-handed coordinate system, in which
the beam direction corresponds to the z-axis. In the x-y-plane transverse to the beam direc-
tion the x-axis is defined to point from the interaction point to the center of the LHC ring
and the y-axis points upwards. In addition spherical coordinates with the azimuthal angle ϕ
around the beam axis and the polar angle θ from the beam axis are introduced.

Pseudorapidity [14] η is a commonly used variable related to the angle θ. It is given by

η = − ln(tan θ2) (3.3)

and is approximately equal to the rapidity

y = 1
2 ln

(
E + pz

E − pz

)
(3.4)

in the high-energy limit where p ≫ m and θ ≫ 1/γ. Both these variables are useful, because
differences in the variables ∆η and ∆y and therefore also differences

∆R =
√

(∆η)2 + (∆ϕ)2 and ∆Ry =
√

(∆y)2 + (∆ϕ)2 (3.5)

are invariant under Lorentz boosts in z-direction3. Pseudorapidity has the advantage, that
it can be determined even if the mass and momentum of the particle are unknown. The
direction along the beam axis corresponds to a pseudorapidity η = ∞ and directions in the
transverse plane have η = 0.

3.2.2 Inner detector

The main purpose of the inner detector is to record the tracks of charged particles in the 2 T
magnetic field generated by the surrounding solenoid in order to determine their momenta

3For ∆η this assumes the massless limit.
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and to reconstruct interaction vertices. It consists of three different subsystems. Fig. 3.4
shows the overall structure of the detector and its components.
In the original design of ATLAS the first component closest to the beam pipe featured
three silicon pixel layers, with pixel sizes of typically 50 µm × 400 µm arranged concen-
trically around the beam axis in the barrel and on perpendicular discs in the end-caps.
Semiconductor-based pixel detectors are used as the innermost component, because they
offer the hightest spatial resolution, while being able to withstand the high-radiation envi-
ronment. Before Run 2 an additional pixel layer, called Insertable B-Layer (IBL) [55, 56]
was installed, in order to improve or at least maintain the durability and performance of the
ATLAS tracking system in view of the raised luminosity of the LHC. The accuracies of the
pixel tracking detectors are 10 µm in R-ϕ and 115 µm in z for the barrel and 10 µm in R-ϕ
and 115 µm in R for the end-caps.
The second component of the inner detector is the silicon microstrip tracker (SCT), which
comprises four double-layers of strips in the barrel and nine disc double-layers in each of the
end-caps. The strips in each double-layer are arranged in such a way as to provide information
on both space coordinates, e.g. in the barrel one set of strips is aligned parallel to the beam
axis and the SCT measures the values of R-ϕ and z of four points, in which tracks of charged
particles cross the strip layers. The intrinsic precisions are 17 µm in R-ϕ and 580 µm in z and
R respectively. Both the pixel detector and the SCT cover a region with pseudorapidities
|η| < 2.5.
The transition radiation tracker (TRT) is the outermost and largest subsystem of the inner
detector. It consists of straw tubes with a diameter of 4 mm filled with a Xe-based gas
mixture. A coating on the inside of the tubes serves as a cathode and a wire, supported
at the straw end and center, as an anode. This allows for particle tracking by reading out
the electric signal produced through ionisation of the gas filling due to traversing charged
particles. While in the barrel region 144 cm long tubes are arranged in 73 layers parallel to
the beam axis, in the end-caps the TRT consists of 160 layers of 37 cm long tubes aligned
in radial direction. The straw tubes are interleaved with fibres and foils causing traversing
particles to emit transition radiation, which is then absorbed in the gas filling, producing an
electric signal. This can be used for the identification of electrons, because the intensity of
emitted radiation depends on the corresponding particle mass. The TRT provides tracking
information in R-ϕ with an accuracy of 130 µm in a range |η| < 2.0. The lower resolution
compared to the semiconductor trackers is compensated by a high amount of hits and longer
measured track length.

3.2.3 Calorimeters

To measure the energies of particles, the ATLAS detector uses a calorimeter system (see
Fig. 3.5), consisting of different subsystems for electromagnetically and strongly interacting
particles and for different ranges of pseudorapidity. The thickness of the calorimeter system
is dictated by the fact that the energy of the measured particles ideally has to be completely
absorbed and punch-through into the surrounding muon system (see Sec. 3.2.4) has to
be limited. Both the electromagnetic and hadronic calorimeters of ATLAS are sampling
calorimeters, with alternating layers of absorbing and active material. Through interactions
with the absorbing material, particles create a number of secondary particles and thereby
lose their energy. The resulting cascade of particles is called a shower. In the active medium
the generated particles are measured and the deposited energy is determined.
The electromagnetic calorimeter uses lead as absorbing and liquid argon (LAr) as active
material. It consist of two identical halfes in the barrel and two coaxial wheels in each
of the end-caps. Due to the accordion-like shape of its modules, the calorimeter provides
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Figure 3.5: Computer generated image of the ATLAS calorimeter systems [57].

full coverage in ϕ. Pseudorapidities up to |η| < 3.2 are covered, with a finer granularity
in the region matched to the inner detector (|η| < 2.5) in order to achieve high precision
measurements. The thickness of the electromagnetic calorimeter is at least 22 radiation
lenghts4 in the barrel region and 24 radiation lengths in the end-caps.
The hadronic calorimeter is located directly outside the electromagnetic calorimeter. While
in the barrel component, which has a depth of 7.4 interaction lengths5, steel plates and
scintillating tiles are used as absorbing and active material respectively, the hadronic end-
cap calorimeter wheels feature copper plates interleaved with LAr as active medium.
Both electromagnetic and hadronic calorimetry are extended to higher pseudorapidity values
of up to |η| < 4.9 by the forward calorimeter. It has a thickness of about 10 interaction lengths
and consists of three modules in each end-cap, one for the measurement of electromagntically
interacting particles and two for hadronic interactions. While liquid Argon serves again as
active material, copper and tungsten are used as absorbers.

3.2.4 Muon spectrometer

The outermost detector component is specifically dedicated to the identification and mea-
surement of muons, which, as minimum ionising particles, pass through the other detector
systems. The muon spectrometer is embedded in the magnetic field generated by the barrel
and end-cap toroid magnets and allows for momentum measurements in a region |η| < 2.7.
Fig. 3.6 shows an overview of the different components of the muon detector. The tracks of
muons are measured in chambers arranged in three layers around the beam axis in the barrel
region and three layers perpendicular to the beam in the end-caps. The muon system of

4Radiation length [14] describes the mean distance a high-energy electron travels through a material before
its energy is decreased to 1/e of the initial value by bremsstrahlung, which is the dominant mechanism for a
high-energy electron to lose energy in matter.

5The hadronic interaction length is the mean distance travelled by a hadronic particle before undergoing
an inelastic nuclear interaction.
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Figure 3.6: Computer generated image showing the different components of the ATLAS muon sub-
system [58].

ATLAS is a combination of several different gaseous tracking detectors. The main subsystem
used to collect high precision tracking information consists of monitored drift tube (MDT)
chambers. One of these chambers comprises up to eight layers of drift tubes with a diameter
of 30 mm and has an accuracy of up to 35 µm. A wire anode collects the electrons resulting
from ionisation of the Ar-based gas mixture induced by traversing particles.
Because of very high particle fluxes, in the forward region |η| > 2.0 the MDTs in the inner-
most layer of the end-caps are replaced by cathode strip chambers (CSC), consisting of layers
of anode wires enclosed by segmented cathode layers and gas-filled gaps.
Since the MDTs have too high response time for the bunch crossing frequency of the LHC,
ATLAS features two systems of triggering chambers assigning detected muons to the correct
bunch crossing. Resistive plate chambers (RPC) are used in the barrel part and thin gap
chambers (TGC) in the end-caps. In addition, as MDTs measure only the coordinates of
tracks in the bending plane, the trigger chambers also serve the purpose of providing the
third orthogonal coordinate.

3.2.5 Trigger system and data

The nominal time interval of 25 ns between bunch crossings during proton-proton operation
of the LHC corresponds to a bunch crossing rate of 40 MHz. Handling and storing the re-
sulting amount of approximately 60 TB of data per second [45], is impossible due to limited
computing resources. In addition, because of low cross sections in comparison to QCD jet pro-
duction, interesting physics processes occur only rarely and a lot of events can be discarded.
The trigger system of ATLAS, which decides whether or not to keep a collision event, consists
of a hardware-based first level trigger (L1) [59] and a software-based high level trigger (HLT)
[60]. During the LHC shutdown before Run 2 various aspects of the ATLAS trigger system
have been upgraded in order to accomodate the higher rates of interesting physics processes
[61, 62].
The L1 trigger selects events based on reduced-granularity information from the calorimeters
and the trigger chambers of the muon spectrometer. In order to reduce the amount of data,
which must be transferred from the detector readout, it also defines Regions-of-Interest (RoI),
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i.e. regions in the coordinates η and ϕ, which contain the interesting features identified in the
selection process. These regions serve as the basis for the second trigger stage. The L1 trigger
has a decision time of 2.5 µs, during which the detector information is stored on on-detector
memories, and reduces the rate of events to the maximum detector read-out rate of 100 kHz.
The HLT uses all detector systems at their full granularity and precision to reduce the rate of
events for which data is permanently stored to 1.2 kHz on average, corresponding to 1.2 GB
of data per second [61]. The second trigger stage employs a dedicated computing farm to run
reconstruction algorithms, typically in a sequence of fast trigger algorithms for early rejection
followed by more precise and CPU-intensive ones.





Chapter 4

Searching for electroweakinos with
compressed mass spectra

At the LHC, processes producing gluinos and squarks by gluon-gluon and gluon-quark fusion
have much higher cross sections and are dominant compared to processes producing charginos
and neutralinos [4]. This is illustrated in Fig. 4.1, which shows cross sections of several
sparticle production processes. For this reason the SUSY search program at ATLAS (and
CMS) is able to place strong constraints on the existence of gluinos and squarks, while limits
for the electroweak sector SUSY particles are typically much weaker. Yet, due to the full
Run-2 dataset being available and by employing improved analysis strategies and techniques,
the limits on electroweakinos and sleptons are constantly improving.
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Figure 4.2: Diagram of the simplified model and subsequent decays resulting in a final state with two
leptons, multiple jets and Emiss

T .

The following sections present a search for electroweakinos [1] in signatures sensitive to mod-
els where the considered supersymmetric particles have nearly degenerate mass spectra, in
the following referred to as compressed spectra. The newest iteration of the analysis uses
139 fb−1 [1] of proton-proton data collected by the ATLAS detector during the Run-2 data-
taking period and improved methods to update the previous results obtained for a luminosity
of 36.1 fb−1 [67]. While the presentation in this work focuses on SUSY scenarios with direct
production of electroweakinos, the analysis in principle also considers scenarios with produc-
tion of electroweakinos through vector-boson fusion (VBF) processes as well as slepton pair
production. The analysis is in the following referred to as electroweak compressed analysis.

4.1 Analysis overview and targeted signal scenarios

The analysis targets a final state with two same-flavour leptons (electrons or muons), high
missing transverse momentum magnitude (Emiss

T ) and hadronic activity. The main scenario
used to interpret the search results is a simplified model where the lightest chargino decays
via χ̃±

1 → W ∗χ̃0
1 and the next-to-lightest neutralino decays via χ̃0

2 → Z∗χ̃0
1. Corresponding

branching ratios of sparticles are set to 100 %. While the subsequent decay of the off-shell
W boson (W ∗) results in hadronic activity, decays of the off-shell Z boson (Z∗) produce
a dilepton pair for which the dilepton invariant mass mℓℓ is kinematically restricted to be
smaller than the mass splitting between the χ̃0

2 and χ̃0
1. This scenario yielding the targeted

final state is illustrated in Fig. 4.2.
One major challenge performing an analysis considering scenarios with highly compressed
electroweakino spectra is the reconstruction of particles, in this case electrons and muons,
with low momentum. The electroweak compressed analysis uses events with electrons and
muons with transverse momentum pT values as low as 4.5 GeV and 3 GeV, respectively. The
sensitivity of the search is enhanced by the requirement of a jet originating from initial-state
radiation (ISR), which boosts the entire system, leading to higher values of Emiss

T and provides
additional kinematic criteria to discriminate against backgrounds.
The phenomenology of electroweakinos is determined by the relations between the MSSM
parameters M1, M2 and µ, which are the Bino, Wino and Higgsino mass parameters. Two
different scenarios regarding the neutralino/chargino composition and mass relation are con-
sidered in the search. The first scenario with parameter relations |µ| ≪ |M1|, |M2| is favored
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(a) (b)

Figure 4.3: Additional processes considered in the Higgsino LSP scenario: (a) Pair production of
χ̃0

2χ̃
0
1 with the χ̃0

2 decaying via χ̃0
2 → (Z∗ → ℓℓ)χ̃0

1, (b) pair Production of χ̃±
1 χ̃

∓
1 with each chargino

decaying via χ̃±
1 → (W ∗ → ℓν)χ̃0

1.

by naturalness arguments [68, 69] and features a Higgsino-dominated triplet of lightest SUSY
particles, where the three electroweakino states χ̃0

1, χ̃±
1 and χ̃0

2 are almost mass degenerate.
More specifically, it is possible for the differences between the masses of the lightest elec-
troweakinos to range from hundreds of MeV to tens of GeV depending on the composition of
the mass eigenstates determined by the values of M1 and M2.
In this scenario, where the LSP is Higgsino-like, additional processes with χ̃0

2χ̃
0
1 and χ̃±

1 χ̃
∓
1

production, depicted in Fig. 4.3 are taken into account. However since the analysis exploits
the kinematic endpoint in the mℓℓ distribution of the leptons from the decay of the off-shell
Z boson, processes involving the production of a χ̃0

2 are more important for the sensitivity of
the search.
The masses of the lightest and second-to-lightest neutralino m(χ̃0

1) and m(χ̃0
2) are systemati-

cally varied forming a two-dimensional signal grid evaluated by the analysis. LSP masses from
60 GeV to 300 GeV are considered with an intervall of 25 GeV between most signal points.
The values of the mass difference ∆m = m(χ̃0

2) − m(χ̃0
1) lie in the range from 1.5 GeV to

60 GeV with a higher density of points in the region of small mass splittings. The chargino
mass m(χ̃±

1 ) = 1
2
[
m(χ̃0

1) +m(χ̃0
2)
]

is set to be halfway between the two neutralinos.
The cross sections used to scale the signal samples are calculated with Resummino [70]
assuming non-degenerate pure Higgsino lightest neutralinos and chargino. The signal samples
are generated with MadGraph5_aMC@NLO [71, 72] and the parton showering is simulated
with Pythia8 [73]. For each process the emission of at least one additional parton with pT >
50 GeV is required in order to enforce the targeted ISR topology. The electroweakinos are
decayed with MadSpin [74] and the leptonic branching ratios of the off-shell gauge bosons Z∗

and W ∗ are computed with SUSY-HIT [75]. The branching ratios increase with higher values
of the mass splitting ∆m. The fast ATLAS detector simulation ATLFAST-II [76] is used
for the signal samples. This allows for a faster processing by describing the response of the
calorimeters to traversing particles by pre-determined parametrizations of electromagnetic
and hadronic showers. The full detector simulation with Geant4 [77] is then only used for
the inner detector and the muon spectrometer.
As a second scenario the analysis considers a compressed electroweakino spectrum with a
Bino-like χ̃0

1 and mass degenerate Wino-like χ̃0
2 and χ̃±

1 corresponding to parameter relations
|M1| < |M2| ≪ |µ|. Such a scenario is motivated by the possibility for the LSP to be a candi-
date for DM which is compatible with the observed relic density as a result of coannihilation
processes in the early universe [78, 79]. The configuration for the generation of signal samples
is analog to the one for the Higgsino scenario.
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Figure 4.4: Analytical lineshapes and simulated distributions of the dilepton invariant mass for Hig-
gsino and Wino/Bino models. The analytical curve is used to reweight the Wino/Bino distributions
to the case where m(χ̃0

2)×m(χ̃0
1) < 0. The agreement of the reweighted distribution and the expected

lineshape is shown. Plot taken from Ref. [1].

In a Wino/Bino model the product of the mass eigenvalues of the two lightest neutralinos
m(χ̃0

2) ×m(χ̃0
1) can be positive or negative1 and this relative sign determines the distribution

of the dilepton invariant mass from the decay of the virtual Z∗. The processes generated in
the Wino/Bino scenario assume the product to be positive yielding a mℓℓ distribution like the
green curve in Fig. 4.4. In the case of a Higgsino LSP only a negative relative sign is possible
and the distribution will look like the one shown in red in Fig. 4.4. An analytical description
of the lineshapes can be used to reweight the distribution of the Wino/Bino samples to the
case where m(χ̃0

2) ×m(χ̃0
1) < 0. This introduces two different signal scenarios with a Wino-

like NLSP and Bino-like LSP, which are used to provide separate interpretations of the search
results.

4.2 Object definitions and event reconstruction

The information gathered by the various components of the detector is used to reconstruct
and identify physics objects based on certain criteria and definitions. The goal is to minimize
the amount of falsely reconstructed or misidentified objects as well as the number of missed
objects not reconstructed at all. Leptons (electrons and muons) and jets are first defined by
a set of loose baseline requirements followed by a refinement of their identification through
more stringent signal identification criteria. Baseline objects are more prone to reconstruction
errors but have a higher acceptance and are therefore used for e.g. the reconstruction of the
missing transverse momentum. In the analysis mostly signal objects fulfilling the signal
identification criteria are used. Baseline objects are used in the overlap removal, see Sec. 4.3.
Candidate events are preselected by requiring at least one interaction vertex with two associ-
ated tracks of charged particles. The reconstruction of tracks [81, 82] employs data recorded
with the pixel, SCT and TRT detectors. The vertex position is determined from the resulting
set of tracks [83, 84]. If multiple vertices are reconstructed, the one with the highest ∑ p2

T of
associated tracks is defined as the primary vertex.
Event cleaning criteria [85] are applied in order to filter out events with detector noise or

1This is due to the way the mixing matrix is diagonalized, see e.g. Ref. [80].



4.2. OBJECT DEFINITIONS AND EVENT RECONSTRUCTION 31

backgrounds from non-collision sources, e.g. from cosmic rays.

4.2.1 Electrons

The reconstruction of electrons [86] is achieved by an algorithm, which starts by forming
clusters [87] of calorimeter cells, which registered an energy deposit above a certain thresh-
old. In the second step the obtained clusters are loosely matched to particle tracks from
the inner detector. The previous clustering is subsequently adjusted, e.g. to allow for the
treatment of the effects of bremsstrahlung, after which electrons are identified as pairs of a
refined cluster and matching track. A likelihood-based discriminant is used to identify and
distinguish prompt electrons from non-prompt electrons coming from decays of heavy flavour
(HF) hadrons or photon conversions and fake electrons appearing due to the misidentification
of jets. The inputs to this likelihood are quantities measured by the tracking and calorime-
ter systems. Based on fixed threshold values of the discriminant, different working points
referred to as VeryLoose, Loose, Medium and Tight [86] are defined in order to meet the
different requirements of physics analyses. Starting from VeryLoose, the working points have
decreasing identification efficiency and increasing purity.
In the electroweak compressed analysis electrons are required to have pT > 4.5 GeV and
|η| < 2.47. Baseline electrons are defined by the VeryLoose likelihood requirement, which,
in contrast to the other working points, does not explicitly contain the requirement of the
presence of a hit in the innermost pixel layer and only requires one hit overall in the pixel
detector. The longitudinal impact parameter z0 relative to the primary vertex has to satisfy
|z0 sin θ| < 0.5 mm. Signal electrons are defined by the Medium working point identification
criteria. To ensure that the electrons originate from the primary vertex the significance of
the transverse impact parameter relative to the beam line has to fulfill |d0|/σ(d0) < 5.
Electrons need to satisfy isolation criteria [86] ensuring that there are no additional objects
in the region near a reconstructed electron. The aim in a specific physics analysis is to choose
the isolation criteria such that a compromise between the identification of prompt electrons
and the rejection of electrons from HF decays or light hadrons misidentified as electrons is
achieved. The activity in the vicinity of an electron can be quantified by variables related to
the tracks of nearby particles and energy deposits in the calorimeter respectively [88]. The
track based variable pvar20

T is the sum of track momenta above 1 GeV inside a cone around
the electron [88]. The size of the cone shrinks with increasing transverse momentum of the
electron. The variable Econe20

T is the sum of transverse energies in calorimeter clusters with
several corrections applied in a cone of fixed size [88].
Electrons in the electroweak compressed analysis are required to satisfy the Gradient [86]
working point, which requires the two isolation variables to take values such that an isolation
efficiency of 90 % at pT = 25 GeV and 99 % at pT = 60 GeV is achieved [86].

4.2.2 Muons

The reconstruction of muons [89] primarily uses tracking information from the inner detector
and the muon spectrometer. The process of muon reconstruction starts with the identifica-
tion of local track segments in the muon spectrometer, which are then combined to track
candidates loosely compatible with the interaction point and the parabolic form of a muon
trajectory in the magnetic field. The track reconstruction is subsequently refined before the
muon spectrometer tracks are combined with tracks in the inner detector by performing a
fit, which also takes energy losses in the calorimeters into account. From the reconstructed
muon candidates the muon physics objects used by an analysis can be selected through sets
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of requirements on, e.g. the number of hits in different subdetector components.
Baseline muons in the analysis considered have pT > 3 GeV and |η| < 2.5 and correspond to
tracks, which satisfy the requirement |z0 sin θ| < 0.5 mm on the longitudinal impact param-
eter. Preselected muons need to pass the requirements of the LowPt identification working
point, which is specifically designed for analyses targeting muons with very low transverse
momentum and is described in more detail in [89]. Signal muons additionally need to satisfy
|d0|/σ(d0) < 3 and isolation criteria according to the FixedCutTightTrackOnly [90] working
point, which uses only tracking information.

4.2.3 Jets

Due to colour-confinement quarks and gluons cannot exist as free particles and therefore
hadronise. This happens in such a way that the newly formed hadrons form a stream of
hadrons roughly in the direction of the initiating parton, which can be observed in the de-
tector and is referred to as a jet [3]. Jets can be reconstructed with a number of different jet
algorithms. In this work the anti-kt algorithm [91] is used, which is an infrared and collinear
safe and soft-resilient sequential recombination algorithm iteratively combining candidate jet
constituents with growing distance until the point where the distance becomes too large. The
algorithm uses topological clusters [87] formed based on energy deposits in the calorimeter
cells as input. The radius parameter is set to R = 0.4. The four-momentum of reconstructed
jets is corrected by a calibration procedure described in Ref. [92]. First, jet energy contribu-
tions due to pile-up are removed by a data-driven method based on the jet area, then the jets
are calibrated. The suppression of pile-up jets is further improved by the jet vertex tagger
[93], which is a discriminant based on variables that describe the amount of jet momentum
corresponding to tracks associated to the primary vertex.
Baseline jets in the compressed search are required to have pT > 20 GeV and |η| < 4.5.
Preselected jets with pT < 120 GeV and |η| < 2.5 need to satisfy the Medium [94] working
point of the jet vertex tagger, while jets with pT < 50 GeV and |η| < |2.5| are required to
pass the Loose [94] working point of the forward jet vertex tagger. The signal jets considered
in the analysis comprise the subset of baseline jets additionally satisfying pT > 30 GeV and
|η| < 2.8.

4.2.4 B-tagging

Hadrons containing b-quarks have lifetimes on the order of O(10−12 s) [14]. At the typical
momenta this means that they usually travel a distance before decaying such that a displaced
secondary vertex can be observed in the detector. This and other properties of b-hadrons
can be used to identify jets containing b-hadrons, referred to as b-tagged jets. The strategy
developed to identify b-jets [95] features two steps. In the first step a set of low-level algorithms
reconstruct the characteristic features of b-jets regarding particle tracks and displaced vertices
and the obtained results are then combined in high-level algorithms consisting of multivariate
classifiers trained on simulated samples.
In the electroweak compressed analysis the b-tagging is performed by the MV2c10 [95]
algorithm using jets with pT and within |η| < 2.5 as input. The working point of the b-tagging
algorithm is chosen such that it achieves an identification efficiency of 85 % in simulated tt̄
events.
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4.2.5 Tracks

In order to increase the sensitivity of the analysis to electroweakino signals with very low mass
splittings, where the lepton pT can be very low, events with one lepton and an additional
track are considered.
Baseline track objects have pT > 500 MeV and η < 2.5 and are required to satisfy a set of
conditions on the numbers of hits in the subsystems of the inner detector according to the
Tight-Primary working point defined in Ref. [96]. Tracks are matched to electron or muon
candidates by the requirement of being within ∆R = 0.01 of an electron or muon, which
fails the signal lepton criteria defined above. Tracks with transverse momenta not satisfying
0.8 < ptrack

T /pℓ
T < 1.2 are discarded. The matching of tracks to lepton candidates reduces

contributions from tracks not originating from the targeted leptonic decay of electroweakinos
and allows an identification as electron or muon tracks, which is relevant for the definition of
the corresponding signal region.
Signal tracks have to satisfy pT > 1 GeV, |z0 sin θ| < 0.5 mm and |d0/σ(d0)| < 3. The isolation
of signal tracks is achieved by requiring that there are no jets within ∆R < 0.5 around a
track and that the ∑ pT of other tracks within ∆R = 0.3, excluding those belonging to signal
leptons, is less than 0.5 GeV.

4.2.6 Missing transverse momentum

Missing transverse momentum pmiss
T (with magnitude Emiss

T ) is an observable that can be
used to infer the presence of particles which traverse the detector without being explicitly
measured. Assuming that the initial momenta in the transverse plain of the colliding partons
are negligible, the sum over the transverse momenta of all objects in a collision should vanish
due to momentum conservation. The missing transverse momentum in an event is thus
computed as the negative vector sum of the transverse momenta of the reconstructed and
calibrated electrons, muons2, photons3 and jets as well as a soft term corresponding to tracks
not associated to any reconstructed object but compatible with the primary vertex [97, 98]:

pmiss
T = −

∑
pe

T −
∑

pµ
T −

∑
pγ

T −
∑

pjet
T −

∑
ptrack

T . (4.1)

The calculation of the missing transverse momentum uses the baseline objects defined in the
previous sections and features an overlap removal procedure (different to what is introduced
in Sec. 4.3) in order to prevent multiple inclusions of the same signal.
Different working points putting constraints on the jets included in the Emiss

T calculation
are available. In the search considered in this work the Tight [98] working point , which is
designed to reduce the effects of pile-up, is used. This removes forward jets in the region with
|η| > 2.4 and 20 < pT < 30 GeV, which contains a high number of pile-up jets.

4.3 Overlap removal

The reconstruction of physics objects is performed independently for the different types of
objects and it is therefore possible that tracks or calorimeter energy deposits are used more
than once and identified as different objects. In order to resolve ambiguities and prevent
possible double-counting an overlap removal procedure is carried out for the baseline objects

2Explicit contributions by τ -leptons are omitted here as they are not specifically treated in the analysis.
They are implicitly included by contributions to the electron, muon and jet terms.

3Photons are reconstructed similarly to electrons [88]. In the search considered here they are only relevant
in the calculation of Emiss

T .
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defined by the analysis. The procedure features sequentially executed steps using the sharing
of tracks and the distance measure ∆Ry =

√
(∆y)2 + (∆ϕ)2. Based on recommendations in

Ref. [99] the following steps are performed:

1. Electrons that share an inner detector track with muons are discarded. This prevents
muons, which mimic electrons via bremsstrahlung and subsequent photon conversion
to be double-counted.

2. Non b-tagged jets within ∆Ry < 0.2 of any of the remaining electrons are rejected.

3. Electrons with ∆Ry < 0.4 separation to remaining jets are discarded.

4. Jets with an associated muon or with fewer than three tracks with pT > 500 MeV
within ∆Ry < 0.4 of a muon are removed to get rid of jets resulting from the additional
identification of muons as jets due to bremsstrahlung.

5. Muons with ∆Ry < 0.4 separation to remaining jets are removed to improve the sup-
pression of non-prompt muons produced in c- and b-hadron decays together with jets.

4.4 Trigger strategy

As the goal of the electroweak compressed analysis is to search for SUSY in scenarios with
compressed mass spectra, implying events with low pT leptons, single and dilepton triggers
with high lepton pT thresholds are not viable. The analysis therefore uses data recorded with
Emiss

T -triggers [100], exploiting the raised Emiss
T values due to ISR jet activity.

In the L1 trigger the signals from calorimeter cells are successively summed and compared
to noise thresholds to calculate a preliminary value for Emiss

T , based on which the events are
preselected before being transferred to the HLT where the Emiss

T is recalculated using a set of
different algorithms depending on the data-taking period. The mht algorithm uses hadronic
jets reconstructed and calibrated similarly to the procedure in an offline physics analysis
and was used in data-taking from 2015 to 2016. During the 2017-2018 data-taking period
events were selected based on the Emiss

T determined by a combination of the pufit and cell
algorithms. The former uses η-ϕ patches formed by clusters of calorimeter cells and corrected
for pile-up contributions, while the latter simply sums over the full set of calorimeter cells
with signals above a certain noise threshold. This trigger combination was able to keep the
trigger rates almost at a stable level despite the rising instantaneous luminosities in the course
of Run 2, while providing high efficiencies.
The performance of Emiss

T -triggers is not given by a sharp step function, but features a
so-called turn-on region below about 200 GeV, where the trigger is not fully efficient. In an
analysis the same trigger selection as in data has to be applied to events from MC simulation,
especially if events in the Emiss

T range corresponding to the turn-on region are selected as in the
analysis presented here. The trigger efficiencies are determined by simulation and corrected
with dedicated scale factors in order to account for residual differences between data and
simulation.

4.5 Analysis variables

Supersymmetric signal events result in a behaviour of certain variables which differs from
what is obtained for SM background events. Requirements on these discriminating variables
can thus be used to define signal regions (SR) enriched in signal events and validation (VR)



4.5. ANALYSIS VARIABLES 35

and control regions (CR), which are used to determine a data-driven background estimate in
the SRs. In the following the variables used in the electroweak compressed analysis and the
specific requirements set to define the signal regions are discussed.

Lepton multiplicity, flavour and sign

The analysis uses a search channel with two signal leptons (2ℓ) and a channel with one lepton
and an additional signal track (1ℓ1T ) targeting scenarios with very compressed mass spectra.
In events with two leptons, the leptons are referred to as leading (ℓ1) or subleading (ℓ2)
according to their pT values. If an event contains more than one signal track the one with
the highest pT is used. The signal regions in both channels require the leptons/tracks to have
charges with opposite sign (OS) and to be of the same flavour (SF).

Dilepton invariant mass mℓℓ

The invariant mass of the dilepton pair (where one of the leptons is represented by a track
object in the 1ℓ1T channel) is defined as

mℓℓ =
√
m2

ℓ1
+m2

ℓ2
+ 2

(
Eℓ1Eℓ2 − pℓ1 · pℓ2

)
(4.2)

and can be expressed via the pT of the leptons and their separation in pseudorapidity ∆ηℓ1ℓ2

and azimuthal angle ∆ϕℓ1ℓ2 as

mℓℓ =
√

2pℓ1
T p

ℓ2
T (cosh ∆ηℓ1ℓ2 − cos ∆ϕℓ1ℓ2) (4.3)

in the relativistic limit E ≫ m. An upper limit mℓℓ < 60 GeV is used to reject background
processes with decays of on-shell Z bosons and other SM processes. By putting a veto on the
region 3 GeV < mℓℓ < 3.2 GeV contributions from J/ψ decays are removed.
The kinematic endpoint in the mℓℓ distribution of a dilepton pair originating from a second-
to-lightest neutralino via the decay χ̃0

2 → (Z∗ → ℓℓ)χ̃0
1 is determined by the mass splitting

∆m = m(χ̃0
2) − m(χ̃0

1). Therefore the shape of the mℓℓ distribution is different for different
signal points. This motivates the introduction of signal regions divided into several mutually
exclusive bins in mℓℓ. These orthogonal bins can be statistically combined and fitted to data
simultaneously, which is referred to in the following as a shape-fit. Such a shape-fit in mℓℓ

exploits the differences in the shape of the distribution between signal and background and
is able to account for the differences in shape for the different signal points considered.

Lepton/track transverse momenta

In the 2ℓ channel the leading lepton is required to have pT > 5 GeV in order to supress
backgrounds from fake/non-prompt leptons. The subleading lepton has to fulfill a sliding
cut dependent on mℓℓ in order to not lose efficiency for leptons in signals with low mass
splittings but still reject background events with fake/non-prompt leptons and higher mℓℓ.
As the 1ℓ1T channel is supposed to explicitly target scenarios where the decay products have
very low momenta due to the small mass splittings of the SUSY particles, the corresponding
SR requires that the identified lepton has pT < 10 GeV and that the track has pT < 5 GeV.

Dilepton distance ∆Rℓℓ

Dileptons resulting from the decay of a χ̃0
2 via an off-shell Z boson often have only a small

angular separation, which leads to inefficiencies in the reconstruction of the leptons. The
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method used by the analysis to correct these inefficiencies requires to exclude events with
two leptons where the dilepton distance defined by

∆Rℓℓ =
√

(ηℓ1 − ηℓ2)2 + (ϕℓ1 − ϕℓ2)2 (4.4)

is below certain thresholds. The resulting requirements are ∆Ree > 0.3, ∆Reµ > 0.2 and
∆Rµµ > 0.05. The implicit constraint of ∆Rℓℓ > 0.05 for all flavour pairings also suppresses
backgrounds from collinear lepton pairs originating from photon conversions. In the 1ℓ1T
channel events with 0.05 < ∆Rℓtrack < 1.5 are selected.

Di-tau invariant mass mττ

The mττ variable is introduced to suppress the background from Z bosons recoiling against
hadronic activity and decaying to boosted taus, which subsequently decay leptonically. In this
scenario the di-tau invariant mass squared depends on the transverse momenta of the resulting
leptons and missing transverse momentum carried by neutrinos and can be approximated as

m2
ττ ≃ 2pℓ1pℓ2 (1 + ξ1) (1 + ξ2) , (4.5)

where the parameters ξ1 and ξ2 are determined by solving pmiss
T = ξ1pℓ1

T +ξ2pℓ2
T . The variable

used by the analysis is then defined as the signed square root

mττ = sign
(
m2

ττ

)√
|m2

ττ |. (4.6)

In the 2ℓ channel events with mττ in the region between 0 GeV and 160 GeV are vetoed.

Number of jets Njet and leading jet momentum

To select events with hadronic activity from ISR, the number of jets is required to be Njet ≥ 1
with a momentum of the leading jet pT > 100 GeV.

Number of b-tagged jets Nb−jet

SM processes involving t-quarks often produce final states with b-jets through the decay
t → Wb. An upper limit or veto on the number of b-tagged jets can therefore reduce the
background from tt̄ production.
As the signal model of the analysis does not feature enhanced appearance of b-quarks, a veto
on b-tagged jets is placed in the 2ℓ channel.

Separation of jets and leptons from pmiss
T

Any jet in an event has to pass the requirement min(∆ϕ(any jet,pmiss
T )) > 0.4 to ensure the

separation of jets from to pmiss
T in order to suppress the impact of jet energy mismeasurement

on Emiss
T .

The requirement ∆ϕ(j1,pmiss
T ) ≥ 2.0 for the leading jet to be clearly separated from pmiss

T is
very efficient for the signal involving ISR and reduces background contributions.
The 1ℓ1T signal region requires ∆ϕ(lep,pmiss

T ) < 1.0 to reject backgrouds with non-prompt
leptons or hadrons.
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Missing transverse energy Emiss
T

In SM processes missing transverse energy Emiss
T can only be caused by neutrinos or mismea-

surements in the detector. The SUSY scenarios considered by searches at the LHC typically
lead to a much higher value of Emiss

T , due to invisible sparticles with high mass escaping the
detector unmeasured.
Due to the low pT values of the decay products of electroweakinos in models with compressed
mass spectra the analysis presented here relies on the sparticle system to be recoiling off
initial state radiation in order for the LSP to contribute to significant Emiss

T . All events
are required to have Emiss

T > 120 GeV. Two signal regions with the additional upper limit of
Emiss

T < 200 GeV select events in the trigger turn-on region and increase the search sensitivity
to larger mass splittings, while a third SR and the 1ℓ1T signal region require Emiss

T > 200 GeV,
where the online triggers are fully efficient.

Transverse mass mℓ1
T

The transverse mass of the leading lepton and Emiss
T , defined as

mℓ1
T =

√
2(Eℓ1

T E
miss
T − pℓ1

T · pmiss
T ), (4.7)

can be used to reduce backgrounds from fake and non-prompt leptons as the leading lepton
and pmiss

T are expected to be closer for the signal as for the background processes.

Emiss
T /H lep

T variable

The Emiss
T /H lep

T variable, where H lep
T is the scalar sum of the lepton momenta

H lep
T =

∑
i

pℓi
T (4.8)

is an effective discriminant of events with soft leptons against events with harder leptons. As
the SUSY models targeted with this analysis produce leptons with low pT and only small
contributions to the missing transverse energy, the values of Emiss

T /H lep
T tend to be rather low

for the signal events.
The two signal regions with low Emiss

T are made orthogonal by requirements on Emiss
T /H lep

T ,
increasing the sensitivity to small mass splitting in the SR called SR-E-med by the selection
Emiss

T /H lep
T > 10

Recursive Jigsaw variables

In scenarios where the electroweakino system is recoiling against jets from initial state ra-
diation there will be correlations between the missing transverse energies of the produced
lightest neutralinos and the momenta of the ISR jets. These can be used to define a new
type of kinematic observables based on the recursive jigsaw reconstruction (RJR) technique
[101], which can be more useful than typical discriminating variables in scenarios like the one
considered here. The RJR procedure uses the axis of maximum back-to-back pT, referred to
as the thrust axis, to define the direction of the recoil of the produced sparticles against the
ISR jets. The thrust axis is then used to define two different hemispheres perpendicular to it.
The hemisphere labeled S contains the decay products of the initially produced electroweaki-
nos responsible for the Emiss

T , while the ISR hemisphere contains the hadronic activity. Based
on this description two variables used by the analysis are defined.
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2ℓ 1ℓ1T
number of leptons (tracks) = 2 leptons = 1 lepton and ≥ 1 track
lepton pT [GeV] pℓ1

T > 5 pℓ
T < 10

∆Rℓℓ ∆Ree > 0.3, ∆Reµ > 0.2, ∆Rµµ > 0.05 0.05 < ∆Rℓtrack < 1.5
lepton (track) charge and flavour e±e∓ or µ±µ∓ e±e∓ or µ±µ∓

lepton (track) invariant mass [GeV] 3 < mee < 60, 1 < mµµ < 60 0.5 < mℓtrack < 5
J/ψ invariant mass [GeV] veto 3 < mℓℓ < 3.2 veto 3 < mℓtrack < 3.2
mττ [Gev] < 0 or > 160 -
Emiss

T [GeV] > 120 > 120
Njets ≥ 1 ≥ 1
Nb−jets = 0 -
leading jet pT [GeV] ≥ 100 ≥ 100
min(∆ϕ(any jet,pmiss

T )) > 0.4 > 0.4
∆ϕ(j1,p

miss
T ) ≥ 2.0 ≥ 2.0

Table 4.1: Preselection requirements used for all search regions. Dashes indicate that no selection is
made.

SR-E-low SR-E-med SR-E-high SR-E-1ℓ1T
Emiss

T [GeV] [120, 200] [120, 200] > 200 > 200
Emiss

T /H lep
T < 10 > 10 - > 30

∆ϕ(lep,pmiss
T ) - - - < 1.0

lepton (track) pT [GeV] pℓ2
T > 5 +mℓℓ/4 - pℓ2

T > 5 + min(10, 2 +mℓℓ/3) ptrack
T < 5

MS
T [GeV] - < 50 - -

mℓ1
T [GeV] [10, 60] - < 60 -

RISR [0.8, 1.0] - [max(0.85, 0.98 − 0.02 ×mℓℓ, 1.0] -

Table 4.2: Event selection for the signal regions used to search for electroweakinos. The preselection
requirements specified in Tab. 4.1 are implied. Dashes indicate that no selection is made.

The variable RISR is given by the ratio of the Emiss
T to the transverse momentum in the ISR

hemisphere and is sensitive to the mass ratio of the lightest electroweakinos. The signals have
values of RISR close to 1 especially for low mass splittings, which is used for the signal region
requirements. The transverse mass of the S system MS

T takes low values for signal events.

4.6 Signal regions

The final definitions of the three signal regions targeting electroweakinos in the 2ℓ and the SR
in the 1ℓ1T channel used by the electroweak compressed analysis are specified in Tab. 4.1 and
4.2. The region SR-E-high selects events with high missing transverse energy, where the Emiss

T
trigger is fully efficient. SR-E-1ℓ1T also selects events in the plateau region of the trigger
and enhances the sensitivity of the search for scenarios with very compressed electroweakino
mass spectra. The regions SR-E-low and SR-E-med are both designed for events with Emiss

T
in the trigger turn-on region with SR-E-low targetting larger mass splittings and SR-E-med
providing sensitivity for smaller mass splittings.
The signal regions of the 2ℓ channel are binned in nine mℓℓ bins with boundaries at mℓℓ =
1, 2, 3, 5, 10, 20, 30, 40 and 60 GeV. Dielectron and dimuon events are binned separately. As
the invariant mass for a dilepton pair is required to be greater than 3 GeV the first bins will
remain empty in this case. Events in the mℓℓ > 30 GeV bins of the SR-E-med region are
ignored as they have minimal sensitivity to the targeted signal models. The signal region
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SR-E-1ℓ1T is divided into six bins with boundaries at mℓtrack = 0.5, 1, 1.5, 2, 3, 4 and 5 GeV.
Due to the low number of events the two lepton flavours are not treated separately in this
channel.
The analysis performs two different types of statistical fits. By merging the two different
flavour scenarios and by merging the signal region bins introduced above up to all possible
bin boundaries a set of inclusive single-bin signal regions is constructed. Every one of these
inclusive SRs is fitted individually to test for model-independent excesses of events above the
SM prediction.
The second statistical test is an exclusion fit, which is performed in the case that no significant
excess above the SM expectation is seen and uses the full binning introduced above in order
to perform a shape-fit in mℓℓ. As such a shape-fit exploits the distribution of mℓℓ in the
signal models it yields limits, which depend on the corresponding model. In the exclusion fit
all four orthogonal signal regions for electroweakinos are statistically combined.

4.7 Background estimation

In order to draw any conclusions about the SUSY signal under consideration an accurate
estimate of the SM background is needed. Two sources of background exist. Reducible back-
grounds are caused by missed or false reconstruction of physics objects or mismeasurements.
Irreducible backgrounds stem from processes with final states identical or almost identical to
the one from the studied signal.

4.7.1 Reducible background

The main sources of reducible background in the 2ℓ channel are events with leptons originating
from photon conversions or heavy-flavour hadron decays, or due to the misidentification of
jets. These are estimated using a data-driven method, referred to as the Fake Factor method
[102, 103].
In the 1ℓ1T channel the dominant background is given by events where a lepton is associated
with a random track. This background is estimated using a dedicated data-driven method.

4.7.2 Irreducible background

While processes with only little contributions to the total irreducible background in the 2ℓ
channel are estimated using MC simulation only, the dominant backgrounds are estimated
by a semi-data-driven approach. This procedure involves the definition of control regions
(CR), which are each designed to be enriched in a certain type of background and ideally
free of signal. A fit of MC samples to the observed data is performed and the normalization
obtained for the background estimate in the CR is extrapolated to the SRs. In order to
assess the validity of the extrapolation from the CRs to the SRs, validation regions (VR)
are defined. The VRs are placed in between the signal and control regions in terms of the
observables extrapolated over and designed to be similar to the SRs while minimising signal
contamination. The VRs do not participate in the actual fits of the physics analysis. In order
to simultaneously fit both the SRs and CRs these regions have to be orthogonal. Fig. 4.5
gives a schematic overview of this analysis strategy.
The dominant irreducible backgrounds tt̄/tW , WW/WZ and Z(∗)/γ∗(→ ττ) + jets are esti-
mated using the method just described. An overview of the control regions and the validation
regions employed in the search for electroweakinos is given in Tab. 4.3. Three conrol regions
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Figure 4.5: Schematic view of an analysis strategy involving control, validation and signal regions.
The extraploation procedure is indicated by the arrows. All regions can in principle have more than
one bin. Figure taken from Ref. [104].

labeled CR-E-high and CR-E-low are used to constrain the backgrounds in SR-E-high and
SR-E-low respectively. For SR-E-med no dedicated CRs are constructed and the CRtau-E-
low region is instead used to normalize the dominant Z(∗)/γ∗(→ ττ)+jets background in this
signal region. For each SR an individual validation region, which keeps the selection criteria
of the SR in question but requires events to contain two different-flavour leptons, is designed.
A so-called background-only fit simultaneously taking into account all the control regions is
performed using the HistFitter package [104] and the corresponding dominant background
processes are normalized. The results of this fit are used to obtain a background prediction
in the validation regions, which is then used to validate the background model by comparing
to data. As only the observed event counts in the CRs are taken into account in this proce-
dure the obtained background estimate allows for an unbiased comparison with the observed
numbers of events in the VRs. This comparison is shown in Fig. 4.6 for the validation regions
VRDF-E-high, VRDF-E-low and VRDF-E-med binned in mℓℓ in the same way as the corre-
sponding signal regions. A slight disagreement between data and background estimation is
observed in several VR bins. In particular for the region VRDF-E-low a trend towards an
overfluctuation of the observed data with respect to the SM expectation can be seen. As no
general over- or underestimation is observed and all significances are below 2σ the overall
agreement is deemed to be acceptable.
In order to further assess the behaviour of the background estimate also in the signal regions,
a so-called CR+SR background-only fit [104] is performed. This fit configuration takes into
account all control regions and the exclusive signal regions, while turning off the signal com-
ponent. A comparison of the observed event yields with the background expectation obtained
from this fit, as shown in Fig. 4.7, again reveals over- and underfluctuations in several bins
of the different signal regions. Overall the deviations are evaluated to be acceptable.
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.
region SR orthogonality lepton flavour additional requirements

CRtop-E-high
Nb−jet ≥ 1 ee+ µµ+ eµ+ µe

RISR ∈ [0.7, 1.0], mℓ1
T removed

CRtop-E-low Emiss
T /H lep

T and mℓ1
T removed

CRtau-E-high
mττ ∈ [60, 120] GeV ee+ µµ+ eµ+ µe

RISR ∈ [0.7, 1.0], mℓ1
T removed

CRtau-E-low RISR ∈ [0.6, 1.0], mℓ1
T removed

VRtau-E-med -

CRVV-E-high RISR ∈ [0.7, 0.85]
ee+ µµ+ eµ+ µe

mℓ1
T removed

CRVV-E-low RISR ∈ [0.6, 0.8] mℓ1
T > 30 GeV,Njets ∈ [1, 2], Emiss

T /H lep
T removed

VRDF-E-high
eµ+ µe eµ+ µe

-
VRDF-E-low -
VRDF-E-med -

Table 4.3: Control and validation regions used for the estimation of irreducible backgrounds, presented
relative to the selections of the corresponding signal regions according to Tab. 4.1 and 4.2. Dashes
indicate that no selection is made.

Figure 4.6: Comparison of the observed and expected event yields in the VRs after a background-only
fit of the CRs. The VRs are divided into mellℓ bins identically to the corresponding SRs. The shaded
uncertainty band includes both MC statistical and systematic uncertainties. The bottom panel shows
the significance of the differences between the observed data and the expected event counts computed
according to Ref. [105]. Figure adapted from Ref. [1].
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Figure 4.7: Comparison of the observed and expected event yields in the mℓℓ bins of the SRs after a
CR+SR background-only fit. The uncertainties of the background estimate include both MC statisti-
cal and systematic uncertainties. The bottom panel shows the significance of the differences between
the observed data and the expected event counts computed according to Ref. [105]. Figure adapted
from Ref. [1].

4.8 Results of the model dependent signal fit

This section only presents the results obtained by a model-dependent signal fit [104], also
called exclusion fit. For the results of the fit based on the inclusive signal regions see Ref. [1].
The exclusion fit is performed separately for all signal points in the signal grid and uses
all control regions and the binned signal regions (including SR-E-1ℓ1T ). In addition to the
background, signal contributions are allowed in all regions. The signal strength parameter
µsig is intoduced as a factor scaling the signal sample across all regions. Ultimately for each
signal point expected and observed CLs values can be calculated. A model is considered
excluded if CLs < 0.05. The exclusion at 95 % confidence level for the different studied
scenarios is presented in two-dimensional plots with m(χ̃0

2) on the horizontal and the mass
difference ∆m(χ̃0

2, χ̃
0
1) on the vertical axis. The top plot in Fig. 4.8 shows the obtained

exclusion limits for the Higgsino signal samples, with all points inside the contour excluded
at 95 % CL. The two plots on the bottom correspond to the two different scenarios where the
LSP is Bino-like.
The exclusion power achieved by the analysis is mostly due to the high Emiss

T channel. The
low Emiss

T channel adds sensitivity to models with higher mass splittings, while the 1ℓ1T
channel improves the results for very small mass splittings.
The behaviour of the observed exclusion contour in the bottom right plot in Fig. 4.8 at high
mass differences is caused by a combination of an overfluctuation of data for events with
10 GeV < mµµ < 20 GeV and an underfluctuation for events with 20 GeV < mµµ < 40 GeV in
SR-E-high. This behaviour is already visible in the results of the CR+SR background-only
fit in Fig. 4.7 and is enhanced by the presence of the signal model in the signal fit.
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In the case of Higgsino production, χ̃0
2 masses up to 193 GeV can be excluded at a mass

splitting of 9.3 GeV. At the lower bound set on the χ̃0
2 mass by LEP, mass splittings from

2.4 GeV to 55 GeV are excluded. For the scenario with Bino-like LSP and m(χ̃0
2) × m(χ̃0

1),
electroweakino masses of up to 240 GeV for mass splittings of 7 GeV are excluded. The mass
splittings of the excluded models in this case lie in a range from 1.5 GeV to 46 GeV.

Figure 4.8: Expected (blue dashed line) and observed (red solid line) 95 % CL exclusion contours
(with uncertainties) for different electroweakino scenarios determined by the electroweak compressed
analysis [1]. The top plot shows the results for the Higgsino scenario, the bottom plots correspond to
the two different scenarios with a Bino LSP, which differ by the relative sign of the lightest neutralino
masses (see. 4.1). The gray regions indicate the LEP lower limits on the chargino mass. The blue
regions correspond to the exclusion limits set by previously performed ATLAS analyses [67, 106, 107].





Chapter 5

Reinterpretations in the pMSSM

Traditionally, the ATLAS Collaboration uses a large set of simplified models to interpret the
results of SUSY searches at the LHC. In addition to the issue regarding the validity of results
based on these models mentioned in Sec. 2.2.7, another potential issue of searching for SUSY
by performing individual analyses optimized for individual decay chains is that important
effects present in more complete models might be neglected and that certain regions of SUSY
models might remain uncovered. In particular, simplified models struggle to cover topologies
where the initially produced sparticles decay to the final state via a long decay chain with
various intermediate sparticles in a generic way. For this reason, performing reinterpretations
of these searches in more complex models with a higher dimensional parameter space is a
highly desirable task. Not only will this reveal the constraints put on more realistic SUSY
scenarios by individual searches, but this will also lead to a better understanding of the true
coverage of the ATLAS SUSY search program, by offering the possibility to determine a
combined sensitivity of the different searches and by potentially revealing model regions not
covered by current searches.
One model space particularly suited for such reinterpretations is the pMSSM, introduced in
Sec. 2.2.6. The pMSSM with its 19 parameters represents a compromise between provid-
ing more complex SUSY scenarios and still being of low enough dimensionality to enable
large-scale studies with reasonable computational effort. Nevertheless, approximations in the
evaluation of the pMSSM models are needed in order to make the evaluation of a high number
of models with the complete set of considered SUSY searches feasible. The results of corre-
sponding studies, performed by the ATLAS Collaboration based on data taken during Run
1 of the LHC, can be found in Refs. [108, 109]. Efforts for the second iteration of pMSSM
reinterpretations of ATLAS searches, including e.g. the electroweak compressed analysis,
using the full Run-2 dataset are currently ongoing and some aspects of this are discussed in
the following sections.
Another important aspect of performing interpretations of the ATLAS SUSY search program
in the pMSSM, is that results from other measurements, e.g. direct or indirect dark matter
searches, electroweak precision measurements and flavour-physics experiments can be taken
into account. The results of these experiments place constraints on the pMSSM model space,
which can be accounted for in different ways. In Ref. [108] the pMSSM models were sam-
pled from the parameter space using flat probability distributions and only later the models
were filtered according to the requirements put on certain observables by the experiments.
Analogously, in Sec. 5.4 an upper limit on the dark matter relic abundance as observed by
the Planck experiment [23] filters out models not compatible with the corresponding con-
straint. A different approach was used in Ref. [109]. In these studies, focusing on the part
of the pMSSM relevant for electroweakinos, a dedicated Bayesian likelihood was used to in-
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clude external constraints during the sampling of the models. The goal of this is to generate
and subsequently process only models, which are interesting in terms of the considered non-
collider experiments. In particular this can be (and has been) used to include results from
(in)direct DM detection experiments, in order to study the impact of ATLAS searches for
electroweakinos on the parameter space of DM candidates. This method of performing an
initial likelihod scan is discussed more in Chap. 7.
This chapter starts with an introduction of two approaches to analysis simplifications: a
truth-level implementation of the signal-related analysis steps (see Sec. 5.1) and the sta-
tistical evaluation based on simplified likelihoods (see Sec. 5.3). These simplifications are
necessary in large-scale reinterpretations, in order to process the high number of models un-
der consideration. Validation studies of the truth-level implementation of the electroweak
compressed analysis, comparing event counts, are presented in Sec. 5.2. A description of the
generation of pMSSM models focusing on the electroweak sector used to perform preliminary
studies on reinterpretations of ATLAS searches for electroweakinos, including the compressed
search, is given in Sec. 5.4. The results of the evaluation of these models are presented in
Sec. 5.5.

5.1 Truth-level analyses

The aim of ongoing efforts within the ATLAS Collaboration is to perform a search for SUSY
in the parameter space of the pMSSM. These large-scale studies, referred to as a pMSSM scan,
are going to evaluate a high number of pMSSM models using a set of SUSY searches originally
only interpreted in simplified models. In order to make such a collective reinterpretation
of analyses computationally feasible, while still maintaining the original sensitivity of the
analysis, sophisticated simplifications have to be employed in the analysis chains. One of
these simplifications involves running a truth-level implementation of all the analyses included
in the scan in the first step. This means that in each analysis the generator-level objects are
used, instead of performing a dedicated full detector simulation, a process that is highly
expensive in terms of computing resources. Only a so-called smearing procedure is employed
as an approximation of the detector response.
The truth-level implementations of the ATLAS SUSY analyses employed in the pMSSM scan
are collected in the SimpleAnalysis framework1 [110]. An analysis in this framework con-
tains the object definitions, overlap removal, computation of relevant observables and the
definitions of the control and signal regions of the original search, as e.g. presented in Chap.
4 for the electroweak compressed search. A truth smearing procedure is applied. The smear-
ing approximates the effects of a detector simulation on MC samples through parametrized
reconstruction and identification efficiencies and maps mimicking the effects of finite detector
resolution. The different physics objects are smeared indepependently and the exact smear-
ing procedure depends on the object definitions of the analysis. The parametrizations of
the efficiency maps are obtained from results of studies of the performance of the ATLAS
detector.
For electrons [86] the identification efficiencies are parametrized by |η| and pT. In pT, six bins
in the range from 7 GeV to 120 GeV are used in the parametrization and the efficiencies are
obtained by a linear interpolation between the centers of two adjacent bins. If an electron
has a pT value outside of this range, the value at the respective bin boundary is used. The
efficiency maps are different for the different identification working points. Rates of recon-

1It is worth noting that the SimpleAnalysis framework and with it the full technical implementation of
the included searches are made publicly available, which enables reinterpretations by efforts outside of the
ATLAS Collaboration.
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structing a fake electron in a true jet are also taken into account with similarly constructed
maps. The effect of the finite resolution of energy measurements in the detector on the trans-
verse energy of electrons is approximated by drawing from a Gaussian centered around the
truth value and width rcorresponding to the measured energy resolution also parametrized
in |η| and pT.
For muons [89] the efficiencies are handled analogously to the case of electrons. Several maps
parametrized in |η| and pT exist for the different identification working points and the pT is
smeared using a Gaussian distribution corresponding to finite momentum resolution.
The transverse momentum of jets is smeared to account for effects from finite detector resolu-
tion. Flavour tagging efficiencies are obtained from measurements and the resulting efficiency
maps for the different working points of the flavour tagging algorithm, parametrized in |η|
and pT, are used in the smearing procedure.
The smeared missing transverse energy is calculated based on the smeared truth objects and
an approximation of the track soft term obtained from measurements.

5.2 Validation of the truth-level electroweak compressed anal-
ysis

In this section studies comparing event counts in the 2ℓ signal regions of the electroweak com-
pressed analysis defined in Sec. 4.6 and distributions of kinematic observables of exemplary
signal points as obtained from the analysis at smeared truth- and reconstruction-level2, are
presented. In order for the smeared truth-level analysis to be a valid approximation these
should largely agree.

5.2.1 Emiss
T trigger efficiencies

The signal regions SR-E-low and SR-E-med both select events with 120 < Emiss
T < 200 GeV

in the turn-on region of the Emiss
T trigger. As already mentioned in Sec. 4.4 the trigger

efficiencies during data-taking also have to be applied to simulated MC samples. The left
plot in Fig. 5.1 compares the distributions of missing transverse energy for a signal model
considered in the analysis, where the corresponding trigger efficiencies are taken into account
only for the reconstruction-level sample. A clear mismatch between the two distributions is
seen for values of Emiss

T in the turn-on region with higher number of events for the truth-
level distribution. After the effect of the Emiss

T trigger is removed for the reconstruction-level
sample in the plot shown in Fig. 5.1(b) a much better agreement is observed.
A rigorous implementation of the Emiss

T trigger efficiencies in the truth-level analysis is diffi-
cult, in part because several different trigger algorithms resulting in different turn-on curves
were used in the Run-2 data-taking period. In an analysis on reconstruction-level the appro-
priate trigger efficiencies are applied using the run number assigned to MC events, which is
not possible on truth-level. As a naive implementation of the effects of the missing transverse
energy trigger on the truth-level events, in the simplified analysis one representative trigger
curve is chosen from which the needed efficiencies are determined according to the calculated
Emiss

T value. A comparison of the distribution obtained after the Emiss
T trigger is included in

the truth-level analysis is shown in Fig. 5.1(c). It can be seen that for values of Emiss
T between

120 GeV and 140 GeV the number of truth-level events is reduced too much, while in the rest
of the trigger turn-on region the agreement improves. This is most likely caused by the chosen

2The term reconstruction-level in this context refers to MC samples for which a dedicated detector simu-
lation is performed and the physics objects are reconstructed as in the original analysis.
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(a) (b)

(c)

Figure 5.1: The distribution of Emiss
T for a signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 40) GeV is shown.

The analysis preselection (see Tab. 4.1) and an additional requirement on the pT of both leptons to
be above 20 GeV are applied. Smearing is applied to the truth-level samples. In (a) an event selection
according to the missing energy trigger is applied to the reconstruction-level sample, while in (b) the
trigger efficiencies are ignored. The distribution in (c) is obtained, when the Emiss

T trigger is also
implemented in the truth-level analysis. The uncertainties are MC statistical only.
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turn-on curve not being appropriate for the reconstruction-sample considered here. A general
improvement could probably be achieved by implementing Emiss

T trigger efficiencies obtained
by averaging the efficiencies of curves of several different trigger algorithms.
The implementation of Emiss

T trigger efficiencies is already applied to the samples used for
the plots in the following.

5.2.2 Comparison of kinematic distributions at preselection level

Fig. 5.2 shows distributions of kinematic observables used in the analysis for two different
exemplary signal points at smeared truth- and reconstruction-level with low and high mass
splittings. The preselection requirements specified in Tab. 4.1 are applied. All plots for
both signal points show an overall excess in the event counts of the smeared truth samples
in comparison to the reconstruction-level. Distributions of additional analysis variables for
the two signal points considered here, showing a similar behaviour, can be found in Figs.
A.1-A.4. Plots for an additional signal point with masses (m(χ̃0

2),m(χ̃0
1)) = (175, 150) GeV,

also showing the same behaviour are shown in Figs. A.5 and A.6.
In Fig. 5.2(c) a mismatch in shape between the distributions is also visible with a discrepancy
of the yields in the bins at low values of the pT of the leading lepton. This leads e.g. to a higher
overall mismatch for the very compressed signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 95) GeV

for which the sample contains almost exclusively events where the leading lepton has pT <
20 GeV.
A comparison of the numbers of b-tagged jets in smeared truth and full reconstruction samples
of the signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 40) GeV are shown in Fig. 5.3. For this plot

the preselection is applied with the requirement on the number of b-jets removed. While at
smeared truth-level there is again an overestimation of the event counts with zero b-tagged
jets, the number of events with one or more b-jets shows the opposite behaviour.
Overall the plots show that, although smearing is activated when the truth-level analysis
is run, the truth-level analysis systematically overestimates the event counts and leads to
different shapes of the distributions of the transverse momentum of leptons and number
of b-tagged jets. This is in contrast to results of other studies, where the implementation
of a different analyses together with the smearing procedure in SimpleAnalysis lead to a
good agreement with the reconstruction-level results (see Ref. [111]). The reason for this
is that the scenario of direct production of electroweakinos with compressed mass spectra
considered in the electroweak compressed analysis produces leptons with very low pT. The
smearing procedure as introduced in Sec. 5.1 is not optimized for the electron and muon
object definitions given in Sec. 4.2, specifically chosen to handle the targeted low-momentum
regime. Additionally, Fig. 5.3 implies that the b-tagging efficiencies employed in the smearing
procedure might not be an accurate approximation of the corresponding detector effects. As
the analysis selects only events with zero b-jets this will lead to an overall mismatch between
the truth- and reconstruction-level event counts in the preselection used for the plots shown
above, as well as in in the signal regions.

5.2.3 Comparison of yields in the signal regions

The overestimation of yields on truth-level is also clearly visible after the different signal
region event selections are applied, as can be seen in the left column in Fig 5.4. These plots
show pairs of the total truth and reconstruction event counts obtained per each signal point
in a 2-dimensional scatterplot. The bins in mℓℓ and the different flavours have been combined
for all the signal regions SR-E-high, SR-E-low and SR-E-med. The plots in the left column are
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Figure 5.2: Comparison of the distributions of kinematic observables used in the analysis for two
different signal points at smeared truth- and full-reconstruction-level with low and high mass splittings:
(m(χ̃0

2),m(χ̃0
1)) = (100, 40) and (100, 95) GeV. All distributions are shown in the preselection defined

in Tab. 4.1. The ratio pads give the ratios of the reco- to the smeared truth-level distributions with
error bars corresponding to MC statistical uncertainties.
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Figure 5.3: Distribution of the num-
ber of b-tagged jets at smeared truth-
and reconstruction-level. Preselection
requirements without the veto on b-jets
are applied. The plot shows different
behaviour for the number of events with
zero or one or more b-jets. Only MC
statistical uncertainties are considered.

obtained running the same truth-level analysis including the smearing procedure as before.
The points corresponding to individual signal points mostly lie under the diagonal indicating
an excess of truth-level event rates. The observed mismatch motivates the computation of
additional efficiencies and their implementation in the truth-level version of the analysis.

5.2.4 Computation of additional efficiencies

In order to correct for the observed mismatch, additional efficiencies are computed and im-
plemented. These efficiencies are calculated based on smeared truth-level yields obtained for
samples of a set of electroweakino signal points using the truth-level implementation of the
electroweak compressed analysis. For every signal point the event rates in the individual
bins (also split up into ee and µµ) of the signal regions SR-E-high, SR-E-low and SR-E-med
are determined. Then for every signal point the ratios of the reconstruction-level yields of
the considered signal point to the truth-level yields are calculated for all SR bins. These
ratios are averaged over all signal points to obtain an efficiency for every individual SR bin.
The calculated efficiencies are implemented in the truth-level analysis by weighting the event
counts obtained for the different signal regions with the corresponding efficiency. An obvious
downside of this approach to correct the truth-level event count is that it is specific to the
electroweak compressed analysis.
Results obtained with these efficiencies implemented are shown in the right column of Fig.
5.4. For these plots the smeared truth-level yields in the individual signal region bins are
determined, weighted by the corresponding efficiencies and then summed to obtain an event
rate for every signal point. Especially for the signal region SR-E-high an improvement of the
match of the yields obtained for truth- and reconstruction-level is achieved.

5.3 Simplified likelihood fit

In order to be able to perform large-scale reinterpretations not only the signal chain of the
employed analyses but also the statistical evaluation has to be computationally feasible.
Typical searches for SUSY within ATLAS use complex statistical models with a high number
of search regions, additionally split in multiple bins and nuisance parameters. As one also
wants to perform not just one analysis and in the end evaluate a number of models on
the order of O(106) running the statistical inference at full complexity for all models would
quickly become to computationally expensive.
In the pMSSM scans that were performed by ATLAS after Run 1 [108, 109] two different
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Figure 5.4: Comparison of reco- and truth-level yields in the SRs of the 2ℓ channel. The SR bins are
merged. The dashed line is the diagonal where the yields are equal. In the left columns the points
representing individual signal points mostly lie under the diagonal. The plots on the right show the
yields obtained with the additional efficiencies derived in Sec. 5.2.4 applied.
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methods were used to reduce the computational cost of the statistical evaluation. Both relied
on simplifying the original analyses featured in the respective scan by only using single-bin
signal regions or by using every bin of a originally binned signal region separately. The
calculation whether a model is excluded or not excluded did therefore not make use of the
statistical combination of SRs or a shape-fit for any analysis in either of the two efforts. This
leads to an overall worse exclusion power. It is therefore highly desirable to improve the
method that is used to reduce the complexity of the statistical evaluation of ATLAS SUSY
searches in the pMSSM scan after Run 2.
The method introduced in Refs. [111, 112] uses the results of a background-only fit to data
using the full likelihood of an analysis as the background model in a simplified likelihood.
The simplified background model consists of a single sample with pre-fit rates obtained from
the background-only fit. All nuisance parameters of the original likelihood are reduced to one
parameter corresponding to the uncertainty of the total SM background estimate obtained
from the fit using the full analysis likelihood. The search regions and the binning of the
original likelihood are still present in the simplified likelihood. In addition a signal sample is
needed, which then adds the signal strength as a second parameter to the likelihood.
The goal of the simplified evaluation of pMSSM models using the truth-level implementations
introduced in Sec. 5.1 and the simplified statistical treatment introduced here is to reduce
the number of models for which the computationally expensive full analysis is run. Only for
models, which can not be safely excluded or not exluded based on this first evaluation step,
the analyses are additionally performed at full precision. For the models considered in the
following only the simplififed evaluation is performed.

5.4 Model generation

The generation of the pMSSM models considered in the following starts with choosing values
for the set of pMSSM parameters for each model point. The parameter values are picked from
within the ranges shown in Tab. 5.1 based on flat probability distributions. Each sampled
set of parameters corresponds to one pMSSM signal model.
The parameter ranges in Tab. 5.1 are chosen such that the sampled models are suited
to particularly study electroweakinos in the pMSSM with a set of ATLAS SUSY searches.
Therefore the values of the mass parameters of all sleptons are set to values much higher than
what is accessible at the LHC in order to decouple them from the targeted phenomenology.
The same is done for the mass parameters of the first and second generation of squarks.
For the mass parameters of the third generation of squarks and the gluino a compromise
is chosen between not completely decoupling them for reasons connected to the concept
of naturalness and setting the values high enough to not markedly affect the electroweak
sector. The remaining trilinear couplings and the parameters defining the gaugino-Higgsino
and Higgs sector are chosen from within ranges from 0 GeV up to several GeV in order to
generate mostly models with electroweakino masses accessible by the ATLAS search program,
while not constraining the probed parameter space too much.
After the random sample is drawn from the parameter space introduced above, for each
sampled model the corresponding SUSY spectrum and other properties are calculated. A set
of publicly available software packages combined in a framework called EasyScanHEP [113]
are used. In a first step SPheno [114, 115] is used to calculate the sparticle spectrum, which
serves as input for the calculation of the masses and branching fractions of the Higgs sector
with FeynHiggs [116–118]. The output of the Higgs sector calculations is then used to run
the spectrum generation with SPheno again in order to get improved results based on the
correct Higgs properties. An additional calculation of the SUSY spectrum is performed with
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parameter min max meaning
mL̃1

= mL̃2
10 TeV 10 TeV Left-handed slepton (first two gens.) mass

mẽ1 = mẽ2 10 TeV 10 TeV Right-handed slepton (first two gens.) mass
mL̃3

10 TeV 10 TeV Left-handed stau double mass
mẽ3 10 TeV 10 TeV Right-handed stau mass
mQ̃1

= mQ̃2
10 TeV 10 TeV Left-handed squark (first two gens.) mass

mũ1 = mũ2 10 TeV 10 TeV Right-handed up-type squark (first two gens.) mass
md̃1

= md̃2
10 TeV 10 TeV Right-handed down-type squark (first two gens.) mass

mQ̃3
2 TeV 5 TeV Left-handed squark (third gen.) mass

mũ3 2 TeV 5 TeV Right-handed top squark mass
md̃3

2 TeV 5 TeV Right-handed bottom squark mass

|M1| 0 TeV 2 TeV Bino mass parameter
|M2| 0 TeV 2 TeV Wino mass parameter
|µ| 0 TeV 2 TeV Bilinear Higgs mass parameter
M3 1 TeV 5 TeV Gluino mass parameter
|At| 0 TeV 8 TeV Trilinear top coupling
|Ab| 0 TeV 2 TeV Trilinear bottom coupling
|Aτ | 0 TeV 2 TeV Trilinear τ lepton coupling
MA 0 TeV 5 TeV Pseudoscalar Higgs boson mass
tan β 1 60 Ratio of the Higgs vacuum expectation values

Table 5.1: Ranges of the pMSSM parameters from which random values are drawn based on a flat
probability distribution to generate a set of pMSSM models focusing on the electroweak sector. For
the parameters written with a modulus sign positive and negative values are possible.

SOFTSUSY [119]. Due to worse performance, the output of this calculation is not used in
the following studies other than to exclude models with pathological properties for which the
software does not run succesfully. Additional properties related to dark matter, as e.g. the
relic abundance are calculated with micrOMEGAs [120].
Models where any of the mentioned programs did not run successfully are discarded, before
cross sections are computed with Prospino [121, 122]. The models are further filtered
based on the calculated cross section. All models with inclusive production cross sections for
electroweakinos below 0.07 fb are discarded as they would not produce an amount of expected
signal events at an integrated luminosiy of 139 fb−1 which is sufficient to be sensitive with
the employed SUSY searches. Models where the LSP is not a neutralino are discarded. The
models are required to satisfy an upper limit Ωχ̃h

2 < 0.12 on the relic abundance of the
lightest neutralino, which is set by the Planck experiment [23] and allows the neutralino
to possibly be only a component of DM. This constraint causes most of the models with a
Bino-like LSP to be filtered out. The resulting set of pMSSM models studied in the following
contains 26,210 models.
Truth-level events are generated for each model using MadGraph5_aMC@NLO [71, 72]
and Pythia8 [73] with the number of events N determined by an effective luminosity Leff =
700 fb−1 and the total production cross section σ as

N = σ × Leff. (5.1)

A minimum number of 10,000 and a maximum number of 1,000,000 events is generated per
model point.
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all models Bino LSP Wino LSP Higgsino LSP
number of models 26210 629 11190 14391
excluded by 1Lbb 1.6% 0.3% 3.7% 0.0%
excluded by 2L0J 2.2% 1.7% 5.0% 0.0%
excluded by EwkCompressed 5.0% 5.1% 0.5% 8.5%
summary 7.7% 7.0% 6.7% 8.5%

Table 5.2: Exclusion of pMSSM models as obtained from a scan featuring 26,210 model points eval-
uated with the 1Lbb, 2L0J and electroweak compressed (EwkCompressed) analysis. The exclusion is
in addition shown for subset of models with different LSP types.

5.5 Scan results

The models are evaluated using a preliminary set of electroweak SUSY searches performed
by ATLAS: a search in final states with one lepton and a Higgs boson decaying into two
b-jets [123], referred to in the following as 1Lbb, a search in final states with two leptons
[124], referred to as 2L0J and the electroweak compressed search [1]. For each of the analyses
the simplified version using smeared truth-level objects and the simplified likelihood is used.
For each model point the overall decision on its exclusion is based on the analysis with best
expected CLs value. A model is considered excluded if CLs < 0.05.
Tab. 5.2 shows the impact of the the considered electroweak SUSY searches on the set of
26,210 pMSSM models. Overall 7.7 % of the models can be excluded. As already discussed
the set of sampled models contains almost no models with a Bino LSP, because these typically
fail the relic density constraint. The reason for the low percentage of 0.3 % of models with
a Bino LSP excluded by the 1Lbb search is connected to this. It has been shown (see. Ref.
[111]) that this search mostly provides exclusion power to models with a Bino LSP which
overproduce dark matter and are therefore filtered out during the model generation. Both
the 1Lbb and the 2L0J analysis show some sensitivity to models with a Wino LSP excluding
3.7 % and 5.0 % of the 11,190 models respectively. The percentages of Wino LSP models
excluded by the individual searches do not add up to the overall excluded percentage of
6.7 %, which means that some models have a CLs value lower than 0.05 for more than one
search. The electroweak compressed analyses is the only search with sensitivity to pMSSM
models with a Higgsino LSP, excluding 8.5 % of the 14,391 sampled models.
In this dataset the effect of the 1Lbb analysis is not really visible as it does not contain
many models with Bino LSP to which the analysis would be sensitive. The sensitivity of the
2L0J analysis in this scan is probably overestimated as there are some problems with the
truth-level version of this search, generally predicting higher truth yields than reconstruction
yields, similar to what has been discussed in 5.2. The plots shown in the following therefore
focus on the impact of the compressed search on the model-set.
Fig. 5.5 shows the bin-wise fractions of models excluded by the electroweak compressed
search in the 2-dimensional plane spanned by the masses of the two lightest neutralinos. The
numbers in each bin correspond to the number of models in the respective bin, with bins
left blank if there is no sampled models in that parameter region. The fraction of excluded
models in this type of plots is indicated by a colour-scheme. While bins are coloured in black
if all models in the bin are excluded, white bins indicate that no models are excluded. The
plot in Fig. 5.5(a) shows the exclusion for models with all three LSP types, while the plots
in (b)-(d) only show models with a Higgsino, Bino and Wino LSP. The same type of plots
with the mass of the lightest chargino on the horizontal axis are shown in Fig. 5.6.
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Figure 5.5: Bin-wise fractions of models excluded by the electroweak compressed search in the 2-
dimensional plane of the neutralino masses m(χ̃0

1) and m(χ̃0
2). The exclusion of models with any LSP

type is shown in (a), while the other three plots contain only models with a (b) Higgsino, (c) Bino
and (d) Wino LSP. The numbers in each bin correspond to the number of models in the respective
bin. The fraction of excluded models is indicated by the given colour-scheme. Bins where all models
are excluded are coloured in black. Bins where no models are excluded are left white.
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Figure 5.6: Bin-wise fractions of models excluded by the electroweak compressed search in the 2-
dimensional plane of the masses m(χ̃0

1) and m(χ̃±
1 ) of the lightest neutralino and chargino. The

exclusion of models with any LSP type is shown in (a), while the other three plots contain only
models with a (b) Higgsino, (c) Bino and (d) Wino LSP.



58 CHAPTER 5. REINTERPRETATIONS IN THE PMSSM

50 100 150 200 250

) [GeV]
0

2
χ∼m(

0

20

40

60

80

100

120

) 
[G

eV
]

0 1χ∼
) 

- 
m

(
0 2χ∼

m
(

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

to
t

bi
n

 / 
N

ex
cl

bi
n

N

33 109 154 118 135 123 136 153 128 129 134 124 122 123 117 148 110 108 133

2 52 87 99 104 90 91 82 70 84 80 80 87 78 87 68 76 87 68

1 34 39 43 31 34 31 25 34 29 30 27 31 28 33 24 24 34

1 12 20 16 14 17 9 23 13 14 15 20 19 16 13 19 15 6

2 9 13 6 8 10 10 9 8 4 12 7 4 8 8 9 7

5 13 13 3 8 2 6 5 5 7 4 8 6 2 2 3

4 5 5 1 5 4 3 3 3 4 5 6 4 5 3

2 5 3 4 1 1 5 5 4 4 3 5 2 1 1 3

1 3 3 3 5 4 6 4 6 2 4 4 1

1 4 4 3 1 4 2 1 2 1 1 3 2

4 1 2 2 2 1 1 1 3 1

1 2 4 5 2 1

2 1 1

1

1 2

2

1

2

1

1

1 1

1 2

1 2 2

2 1

1 1

1

2

2

1

(a)

100 120 140 160 180 200 220 240

) [GeV]
0

2
χ∼m(

0

5

10

15

20

25

30

35

40

45

50

) 
[G

eV
]

0 1χ∼
) 

- 
m

(
0 2χ∼

m
(

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

to
t

bi
n

 / 
N

ex
cl

bi
n

N

60 58 56 45 54 37 46 50 53 47 51 44 41 50 49

60 68 65 42 69 68 62 42 56 58 72 55 53 59 62

39 35 25 62 39 36 42 41 41 50 36 33 42 45 27

24 25 17 22 17 31 18 29 21 15 22 20 22 21 20

14 13 12 17 10 12 16 13 12 12 13 10 14 7 18

9 6 13 11 10 13 14 7 9 7 10 8 8 5 7

1 7 11 3 6 6 5 7 6 7 8 8 3 10 3

7 5 5 2 3 3 4 8 4 4 3 6 2 5

5 4 8 3 4 2 4 4 3 3 3 3 2 4 4

2 1 2 2 2 3 4 5 4 1 7 4 1 1

3 2 1 1 4 2 3 1 1 2 1 1 3

2 4 3 1 3 1 2 3 5 5 4 2

3 2 1 1 1 2 1 3 3 1 1 1

1 2 2 1 3 1 1 2 1 1 1

1 1 3 2 2 2 2 3 1 1 2

5

2 1 2

1

2 3

2

1

1 1

(b)

Figure 5.7: Bin-wise fractions of models with Higgsino LSP excluded by the electroweak compressed
search as a function of the mass of the LSP and its mass difference with respect to the second to
lightest neutralino. The plot in (a) shows all models, while the plot in (b) focuses on models with
mass splittings below 50 GeV.

Unsurprisingly a high number of pMSSM models excluded by the compressed search has very
compressed electroweakino mass spectra. From Fig 5.5(a) and Fig 5.6(a) it can be seen that
overall models with compressed spectra with masses m(χ̃0

2), m(χ̃±
1 ) and m(χ̃0

1) up to about
220 GeV can be excluded. In particular the search has sensitivity to Bino LSP models with
relatively compressed spectra, which are thus similar to the simplified models considered in
the original analysis (see. Fig 5.5(c) and Fig 5.6(c)). Models with a Wino LSP typically have
nearly mass-degenerate χ̃±

1 and χ̃0
1. As can be seen from Fig 5.5(d), the analysis has some

sensitivity to models with a Wino LSP, where the mass difference with the χ̃0
2 is higher and

has mostly values m(χ̃0
2) −m(χ̃0

1) > 50 GeV.
The exclusion of models with a Higgsino LSP is also shown as a function of the mass of the
LSP and its mass difference with respect to the second to lightest neutralino in Fig. 5.7. The
plot on the left shows the complete relevant range of masses and mass differences, while the
plot on the right focuses on the region with mass differences m(χ̃0

2) − m(χ̃0
1) < 50 GeV. It

can be observed that, while not many Higgsino models with relativley high mass differences
are sampled, these models can often be excluded. At a mass splitting slightly below 10 GeV
the electroweak compressed search has sensitivity to models with masses of the χ̃0

2 of up to
about 220 GeV. In general the analyis is able to exclude a good amount of pMSSM models
with a Higgsino LSP in the parameter region matching the exclusion contour obtained in the
analysis based on the simplified model (see. Fig. 4.8). Still, the sensitivity in the context of
the pMSSM is significantly reduced, being able to only exclude a fraction of the models falling
into this parameter region. Studies aiming to explore the properties of pMSSM models and
to provide explanations to why some of the models, for which one might expect sensitivity,
can not be excluded, are presented in Chap. 6.

5.6 Discussion

Performing large-scale reinterpretations in the pMSSM offers the possibility to determine the
sensitivity of SUSY searches to SUSY scenarios more realistic than the simplified models for
which the searches are originally designed. In order to make such studies computationally
feasible, suitable analysis approximations are needed. For each considered analysis it has to
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be checked whether these approximations are valid by comparing the results obtained with
the simplified treatment with the ones from the original search. The example of the evaluation
of signal models with the smeared truth-level version of the electroweak compressed analysis,
discussed above, shows that this is not always as straightforward as one would hope. In this
case the discrepancies between the event yields obtained from the smeared truth-level and the
reconstruction-level analysis can be attributed to the presence of a high number of leptons
with low values of pT. The simplified analysis is not optimized for this low-momentum regime,
which is in general difficult to handle. Nonetheless, the preliminary studies performed, show
that the electroweak compressed analysis is important for scans of the electtroweak sector of
the pMSSM as it provides sensitivity to models with a Higgsino LSP.
The pMSSM model-set considered in this work contains almost no models with a Bino LSP,
as these are filtered out by a requirement on the DM relic density. Therefore in order to assess
the impact of the SUSY searches on pMSSM models with Bino LSP, which are also relevant
for DM interpretations, a different sampling method has to be appplied. One possibility
is to include the constraint on the DM relic density (and other constraints) in a dedicated
likelihood function and sample the models according to this likelihood. This is discussed
further in Chap. 7.





Chapter 6

Properties of pMSSM models

The preliminary studies in Chap. 5 on the impact of ATLAS searches for electroweak SUSY
production, specifically the electroweak compressed analysis, on the pMSSM parameter space,
show that the searches have sensitivity beyond simplified models. The electroweak compressed
search excludes models with a Higgsino LSP in regions of the electroweakino masses similar to
the region excluded by the original analysis. However, the exclusion of the pMSSM models
is not as strict. Only fractions of the models in the respective parameter region can be
excluded. This is due to the fact that the pMSSM models are by design more complex than
the simplified models considered in the original analysis. The additional properties of the
considered pMSSM models, e.g. the higher number of non-decoupled sparticles and decay
branching ratios not fixed to 100 % lead to signatures different than the ones targeted in the
analysis and can thus reduce the sensitivity.
Analysing the properties of pMSSM models in the context of whether the models are excluded
or not by existing ATLAS SUSY searches is a very interesting task. It can potentially
reveal uncovered parameter regions and help to improve the future search program. As the
parameter space spanned by the SUSY spectrum and the decay modes of pMSSM models
is very high-dimensional, it is rather difficult to analyse. Therefore an approach based on
clustering algorithms is explored in the following. These unsupervised machine learning
techniques can be used to partition data into groups of data points, called clusters, which can
help in assessing the properties of the data. The data points in a cluster are loosely speaking
more similar to other points in their cluster than to points in other clusters. An introductory
treatment to these machine learning methods can be found e.g. in Refs. [125, 126].

6.1 K-means clustering

In the studies presented in the following the set of models generated and evaluated in Chap.
5 is analysed. The dataset used as input for the clustering algorithm consists of data points,
corresponding to the pMSSM models, with features given by the masses of the electroweakinos
and branching fractions of their decays. As masses and branching fractions are very different
parameters on different scales, a preprocessing step is necessary in order for the algorithms,
which employ the distance between data points, to produce sensible results [126]. In this
step the features are transformed to the same scale. Two different approaches are used.
Standardization scales (and shifts) the values of the features in the dataset so that the features
have a mean of zero and unit standard deviation. Alternatively the parameters, which are
non-negative by default, are scaled to lie in the range from 0 to 1, with the maximum value
scaled to 1.
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(a) (b)

(c) (d)

Figure 6.1: Clusterings obtained for models with a Higgsino LSP, which are exlcuded by the elec-
troweak compressed analysis at 95 % CL. The plot in (a) shows the χ̃0

1/χ̃0
2-plane, (b) the χ̃±

1 /χ̃0
2-plane,

(c) the χ̃0
1/χ̃±

2 -plane and (d) the χ̃0
1/χ̃0

3-plane. The cluster assignments are indicated by the colours
shown on the right.

The implementation of a clustering algorithm called k-means in the scikit-learn package [127]
is used. For this technique the number of clusters has to be specified beforehand and for each
cluster a data point is chosen to represent the cluster center. The algorithm then minimizes
the sum of squared distances of the data points to the cluster centers by alternately performing
the following steps until the cluster centers do not change:

• Associate each data point to the nearest cluster center.

• Replace the cluster centers with the mean of the data points in the corresponding
cluster.

6.2 Clustering of pMSSM models

Clusterings obtained for the set of pMSSM models with Higgsino LSP already used in Chap.
5 are discussed in the following.
Fig. 6.1 shows models with a Higgsino LSP, which are exlcuded by the electroweak compressed
analysis at 95 % CL in the plane spanned by different combinations of electroweakino masses.
The models are distributed to three different clusters, indicated by the colours. From the
plots in (a) and (b) it can be seen that most of the models with less compressed mass spectra,
where the mass of the χ̃0

2 is significantly higher than the χ̃0
1 and χ̃±

1 masses, are assigned to
the cluster with the blue colour. The plots in (c) and (d) reveal that these models all have
χ̃±

2 and χ̃0
3 masses lower than most of the other, more compressed models in the yellow and

green clusters.
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Overall, this approach might help to analyse the properties of pMSSM models in the context
of their exclusion by the SUSY search program. Still, extracting useful information from the
high number of possible clusterings is difficult.





Chapter 7

Dark matter interpretations of
ATLAS SUSY searches

The pMSSM models used for the preliminary studies presented in Chap. 5 are sampled using
flat probability distributions over a restricted region of the pMSSM parameter space. The
restrictions on the parameter ranges are chosen such that the sampled models are suited for
studies focusing on electroweakinos. In the main effort to interpret the results of ATLAS
SUSY searches after Run 1 [108] the same sampling approach of picking parameter values
according to flat probability distributions was chosen. Less restrictive ranges for the pMSSM
parameters were used as these efforts aimed to explore the impact of SUSY searches on
the complete pMSSM parameter space. Conservative upper bounds were set to ensure that
all particles in the corresponding generated events are accessible at the LHC. The sampled
models were then required to pass experimental constraints set by precision electroweak and
flavour measurements, and dark matter and other collider experiments before they were
further evaluated.
In the currently ongoing efforts within ATLAS to reinterpret the SUSY search program for
Run 2 in the pMSSM, the same sampling method using flat distributions will be used. In
contrast to that, the following chapter will present a different approach where constraints
from other experiments are incorporated through the use of a dedicated likelihood, already
during the sampling of the models . This method has already been used in a pMSSM scan
performed after Run 1 [109], which focused on the electroweak sector of the pMSSM and
interpretations of SUSY searches in the context of dark matter. These studies are described
in more detail in Sec. 7.1. The sampling procedure involving a dedicated likelihood can
be implemented in different ways. Different approaches and technical details, including the
approach used in Ref. [109], are discussed in Sec. 7.2. This also includes a discussion of
how the likelihood used in the electroweak Run-1 pMSSM scan is constructed, based on the
considered experimental constraints, in particular with respect to measurements related to
dark matter.

7.1 Run-1 electroweak pMSSM scan

The goal of the efforts presented in Ref. [109] is to study the impact of a set of ATLAS Run-1
searches for SUSY using 20 fb−1 of data at

√
s = 8 TeV on the electroweak production of SUSY

particles in the pMSSM in particular in the context of dark matter interpretations. Therefore
the studies restrict the pMSSM parameter space to a subspace with only five parameters,
referred to in the following as EWKH. The relevant parameters are M1, M2, µ, tan β and
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parameter range
M1 [TeV] (−4, 4)
M2 [TeV] (0.01, 4)
µ [TeV] (−4, 4)
MA [TeV] (0.01, 4)
tan β (2, 62)

Table 7.1: Considered ranges of the parameters defining the EWKH. Table adapted from Ref. [109].

mA, defining the gaugino-higgsino and Higgs sector. The other sfermions are decoupled by
setting the respective mass parameters to 4 TeV or 5 TeV. The trilinear couplings are set to
0.1 GeV. The scanned ranges of the relevant parameters can be seen in Tab. 7.1. The lightest
neutralino, which is a dark matter candidate, is completely described by the 5 paramaters of
the EWKH and thus this model space is well suited to study the constraints placed on the
models by the SUSY searches specifically from a dark matter perspective.

7.1.1 Selection of models

In order to select and subsequently evaluate a high amount of models, which are interesting
in the context of dark matter a sampling strategy using a likelihood reflecting constraints
from dark matter experiments is employed. Other experimental results from electroweak
precision, flavour-physics and the Higgs mass measurement as well as the LEP2 limit on the
chargino mass are also taken into account. The models are selected from the parameter space
according to this likelihood, such that the drawn sample contains mostly models with high
compatibility to the external constraints.
The distribution of the models picked by this initial likelihood scan in the plane spanned
by m(χ̃0

1) and m(χ̃±
1 ) are shown in Fig. 7.1. The LSP composition of these models is

additionally indicated by different colours. The way the sampled models are distributed in
this plot is mostly induced by the constraint on the dark matter relic density [128] employed
in the likelihood as an upper limit. Models with an LSP mass close to 45 GeV, such that
m(χ̃0

1) ≈ m(Z)/2, are able to pass the upper limit on Ωχ̃h
2 due to enhanced annihilation

of the lightest neutralino through s-channel Z exchange. The models in this so-called Z-
funnel region have mostly Bino-like LSPs, with some models showing a sizeable Higgsino
component, which increases the annihilation rate. A similar mechanism, involving s-channel
Higgs exchange leads to an accumulation of models at m(χ̃0

1) ≈ m(h)/2. This is called the
h-funnel. The models in this region have again mostly Bino-like LSPs or Bino LSPs, which
have an admixture of a Higgsino component. The reason for most models having a mostly
pure Bino LSP at small LSP masses is that models with a Wino/Higgsino LSP have a lightest
chargino nearly mass degenerate with the lightest neutralino and charginos with low masses
are excluded by the LEP limit, which is taken into account in the initial likelihood scan. The
models in the compressed region with LSP masses mostly above 100 GeV feature a variety
of LSP types. Additionally, the A-funnel region is visible with models with a Bino-like LSP
at masses above roughly 200 GeV. For these models the lightest neutralino can resonantly
annihilate through the pseudoscalar Higgs boson.

7.1.2 Evaluation of models

Before the main evaluation step, the 570,599 sampled models are prefiltered. Models having
a LSP mass below 1 GeV and not fulfilling the limit m(χ̃±

1 ) > 92.4 GeV obtained from LEP2
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Figure 7.1: Models sampled by the initial likelihood scan. In the white area no models are selected.
The colours of the points encode the phenomenology of the LSP. The χ̃0

1 is referred to as e.g. Bino-like
if the corresponding fraction is at least 80 %. A mixed χ̃0

1 has at least 20 % of each denoted component
and less than 20 % of the other component. Plot taken from Ref. [109].

are considered to be excluded. Models where the considered analyses are expected to be
insensitive based on the total cross section of the relevant electroweak production processes
are considered as unexcluded.
The remaining 326,951 models are simulated at particle-level and expected signal region
yields are determined. In order to circumvent the computationally expensive ATLAS detector
simulation and full statistical evaluation a calibration procedure is used. For a representative
set of 500 models a fast detector simulation is performed and events are generated. The
models are then evaluated using the considered set of ATLAS analyses and CLs values are
calculated to determine the model exclusion. As a further simplification, signal regions that
are statistically combined in the original analysis efforts and bins of binned SRs are treated
separately. The results for this set of 500 models is used to construct a calibration function
mapping the particle-level event yields in the different simplified signal regions directly to
CLs values. Before this calibration function is applied the particle-level yields are scaled by
a reconstruction efficiency obtained from averaging over the considered 500 models. Signal
regions, where this efficiency can not be determined with enough statistical precision and/or
where none of the 500 representative models can be excluded are ignored. This method is
used to extract CLs values for the complete set of models. The conservative approach of
using the CLs value determined for the SR with smallest expected value is taken.

7.1.3 Impact of ATLAS searches on the sampled models

The impact of the considered electroweak SUSY searches on the models in Fig. 7.1 is shown
in Fig. 7.2. A model is considered excluded if CLs < 0.05. In the plot the plane of m(χ̃0

1) and
m(χ̃±

1 ) is divided into a number of bins. The excluded fraction of models per bin is indicated
by a colour scheme as shown. The results show that a large fraction of pMSSM models can
be excluded in the Z- and h-funnel regions, while there is almost no sensitivity to any models
where the difference between m(χ̃0

1) and m(χ̃±
1 ) is small.
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Figure 7.2: Bin-wise fraction of excluded models. In the white area no models are selected by the
initial likelihood scan. The fraction of excluded models is indicated by a colour scheme. Plot adapted
from Ref. [109].

7.2 Likelihood-driven sampling

The idea behind the sampling procedure employed in Ref. [109] is based on the central
formula of Bayesian statistics: Bayes’ Theorem. There is a vast amount of literature on the
topic of Bayesian probability theory. An introduction suited to the needs of the discussion
presented here can be found in Ref. [129].

7.2.1 Sampling in the spirit of Bayesian statistics

In principle Bayes’ theorem is a simple consequence of the rules on how to manipulate prob-
abilities. If one considers the joint probability of two propositions A and B, this is given
by

p(A,B|I) = p(A|B, I)p(B|I), (7.1)

where p(A|B, I) denotes the probability of A given that B occurs and p(B|I) is the probability
of B on its own. The probabilities are conditional on some relevant information I, which is
true for all probabilities. Since p(A,B|I) is the same as p(B,A|I), above relation can be
written as

p(A|B, I)p(B|I) = p(B|A, I)p(A|I), (7.2)

which then gives Bayes’ theorem:

p(A|B, I) = p(B|A, I)p(A|I)
p(B|I) . (7.3)

In the context presented here the relevance of this becomes more clear by replacing I and A
with a given model M (as in this case the pMSSM) defined by a set of parameters Θ. The
proposition B is likewise replaced by some data D. In principle a set of nuisance parameters,
e.g. corresponding to relevant SM parameters, could be added to the set of parameters Θ.
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This is omitted here for simplicity, but the treatment is straightforward. Then Bayes’ theorem

p(Θ|D,M) = p(D|Θ,M)p(Θ|M)
p(D|M) (7.4)

gives a rule on how to update the prior p(Θ|M), which reflects the knowledge about the
model parameters before seeing the data. The information provided by the data, obtained
e.g. from experiments, is contained in the likelihood p(D|Θ,M), which is a measure of how
well a model point with parameters Θ predicts the data set D [130]. If regarded as a function
of the parameters Θ for fixed measured data it is often written as L(Θ). The likelihood will
typically depend on the basis parameters Θ through some derived observables O(Θ). In the
context of this work, these are the observables related to electroweak precision, B-physics
and the Higgs mass measurement, the LEP2 experiment as well as dark matter experiments.
The likelihood constructed with these observables basically represents a comparison of the
values calculated for the observables from the basis parameters Θ (with a set of different
programs) and the measured values from the respective experiments. More details about
how the likelihood is constructed for the Run-1 electroweak pMSSM scan are given in Sec.
7.2.3. The resulting probability distribution p(Θ|D,M) in Eq. 7.4 is called the posterior and
p(D|M) is the Bayesian evidence. The evidence is only a normalization, which can be ignored
in the context presented here, as one is only interested in relative posterior probability.
Now this can be used in order to obtain a sample of models, which takes the constraints set by
experiments into account through the corresponding likelihood, if a sample is generated such
that the density of model points in the sample is proportional to the posterior probability
function. This can be achieved with numerical methods as e.g. Markov Chain Monte Carlo
(MCMC) techniques. MCMC algorithms construct sequences of points in the parameter
space in a probabilistic way where the probability of the (i + 1)-th element in the chain
is determined by the i-th element. Various different algorithms exist, e.g. the so-called
Metropolis-Hastings algorithm [131, 132]. It can be shown that a sequence generated this
way converges to the targeted probability distribution, in this case the posterior. In practice,
for each parameter point selected by the algorithm at some point, all the derived observables
O(Θ) relevant for the evaluation of the likelihood L(Θ) have to be calculated. The obtained
value of the likelihood then gets multplied by the prior to obtain the posterior probability
for the parameter point in question.

7.2.2 Run-1 initial likelihood scan

The sampling and model selection procedure employed in the Run-1 electroweak pMSSM
scan builds on the idea just presented, where a sample is drawn according to the Bayesian
posterior. Based on the obtained sample, profile likelihood ratios are constructed and used
to derive confidence regions. The confidence regions determine which models from the initial
sample are selected to study the impact of the considered ATLAS SUSY searches.
The chosen prior probability has an effect on how thoroughly different regions in the param-
eter space are sampled by the numerical method involved. For the mass parameters M1, M2,
µ and mA of the constrained pMSSM model considered in the scan, both flat priors (uniform
in the parameter) and log priors (uniform in the logarithm of the parameter) are used. For
tan β only a flat prior is used. By generating and subsequently merging samples based on
both types of prior (as advocated in Ref. [133]), parameter regions corresponding to low and
high masses are scanned thoroughly.
The sampling of the constrained pMSSM parameter space is performed with the code Multi-
Nest v2.18 [134, 135], which is an implementation of the nested sampling Monte Carlo
technique [136]. This algorithm is in principle designed to calculate the evidence, but also
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produces posterior samples, which are, for appropriate choices of the parameters of the algo-
rithm [133], suited to accurately map profile likelihood ratios

λ(θ) = L(θ, ˆ̂
ψ)

L(θ̂, ψ̂)
. (7.5)

Here θ are parameters of interest, while ψ denotes other undesired parameters. The symbols
with hats denote the conditional maximum likelihood estimator ˆ̂

ψ for a given θ and the
unconditional maximum likelihood estimators θ̂ and ψ̂. The profile likelihood ratio λ(θ)
can be constructed from a sample of the posterior as long as the value of the likelihood is
available for every sampled point. The sample is grouped in bins of θ and for each bin the the
maximum likelihood is determined, which then corresponds to L(θ, ˆ̂

ψ). The unconditional
maximum likelihood estimate is given by the highest likelihood value across all sampled model
points. From the approximation of the profile likelihood for a one- or two-dimensional set
of parameters θ, one-dimensional and two-dimensional confidence regions can be deduced
by assuming that −2 lnλ(θ) follows a χ2-distribution. The models of interest are selected
based on these confidence regions. All the models shown in Figs. 7.1 and 7.2 are within the
corresponding 95 % confidence region of the profile likelihood.

7.2.3 Construction of the likelihood

The likelihood reflecting experimental constraints used in the Run-1 electroweak pMSSM
scan is constructed as a product of the contributions for different observables. Its logarithm
is given by

ln L = ln LEW + ln LB + ln LHiggs + ln LLEP + ln LΩχ̃h2 + ln LDD. (7.6)

In this expression LEW represents constraints on electroweak precision observables, including
the effective electroweak mixing angle for leptons sin2 θlept

eff , the total width of the Z boson ΓZ ,
the invisible Z boson width Γinv

Z , the W boson mass mW , the hadronic pole cross-section σ0
had

as well as the decay width ratios R0
ℓ , R0

b and R0
c [137–139]. The B-physics likelihood terms

LB reflect constraints on the branching ratios BR(B → Xsγ), BR(B0
s → µ+µ−) and the ratio

of BR(Bu → τν) to its SM prediction [137, 140, 141]. For the Higgs boson likelihood LHiggs
the measured value of the Higgs mass presented in Ref. [142] is used. All these experimental
constraints are modeled with Gaussian likelihood terms with standard deviation given by
the corresponding experimental and theoretical uncertainties. The electroweak precision and
flavour-physics observables are calculated from the model parameters with SUSYPOPE [143]
and SuperIso 3.0 [144] as well as SusyBSG 1.6 [145]. The Higgs mass is computed with
SOFTSUSY 3.3.10 [119], which is used to determine the SUSY spectrum.
The lower limits on the mass of the lightest chargino set by LEP2 are included with a smeared-
out step function as in Ref. [146]. A value of 92.4 GeV is used as the experimental lower
bound [137].

Dark matter observables

The constraint set by the Planck experiment [128] on the dark matter relic density is in-
cluded through the likelihood term LΩχ̃h2 . The lightest neutralino is considered to be only
a component of dark matter and therefore the measured value is not applied as a Gaussian
likelihod term but as an upper limit instead. The expression used for the likelihood

LΩχ̃h2 = L0

∫ ∞

Ωχ̃h2/σPlanck
e

1
2 (x−r⋆)2

x−1 dx, (7.7)
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is derived in Ref. [147] and takes uncertainties into account. Here L0 is an irrelevant normal-
isation constant, r⋆ ≡ µPlanck/σPlanck, where µPlanck is the experimentally measured value of
the relic density and σPlanck is its uncertainty and Ωχ̃h

2 is the predicted relic density of the
lightest neutralino, calculated from the model parameters. The computation of Ωχ̃h

2 for the
models is performed with MicrOMEGAS 2.4 [120].
The constraints from direct dark matter detection experiments included in the likelihood
through LDD comprise observations from the XENON100 [148, 149] and LUX [150] exper-
iments. These experiments search for WIMP dark matter candidates (as e.g. the lightest
neutralino) by measuring the ionization and scintillation signals produced by particle inter-
actions in dedicated detectors. From the collected data the experiments identify potential
recoil events with WIMP scattering off nucleons. The observed rates of these recoil events
are proportional to the respective scattering cross sections and can be used to obtain limits
on the cross section of the lightest neutralino off nucleons.
As a simplified likelihood reflecting the constraints set by the results of the XENON100 exper-
iment, with an observed total number of events N and background b, a Poisson distribution

LXENON100(mχ̃, σ|N) = (b+ s)N

N ! e−(b+s) (7.8)

can be used. Here s = s(mχ̃, σ) is the expected number of signal events for a given WIMP
mass, i.e. lightest neutralino mass, and scattering cross section σ. Both the spin-independent
neutralino-nucleon and the spin-dependent neutralino-proton scattering cross section σSI

χ̃N and
σSD

χ̃p are used and their values are calculated from the pMSSM parameters with DarkSUSY
5.0.5 [151]. The calculation of the expected total number of events s follows the procedure
presented in Ref. [152]. The expected rate of recoil events of a dark matter particle off
nucleons depends linearly on the local dark matter density ρDM. If the lightest neutralino is
assumed to be only a component of DM, the local neutralino density ρχ̃ is smaller than ρDM.
This leads to a suppression of the calculated event rates by a factor ξ = ρχ̃/ρDM, which,
following Ref. [153], is assumed to be given by

ξ = ρχ̃

ρDM
= Ωχ̃

ΩDM
, (7.9)

where Ωχ̃ is relic density calculated for the corresponding model and ΩDM is the value mea-
sured by the Planck experiment. The likelihood given by a single Poisson function ignores
the energy distribution of the observed events and only takes their total number into account.
Data from XENON100 collected over a duration of 225 live days with a 34 kg fiducial volume
is used [148, 149]. The observed number of events is N = 2 with a background prediction of
Nb = 1.0 ± 0.2 events.
The results of the LUX experiment are included with a likelihood constructed with the
LUXCalc package [154] based on the same type of Poisson distribution.

7.3 Updating the Run-1 procedure

The sampling procedure involving a dedicated likelihood provides an efficient way to select
models from the pMSSM parameter space, which are particularly interesting from the dark
matter perspective. In the main efforts of the ATLAS Collaboration, aiming to assess the
impact of the searches for the electroweak production of supersymmetric particles on the
pMSSM parameter space after Run 2, this approach will not be used. The models are going to
be randomly sampled according to flat probability distributions and experimental constraints
will be applied only at a later stage, in order to allow the scan to be more general. Nonetheless,
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reproducing the studies reviewed in the above chapter, is certainly interesting and offers the
possibility to compare results obtained with the different approaches. In comparison to
the Run-1 procedure the evaluation of the sampled pMSSM models at smeared truth-level
together with the simplified likelihoods intoduced in Chap. 5 offers a much more reliable
and powerful reinterpretation method. Furthermore the likelihood function, reflecting the
external experimental constraints, used in the scan can be updated to include the newest
results, as e.g. the limits set by the most recent dark matter direct-detection experiments
conducted by the XENON Collaboration [155].
The software used in the reinterpretation procedure presented in Chap. 5 is publicly available.
This includes the analysis implementations collected in the SimpleAnalysis framework but
without the smearing procedure. The ATLAS Collaboration recently also started to publish
the full likelihoods of analyses, which allows efforts outside of ATLAS to construct the sim-
plified likelihoods used in the evaluation of models. With this it is possible to perform an
updated likelihood-driven pMSSM scan focusing on dark matter interpretations in parallel
to the official ATLAS efforts.
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Conclusion

This work gave an overview of a search for the direct production of electroweakinos with
compressed mass spectra in a final state with two leptons, missing transverse momentum and
hadronic activity. Data from proton-proton collisions at

√
s = 13 TeV, corresponding to an

integrated luminosity of 139 fb−1 recorded with the ATLAS detector in Run 2 of the LHC
was analysed in the original analysis. The search is mainly optimised for a simplified model
where a pair-produced χ̃±

1 and χ̃0
2 decay to an off-shell W boson and χ̃0

1 as well as an off-shell
Z boson and χ̃0

1. The search mainly targets the scenario where a subsequent decay of the
off-shell Z boson produces a pair of leptons, for which the dilepton invariant mass mℓℓ has
a kinematic endpoint determined by the mass splitting between the two lightest neutralinos.
In order to search for electroweakinos with compressed mass spectra the analysis therefore
requires excellent reconstruction of low pT leptons. The sensitivity of the search is enhanced
by requiring the presence of a jet from initial state radiation.
The search defines exclusion signal regions optimised for the considered simplified model. All
signal regions are mutually exclusive and divided into bins of mℓℓ and can thus be statisti-
cally combined in a shape-fit, which exploits the differences in shape of the distribution in
this variable between the SUSY signal and SM background processes. The dominant contri-
butions to the SM background from tt̄/tW , WW/WZ and Z(∗)/γ∗(→ ττ) + jets processes
are estimated with a semi-data-driven method using dedicated control regions.
No significant excess has been observed in any of the signal regions and exclusion limits are
set. The analysis is able to exclude scenarios where the χ̃0

2 is about 9 GeV heavier than the
Higgsino-like LSP up to χ̃0

2 masses of slightly below 200 GeV at 95% CL. Models within a
range of mass splittings from roughly 2 GeV to 55 GeV can be excluded in this case. For
scenarios where the LSP is Bino-like, χ̃0

2 masses of maximally 240 GeV are excluded with
mass splittings ranging from 1.5 GeV to 46 GeV.
Overall the search is able to achieve sensitivity to electroweakinos with very compressed mass
spectra and exclude sizeable amounts of parameter space, despite the challenging to target
signature with low energetic leptons.
The non-observation of a significant sign for SUSY in the presented analysis matches the
results of other searches performed by ATLAS (and CMS) analysing the Run-1 and Run-2
dataset of the LHC. Having the full dataset of Run 2 available together with new developments
in terms of analysis techniques and strategies improves the sensitivity especially of searches
for electroweakinos and sleptons. This leads to an increase of the regions of sparticle masses
ruled out by the exclusion limits. However, as these limits are usually obtained in the context
of simplified models, their scope is limited to the specific assumptions made in these models.
Realistic SUSY scenarios typically do not fulfill theses assumptions like e.g. only having a
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small number of relevant sparticles and fixed decay mode for each. Therefore the limits set
by searches in simplified models can not be interpreted as constraints on the sparticles in
more realistic SUSY scenarios directly.
From this point of view, performing reinterpretations of SUSY searches in more complex
models is a highly desirable task. Large-scale reinterpretations, e.g. in the 19-parameter
phenomenological MSSM, including a set of SUSY searches based on simplified models, offer
the possibility to determine a combined sensitivity of the searches in more complete SUSY
scenarios. As these large-scale efforts are computationally challenging, suitable analysis ap-
proximations are necessary. Studies in order to validate the smeared truth-level implemen-
tation of the electroweak compressed analysis have been presented. These studies revealed a
discrepancy between the approximated and the original analysis, which can be traced back to
the search targeting a signature with low energetic leptons, for which the simplfied treatment
is not optimized. A reinterpretation in the phenomenological MSSM was performed, which
showed that the electroweak compressed analysis provides sensitivity to models with a Hig-
gsino LSP. For this reason the search is important in the context of large-scale reinterpretation
efforts in the pMSSM.
Another important aspect of performing reinterpretations of SUSY searches in the phe-
nomenological MSSM is that results from direct and indirect dark matter searches can be
taken into account. In the considered model-set the majority of the models with a Bino
LSP are discarded, because they do not fulfill the constraint on the DM relic density. In
order to select only models relevant in the context of dark matter for further evaluation, a
sampling method based on a dedicated likelihood reflecting the corresponding constraints by
DM experiments can be used. In this context updating efforts performed after Run 1 with
improved evaluation strategies and new experimental results is highly desirable.
Another reason to continue searching for SUSY at the LHC is, that so far only a fraction
of the amount of data, which the LHC is designed to record, has been analysed. While the
evaluation of the Run-2 dataset is still ongoing, a third data-taking period is planned to start
in 2022 and deliver an integrated luminosity of pp collision data equal to the two previous
runs combined [156]. After Run 3 the LHC is going to receive a big upgrade, raising the total
luminosity delivered to the experiments during the lifetime of the LHC to about 3000 fb−1

[157]. The High Luminosity Large Hadron Collider (HL-LHC) is planned to start operation
in 2027. This will enable searches for supersymmetric scenarios currently not accessible.
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Appendix A

Validation of the truth-level
electroweak compressed analysis

The following sections provide additional material on the validation of the smeared truth-level
implementation of the electroweak compressed analysis presented in Sec. 5.2.2.

A.1 Comparison of kin. distributions at preselection level

Figs. A.1 and A.2 show additional distributions of kinematic observables used in the analysis
for the signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 40) GeV at smeared truth- and reconstruction-

level. An overall excess in the event counts of the smeared truth samples in comparison to
the reconstruction-level can be seen, as well as a mismatch in shape between the distributions
of the pT of the subleading lepton at low values.
Figs. A.3 and A.4 provide additional plots for the signal point with (m(χ̃0

2),m(χ̃0
1)) =

(100, 95) GeV. This very compressed signal point shows a higher mismatch between smeared
truth- and reconstruction-level yields, due to the smearing not being sufficient for leptons
with low pT resulting from the very compressed electroweakino scenario.
Figs. A.5 and A.6 show plots of distributions of the same kinematic variables for an additional
signal point with (m(χ̃0

2),m(χ̃0
1)) = (175, 150) GeV. The same behaviour with an overall excess

of truth-level yields is again visible.
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Figure A.1: Comparison of the distributions of kinematic observables used in the analysis for a
signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 40) GeV at smeared truth- and full-reconstruction-level. All

distributions are shown in the preselection defined in Tab. 4.1. The ratio pads give the ratios of
the reco- to the smeared truth-level distributions with error bars corresponding to MC statistical
uncertainties.
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Figure A.2: Comparison of the distributions of kinematic observables used in the analysis for a
signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 40) GeV at smeared truth- and full-reconstruction-level. All

distributions are shown in the preselection defined in Tab. 4.1. The ratio pads give the ratios of
the reco- to the smeared truth-level distributions with error bars corresponding to MC statistical
uncertainties.
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Figure A.3: Comparison of the distributions of kinematic observables used in the analysis for a
signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 95) GeV at smeared truth- and full-reconstruction-level. All

distributions are shown in the preselection defined in Tab. 4.1. The ratio pads give the ratios of
the reco- to the smeared truth-level distributions with error bars corresponding to MC statistical
uncertainties.
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Figure A.4: Comparison of the distributions of kinematic observables used in the analysis for a
signal point with (m(χ̃0

2),m(χ̃0
1)) = (100, 95) GeV at smeared truth- and full-reconstruction-level. All

distributions are shown in the preselection defined in Tab. 4.1. The ratio pads give the ratios of
the reco- to the smeared truth-level distributions with error bars corresponding to MC statistical
uncertainties.
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Figure A.5: Comparison of the distributions of kinematic observables used in the analysis for a
signal point with (m(χ̃0

2),m(χ̃0
1)) = (175, 150) GeV at smeared truth- and full-reconstruction-level.

All distributions are shown in the preselection defined in Tab. 4.1. The ratio pads give the ratios
of the reco- to the smeared truth-level distributions with error bars corresponding to MC statistical
uncertainties.
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Figure A.6: Comparison of the distributions of kinematic observables used in the analysis for a
signal point with (m(χ̃0

2),m(χ̃0
1)) = (175, 150) GeV at smeared truth- and full-reconstruction-level.

All distributions are shown in the preselection defined in Tab. 4.1. The ratio pads give the ratios
of the reco- to the smeared truth-level distributions with error bars corresponding to MC statistical
uncertainties.
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