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Supervisor’s Foreword

The evidence that some invisible (“dark”) matter exists in the universe was first
observed many decades ago from studying the relative movement of stars and
galaxies, and was more recently confirmed by gravitational lensing effects. It is
estimated that about 27% of total mass and energy in the universe is in this form of
Dark Matter (DM). In spite of decades of search effort, the nature of the DM
remains a mystery and has become one of the hottest research subjects in funda-
mental physics. The research work of Johanna Gramling reported in this thesis
represents a significant contribution to this quest.

With the latest progress in cosmology, in particular, the precise measurement
of the anisotropy of the Cosmic Microwave Background (CMB), the discovery
of the Dark Energy, and the study of the large-scale structure of the Universe, a
model that describes reasonably well the observations, the so-called “Standard
Model of Big Bang Cosmology” (KCDM) has emerged, in which DM makes up
about 27% of the mass–energy density of the universe. One of the possible can-
didates of the DM is a new type of particle.

Dark Matter particles can be searched for by observing their interactions with a
detector as the Earth moves through the galactic DM halo, or by the detection of
secondary particles produced from DM annihilation or decay. These two types of
searches are referred to as “direct” and “indirect” searches. The search described in
this thesis belongs to the third category, the so-called “collider search”, since DM
particles can also be produced at particle colliders.

Johanna Gramling’s thesis describes a DM search using data collected by the
ATLAS experiment at the current most powerful particle accelerator in the world,
the Large Hadron Collider (LHC) at CERN. One refreshing aspect of this thesis is
that it goes far beyond the usual technical description of a data analysis, typical for
a thesis in particle physics. It also contains an in-depth analysis of the theoretical
framework and the methodology related to the Effective Field Theory (EFT) and
simplified models, which are needed to interpret the search results as model
independent as possible, since little is known about the DM production mechanism.
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The subject of the EFT is introduced in Chap. 2 and fully developed in Chap. 5.
EFT is a useful approach to characterize new physics without having to build
complex models, which has the advantage that the dependency on the details of the
models is reduced, thus the same experimental search can be applied to a large set
of similar models. However, for this approach to be valid, conditions related to the
scale of the new physics and the experimental condition need to be met. The result
obtained by this research indicated indeed that the EFT validity is limited in many
cases, and a rescaling of the obtained DM limits is necessary. In addition, the EFT
approach should be complemented by the simplified model approach that avoids the
validity problem, but with somewhat increased model dependency. Following this
work, this scaling procedure, as well as the complementary EFT/simplified model
approach, has been adopted by the LHC experiments.

Two DM searches are reported in this thesis. One is with the “mono-jet” final
state, and another using the final states with “missing energy and top quarks in the
one-lepton channel.” The technical details of the data analysis are clearly explained,
and in relation to the methodology studies introduced above, the interpretations
of the search results are comprehensive and new limits are derived within the new
framework of simplified models.

The search for DM in the mono-jet final states, described in Chap. 6, is done
with the data sample collected by ATLAS during 2012 when LHC was colliding
protons at a center-of-mass energy of 8 TeV. Mono-jet is one of the most inclusive
DM search channels in which the recoiling particle of produced the DM particle,
which escaped detection due to its very weak interaction with matter, is a jet.
No DM signal is observed, so the result is used to constrain the DM production
parameters using both the EFT and simplified model. In addition, the mono-jet
search, together with two other ATLAS DM searches, namely, the mono-Z with
leptonic Z decay search and the mono-W/Z with hadronic decays search, were used
to derive limits on three well-motivated simplified models: a Z’ model, an s-channel
axial-vector mediator model, and a t-channel scalar mediator model. The study,
reported in Chap. 7, showed that using simplified models allowed to compare and
optimize DM searches in different channels globally in a consistent way.

The search for DM using the final states with missing energy and top quarks in
the one-lepton channel, described in Chap. 8, is related to the Supersymmetry
(SUSY), introduced in Chap. 3. An important aspect of SUSY related to this thesis
is that it introduces new particles, and in one category of the models (R-parity
conserved), one of the new particles, the neutralino, is an excellent candidate for
Dark Matter. The search is focused on the supersymmetry partner of the top quark,
the stop, using the final states with missing energy and top quarks in the one-lepton
channel. The same search is also sensitive to DM production in association with top
quarks. Several signal regions are used to optimally search for the new particle in
different mass ranges. Overall, there are good agreements between observations and
background expectations. The limits on the DM are derived for simplified models
with scalar or pseudo-scalar mediators and presented as upper bound on the
combined coupling, and as exclusion regions in the plane of DM mass versus
mediator mass.
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Besides the outstanding quality of its research results, the thesis of Johanna
Gramling is also an excellent reference for particle physicists interested in under-
standing the latest methodology used to search for new phenomenon in particle
physics, in particular, those related to the search of DM at particle colliders. With
the planned upgrades and the long-term running of the LHC, DM searches repre-
sented by this thesis will continue to be one of the research highlights of LHC
experiments in the next decade.

Geneva, Switzerland
March 2018

Prof. Xin Wu
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Abstract

The overwhelming astrophysical evidence for Dark Matter is an important
motivation to search for new physics at the Large Hadron Collider (LHC) at CERN.
While the Standard Model of particle physics is able to predict measurements and
observations to an astounding precision, it does not provide a candidate particle for
Dark Matter. If possibly produced in high-energy proton–proton collisions, such
particles would traverse the detectors without leaving a signal. Hence, searches rely
on the resulting momentum imbalance in the transverse plane. One particular
extension of the Standard Model that allows for a Dark Matter candidate is
supersymmetry. Since the supersymmetric partner of the top quark is expected to be
relatively light, it could be in reach of LHC experiments and possibly detected.

This thesis presents a study of the validity of commonly used effective field
theory models of Dark Matter production at the LHC. It shows that in a significant
fraction of events the assumptions of an effective field theory description are not
justified, which requires a redefinition of strategy when interpreting LHC results in
terms of Dark Matter production. The results from a search for new phenomena in
events with an energetic jet and large missing transverse energy are presented. It is
performed on 20.3 fb�1 of 8 TeV pp collision data, recorded by the ATLAS
detector at the LHC. No evidence for new physics was observed. The results are
interpreted in terms of Dark Matter production within an effective model as well as
using a simplified model, motivated by the findings of the validity study.
Subsequently, this result and two other ATLAS searches are studied in a detailed
reinterpretation in terms of simplified models of Dark Matter production. A large
range of parameters is tested for three different simplified models. The study
revealed that a dedicated optimization in view of simplified models would be
beneficial, especially in the regime of small missing transverse energy. Final states
of Dark Matter and top quarks are well motivated by models with a scalar or
pseudo-scalar particle mediating the interaction between Standard Model and Dark
Matter particles. The resulting final state is similar to that of the production of
supersymmetric top partners. A search for new phenomena in such final states of
top quark pairs and large missing transverse energy, performed on 13.2 fb�1 of data
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from 13 TeV pp collisions, is presented. An excess of data events over the Standard
Model background prediction of 3:3r was observed in a signal region optimized for
Dark Matter signals. Interpretations of the results are presented for two decay
scenarios of supersymmetric top quark partners and for Dark Matter production in
association with top quarks.
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Chapter 1
Introduction

Everything we know today about the world around us we owe to human
curiosity, which prevents us from settling down with an answer, and makes us inves-
tigate further and ask for deeper reasons. Already Johann Wolfgang Goethe’s Faust
wanted to know “what keeps the world together at heart” (“was dieWelt im Innersten
zusammenhält”)–and he failed [1]. In the end he had to realise that science–and he
did not restrict himself to natural sciences alone–is not able to provide any satisfying
answer. On a similar note, Immanuel Kant concerned himself, in his antinomies of
pure reason [2], with questions like: is there a smallest, elementary building block of
matter? Does the world have a beginning and an end in space and time? Is everything
in the world fully determined? Does something exist that is not part of our world? In
a nutshell, Kant introduces a distinction between, on the one hand, the total of what
we can possibly know and experience, and, on the other hand, how the world “truly”
intrinsically is. Since the above questions concern the intrinsic properties of nature,
we cannot even hope to obtain any answers. At the same time, Kant states that we
cannot stop asking these questions, even though we know that we will never be able
to answer them–it is part of what makes us human.

The above questions are asked in similar ways also physics and are indeed
what ultimately motivates fundamental physics to continue further. There are very
successful and precise models describing many observations–but these are models,
descriptions, often with clear limitations, and we cannot say if there is any correspon-
dence to how the world “truly” is. Some argue that the simplicity, the (mathematical)
beauty the models might achieve is a sign that they have to be at least close to the
truth. But, strictly speaking, we cannot be sure we learn anything about the “true”
world apart from obtaining a very accurate description, and reliable measurement
predictions.

But why pursue science, physics at all? Apart from all practical reasons, I would
say, even if we are not sure, it seems like the best option to at least approach answers
to these fundamental questions. Physics can be considered as the most fundamental
natural science, it spans from the smallest to the largest possible scales. Particle
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2 1 Introduction

physics, in my opinion, has a unique role: not only is it directly concerned with the
smallest possible scales and the fundamental building blocks of matter, but through
the history of the universe it is tightly connected to the largest possible scales and
cosmology.

One example for this interplay isDarkMatter, established to explain astrophysical
observations: Dark Matter does not interact with ordinary matter, except by the very
weak gravitational force and maybe an additional, weak interaction–it is a bit like a
parallel world. On the other hand, without Dark Matter we would not exist: without
Dark Matter, galaxies, galaxy clusters and eventually stars like the sun would not
have been able to coalesce, heavy elements, would not have been created, and so
on. So Dark Matter had a crucial role in the very early history of the universe, earth,
life and us. The impact on cosmology is evident: Dark Matter, making up more than
84%of thematter in the universe, can alter cosmological predictions significantly, for
example through its influence on large-scale structure formation. But Dark Matter is
also studied in particle physics: if it is made up of particles–a plausible hypothesis–
these particleswould have to be of a new, unknown kind, since none of the established
particles is an eligible candidate. Proposed candidates do not only have to respect
the bounds of particle physics experiments searching for Dark Matter but also have
to be consistent with cosmological constraints.

The study of particle collisions emerged as a powerful way to probe the interac-
tions of fundamental particles. If some weak interaction is assumed between Dark
Matter and ordinary matter apart from gravity, colliders present an interesting possi-
bility to search forDarkMatter, since it might be produced in the collisions. However,
due to their very weak interaction with the detector material such particles would not
leave a signal in the detector. Searching for their production is hence challenging:
the analyses rely on missing momentum in the transverse plane, caused by the invis-
ible particles recoiling against visible objects. The Large Hadron Collider (LHC) at
CERN provides proton–proton collisions at unprecedented centre-of-mass energies
and offers a unique opportunity to search for new physics. The ATLAS experiment
records the particle collisions and allows to evaluate these events, for example in
view of Dark Matter searches.

This thesis discusses several aspects of DarkMatter searches at the LHC and their
interpretation. In Chaps. 2–5, the Standard Model of particle physics and its open
questions are introduced and an overview ofDarkMatter properties and experimental
searches is presented, before the main concepts of Supersymmetry are outlined and
the ATLAS detector is explained. Chap. 6 discusses the interpretation of DarkMatter
searches at the LHC in terms of commonly used effective field theory models. The
presented study revealed that the assumptions of an effective approach are widely
violated in collisions at LHC energies.

Subsequently, the search for new physics in final states of large missing transverse
energy and an energetic jet, using 20.3 fb−1 of pp collision data at 8 TeV, is described
in Chap. 7. Such final states can originate from the pair production of Dark Matter,
recoiling against a jet. This is a general scenario of Dark Matter production at a
hadron collider, and commonly themost sensitive channel. The results are interpreted
in terms of Dark Matter production within an effective model as well as using a
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Simplified Model, considering the findings of the validity study. In Chap. 8, this and
two other ATLAS searches for Dark Matter are reinterpreted in terms of Simplified
Models of DarkMatter production, considering a broad parameter range. Themodels
assume one mediating particle in addition to the Dark Matter particles and try to
circumvent the validity issues of effective approaches while resting general.

The Standard Model of particle physics cannot provide a candidate for Dark
Matter. Furthermore, despite its success, it exhibits problems and leaves important
questions unanswered. One proposed extension, Supersymmetry, is especially attrac-
tive since it is able to offer solutions to several problems at once. Furthermore, it can
offer a candidate for Dark Matter. Since the supersymmetric partner of the top quark
is expected to be lighter than other new particles, searching for these top squarks
at the LHC is a promising approach. Such signals lead to similar final states as
Dark Matter production in association with top quarks, well motivated in the case of
(pseudo-)scalar mediators. A search for new phenomena in final states of top pairs
and missing transverse energy is presented in Chap. 9. It considers 13.2 fb−1 of pp
collision data at a centre-of-mass energy of 13 TeV and is interpreted considering
two decay scenarios of supersymmetric top quark partners and regardingDarkMatter
production in association with top quarks.
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Chapter 2
The Standard Model

Formulated in the 1960s, the StandardModel of particle physics describes subatomic
particle interactions with remarkable success. Its prediction of the top quark and the
Higgs boson were the most recent triumphs. Over several orders of magnitude in
production cross section, the measurements performed at the Large Hadron Collider
(LHC) at CERN precisely confirm the predictions of the Standard Model, as can be
seen in Fig. 2.1.

The Standard Model is formulated as a quantum field theory with an underly-
ing SU (3)C × SU (2)L ×U (1)Y symmetry. SU (3)C is the gauge group of quan-
tum chromodynamics (QCD) which describes the strong force. Its eight genera-
tors Gα

μ, α = 1, . . . , 8 correspond to the massless spin-1 force carriers, the gluons.
Particles that are charged under this symmetry are said to carry colour, hence the
subscript “C”. Due to the non-abelian character of SU (3)C , the force carriers them-
selves are coloured, leading to gluon self-interactions.

SU (2)L acts exclusively on particles with left-handed chirality, hence the
subscript “L”. The associated charged-current weak interaction is therefore maxi-
mally parity-violating. U (1)Y is responsible for the hypercharge Y. The four gen-
erators of SU (2)L ×U (1)Y lead to four gauge bosons, denoted as Wa

μ, a = 1, 2, 3
for SU (2)L and Bμ for U (1)Y . The neutral component of the triplet Wa

μ and the Bμ

mix to form the physical degrees of freedom of the neutral bosons: the photon, the
force carrier of the electromagnetic force, and the Z, mediating the neutral current of
the weak interaction. The twoW± bosons, responsible for the charged-current weak
interaction, complete the list.

Apart from the spin-1 fields corresponding to the gauge bosons seen above,
the Standard Model contains fermions, which are particles with half-integer spin.
Coloured fermions are called quarks, while fermions without colour charge are
named leptons. They appear in three sets, called generations. The gauge interac-
tions of each generation are identical,1 but the masses of the corresponding fermions

1Parameters can vary between generations.
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6 2 The Standard Model

Fig. 2.1 Summary of Standard Model total and fiducial production cross section measurements,
compared to the corresponding theoretical expectations from the Standard Model. All theoretical
expectations were calculated at next-to-leading-order (NLO) or higher [1]

increase when going from the first to the second to the third generation.2 Only the
light particles of the first generation are stable and make up all matter around us: up
and down quarks form protons and neutrons, the building blocks of atomic nuclei,
that are bound with electrons into atoms.

Furthermore, the theory contains an additional complex scalar field, the Higgs
field. It was introduced to formulate a mechanism to account for the experimentally
observedmasses of the electroweak gauge bosons and fermions via spontaneous sym-
metry breaking. Its corresponding particle, the Higgs boson, was recently discovered
by the ATLAS and CMS experiments at the LHC [2, 3].

An overview of the particle content of the Standard Model and its interactions is
shown in Fig. 2.2. The Standard Model only contains a description of three of the
known four fundamental forces. Gravity, which is much weaker at short scales than
the strong, the weak and the electromagnetic forces, is not included.

2The mass hierarchy of the neutrinos is not yet established and might present an exception.
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Fig. 2.2 Summary of the particle content of the Standard Model [4]

2.1 Symmetries

Everywhere in physics, symmetry principles are crucial to formulate andbetter under-
stand the theories of nature. Also the Standard Model is founded on symmetries,
characterising and defining its ingredients. According to Noether’s theorem, each
continuous symmetry is connected with a conserved quantity. Spacetime symmetry
implies energy-momentum conservation, conserved charges are the consequence of
an exact global symmetry. If a global symmetry is spontaneously broken, massless
scalar modes, so-called Goldstone Bosons appear. Exact local symmetries corre-
spond to interactions mediated by a massless spin-1 particle (or spin-2, in the case
of gravity). An example is the U(1) symmetry of electromagnetism and its force
carrier, the photon. Local broken symmetries relate to interactions by massive spin-1
particles, as it is the case for electroweak interactions. The spontaneous symmetry
breaking by the Higgs vacuum expectation value leads to massive force carriers, the
W and Z bosons via the so-called Higgs mechanism.

The Standard Model has imposed symmetries, namely Lorentz invariance and
the above mentioned gauge group SU (3)C × SU (2)L ×U (1)Y . These are, to some
extent, motivated by observation. There are also accidental symmetries that either
follow from one of the imposed symmetries, the particle content or the requirement
of renormalisability. These lead to worthy predictions for experiments and allow one
to scrutinise the model in detail.
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2.2 Strong Interactions

By imposing a local SU (3) symmetry, one can construct a theory of right-handed
and left-handed fermions, the quarks, appearing in six colour triplets (fundamental
representation, 3 of SU (3)C ): ψi (3); i = 1, . . . , 6, where colour denotes the charge
associated to the SU (3) symmetry. This theory is called Quantum Chromodynamics
(QCD) and describes the strong interactions. Such a theory is straight-forward to
define but difficult to solve due to its non-abelian character and its strong coupling in
the confinement limit, which constrains the range in which perturbation theory can
be applied.

There are eight Lie group generators associated to the SU(3) symmetry, lead-
ing to eight gauge bosons–massless spin-1 force carriers, the gluons (being in the
adjoint representation, 8 of SU (3)C ). One single coupling constant, gs determines
the strength of the interaction.

The QCD part of the Standard Model Lagrangian takes the following form:

LQCD = −1

4
GaμνGa

μν + iψ̄iγ
μDμψi (2.1)

with
Ga

μν = ∂μG
a
ν − ∂νG

a
μ − gs fabcG

b
μG

c
ν (2.2)

and
Dμ = ∂μ + igsT

aGa
μ. (2.3)

Here, Ga
μ are the gluon fields, fabc is the structure constant of SU (3), and Ta are the

generators of the symmetry, the Gell-Mann matrices. The theory leads to two types
of interactions, namely to gluon-fermion vertices and to gluon self-interaction that
arises due to the last term in Eq.2.2:

• Gluon-fermion vertex: −gsψ̄T aγμGaμψ

• Gluon self-interaction vertices: gs fabc(∂μGaν)Gb
μG

c
ν and g2s fabc fadeG

bμ

GcνGd
μG

e
ν .

These interactions are vectorial, parity-conserving (left/right-handed symmetric),
diagonal (no quark mixing terms) and universal (the same coupling appears for all
quarks). These predictions, consequences of the imposed symmetry and the conse-
quentially constructed Lagrangian, have been successfully tested by experiments.

The theory also has an accidental, global chiral symmetry, meaning that left-
and right-handed particles exhibit independent transformations. This can be used to
write:

Gglobal
QCD = SU (3)L × SU (3)R ×U (1)A ×U (1)B . (2.4)

The chiral symmetry SU (3)L × SU (3)R is spontaneously broken by the formation of
chiral condensates in the QCD vacuum into SU (3)F , the so-called “flavour SU(3)”.
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The axial symmetry U (1)A, incorporating the part of left-handed particle transfor-
mations which are the inverse of the right-handed particle transformations, is classi-
cally exact, but broken on the quantum level, which is called an “anomaly”. The exact
vector symmetryU (1)B , governing the transformations where left- and right-handed
particles are treated equally, is identified with baryon number conservation. While
UB(1) is exact independently of the quark masses, SU (3)F only holds for the light
flavour quarks u, d, and s, where they can be assumed to be almost massless. This
leads to the approximate isospin symmetry. The accidental global chiral symmetry
can also be written asU (1)u ×U (1)d ×U (1)s × · · · . As a consequence, the quarks
are stable and do not decay via the strong interaction.

These accidental symmetries lead to very strong predictions (baryon number con-
servation, isospin symmetry, stability of quarksw.r.t strong interaction) that have been
and continue to be tested in experiments.

The coupling gs is the only parameter of QCD within the Standard Model. The
strong coupling constant αs = g2s /4π is determined to be αs(m2

z ) = 0.1182(12) [5]
at the Z boson mass.3 The coupling strength depends on the energy scale of the
interaction, as describedby the renormalisation group equation. It decreases for scales
corresponding to high momentum transfers or small length scales, which is known as
asymptotic freedom. If the distance between two particles is increased, the coupling
strength increases as well (almost linearly), until the energy for further separating the
particles is sufficient to produce new particles from the vacuum. As a consequence,
coloured particles are always bound into colour-neutral objects, hadrons–they are
said to be confined.

While calculationswithin the perturbative regimeofQCDare able to reach impres-
sive precision, the non-perturbative regime can only be calculated on discrete points
of a space-time lattice (‘latticeQCD’) or phenomenologically described by, for exam-
ple, hydrodynamic models, in the case of many particles.4 Heavy-ion collisions stud-
ied e.g. at the LHC can help to better understand this regime by characterising hot
and dense QCD matter as well as the transition between the phase in which quarks
are confined within hadrons and the deconfined Quark-Gluon-Plasma phase.

2.3 Electroweak Interactions

Imposing a local SU (2)L ×U (1)Y symmetry leads to a theory of fermions in SU (2)L
doublets of left-handed particles, QL ,i=1,2,3 for the quarks and LL ,i=1,2,3 for the
leptons, and in SU (2)L singlets of right-handed particles, uR,i=1,2,3, dR,i=1,2,3 and

3In some cases the so-called QCD phase is added to the list of Standard Model parameters of the
strong sector as well. It appears in an additional term in the Lagrangian that should be added in
general, but since this phase is measured to be very close to zero, this term is neglected here and in
many other places. It will be discussed further in Sect. 2.5.
4Furthermore, techniques such as QCD sum rules relate hadronic parameters like masses, couplings
or magnetic moments, to characteristics of the QCD vacuum, i.e. quark and gluon condensates.
Also the so-called quark-hadron duality allows to describe observed reactions either as interactions
between partons or of hadronic resonances.
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eR,i=1,2,3 for up-type quarks, down-type quarks and charged leptons, respectively.5

The SU (2)L doublets have aU (1)Y hypercharge Y = −1, the SU (2)L singlets have
a U (1)Y hypercharge Y = −2. A spontaneous breaking of SU (2)L ×U (1)Y →
U (1)EM is considered, with QEM = I + 1

2Y , where I is theweak isospin, the charge
of SU (2)L . This requires to extend the theory by a scalar SU (2) doublet, φ, with
hypercharge Y = 1. The four generators, three for SU (2) and one for U (1) result
in four gauge bosons, Wμ

a,i=1,2,3 and Bμ, all without hypercharges. Two coupling
constants determine the strengths of the interactions, g for SU (2)L and g′ forU (1)Y .

The kinetic part of the Lagrangian for fermions and vector bosons takes the
following form:

Lkin = −1

4
WiμνWi

μν − 1

4
BμνBμν (2.5)

+ i Q̄γ μDμQ + i ūγ μDμu + i d̄γ μDμd + i L̄γ μDμL + i ēγ μDμe,

with

Dμ = ∂μ − igWa
μT

a − i

2
g′Bμ. (2.6)

The generators of SU(2) are given by T a = 1
2σ

a , where σ a denote the Pauli matrices.

2.3.1 Spontaneous Symmetry Breaking

The model, as described up to now, does not allow the gauge bosons to have mass.
However, W and Z bosons, mediating the weak interactions, are measured to be
massive. In order to account for that, a scalar SU (2) doublet is introduced. The part
of the Lagrangian governing the scalar kinematics and its potential reads:

Lφ = (Dμφ)†(Dμφ) − μ2φ†φ − λ(φ†φ)2 , (2.7)

where λ is dimensionless, real and needs to be positive to make the potential be
bounded from below, and μ2 has mass dimension two and is assumed to be negative.
In this case, the potential has a local maximum at the origin and degenerate minima
on a circle around it, satisfying φ†φ = −μ2/(2λ) and v2 = −μ2/λ can be defined.
By an SU (2) gauge transformation, a particular vacuum expectation value (vev) of
φ can be chosen: φ0 = 1√

2

(
0
v

)
. This presents the spontaneous symmetry breaking

(SSB): one specific solution thatminimises the potential is chosen.When considering
small excitations around the vacuum state, φ reads:

φSSB(x) = 1√
2

(
0

v + h(x)

)
. (2.8)

5Note that right-handed neutrinos are not included here.
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The scalar field h(x) is the only one remaining from the original four fields of φ after
the SSB. It is identified with the Higgs boson. Substituting φ with its vev, the kinetic
part of the scalar Lagrangian written in (2.7) can be expressed as:

(Dμφ)†(Dμφ) ⊃
∣∣∣
∣(gW

a
μT

a + g′BμY ) ·
(
0
v

)∣∣∣
∣

2

(2.9)

= v2

4

(
g2(W 1

μW
1μ + W 2

μW
2μ) + (gW 3

μ − g′Bμ)(gW 3μ − g′Bμ)
)
. (2.10)

The first part can be written as m2
WW+W− with W±

μ = 1√
2
(W 1

μ ∓ iW 2
μ) and hence

leads to the mass terms for the charged W bosons:

m2
W = v2g2/4. (2.11)

The second term of Eq.2.10 leads to the mass of the neutral Z boson with
Zμ = W 3

μ cos θW − Bμ sin θW ,where θW is the so-calledWeinberg anglewith tan θ =
g′/g:

m2
Z = v2(g2 + g′2)/4. (2.12)

The neutral counterpart of the Z boson, the photon (A), remains massless:

Aμ = W 3
μ sin θ + Bμ cos θW . (2.13)

The mass eigenstates Z and A are formed by W 3 and B as:

(
Z
γ

)
=

(
cos θW − sin θW
sin θW cos θW

) (
W 3

B

)
(2.14)

A real, massive scalar degree of freedom, the Higgs boson, whose mass is given
by m2

h = 2λv results from the SSB. It has been measured to be mH = 125.09 ±
0.24GeV [5].

2.3.2 Fermion Masses

Without SSB, it is not possible to write down mass terms for the fermions. They
are chiral: left-handed and right-handed particles behave differently, since only left-
handed particles are charged under SU (2)L . This excludes a Dirac mass term in
which left- and right-handed particles ought to be combined and so would break
SU (2)L . Furthermore, a Majorana mass term is excluded, since the fermions are
charged and hence cannot be their own antiparticles.

However, a Yukawa interaction between fermions and the complex scalar field φ

can be written down in the following way:
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LYuk = Y d
i j Q̄Li φdRj + Y u

i j Q̄Li φ̃uRj + Y l
i j L̄ Li φeR j + h.c. . (2.15)

The matrices Yi j contain the different Yukawa coupling strengths. Note that the
up-type quarks couple to φ̃ = −iσ2φ∗. After spontaneous symmetry breaking, i.e.
the transition φ → (

0
v

)(
and φ̃ → (

v
0

))
the above Yukawa terms have the form of a

Dirac mass term with the fermion mass given by m f = vyi j/
√
2, where v denotes

the Higgs vev and yi j the relevant Yukawa coupling. Since the Standard Model does
not contain right-handed neutrinos, mass terms for neutrinos are not possible and
hence they remain massless and degenerate.

For leptons, the interaction basis can always be made consistent with the mass
basis, such that Y l

i j is diagonal. This is not the case for the quarks: generally, no
interaction basis can be found that is also a mass basis for both up- and down-
type quarks, i.e. that diagonalises both Y d

i j and Y
u
i j at the same time. Hence, the mass

eigenstates of the quarks generally do not coincide with the flavour eigenstates which
take part in the electroweak interaction. This leads to a mixing of flavour states to
form the mass eigenstates that is described by a unitary matrix, called CKM matrix
after Cabbibo, Kobayashi andMaskawa. Its complex phase gives rise to CP-violating
processes within the Standard Model.

Electromagnetic Interactions

Electromagnetic interactions are vectorial, parity conserving, diagonal and universal:

LEM = eq f ψ̄ fi γμA
μψ fi , (2.16)

where e = g sin θW is the electromagnetic coupling, q f is the electromagnetic charge
of the (left- or right-handed) fermion ψ f and Aμ denotes the photon.

Neutral Currents

Neutral weak interactions, mediated by the Z boson, are chiral, i.e. they distinguish
between left- and right-handed particles and hence violate parity. They are diagonal
and universal since fermions are in the same representation as for U (1)EM .

LNC = g

cos(θW )

(
I 3
1 − γ 5

2
− q f sin

2(θW )

)
ψ̄ fi γμZ

μψ fi . (2.17)

As above, q f denotes the electromagnetic charge andψ fi stands for any fermion. I 3 is
the third component of the weak isospin. The projection operator (1 − γ 5)/2 selects
only the left-handed components ofψ fi . This means, the neutral current consists of a
purely left-handed part, proportional to I 3 and a part treating left- and right-handed
particles equally, proportional to q f .



2.3 Electroweak Interactions 13

Charged Currents

Charged weak interactions are mediated by the W bosons. Since they arise purely
from SU (2)L , charged currents involve only left-handed fermions and are hence
maximally parity-violating. As long as neutrinos are treatedmassless and degenerate,
the lepton interactions are diagonal and universal, while the above-mentioned CKM
matrix describes the mixing in the case of quarks, where the charged currents are
neither universal nor diagonal.

LCC = − g√
2

[
ψ̄L ,ui γ

μMCKMψL ,di + ψ̄L ,νi γ
μψL ,li

]
W+ + h.c.. (2.18)

Here, ψL ,di and ψL ,ui stand for down- and up-type quarks, respectively, while ψL ,di
and ψν,di indicate charged leptons and neutrinos.

Vector Boson Interactions

In addition, the Lagrangian contains the following terms, covering three- and four-
point interactions between the vector gauge bosons:

LVVV = −ig[(W+
μνW

−μ − W+μW−
μν)(A

ν sin θW − Z ν cos θW )

+W−
ν W+

μ (Aμν sin θW − Zμν cos θW )] (2.19)

LVVVV = −g2

4

[
(2W+

μ W−μ + (Aμ sin θW − Zμ cos θW )2)2

−(W+
μ W−

ν + W+
ν W−

μ + (Aμ sin θW − Zμ cos θW )(Aν sin θW − Zν cos θW ))2
]

(2.20)

Higgs Interactions

The Yukawa couplings between the Higgs and the fermions, as introduced above, are
proportional to the particle masses, heavier particles couple stronger to the Higgs.
The Yukawa couplings are diagonal.

Recall that after SSB the Higgs field φ takes the following form: φSSB(x) =
1√
2

(
0

v+h(x)

)
. Dimensionless couplings such as hhhh and hhV V involving only h(x)

but not v, arise in the Lagrangian. Trilinear couplings like hhh and hV V vertices are
proportional to v. The cubic and quartic Higgs self-interactions are given by:

LH ⊃ +λv

2
H 3 + λ

4
H 4. (2.21)

The interactions between the Higgs and the vector bosons reads:
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LHV ⊃
(
g2

v

2
H + g2

4
H 2

) (
W+

μ W−μ + 1

2 cos2 θW
ZμZ

μ

)
. (2.22)

Couplings between the Higgs and the photon are not allowed since the Higgs is not
charged electromagnetically and the photon is massless and does not have a Yukawa
interaction with the Higgs.

2.4 Defining the Standard Model

Combining what was seen in the sections above, the Standard Model can be defined
as a theory with a SU (3)c × SU (2)L ×U (1)Y symmetry. It contains three colour
triplets, the quarks, out of which the left-handed ones can be grouped in SU (2)L
doublets: QLi (3, 2)+ 1

6
, whereas the right-handed colour triplets are SU (2)L sin-

glets: uRi (3, 1)+ 2
3
, dRi (3, 1)− 1

3
. It also contains colour-singlets, the leptons, coming

in left-handed SU (2)L doublets, LLi (1, 2)− 1
2
and right-handed SU (2)L singlets,

eRi (1, 1)−1. Right-handed neutrinos are not considered. The generators of SU (3)C
and SU (2)L ×U (1)Y are taken to commute, leading to a theorywith three couplings.
The 12 generators lead to 12 gauge bosons: eight gluons, the photon, the Z boson and
two W bosons. Spontaneous symmetry breaking of SU (2)L ×U (1)Y → U (1)EM

is included via a scalar SU (2)L doublet, whose neutral component, the degree of
freedom that persists after SSB, presents the Higgs boson. The SSB results in only
SU (3)C ×U (1)EM remaining unbroken.

In summary the Lagrangian of the Standard Model reads:

L = −1

4
GμνG

μν − 1

4
WμνW

μν − 1

4
BμνB

μν (2.23)

+ψ̄Li γ
μ

(
i∂μ − gsTGμ − g

σ

2
MCKMWμ − g′ Y

2
Bμ

)
ψLi (2.24)

+ψ̄Ri γ
μ

(
i∂μ − gsTGμ − g′ Y

2
Bμ

)
ψRi (2.25)

+
∣
∣∣∣

(
i∂mu − g

σ

2
Wμ − g′ Y

2
Bμ

)
φ

∣
∣∣∣

2

− V (φ) (2.26)

−(Y d
i j Q̄iφdi − Y u

i j Q̄i φ̃ui − Y �
i j L̄ iφei + h.c. . (2.27)

The different parts govern the gauge boson kinetic terms and self-interactions
(Eq.2.24), the kinetic terms and interactions of the left-handed (Eq.2.24) and right-
handed (Eq.2.25) fermions, the boson mass terms and couplings (Eq.2.26) and the
coupling terms between the Higgs and the fermions, leading to the fermion masses
(Eq.2.27).

The kinetic part of the Standard Model Lagrangian exhibits aU (3)Q ×U (3)U ×
U (3)D ×U (3)L ×U (3)E symmetry that gets broken by the Yukawa coupling
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terms into U (1)B ×U (1)e ×U (1)μ ×U (1)τ , representing the symmetries leading
to baryon number conservation6 and lepton family number conservation.

2.4.1 Parameters

Collecting all parameters results in three coupling constants, gs, g, g′, responsible for
the strength of the strong, the weak SU (2)L and the hyperchargeU (1)Y interactions.
In addition, there is the mass of the Higgs, mH and its vacuum expectation value v.
Further, three lepton and six quark masses, as well as three CKM angles and one
complex CKM phase have no theoretical prediction and need to be measured. This
results in 18 parameters in total.7

2.5 Open Questions and Known Problems of the Standard
Model

2.5.1 Neutrino Masses

The Standard Model only accounts for massless neutrinos. The unambiguous mea-
surements of neutrino oscillations requires the neutrinos to have a mass different
from zero [5]. Hence, neutrino masses present physics beyond the Standard Model.
To accommodate neutrino masses, the Standard Model can be extended to the so-
called νSM . Either, neutrinos are continued to be assumed to be Dirac particles and
right-handed neutrinos are proposed. Theywould be SU (2) singlets and hencewould
exhibit no Standard Model interactions apart from those involving the Higgs field.
Neutrinos would then get Dirac masses as all other fermions:

Lν ⊃ yDi j Li φ̃νR j . (2.28)

Here, yDi j gives the relevant Yukawa coupling, L denotes the SU (2) doublet of left-

handed leptons, νR j the SU (2) singlet of right-handed neutrinos and φ̃ = −iσ2φ∗
where φ is the Higgs field. A second way would be to postulate Majorana mass
terms for neutrinos, where neutrinos would be their own antiparticles. This would
add additional dimension-five operators to the Standard Model of the form:

Lν ⊃ yMi j /vφφνiν j . (2.29)

6The Baryon symmetry is broken non-perturbatively by sphaleron transitions [6].
7The QCD phase θ , mentioned above and discussed in detail below, sometimes gets counted here
as well, resulting in a total number of 19 parameters.
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Here, yMi j gives the couplings that lead the neutrino masses. Such terms violate the
lepton and flavour conservation. Furthermore, they are of dimension five and non-
renormalisable. Hence, they are only meaningful, if new physics is introduced at a
scale �N P :

LSM ⊃ ỹMi j
�N P

φφνiν j → ỹMi j v
2

2�N P
νiν j . (2.30)

With mν ≈ 0.1 eV and couplings of order one this scale would be as high as
�N P ∼ 1014.

2.5.2 Fine Tuning and Naturalness

The concept of naturalness demands the parameters of a theory to take relative val-
ues “of order one”, meaning there occur no exceptionally large or small parameters
without explanation. Such exceptional parameters could either be realised via choos-
ing very particular small (or large) coefficients to the relevant terms, or some very
precisely adjusted, or so-called fine-tuned, mechanism to cancel (or enhance) the
relevant effects. Within the Standard Model, there occur several naturalness prob-
lems as will be discussed in the following.

The notion of naturalness significantly influenced the arguments in modern
particle physics during the last decades. The refusal to accept unnatural or fine-
tuned parameters within the Standard Model triggered the development of a plethora
of models introducing new physics that provide for some mechanism to restore
naturalness.

2.5.2.1 Dimension 0: Cosmological-Constant Problem

If an operator of the lowest possible dimension is constructed, no dependence on
fields or derivatives is present. It is not forbidden for such dimension-0 operators to
appear in the Standard Model Lagrangian, effectively adding an arbitrary constant
to the Lagrange density. Commonly, such an operator is identified with the energy
density of the vacuum used to renormalise the zero-point energy of the quantum field
theory (QFT).

Generally, such an absolute QFT vacuum energy is irrelevant, as typically only
energy differences are directly observable in high-energy physics. But it is mea-
surable in a cosmological context, as gravity couples to all forms of energy. The
QFT vacuum energy can be identified with Einstein’s cosmological constant term
in general relativity. A change in this parameter alters the expansion history of the
universe. Currently, the energy density from the cosmological constant is measured
to be below ρCC ∼ (3 × 10−3 eV)4 [5].

Connecting the particle-physics and gravitational ends, it seems extremely puz-
zling that this value is so small. Contributions to the vacuum energy would be
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expected to be of the order of �ρ0 ∼ ( �4

16π2 ). This quantity is much larger than the
measured value of the cosmological constant considering themass of any known par-
ticle (except for neutrinos) as �. Considering the highest assumed physics scale, the
Planck scale MPl , for � results in a difference of 122 orders of magnitude between
the naively estimated and the measured value of ρCC !

2.5.2.2 Dimension 2: Hierarchy Problem

It is important to note the enormous difference between the electromagnetic and
the gravitational scale: gravity is characterised by a single, dimensionful quantity,

Newton’s constant GN . It defines a very large mass scale MPl = G
− 1

2
N 
 1.22 ×

1019 GeV [5], the Planck scale, which is tens of orders of magnitude higher than the
electroweak scale around the Higgs vev. The hierarchy between these scales results
in another naturalness problem of the Standard Model.

The lowest-dimensional operator involving StandardModel fields is of dimension
two and would take the following form:

L2 = μ2φ†φ (2.31)

with m2
H = 2μ2. On the other hand, loop corrections to μ2 are given by:

�(μ2) ∝ �2

16π2
. (2.32)

Assuming MPl for � (or even the mass scale �N P derived from the dimension-5
description of neutrino masses as explained above: 1014 GeV) leads to values much
larger than the value of μ2 that is needed to account for the observed value of mH .8

Some cancellation between the not directly accessible correction terms might be
possible, but it would need to be very accurately tuned, presenting a major fine-
tuning problem.

There are several proposals on how to evade this problem:

• Assume, that the EW scale is the highest scale that exists. Obvious problems of this
approach, e.g. with MPl being well motivated, can be avoided by the introduction
of extra dimensions.

• Assume a composite model in which the Higgs is not elementary. Hence, no
elementary scalar particlewould exist and the problematic corrections do not apply
anymore. Typically, such models involve additional gauge interactions, similar to
QCD (e.g. technicolor).

• Assume additional symmetries that either provide some cancellation of the correc-
tion terms to μ2 (e.g. Supersymmetry relating bosons and fermions) or make the

8Note that this is technically only true in the presence of new, heavy states at the scale �.
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Higgs a pseudo-goldstone boson (neutral naturalness) or protect the small Higgs
mass via technical naturalness.

• More recent proposals include also the introduction of a so-called Relaxion, which
relates the Higgs-mass problem to inflation, or N-Naturalness, where several
copies of the Standard Model are assumed.

2.5.2.3 Dimension 4: Strong CP Problem

Without being necessary for gauge invariance, but also not forbidden by any of the
imposed symmetries, an additional term can be–and generally should be–added to
the QCD Lagrangian:

LQCD ⊃ θQCDεμνρσG
μνGρσ . (2.33)

This introduces CP violation in the strong sector. However, measurements such as
the one of the neutron electric-dipole moments suggest that θQCD � 10−10. It is not
understood why this parameter is so small, or respectively why this term should not
appear in the StandardModel Lagrangian. One approach is to postulate an additional
symmetry (the so-called Peccei-Quinn symmetry) that forbids such a term, which
comes with the presence of new particles, the QCD axions.

2.5.3 Further Questions

2.5.3.1 Triviality Problem

The Standard Model couplings change with the scale at which they are evaluated.
Whereas the strong couplingvanishes at high energies (knownasasymptotic freedom)
the hypercharge gauge coupling (g′) increases with increasing energy scale and gets
infinitely large at finite energies (at the Landau Pole), which of course marks a
breakdown of the theory. Such theories are named trivial since they only make
sense if the coupling in question is zero and hence the theory is trivial. This feature
is however no problem in case one assumes that the theory is only a low-energy
description and still lacks a UV completion, but is of course another manifestation
of the view that the Standard Model needs to be amended to form a larger theory.

2.5.3.2 Flavour Problem

The Standard Model offers a description of the mechanism of how fermions (apart
from neutrinos) obtain mass and how they mix, but needs a large number of input
parameters to do so. It does not explain the peculiar observed structure or hierarchy
in mass of the different generations.
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2.5.3.3 Matter-Antimatter Asymmetry

Within the Standard Model, matter and antimatter are produced in almost equal
amounts. The CP violation that is introduced by the imaginary phase of the CKM
matrix is by far not sufficient to explain the fact that the universe seems to be almost
exclusively made up by matter. To explain this, additional mechanisms of baryo- and
leptogenesis have to be assumed.

2.5.3.4 Dark Matter

There aremany cosmological and astrophysical observations providing evidences for
a new type of very weakly-interacting matter, Dark Matter. However, the Standard
Model does not contain a plausible candidate for DarkMatter. This will be discussed
in the next chapter.
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Chapter 3
Dark Matter

Around 1930, the first observations inconsistent with the assumption that ordinary,
visible matter is all there is in the universe were made. After evaluating less radical
solutions, scientists proposed a new type of matter that would only interact gravita-
tionally and at most weakly with ordinary matter: Dark Matter. However, the study
of a part of the universe that can hide so well, that is coexisting with our world with-
out interacting with it, is difficult. Nevertheless, it is extremely relevant: there exists
about five times more Dark Matter (DM) than ordinary matter in the universe–even
if the Standard Model and its open questions would be fully understood, it would
only concern a small fraction of the content of the world. Furthermore, DM played
a crucial role in the history of the universe, also for our galaxy and solar system. In
the following, a selection of empirical evidence for DM is given in Sect. 3.1 before
the inferred properties of DM are discussed in Sect. 3.2. The often assumed scenario
of DM as a thermal relic is outlined in Sect. 3.3. Possible candidates for DM are
discussed in Sect. 3.4 before Sect. 3.5 gives an overview over DM searches. Finally,
Sect. 3.6 gives an introduction to the effective field theoretic models used to describe
DM production at the LHC.

3.1 Evidence for Dark Matter

The fact that evidence for DMwas found on very different scales disfavoured alterna-
tive proposals and eventually led to the assumption of this new component of matter.
The most important experimental observations substantiating the proposal of DM
are presented in the following.

© Springer International Publishing AG, part of Springer Nature 2018
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Springer Theses, https://doi.org/10.1007/978-3-319-95016-7_3
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Fig. 3.1 M33 rotation curve
(points) compared with the
best fit model (continuous
line). The different
components of the best fit
model are shown as well: the
DM halo (dashed-dotted
line), stellar disk (short
dashed line), and gas
contributions (long dashed
line). Figure from Ref. [4]

3.1.1 Galactic Scales: Galaxy Rotation Curves

Fritz Zwicky coined the term Dark Matter. In his studies of the Coma galaxy cluster
and the Virgin Cluster, he observed rotation velocities of galaxies of up to 400 times
higher than what he expected. This astounding observation led him to propose a new
form of additional gravitational matter present in galaxy clusters, Dark Matter [1].
Soon after, in 1939, theAmerican astronomerHoraceW.Babcock studied the rotation
velocities of light-emitting objects of the Andromeda nebula and observed that the
mass-to-light ratio differed significantly from his expectations, resulting in an almost
constant velocity over distance from the galaxy centre [2] (such as in Fig. 3.1). He
attributed this observation to the underestimation of the luminous matter due to
additional light absorption mechanisms taking place inside the galaxy. Zwicky’s
proposal of Dark Matter was revived only in 1970, when his measurements were
repeated with similar outcomes [3].

The rotational velocity of an orbiting object at distance r scales like v(r) ∝√
M(r)/r where M(r) is the mass enclosed by the orbit. Outside the (visible) galaxy

onewould hence expect: v(r) ∝ 1/
√
r . But vwas found to be approximately constant

out to large values of r as can be exemplarily seen in Fig. fig:galaxyrotation. This
implies M(r) ∝ r , which is not observed in luminous matter. Hence, the existence
of a dark halo with mass density ρ(r) ∝ 1/r2 is proposed.1

The question of how exactly DM is distributed within the halo is not yet fully
settled. There are several proposed density profiles that are well-motivated andmatch
the observations. They are discussed in detail in Appendix A.1. The choice of a DM
halo density profile presents one substantial uncertainty that enters the expectation
of DM annihilation or DM-nucleon scattering.

1At some point ρ would need to drop off faster in order to arrive with a finite mass of the galaxy.
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3.1.2 Cluster Scales: Gravitational Lensing

Following Einstein’s laws of gravity, light rays are deflected by gravitational objects,
since they travel on straight lines in space and massive objects curve the space itself.
This effect can be used to infer masses of objects between a light-emitting object
and an observer. The deflection angle, θ , depends on the mass of the object, M , and
its distance to the source of light, r , in the following way:

θ = 4GNM

rc2
, (3.1)

where GN is the gravitational constant and c the speed of light.
Depending on the size of the effect, three kinds of gravitational lensing are dis-

tinguished. Strong gravitational lensing leads to easily visible distortions such as
multiple images, arcs and full rings, so-called Einstein rings. Weak gravitational
lensing is only detectable via statistical analysis of many sources, which tend to be
stretched perpendicular to the lensing object. The shape, size and orientation of the
light-emitting sources can be used to determine the mass of the lensing object. This
means in particular that the component of DM present in the lensing object (e.g. a
galaxy cluster) can be determined. Inmicrolensing the effect is even smaller and can
only be detected as an apparent change of brightness of the source.

By studying weak lensing effects, the merger of two galaxy clusters, one of which
is named the Bullet Cluster, was observed at a distance of 3.8 billion lightyears (see
Fig. 3.2). This observation is particularly relevant in view of DM. First, an unambigu-
ous spatial offset between the total centre of mass and the centre of baryonic mass
strongly supports the hypothesis of an additional, non-baryonic matter component
present in galaxy clusters and hence is direct evidence for DM on large cluster scales.
Secondly, it disfavours theories of modified gravity (MONDs), and favours particle
DM models. Furthermore, it constrains the self-interaction of DM.

3.1.3 Cosmological Scales: Cosmic Microwave Background

Acrucial point in the history of the universe is the start of the so-called recombination
phase. At this point, the temperature of the universe was small enough for charged
particles to move sufficiently slow to allow them to be bound together into neutral
objects–atoms. As a consequence, photons no longer scattered on charged particles
and hence started to travel basically unhindered.

The possibility to observe these photons as “background radiation” was already
predicted in 1948 by Alpher and Herman [6]. The first observation of these remnant
photons was made accidentally by Penzias and Wilson in 1965, when they noticed
a uniform background radiation in their measurement devices designed for radio
astronomy [7]. The uniform radiation corresponded to a temperature of 4.2 K (the
value was later corrected to 2.7 K). From the binding energy of the Hydrogen atom,
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Fig. 3.2 The galaxy cluster 1E 0657-56, also known as the Bullet Cluster, which was formed after
the collision of two large clusters of galaxies as seen by the Chandra telescope. Hot gas, detected
in X-rays, is coloured in pink, containing most of the baryonic matter. An optical image from the
Magellan and theHubble Space Telescope shows the galaxies in orange and white. The blue colour
indicates the mass distribution within the clusters, determined via weak gravitational lensing. Most
of the matter in the clusters (blue) is clearly separated from the luminous matter (pink), giving direct
evidence that a significant amount of the matter in the clusters is dark. Figure from Ref. [5]

one would expect a temperature around 3740 K,2 however, the expansion of the
universe shifted the wavelength of the photons by (1 + z), where z is the red-shift
related to the expansion rate of the universe.

The first striking observation is that this Cosmic Microwave Background (CMB)
is very uniform: dipole fluctuations are of the order of 10−3 K, further fluctuations
are below 10−5 K. These temperature fluctuations are explained as the result of
small, primordial density fluctuations, leading to acoustic oscillations in the photon-
baryonplasmapresent before recombination.The angular scales ofCMBoscillations,
measured as the power spectrum of the anisotropies, reveal the different effects of
baryonic and DM. While ordinary matter interacts strongly with radiation, DM does
not. Hence, these components affect the plasma oscillations differently.

The anisotropies can be parametrised as follows:

〈�T 2〉 =
(
l(l + 1)

2π
Cl

)
〈T 〉2 , (3.2)

where l are the multipole moments and Cl the angular frequencies. The acoustic
spectrum of the CMB, measured by the Planck satellite, is shown in Fig. 3.3. The
spectrum shows a large first peak and smaller successive peaks. It is sensitive to the

2This value is calculated from the binding energy of the hydrogen atom, 13.6 eV or 157760 K,
considering the Boltzmann distribution of energies of the much more abundant photons.
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Fig. 3.3 The Planck 2015 temperature power spectrum. The best-fit based �CDM theoretical
spectrum fitted to the Planck data is plotted in the upper panel. Residuals with respect to this model
are shown in the lower panel. The error bars show ±1σ uncertainties. Figure from [8]

DM density in the following ways: enhancing the DM density reduces the overall
amplitude of the peaks and lowering the DM density significantly reduces the ampli-
tude of the third peak, due to the smaller coupling between DM to radiation. The
observed spectrum presents a clear third maximum and is consistent with the DM
hypothesis. Hence, evidence for DM is also found on cosmological scales.

The careful analysis of the acoustic spectrum of the CMB constrains the relative
abundance of the different components of the universe. The Planck satellite provides
the most accurate measurement to date and indicates that only 4.9% of the energy
content of the universe is accounted for by ordinary matter, 26.8% by DM and
68.3%by so-calledDarkEnergy, possibly identifiedwith a cosmological constant [8].
Based on these and other astrophysical and cosmologicalmeasurements, the so called
Standard Model of Cosmology (�CDM) was formulated, in which the presence of
DM, aswell as Dark Energy plays a key role. It is described in detail inAppendixA.3.

3.2 Properties of Dark Matter

Apart from the above mentioned measurements, large-scale structures, big-bang
nucleosynthesis, and other observations have constrained the properties of DM.
Commonly, it is assumed that DM is made up of particles. Under this assumption,
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basically all observations, on all scales, can be reproduced. However, there are also
several models proposed that try to explain the evidence for DM in different ways.
One alternative is to assume that DM is built up of ordinary matter, but it is clumped
together inMAssive, Compact Halo Objects (MACHOs), preventing it from interact-
ing with other baryonic matter. Candidates for such MACHOs include (primordial)
black holes, neutron stars, and brown dwarfs. Such a proposal is severely challenged
by the hints of the non-baryonic nature of DM coming from the CMB analysis and
big-bang nucleosynthesis. In addition, searches for MACHOs span by now almost
the entire mass range allowed for an explanation of DM phenomena, leaving only
a small window open [9]. Another alternative to particle DM would be to assume a
modification to general relativity [10]. Although there exist relativistic theories that
successfully reproduce some of the observed phenomena, like galaxy rotation curves,
other measurements, for example those relating to properties of galaxy clusters, can-
not be easily explained by such models [11]. It is in general not easy to formulate a
theory of modified gravity that can be incorporated in any cosmological model [12].

For the rest of this thesis, a scenario of particle DM is adapted. Summarising the
different observations, the following properties of particle DM are most generally
assumed, although, for many aspects, there are alsomodels proposed that circumvent
these assumptions:

• It is dark: electrically neutral and colour neutral
• It is cold: large-scale structure formation would be altered and inconsistent with
observations, if DM was relativistic at the time of matter-radiation equality

• It is non-baryonic
• It interacts gravitationally
• Its self-interaction cannot be too strong
• If it interacts with ordinary matter, then it only does so weakly
• It makes up 26.8% of the universe’s mass-energy content, around five times more
than ordinary matter

• It is sufficiently long-lived, given that there is a non-vanishing relic density today.

The only potential candidate within the Standard Model is the neutrino. However,
neutrinos would correspond to hot DM, since they moved with relativistic velocities
during the epoch of matter-radiation equality and would lead to an altered structure
formation. In addition, they cannot account for the observed DM density as will be
seen in the following. Hence, DM has to come from new physics, most probably
from one (or many) new particle(s). But the scale of masses and interactions of DM
is largely unknown.

3.3 Thermal Dark Matter

Dark Matter is often assumed to be a thermal relic, meaning that, in the early uni-
verse, its particles were in thermal equilibrium. At some point the expansion rate of
the universe exceeded the total interaction rate of DM, and since then it exhibited
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basically no interactions. At this point, it dropped out of thermal equilibrium and
decoupled. The decoupling time and temperature, also called freeze-out temperature,
determine the relic abundance of DM today in the following way.

First, the Boltzmann equation relates the particle number density n to the inter-
action strength:

dn

dt
+ 3H0n = −〈σv〉(n2 − n2eq), (3.3)

where 〈σv〉 is the thermal average of the total DM annihilation cross section multi-
plied by the velocity, H0 is the Hubble constant (H0 = 678.9 km s−1 [13]) and neq
is the number density in thermal equilibrium. The latter can be determined in the
non-relativistic limit as:

neq = g

(
mT

2π

)3/2

e−m/T , (3.4)

with g giving the number of degrees of freedom, m being the particle mass and T
the temperature.

The Boltzmann equation (Eq.3.3) can then be solved for times long before and
long after the freeze-out. Matching the solution yields a value for the relic density.
Based on this strategy, the following often-used order-of-magnitude estimation can
be motivated:

�χh
2 ≈ 3 × 10−27cm3 s−1

〈σv〉 . (3.5)

The relic density is expressed relative to the critical density as �χ = ρχ/ρc with
ρc = 3H 2

0 /8πGN , and h denotes the Hubble parameter h = H0/100 km s−1 Mpc−1.
The evolution of the co-moving number density with time is sketched in Fig. 3.4.
Smaller interaction cross sections correspond to earlier freeze-out temperatures and
therefore higher relic abundances and vice versa. It has to be noted that this simple
estimate is only approximate and can be severely altered, for example when coanni-
hilations with particles that are only slightly heavier than the stable DM particle can
occur.

The experimentally determined value of the relic density of DM is extracted from
a global fit to several measurements, for example the CMB results of the Planck
satellite [15]:

�χh
2 = 0.1186(20). (3.6)

Interestingly, themeasured relic abundance can be obtained when assuming a DM
mass and interaction similar to the weak scale. Such a weakly interacting massive
particle is called a WIMP. This presents an unlikely coincidence: two scales, the
relic abundance of DM and weak scale parameters, seem to be connected. This goes
under the nameWIMPmiracle andmotivates looking for DMcandidates withmasses
between roughly 1GeV and 1TeV and interactions with the Standard Model sector
of the order of the weak interaction. Such a scenario could be detected at the LHC
or by other DM search programs.
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Fig. 3.4 Illustration of the comoving number density of a stable particle species as it evolves
through the process of thermal freeze-out [14]

3.4 Candidates for Non-baryonic Dark Matter

The presented gravitational observations of DM as well as the estimated relic density
are consistent with a variety of DMmasses and interaction strength. Hence, it should
not be forgotten that the landscape of possible candidates is large and any search for
DM necessarily only probes a small subset of proposed candidates. In the following,
an overview of the most important directions of DM candidates is given.

• Standard Model neutrinos: Being colour and electrically neutral, neutrinos are
the only Standard Model candidates for DM. Although they would correspond
to hot DM, which would lead to conflicts with current insights on large-scale
structure formation, as discussed above, their resulting relic density is examined
exemplarily in the following. It is given by:

�νh
2 =

3∑
i=1

mi

93 eV
(3.7)
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where the sum goes over the three generations. The best upper bound on neu-
trino masses from β-decay experiments states mν < 2.05 eV (95% C.L.) [16].3

Although this bound was stricly-speaking only obtained for electron neutrinos, it
can be safely applied to all flavours in this context, since neutrino flavour oscilla-
tions constrain the mass differences to be very small. Given the known production
rates, this upper mass bound results in a relic density of

�νh
2 � 0.07, (3.8)

meaning that neutrinos are by far not sufficient to account for DM. Furthermore,
neutrinos were relativistic during structure formation and their free streaming
length would be large enough to significantly alter the structure formation history.
Neutrino DM would require large structures to build up before small structures,
which is strongly disfavoured e.g. by the observation of very old galaxies that must
have formed well before larger structures evolved.

• Sterile neutrinos: Sterile neutrinos, proposed as having no Standard Model inter-
actions apart from mixing with normal neutrinos, might be significantly heavier
than neutrinos and are viable DM candidates [17]. While their detection might be
possible via oscillation measurements it is very challenging [18].

• Axions: Axions were first proposed as a solution to the strong CP problem (see
Sect. 2.5). They are expected to be extremely light and only very weakly interact-
ing, meaning that they would not have been in thermal equilibrium in the early
universe. It is challenging but possible to identify a range in which axions would
be a viable candidate for DM [19].

• Supersymmetric candidates: Within R-parity conserving Supersymmetry, the
lightest supersymmetric particle is stable and can be a DM candidate. Supersym-
metry is discussed in more detail in Chap. 4.

• Kaluza-Klein states: The lowest excitation of a Kaluza-Klein tower of states in
an assumed extra dimension can act as DM candidate [20].

• Superheavy Dark Matter: So-called WIMPzillas present an interesting alter-
native to low- and intermediate-mass DM scenarios. With masses of 1012−1016

GeV, they would not have followed a thermal evolution. Additionally, they offer a
possible solution to the observed cosmic rays with extremely high energies [21].

3.5 Searches for Dark Matter

3.5.1 Direct Detection

If a local relic density of DM is assumed, DM particles χ are expected to traverse
the earth. Under the assumption of some weak interaction between χ and Standard

3Mass bounds from the analysis of CMB anisotropies are even more stringent, but might be evaded
under certain circumstances.
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Model nucleons, elastic scattering of DM and atomic nuclei occurs. Direct detection
(DD) experiments aim at detecting the nuclear recoil of such elastic scatterings.
Given the estimated average velocity of DM particles of around 230 km/s, the recoil
energy is of the order of 10 keV. The expected event rate is given by:

R ∝ N
ρχ

mχ

〈σχN 〉, (3.9)

where N stands for the number of target nuclei, ρχ andmχ denote theDMdensity and
mass, respectively, and 〈σχN 〉 gives the average χ -nucleon scattering cross section.
The event rate is estimated to be below one event per year and per kg of detection
material. Hence, the detectors should comprise a large amount of material and the
material should have a high atomic mass in order to increase the expected event rate.
Furthermore, the threshold above which the signals of nuclear recoil can be detected
needs to be very low (O( keV)), and the expected backgrounds very small and well
controlled.

The main background to such experiments comes from photons, muons or elec-
trons scattering with the electrons in the atomic shell (“electronic recoil”), and from
neutrons interacting with the nucleus, also leading to a nuclear recoil. Therefore,
detectors have to be built in environments where such backgrounds are reduced.
Typically, this is ensured by laboratories deep underground and by well shielded
detectors. Also, specific muon or photon vetoes can be put in place. Signal and back-
ground can be discriminated by measuring the energy loss of the scattering particle
via scintillation pulse shapes, charge-to-light ratios or ionisation yields. The actual
signal can be detected in various ways and several detector concepts are realised:

• Scintillating crystals (e.g. NaI) can be combined with photomultipliers (example:
DAMA/LIBRA [22]).

• Cryogenic detectorsmeasure charge and heat in crystals likeGermaniumor Silicon
(examples: CDMS [23], CRESST [24]). This approach is especially powerful to
study lower DM masses.

• A volume of liquid noble gas (Xe, Ar) is combined with photomultipliers and,
in most cases, with a Time Projection Chamber (TPC) (examples: LUX [25],
Xenon100 [26]). Such detectors dominate, especially at high DM masses.

There are two frontiers that are tried to be pushed. Towards lower DM masses, the
nuclear recoil that needs to be detected gets smaller. In order to reduce the energy
threshold for a detection further, advanced and probably new detector concepts are
needed. Among options discussed in the literature there are detectors involving liquid
Helium, DM scattering off cooper pairs of electrons, the usage of nuclear emulsions
or DNA detectors. The other direction, mostly pursued via enlarging liquid noble
gas detectors, is to lower the limit on the scattering cross section for DM in the
typical WIMP mass range of 10–1000 GeV. At scattering cross sections of about
four orders of magnitude below what is probed today, scattering of atmospheric
neutrinos with the nuclei is expected to make it impossible to detect DM signals
below that threshold. A review of DD experiments and their results can be found in



3.5 Searches for Dark Matter 31

Fig. 3.5 Comparison of DM-nucleon cross section limits (spin-independent), shown as solid lines.
Projections are indicated by dotted and dashed lines, possible hints for signals by shaded contours.
Interesting regions for several models are shown as shaded regions, the band, where coherent
neutrino scattering is expected to limit the sensitivity of DD searches is given in yellow [29]. The
current best bound comes from LUX [28], published after the summary was conducted and hence
shown separately in the right-hand-side panel

Ref. [27]. Recent limits on the DM-nucleon cross section are summarised in Fig. 3.5.
The strongest bounds come from the LUX experiment, reaching down to 0.6 zb
at a DM mass of 33 GeV [28]. In the low-mass regime, CDMS-lite provides the
strongest constraints for DM masses of 1.6–5.5 GeV [23]. Projected sensitivities of
planned experiments start to reach the regime in which neutrino coherent scattering
is expected to make a direct detection of DM presumably very challenging. Bounds
on chirality suppressed spin-dependent interactions are generally weaker by about
five orders of magnitude.

3.5.2 Indirect Detection

Indirect searches for DM try to detect Standard Model annihilation products of DM
particles by measuring photons, neutrinos, antimatter, and other objects, especially
from regions in the universe, where the DM density is expected to be high and
its particles are assumed to move slowly enough to allow for annihilations (e.g.
galaxy centre, centre of the sun). Annihilation cross sections consistent with the
measured DM relic density are probed by experiments today over a wide mass range.
Depending on the wave length considered, different space-based and ground-based
telescopes look for DM annihilation products in gamma-ray signals, for example
the Fermi LAT [31] (space-based, gamma-ray) and H.E.S.S. [32] (ground-based,
gamma-rays) telescopes. It is also possible to detect DM via neutrinos (IceCube [33],
ANTARES [34]) or cosmic rays (AMS [35], DAMPE [36]). Figure3.6 compares cur-
rent bounds on the DM annihilation cross section from ID experiments. The bounds
are obtained for annihilations into muons, b-quarks or W bosons. The strongest
bounds come from the scenario of annihilations into b-quarks. The γ -ray measure-
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Fig. 3.6 Comparison of bounds on theDMannihilation cross section obtained in different channels,
for selected benchmark decays, and from different indirect searches. See Ref. [30] for details

ments (H.E.S.S., Fermi LAT) dominate over constraints from the observed antiproton
fraction (AMS) above DM masses of about 150 GeV. The bounds obtained for the
W annihilation scenario are slightly weaker, especially for DMmasses above 3 TeV.
For the annihilation into muons, the strongest constraints come from CMB mea-
surements. The limits obtained by neutrino telescopes (IceCube, ANTARES) are
generally weaker, but become important at very high DM masses (above 5 TeV) in
all channels. A review of ID experiments and their results is given in Ref. [37].

3.5.3 Dark Matter at the LHC

If some interaction between the Standard Model and the Dark Sector is assumed,
DM particles might not only annihilate into Standard Model particles or scatter with
nuclei, but could also be produced in particle collisions, for example at the LHC, and
detected by the experiments.

Since the DM particles are assumed to interact only weakly with ordinary matter,
they would not interact sufficiently strong with the detector material to induce any
signal.Hence, they are expected to leave the particle detectors unseen. Their detection
requires the presence of an additional, visible object recoiling against the invisible



3.5 Searches for Dark Matter 33

DMparticles. In this way, themomentum imbalance in the transverse plane, resulting
from the non-detection of theDMparticles, can be used as a discriminating variable.4

Hence, many LHC searches for DM target events with such a relatively simple
final state of missing transverse momentum and a single, energetic object like a jet,
a photon or a vector boson, emitted from the initial state of the pp collisions5:

pp → χ + χ + jet/γ /W/Z/ . . . . (3.10)

Here, χ indicates the DM particle. To keep the interpretation of such searches as
general as possible, effective field theories [38–42] are often used, as discussed in
the next section.

Also searches designed to test more complex, complete theories such as Super-
symmetry (introduced inChap. 4) can be seen asDMsearches. If themodels provide a
DMcandidate, constraints on themodel then often also constrain theDMparameters.
Furthermore, the interplay between searches involving missing transverse momen-
tum, as outlined above, and direct resonance searches can be exploited at the LHC: if
it is assumed that the interaction between DM and Standard Model particles happens
via a mediating particle, this mediator could not only be produced by SM objects but
would also decay back into them, in addition to possible decays into DM. Searches
for di-jet resonances for example can be very constraining in certain scenarios.

3.6 Effective Field Theory Description of Dark Matter

An effective field theory (EFT) approach aims at characterising the main features
of a physical process, only considering the degrees of freedom which are accessible
at a given energy scale. EFT techniques are successfully applied in many areas of
physics. Aswill be discussed below, they also allow for a simple comparison between
the collider results and the bounds from direct and indirect DM searches.

The idea of an EFT is that the scale at which some new physics appears is much
higher than the one that is probed experimentally. This allows for a simplification
of the considered interactions. In the case of one mediator that couples the Standard
Model sector to the DM particles, this means that the mediator is far from being
possibly produced on-shell.

Considering a simple scenario of such a mediator interacting with both Standard
Model and Dark Sector particles, the DM production cross section can be approxi-
mated in the following way:

σ(pp → χχ) ∝ g2qg
2
χ

(Q2
tr − M2

med)
2 + 
2

medM
2
med

� − g2qg
2
χ

M4
med

. (3.11)

4The concept of missing transverse momentum is introduced later in detail in Chap. 5.
5In some cases, an emittance from intermediate states might also be possible.
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Here, χ stands for the DM particle, Mmed denotes the mass of the mediator and

med its width. Qtr is the momentum transferred in the collision. The couplings of
the mediator to the Standard Model sector and the DM particles are given by gq and
gχ , respectively. To arrive at the approximation made in the last step of Eq.3.11, the
propagator of the mediating particle is expanded in powers of Q2

tr/M
2
med:

gqgχ

Q2
tr − M2

med

= − gqgχ

M2
med

(
1 + Q2

tr

M2
med

+ O
((

Q2
tr

M2
med

)2
))

. (3.12)

In the above expression, thewidth of themediator is neglected,which is justified in
a regime far away froma resonance, such as is the case for anEFT scenariowith a very
heavy mediator that is far from being possibly produced on-shell. Adapting an EFT
approach now means neglecting all contributions apart from the lowest-dimensional
term in the expansion of the mediator propagator (Eq. 3.12). As a consequence, EFTs
are no longer renormalisible. It is clear that this truncation is only justified as long
as Q2

tr/M
2
med stays small. The so-called cut-off scale of the EFT, �, is defined as

follows6:

� ≡ Mmed

gqgχ

. (3.13)

It is useful to parametrise the cross section and generally presents the only free
parameter of the EFT, in addition to the DM mass.

Without loss of generality, a list of effective operators, describing the interaction
between Standard Model quarks or gluons and DM can be defined [41]. They are
listed in Table3.1.

The choice of the operator is important, its form determines the interplay between
the momentum transfer and the kinematics of the DM particles. Since the measured
missing transverse momentum relates directly to the momenta of the DM particles
as well as the transverse momentum of the balancing jet, the signal acceptance and
detection efficiency strongly depend on the assumed interaction operator.

While the chirality of the operators strongly affects the results from DD, only
the effect on the cross section is relevant at the LHC; the kinematics are basically
unchanged. This allows to group the fermionic operators into four sets with dis-
tinct kinematic characteristics, namely the (pseudo-)scalar, the (axial-)vector and
the tensor operators as well as those operators that involve couplings to gluons. By
considering one representative operator of each group in an analysis, the full param-
eter space can be covered, since it is then possible to extend the obtained results to
the rest of the operators via rescaling of the cross sections. Analogously, three groups
of operators for scalar DM are formed.

In addition to the “standard” scalar operators D1–D4, the “primed” operators
D1′–D4′ are defined in Table3.1. They are identical to D1–D4, but have a different
coefficient, independent of the masses of the involved quarks. While a normalisation

6For some types of interaction this equivalence takes amore complicated form.This is not considered
here.
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Table 3.1 List of considered operators. The nomenclature is mostly taken from Ref. [41]. D stands
for Dirac fermion DM, C for complex scalar DM (Real scalar DM operators can be defined as well,
but are not considered in the following. No significant phenomenological differences are expected
with respect to the complex scalar operators)

Name Operator Coefficient

D1 χ̄χ q̄q mq/�
3

D1′ χ̄χ q̄q 1/�2

D2 χ̄γ 5χ q̄q imq/�
3

D2′ χ̄γ 5χ q̄q i/�2

D3 χ̄χ q̄γ 5q imq/�
3

D3′ χ̄χ q̄γ 5q i/�2

D4 χ̄γ 5χ q̄γ 5q mq/�
3

D4′ χ̄γ 5χ q̄γ 5q 1/�2

D5 χ̄γμχ q̄γ μq 1/�2

D6 χ̄γμγ 5χ q̄γ μq 1/�2

D7 χ̄γμχ q̄γ μγ 5q 1/�2

D8 χ̄γμγ 5χ q̄γ μγ 5q 1/�2

D9 χ̄σμνχ q̄σμνq 1/�2

D10 χ̄σμνγ
5χ q̄σμνq i/�2

D11 χ̄χ GμνGμν αs/4�3

D12 χ̄γ 5χ GμνGμν iαs/4�3

D13 χ̄χ Gμν G̃μν iαs/4�3

D14 χ̄γ 5χ Gμν G̃μν αs/4�3

C1 χ†χ q̄q mq/�
2

C2 χ†χ q̄γ 5q imq/�
2

C3 χ†∂μχ q̄γ μq 1/�2

C4 χ†∂μχ q̄γ μγ 5q 1/�2

C5 χ†χGμνGμν αs/�
2

C6 χ†χGμν Ḡμν iαs/�
2

proportional to the quark mass is common in many models, motivated by flavour
physics and when a mixing between the (pseudo-)scalar mediator and the Standard
Model Higgs is assumed, the normalisation can generally have a different form.
The primed operators are motivated by integrating out heavy scalars which do not
take a vacuum expectation value and therefore do not give rise to quark masses.
The unprimed operators D1–D4 are related to the primed operators D1′–D4′ by a
rescaling:

d2σ̂

dpTdη

∣∣∣∣
D1,D2,D3,D4

=
(mq

�

)2 d2σ̂

dpTdη

∣∣∣∣
D1′,D2′,D3′,D4′

. (3.14)
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The choice of DM mass determines the observed kinematics directly, as well as
the cross section: since the DM particles are produced on-shell and in pairs, the
momentum transfer of the collision has to exceed 2mχ . Assuming higher mχ hence
requires higher momentum transfers, leading to harder spectra in jet momenta and
missing transverse momentum. It also means that heavy DM particles (above several
TeV) cannot be probed efficiently anymore. However, the change in kinematics is
only important for DM masses well above 500 GeV: below, χ can be essentially
treated as massless, since the average momentum transfer is generally sufficient to
produce the DM particles in the probed region of phase-space. This allows to extrap-
olate obtained results down to even lower DM masses than explicitly considered in
the analyses.

The remaining parameter of the theory, the cut-off scale �, has no influence on
the resulting spectra but directly determines the signal cross section. The obtained
EFT limits are hence usually presented as limits on the cut-off scale.

The key assumption, namely that physics beyond the cut-off scale cannot be
probed directly, can be violated. At LHC energies, the momentum transfer in pp
collisions at a centre-of-mass energy of several TeV can easily exceed typical bounds
on�. This issue of limited validity of the LHC approachwill be discussed in Chap. 6.

3.6.1 Interplay Between Dark Matter Searches

The EFT approach allows to translate the collider limits on the cut-off scale into
limits on the DM-nucleon cross section, probed by direct detection experiments. The
expectation value of the partonic operator in the nucleon, considering the kinematic
properties of the scattering, is calculated to this end.The conversion canbe formulated
as follows [43, 44]:

σ D1
χN = 1.6 × 10−37cm2

( μχ

1GeV

)2
(
20GeV

�

)6

, (3.15)

σ
D5,C3
χN = 1.38 × 10−37cm2

( μχ

1GeV

)2
(
300GeV

�

)4

, (3.16)

σ
D8,D9
χN = 4.7 × 10−39cm2

( μχ

1GeV

)2
(
300GeV

�

)4

, (3.17)

σ D11
χN = 3.83 × 10−41cm2

( μχ

1GeV

)2
(
100GeV

�

)6

, (3.18)

σC1
χN = 2.56 × 10−36cm2

( μχ

1GeV

)2
(
10GeV

mDM

)4 (
10GeV

�

)4

, (3.19)

σC5
χN = 7.4 × 10−39cm2

( μχ

1GeV

)2
(
10GeV

mDM

)4 (
60GeV

�

)4

. (3.20)
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Note that only a subset of possible operators is relevant in the limit of lowmomen-
tum transfer and hence considered here. The parameterμχ denotes the reduced mass
of the DM-nucleon system. Depending on the type of interaction, the operators cor-
respond either to spin-dependent or to spin-independent scattering.

In a similar way, the bounds on the cut-off scale for vector and axial-vector
operators can be interpreted as a limiting DM annihilation cross section–the quantity
that is probed by indirect detection experiments:

σV vrel = 1

16π�4

∑
q

√√√√1 − m2
q

m2
χ

(
24 (2m2

χ + m2
q ) + 8m4

χ − 4m2
χm

2
q + 5m4

q

m2
χ − m2

q
v2rel

)
, (3.21)

σAvrel = 1

16π�4

∑
q

√√√√1 − m2
q

m2
χ

(
24m2

q + 8m4
χ − 22m2

χm
2
q + 17m4

q

m2
χ − m2

q
v2rel

)
, (3.22)

where vrel ∼ 0.24 is the relative velocity of the annihilating DM particles χ .
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Chapter 4
Supersymmetry

Supersymmetry (SUSY) is one of the most popular and well-motivated extension
of the Standard Model, since it is able to solve many of its problems at once, while
being based on a theoretically simple and beautiful idea. Via the introduction of an
additional symmetry, SUSY connects bosons and fermions and proposes bosonic
(fermionic) superpartners for Standard Model fermions (bosons), with otherwise
identical charges and masses. This means that for each fermion loop contributing
to the Higgs boson mass, there is now also a boson loop of equal magnitude but
opposite sign. In this way, SUSY offers a solution to the technical aspect of the
hierarchy problem.

The observed mass of the discovered Higgs Boson however severely challenges
naive SUSY models, in which the Higgs mass is predicted to be similar to the mass
of the Z boson at tree-level. Loop corrections could lift its mass up to the observed
125 GeV but would require the scalar top quark partner to be much heavier than the
top–which in turn affects the cancellation of contributions to the Higgs mass and
makes some re-introduction of fine-tuning necessary.

But there are also othermotivations for SUSY: the renormalisation group evolution
of the three gauge coupling constants of the Standard Model is sensitive to the
particle content of the theory. Given the Standard Model, the coupling constants of
the different interactions do not “meet” at a common energy scale. However, with
the addition of the proposed SUSY particles, the renormalisation group equation
predicts them to converge at approximately 1016 GeV. This would allow to formulate
the StandardModel gauge group within a larger symmetry group SU (5) ⊂ SU (3) ×
SU (2) ×U (1), and possibly to formulate a grand unified theory (“GUT”).

Furthermore, SUSY can be connected to general relativity: imposing SUSY as a
local symmetry allows to formulate a class ofmodels known as supergravity. SUSY is
also a necessary prerequisite of string theories and can be connected to cosmological
inflation. In addition, it can provide a candidate for Dark Matter.

© Springer International Publishing AG, part of Springer Nature 2018
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In summary, even if the observedHiggsmass and the direct LHCbounds disfavour
simple versions of SUSY, many motivations for this idea exist even beyond natural
models of SUSY that provide a solution to the hierarchy problem.

In the following, the main concepts of SUSY are discussed in Sect. 4.1 before the
minimal supersymmetric extension of the Standard Model is introduced in Sect. 4.2.
Finally, the focus is put on the supersymmetric partner of the top quark, the stop, in
Sect. 4.3 since a search for stops will be presented in Chap. 9.

4.1 Main Concepts of Supersymmetry

The idea of SUSY is the introduction of an additional symmetry, the so-called Super-
symmetry, which connects fermions and bosons:

Q|fermion〉 = |boson〉 and Q|boson〉 = |fermion〉 . (4.1)

Here Q denotes the SUSY generator. The SUSY algebra is a nontrivial extension
of the Poincaré algebra that covers spacetime transformations. It circumvents the
Coleman–Mandula theorem [1] that states that space-time and internal symmetries
cannot be combined in a non-trivial way, by allowing both commuting and anticom-
muting symmetry generators [2]. The generators have to be (Weyl) spinors: Qα . The
crucial new anticommutator is given by:

{Qα, Q̄α̇} = 2(σμ)αα̇Pμ . (4.2)

It can be explicitly seen here, that the internal symmetry, SUSY, is related to
the space-time Poincaré symmetry, since the momentum operator Pμ appears on
the right-hand side. This can be understood as a “mixing” of internal and space-
time transformations: while SUSY generators transform bosons into fermions and
vice versa, the anticommutator of two such transformations yields a translation in
spacetime.

All other anti-commutation relations between the Qs and commutation relations
between the Qs and Ps vanish. Since Q commutes with the energy-momentum
operator Pμ and its square P2, SUSY predicts the masses of bosonic (fermonic)
particles and their fermionic (bosonic) superpartners to be equal:

P2Q|b〉 = P2| f 〉 = m2
f | f 〉 , (4.3)

and, on the other hand:

P2Q|b〉 = QP2|b〉 = m2
bQ|b〉 = m2

b| f 〉 , (4.4)

leading to:
m2

b = m2
f . (4.5)
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4.2 The Minimal Supersymmetric Standard Model

The minimal theory that extends the Standard Model to a supersymmetric theory
is called Minimal Supersymmetric Standard Model (MSSM). Each fermion being
related to a bosonic partner with the same quantum numbers and vice versa, leads
to an enlarged particle content: since no pair of Standard Model particles could be
combined in such a supermultiplet, the model is extended by partner particles for
each of the known particles in the Standard Model, having a spin that is different by
1/2. The scalar partners are called as the particles, but an s is prepended, the fermionic
partners are denoted by ino appended to the name.

The MSSM is minimal in two ways. First, it assumes the minimal gauge group,
based on the Standard Model symmetries: to avoid additional gauge interactions that
would arise from spin-1 superpartners of StandardModel fermions, fermion partners
(sfermions) are assumed to be scalar. The Standard Model spin-1 gauge bosons form
with their spin-1/2 superpartners, the gauginos (bino B̃, winos W̃1−3 and gluinos
G̃1−8) the vector supermultiplets.

Second, the MSSM assumes minimal particle content: there are only three
generations of spin-1/2 fermions and their partners assumed,1 as in the Standard
Model. The left- and right-handed fermion fields belong to chiral supermultiplets
together with their spin-0 SUSY partners, the squarks and sleptons. The matter con-
tent of the MSSM is hence formed by three generations of chiral supermultiplets.

The Higgs sector differs from the Standard Model structure: the MSSM contains
two chiral supermultiplets with hypercharges +1 and −1 containing two complex
Higgs doublets, Hu and Hd , together with their fermionic partners, the higgsinos.
This is the minimal structure required for renormalisability of the theory, since gauge
anomalies arise if the sum of the fermionic hypercharges does not vanish. The scalar
components:

Hd =
(
H 0

d
H−

d

)
Hu =

(
H+

u
H 0

u

)
(4.6)

give mass separately to the up-type and down-type fermions.
Their spin-1/2 superpartners, the higgsinos, mix with the gauginos to form the

physical mass eigenstates, the charginos: χ̃±
1 , χ̃±

2 and neutralinos: χ0
1,2,3,4. The

indices are chosen such that they represent the mass order: m(χ̃1) < m(χ̃2).
An overview of the gauge and mass eigenstates of the additional particle content

in the MSSM is given in Table4.1.

4.2.1 Breaking of Supersymmetry

Since supersymmetric partners with masses equal to the Standard Model particles
would have been easily discovered, any SUSYmodel that aims at providing a realistic

1No right-handed neutrinos are added.
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Table 4.1 Overview of SUSY partners of Standard Model particles and their gauge and mass
eigenstates as well as the content of the extended Higgs sector [3]

Particle Spin R-Parity Gauge eigenstates Mass eigenstates

Higgs bosons 0 +1 H0
u , H

0
d , H

+
u , H−

d h0 H0 A0 H±

Squarks 0 −1 ũL , ũ R , d̃L , d̃R Same

c̃L , c̃R , s̃L , ˜sR Same

t̃L , ˜tR , b̃L , b̃R t̃1, t̃2, b̃1, b̃2
Sleptons 0 −1 ẽL , ẽR , ν̃e Same

μ̃L , μ̃R , ν̃μ Same

τ̃L , τ̃R , ν̃τ τ̃1, τ̃2, ν̃τ

Neutralinos 1/2 −1 B̃0, W̃ 0, H̃0
u , H̃

0
d χ̃0

1 χ̃0
1 χ̃0

2 χ̃0
3 χ̃0

4

Charginos 1/2 −1 W̃±, H̃+
u , H̃−

d χ̃±
1 χ̃±

2

Gluino 1/2 −1 g̃ Same

phenomenologymust contain a breakingmechanism of Supersymmetry, manifesting
itself as SUSY partners being heavier than their SM counterparts.

To maintain the above-mentioned desirable features of SUSY, theories gener-
ally consider spontaneous symmetry breaking (SSB), meaning that the underlying
Lagrangian is supersymmetric, but the vacuum state realised in nature is not. SUSY
would hence emerge at higher energies.

There are many possibilities to realise such a SUSY SSB, and it is not clear which
ones are preferable. However, these proposals generally involve extra particles and
interactions at higher scales, allowing to ignore the exact high-energy mechanism by
introducing an explicit symmetry-breaking term in the Lagrangian.

As mentioned above, unbroken SUSY allows to cancel the correction terms to
scalar masses such as the Higgs mass exactly: first, by requiring equal masses of
superpartners, and second, by the relation of the scalar and fermionic couplings:

λs = |λ f |2 . (4.7)

For a broken symmetry, to avoid reintroducing quadratic divergences, the above
coupling relation should be maintained. Therefore, only mass terms and couplings of
positive mass dimension, called soft terms, are proposed to enter the SUSY-breaking
Lagrangian, allowing to write:

L = LSUSY + Lso f t . (4.8)

Lso f t then contains mass terms for gauginos and sfermions, mass and bilinear terms
for the Higgs sector and trilinear couplings between sfermions and the Higgs sector.

The presence of additional light particles associated with the SUSY breaking
sector would clearly be problematic, since such states are not observed. This can
be avoided if the symmetry-breaking sector is taken to be hidden, i.e. taken to only
interact with the SM and SUSY sectors via a messenger. If this messenger is heavy,
the extra sector and all the particles it contains is effectively hidden from observation.
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4.2.2 R-Parity

The MSSM assumes an additional U (1) symmetry that leads to a multiplicative
quantum number, called R-parity, which is defined as follows:

R = (−1)3(B−L)+2S . (4.9)

B is the baryon number, L the lepton number, S denotes the spin. Following
this definition, the R-parity distinguishes particles (R = +1) and SUSY partners
(R = −1).

Conservation of R-parity is motivated in order to avoid lepton and baryon number
violating terms in theMSSM.Generally, R-parity conservation leads to the following
important phenomenological constraints:

• Supersymmetric particles are produced in pairs, such that R-parity “cancels”.
• In decays of supersymmetric particles there always needs to be an odd number
of SUSY particles in the final state. Hence, the lightest supersymmetric particle
(LSP) cannot decay and is stable.

If R-parity is assumed and the lightest SUSY particle is given by the lightest
neutralino, χ̃0

1 , it can be an excellent candidate for Dark Matter, since it is neutral
and stable. Beyond the MSSM, there are several models allowing for violation of
R-parity conservation. They lead to distinct phenomenologies with less or nomissing
transverse momentum and possibly displaced vertices in the final state [4].

4.2.3 Reducing Parameters

The MSSM as presented above adds 105 free parameters to the 19 parameters of the
SM. The most relevant ones for the following discussion are:

• μ: Higgs mass parameter with L ⊃ μHuHd . Generally, μ is taken to be complex.
However, its phase possibly introduces large CP-violating terms and hence μ is
often assumed to be real.

• Mi : mass parameters for the gauginos, appearing in Lso f t .
• tan β: ratio of vacuum expectation values of the two Higgs doublets,
tan β = vu/vd .

• mQ̃i
,mũi ,md̃i :masses of left-handed and right-handed squarks, appearing inLso f t .

• mL̃i
,mẽi : masses of left-handed and right-handed sleptons, appearing in Lso f t .

Clearly, the predictive power of a model with so many free parameters is lim-
ited. It is interesting to note here that explicitly the quest for naturalness led to
propose a model which might be conceptually simple and aesthetic, but is by far not
simple regarding newentities and parameters that are introduced. Themodel-building
guidelines of naturalness and simplicity seem to be in conflict. In order to reduce the
number of free parameters, several scenarios can be followed.
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4.2.3.1 Assumption of a SUSY-Breaking Scenario

• mSUGRA: in so-called minimal Supergravity, the mediation between the SUSY-
breaking sector and the MSSM is taken to happen via gravitational interaction.
Models of mSUGRA generate the soft SUSY-breaking terms via the supersym-
metric equivalent of the Higgs mechanism. The idea of mSUGRA is to fix certain
parameters at the GUT scale and use the renormalisation group equation to obtain
their values at the relevant scale. To this end, it assumes gauge coupling unification,
the unification of gaugino masses, universal scalar (sfermion and Higgs) masses
and universal trilinear couplings at the GUT scale.
In this setting, the theory requires only four parameters, normally chosen to be:
m0, the common mass of the scalars, m1/2, the common mass of the gauginos and
higgsinos, A0, the universal trilinear coupling, and tan β. Additionally, the sign of
μ needs to be assumed.
Anomaly-mediated symmetry breaking (AMSB) presents a special case of gravity
mediation, in which the mediation is formulated as a conformal anomaly.

• GMSB: in gauge mediated symmetry breaking, the mediation takes place through
the Standard Model’s gauge interactions. Typically, a hidden sector breaks SUSY
and communicates tomassivemessenger fields that are charged under the Standard
Model. These messenger fields induce a gaugino mass via one-loop diagrams
which is then transmitted to the scalar superpartners via two-loop processes. With
the Higgs boson being discovered at 125GeV, stopswith highmasses above 2 TeV
are required in this scenario.

4.2.3.2 Phenomenological MSSM

By imposing empirically motivated assumptions, the so-called phenomenological
MSSM
(pMSSM) can be constructed. The assumptions are the following:

• Nonewsource ofCPviolation: additionalCPviolation is constrained in particular
by measurements of the electron and neutron electric moments. Eliminating all
phases from the MSSM prohibits any new source of CP violation.

• No flavour-changing neutral currents: The non-diagonal terms in the sfermion
mass matrices and in the trilinear coupling matrices can induce significant flavour-
changing neutral currents (FCNCs) which are severely constrained by present
experimental data. This can be circumvented by assuming flavour universality
(sfermions have very similar masses) and flavour alignment (the mass matrices of
quarks and squarks are almost proportional to each other). It is commonly assumed
that both the matrices for the sfermion masses and for the trilinear couplings are
diagonal.

• First and second generation universality: while there are no constraints on the
third generation masses, experimental data, especially from neutral Kaon mixing,
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severely limit themass splitting between the first- and second-generation squarks.2

One further assumes that the trilinear couplings are the same for these two genera-
tions. Since they are generally proportional to the fermion masses, these couplings
are negligible for the first and second generation and can be set to zero. They do
become important for the third generation.

These restrictions reduce the number of parameters to 19:

• Higgs sector: tan β, MA, the mass of pseudoscalar Higgs, μ, the higgsino mass
• Gaugino sector: M1, M2, M3, the masses of Bino, Wino and Gluino
• Squark masses: mq̃ , mũR , md̃R

, the masses for the (degenerate) first and second
generation, and mQ̃ , mt̃R , mb̃R

, the masses for the third generation
• Slepton masses: ml̃ , mẽR , the masses for the (degenerate) first and second gener-
ation, and mL̃ , m τ̃R , the masses for the third generation

• The third generation trilinear couplings: At , Ab, Aτ .

4.2.3.3 Simplified Models

Another approach to reduce the complexity of SUSY models and to allow for exper-
imental tests of certain aspects of a model is the construction of so-called Simplified
Models. Such models make the following assumptions:

• They are constructed such that only one decay mode is considered at a time,
assuming it to have a branching ratio of 100%. This also means that interferences
between different decay modes are neglected.

• All sparticles not involved in the decay are assumed to be decoupled, i.e. having
much higher masses.

• The masses of the involved sparticles are generally treated as free parameters.

Simplified Models of top squark production will be used for the interpretation of
the results from the search for new physics in final states with top quarks and missing
transverse momentum presented in Chap. 9.

4.3 Supersymmetric Top Quark Partners

The SUSY partners of the top quark play a special role: first off, since the top is
the heaviest fermion in the Standard Model, it gives the largest contribution to the
problematic Higgs mass correction terms. Hence, it is the most crucial point at which
solutions to the hierarchy problem should show up. Second, the large possiblemixing
allows for one of the stops to be light without severe phenomenological consequences
such as large FCNCs. Consequently, stop searches are an excellent place to look for
SUSY at the LHC.

2This is the case unless squarks are taken to be significantly heavier than 1 TeV.
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Each of the SUSY partners contributes to the Higgs mass correction δm2
H . The

terms are of equal magnitude as the contributions from the StandardModel fermions,
butwith opposite sign and hence cancel the quadratic dependence on the cut-off scale.
If SUSY masses were equal to Standard Model masses, the cancellation would be
exact. Otherwise, it is reduced to a logarithmic divergence:

δm2
H ∝ λ2

f N
f
c

8π2
(m2

f̄ − m2
f ) ln(�

2/m2
f̄ ). (4.10)

The larger the difference in mass between the top and the stop, the larger the
contribution to the Higgs mass that remains and the larger the still required amount
of fine-tuning. Naturalness arguments hence prefer a light stop, close to the top mass.

Since the Standard Model fermions are chiral spinors and the number of degrees
of freedom between the fermionic and the bosonic sector needs to be identical, each
fermion has two scalar partners, one is the partner of the left-handed fermion, f̃L ,
and one of the right-handed fermion, f̃ R . In general, these two do not have to be
mass eigenstates and can mix. Since the mixing of these states is proportional to the
mass of their fermion partner, the mixing is taken to be small, except for the third
generation. Especially the possibly large mixing of partner states of the top quark
can be expected to lead to significant mass splittings between the mass eigenstates
t̃1 and t̃2, where the lighter one, t̃1, is therefore considerably lighter than all other
squarks.

Overall, there are the following contributions to the mass of the stops:

• The squared-mass terms proportional to t̃∗L t̃L and t̃∗Rt̃R are given by m2
Q3

+ (1/2 −
2/3 sin2 θW ) cos(2β)m2

Z and m2
ū3

+ (2/3 sin2 θW ) cos(2β)m2
Z respectively. These

terms occur analogously for the other generations.
• Contributions equal to mt stem from y2t H

0∗
u H 0

u t̃
∗
L t̃L and y2t H

0∗
u H 0

u t̃
∗
Rt̃R , where the

Higgs field gets replaced by its vev. For the other generations, these contributions
exist as well, but are unimportant due to the small Yukawa coupling.

• Expressions related to the so-called F-Terms take the form: −μ∗yt ˜̄t t̃ H 0∗
d + c.c. .

They read −μ∗vyt cosβ t̃∗Rt̃L + c.c. once H 0
d gets replaced by its vev.

• Contribution from soft trilinear couplings at ˜̄t Q̃3H 0
u + c.c. become atv

sin β t̃L t̃∗R + c.c..

One can now define a mass matrix, containing these different contributions to the
stop masses:

M2
t̃

=
(
m2

Q3
+ m2

t + (1/2 − 2/3 sin2 θW ) cos(2β)m2
Z −mt (At + μ cot β)

−mt (At + μ cot β) m2
ū3

+ m2
t + 2/3 sin2 θW cos(2β)m2

Z

)
.

(4.11)

Then, the terms relevant to the stop mass in the Lagrangian can be written as:

Lmt̃
= − (

t̃∗L t̃∗R
)
M2

t̃

(
t̃∗L
t̃∗R

)
. (4.12)



4.3 Supersymmetric Top Quark Partners 49

 [GeV]
1t

~m
200 300 400 500 600 700 800 900

 [G
eV

]
10 χ∼

m

0

100

200

300

400

500

600

1
0χ∼ W b →1t

~ / 
1
0χ∼ t →1t

~

1
0χ∼ t →1t

~

1
0χ∼ W b →1t

~

1
0χ∼ c →1t

~

-1=8 TeV, 20 fbs

t

) <
 m

1
0

χ∼,
1t~

 m
(

Δ
W

 +
 m

b

) <
 m

1
0

χ∼,
1t~

 m
(

Δ

) <
 0

1
0

χ∼,
1t~

 m
(

Δ

1
0χ∼ t →1t

~ / 
1
0χ∼ W b →1t

~ / 
1
0χ∼ c →1t

~ / 
1
0χ∼ b f f' →1t

~ production, 1t
~
1t

~ Status: ICHEP 2016

ATLAS Preliminary

1

0χ∼W b 

1

0χ∼c

1

0χ∼b f f' 

Observed limits Expected limits All limits at 95% CL

=13 TeVs
 [CONF-2016-077]-1t0L 13.2 fb

 [CONF-2016-050]-1t1L 13.2 fb

 [CONF-2016-076]-1t2L 13.3 fb
 [1604.07773]-1MJ   3.2 fb

Run 1 [1506.08616]

Fig. 4.1 Summary results from ATLAS searches for stop pair production based on 13.2 fb−1 of
pp collision data taken at

√
s = 13 TeV. Exclusion limits at 95% CL are shown in the t̃1–χ̃

0
1 mass

plane. The dashed and solid lines show the expected and observed limits, respectively, including all
uncertainties except the theoretical signal cross sectionuncertainty. Four decaymodes are considered
separately with 100% BR: t̃1 → t + χ̃0

1 (where the t̃1is mostly right-handed), t̃1 → W + b + χ̃0
1

(3-body decay for m(t̃1) < m(t) + m(χ̃0
1 )), t̃1 → c + χ̃0

1 and t̃1 → f f̄ + b + χ̃0
1 (4-body decay).

The latter two decay modes are superimposed. Figure from Ref. [5]

Current experimental bounds on the stop mass reach up to m(t̃1) = 850GeV for
light neutralinos. A summary of the results from ATLAS stop searches is given in
Fig. 4.1, where several channels are considered for different mass splittings between
stop and neutralino, leading to different decay scenarios. The result obtained in the
one-lepton channel is discussed in detail in Chap. 9.
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Chapter 5
The ATLAS Detector at the LHC

In order to learn more about fundamental interactions, particle physics offers three
directions: increasing the energy, increasing the intensity or increasing the precision.
The Large Hadron Collider (LHC) clearly pushes the energy frontier by achiev-
ing unprecedented collision energies. But it also provides very large datasets to test
very weak interactions and the excellent performance of its experiments allows to
improve the precision of measurements on some parameters and properties signifi-
cantly. Being a hadron collider, the momentum transfer in the collisions is not fixed
to one exact energy (as opposed to electron-positron colliders) and it is an excellent
machine for discovering new particles.

With the increase of the collision energy, not only the accelerator has to grow,1

also the detectors need to be optimised for higher-energetic particles and hence
become larger. With the size of the detector and the increase in complexity also
the experimental collaborations reached unprecedented sizes at the LHC: ATLAS
for example counts more than 5000 [1] collaborators, that operate the experiment,
including the analysis of the data. In the following, an overview of the ATLAS
experiment at theLHC is given.A focus is put on the trigger systemsince I contributed
to this area in several ways: I was responsible for the maintenance and development
of the monitoring of the electron-photon trigger and implemented a tag-and-probe
algorithm for efficiency measurements to be run at the first stage of reconstruction.
Later, I contributed to the software validation effort for the jet trigger. Between 2014
and 2016 I was actively involved in the FTK project: apart from the development of a
data format optimised for ternary-bit encoding of track candidates, I was responsible
for the testing and integration of one electronics board (AM board) in the full FTK
chain at a setup at CERN.

General information on the LHC and the studied proton-proton (pp) collisions
will be presented in Sect. 5.1 before the ATLAS design and its sub-detectors are

1During the LHCdesign, it was in fact the strength of availablemagnets that determined themaximal
energy, given the size of the already existing tunnel.
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introduced in Sect. 5.2 along with its trigger system (Sect. 5.3). Subsequently, an
overview of the relevant physics object definitions is given in Sect. 5.4 and event
simulation is introduced in Sect. 5.5.

5.1 Particle Collisions at the LHC

The Large Hadron Collider (LHC) is currently the world’s largest and most powerful
particle accelerator. It is located at the European Organisation for Nuclear Research
(CERN2), close to Geneva, Switzerland. The accelerator is designed to provide pp
collisions at a centre-of-mass energy of up to 14 TeV. It can also produce Pb–Pb
and p–Pb collisions. Up to now, the LHC delivered pp collisions at centre-of-mass
energies of 7, 8 and 13 TeV. Small datasets at collision energies of 900 GeV, 2.76
and 5 TeV were also provided. Pb–Pb collisions at centre-of-mass energies of 2.76
and 5.02 TeV per nucleon and p–Pb collisions with 5.02 TeV centre-of-mass energy
per nucleon were delivered as well. The LHC’s first run, Run I, lasted from 2009
until March 2013. After a scheduled, long shutdown, the second run, Run II started
in 2015 and will be ongoing until the end of 2018. The LHC is installed in an about
27 km long tunnel between 45 and 170m underground, formerly accommodating the
Large Electron Positron collider (LEP) where the electroweakW and Z bosons were
discovered. The proton beams are bent by 1232 superconducting dipole magnets
providing fields of up to 8 T, while multipole magnets focus the beams. Two separate
beam pipes at ultra-high vacuum are contained in the magnets, in which the beams
travel in opposite directions. In order to sustain the superconductivity of the magnets
they need to be cooled down to 1.9 K, using liquid helium.

Four large experiments are placed at interaction points of the LHC where the
beams can be brought to collision. ATLAS (A Toroidal LHC ApparatuS) and CMS
(Compact Muon Solenoid) are multi-purpose detectors featuring extensive semi-
conductor based tracking systems, large-coverage calorimeters and efficient muon
detectors. They were optimised for the discovery and measurement of the Higgs
boson and the search for new physics, but also pursue a considerable program of
StandardModel measurements and heavy-ion physics. ALICE (A Large Ion Collider
Experiment) focuses on the study of heavy-ion collisions, relying on a large and very
performant Time Projection Chamber (TPC) in addition to other sub-detectors. Since
the decay products of B-hadrons are often expected to be found in the forward region,
LHCb (LHC beauty), an experiment designed for the precision study of flavour
physics and CP violation, is built as a one-sided forward spectrometer. Both LHCb
and ALICE require less collisions per time, achieved by defocussing or separating
the beams before the collision.

The LHC is part of a whole accelerator complex and its experiments are only
a subset of those operating at the CERN facilities, as detailed in Fig. 5.1. Protons

2The abbreviation CERN originates from the french name Conseil Européen pour la Recherche
Nucléaire.
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Fig. 5.1 Sketch of CERN’s accelerator complex, including the LHC [2]

entering the LHC are produced by ionising hydrogen atoms. Then they are accel-
erated to 50 MeV with the Linac-2. The Proton Synchrotron Booster, the Proton
Synchrotron (PS), and the Super Proton Synchrotron (SPS) accelerate them further
to 450 GeV. The protons are eventually injected into the LHC in opposite directions
and accelerated further. The protons form spatial bunches which were separated by
50 ns during the 8 TeV data taking and by 25 ns for the 13 TeV data taking. Trains
of bunches are formed and a so-called abort gap between them allows for the beam
dump mechanisms to act if needed.

The expected event rate of a certain process is determined by the product of
its cross section and the so-called instantaneous luminosity: R = σ · L . Hence, the
luminosity is measured as [L] = cm−2 s−1. It is defined as:

L = N 2
pnb f γ

4πεβ∗ F → crossing frequency · Nprotons in beam 1 · Nprotons in beam 2

beam overlap
. (5.1)
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Np denotes the number of protons per bunch, nb the number of bunches per beam,
f the revolution frequency and γ the relativistic factor. The numerator gives hence
the number of interactions per time interval. In the denominator, the beam cross
sectional size at injection, β∗, and the beam emittance ε are used to describe the
area of overlap between the two colliding beams. The factor F can account for a
possible beam crossing angle. The LHC was designed to reach peak luminosities of
L = 1034 cm−2 s−1. During the 8 TeV data-taking, the bunch spacing was kept at 50
ns (corresponding to a bunch crossing rate of 20 MHz) instead of the design value of
25 ns (corresponding to a bunch-crossing rate of 40 MHz). However, instantaneous
luminosities of almost the design value were reached even under these conditions by
increasing the number of protons per bunch. During data taking in 2016, the design
luminosity of pp collisions was exceeded. The amount of collisions produced over
a certain time period is quantified by the integrated luminosity, L = ∫

Ldt and is
measured in units of inverse cross section.

In order to increase the capability of probing lower cross sections the luminosity
is increased as much as possible by having up to 1011 protons per bunch and closely
spaced bunches. This leads to the occurrence of simultaneous pp collisions, so-
called pile-up. Several interactions taking place in one bunch crossing, referred to
as in-time pile-up, requires that the experiments are able to distinguish the different
interaction vertices and their associated particles. Additionally, signals originating
from adjacent bunch crossings might overlap in slow detector components and in the
read-out electronics, which is called out-of-time pile-up. Pile-up is either measured
as the number of primary vertices, NPV , or as the average number of interactions
per bunch crossing, 〈μ〉. NPV does not consider out-of-time pile-up and is built
from reconstructed vertices, while the calculation of 〈μ〉 is based on the measured
luminosity.

Fig. 5.2 Summary of the
integrated luminosity
recorded with ATLAS in
2012 [3]
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The Monojet Analysis that will be presented in Chap. 7 is based on 20.3 fb−1

of data from pp collisions at 8 TeV. The accumulated luminosity and the pile-up
profile are shown in Figs. 5.2 and 5.3, respectively. The Stop Analysis that will be
the subject of discussion in Chap. 9 uses the 13 TeV data that was collected in 2015
and 2016 until July 7. Figure5.4 gives the luminosity summary for 2015 and 2016
and the pile-up distributions are shown in Fig. 5.5. In total, 13.2 fb−1 of 13 TeV pp
collisions were considered for the work presented in this thesis.
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Fig. 5.3 Pile-up profile in 8 TeV pp collisions as measured with ATLAS in 2012 [3]
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Fig. 5.5 Pile-up profile in
13 TeV pp collisions as
measured with ATLAS in
2015 and 2016 [4]
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5.2 The ATLAS Detector

By studying in detail the collision products and their characteristics, information can
be obtained on the underlying physics processes giving rise to the production of these
particles. When particles traverse any material, they interact with it, resulting in a
loss of energy of the traversing particle: either because the traversed material gets
ionised or excited or because the particle emits radiation. Particle detectors function
such that they convert this lost energy into an electronic signal that is recorded and
can be analysed. Tracking detectors constrain the point of energy loss spatially in
order to reconstruct the trajectory of the particle (track). If a magnetic field is applied,
the bending of the track allows to constrain the particle’s momentum and electric
charge. Calorimeters are optimised to measure the energy of the traversing particle.
By stopping it in the calorimeter material and measuring the released energy very
precisely the original energy of the particle can be reconstructed.

ATLAS [5] is a general-purpose detector, designed to studymany different aspects
of modern particle physics. It is realised as a cylindrically symmetric magnetic spec-
trometer. The tracking detectors closest to the interaction point provide information
on the particle trajectories and allow for an efficient vertex reconstruction, which is
crucial for pile-up rejection and the identification of e.g. B-hadrons or tau leptons.

5.2.1 Coordinate System and Variable Definitions

The nominal interaction point where the proton beams are expected to collide defines
the origin of the coordinate system used in ATLAS. The x-axis points towards the
centre of the LHC, the z-axis is defined parallel to the beam circulating counter-
clockwise and the y-axis to be orthogonal to both, such that a right-handed coordinate
system is formed. The azimuthal angle φ in the x–y plane, defined relative to the
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x-axis, and the polar angle θ in the x–z plane, relative to the z-axis, are used to denote
coordinates. Since θ is not Lorentz-invariant, the pseudo-rapidity is often considered
instead. It is defined as: η = − ln(tan(θ/2)). The rapidity y is subsequently given
by:

y = 1

2
ln

E + pz
E − pz

, (5.2)

with E being the particle energy and pz being its longitudinal momentum. In the
limit of massless particles, the rapidity equals the pseudo-rapidity. The distance
�R = √

�η2 + �φ2 is often used to quantify how close two objects are to each
other.

The transversemomentum pT is defined as pT =
√
p2x + p2y , the transverse energy

is given analogously. Since the incoming partons have no transverse momentum, the
vectorial sum of transverse momenta of all produced objects in the collision has to be
zero due to momentum conservation. This is not fulfilled experimentally if invisible
or undetected particles are produced in the collision and the negative vectorial sum
of the object pT’s is defined as missing transverse momentum �pmiss

T . Its amplitude is

given by Emiss
T =

√
p2x,miss + p2y,miss and is called missing transverse energy.

The so-called transverse mass mT targets leptonic W -boson decays. The expres-

sion mT =
√
2p�

T E
miss
T (1 − cos�φ(�, Emiss

T )) aims at reconstructing the mass of a

common parent particle of neutrino and lepton. Since Emiss
T can only be defined in

the transverse plane, the obtained transverse mass is a lower bound of the true parent
mass.

5.2.2 Detector Design

The ATLAS detector is characterised by a powerful muon system, motivated by the
aim to discover and measure the Higgs Boson3 and calorimetry that covers almost
the full solid angle of 4π , which allows to test multiple models of new physics, often
characterised by large Emiss

T . ATLAS is built in layers, as it is typical for general-
purpose particle detectors. The innermost layer is a tracking system surrounding the
interaction point, immersed in a magnetic field. It is enclosed by electromagnetic
and hadronic calorimeters as well as, in the outermost layer, a muon spectrometer.
A schematic overview is given in Fig. 5.6. The detector can be sub-divided into the
barrel and the end-cap region. The barrel is cylindrically symmetric around the beam
pipe and typically extends up to |η| < 1.4. The endcaps “close” the open sides of the
barrel by cylindrical structures, extending the range to up to |η| < 5. The following
description of the detector and its sub-systems is largely based on Ref. [5].

3The Higgs decay channel H → 4μ is very important, since it is extremely clean to reconstruct
while being presented with very low Standard Model background.
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Fig. 5.6 Schematic view of the ATLAS detector and its sub-systems [6]

Inner Detector: The Inner Detector (ID) records information on the particle trajec-
tories. It is surrounded by a superconducting solenoid magnet that provides a 2 T
field in which the particle tracks are bent. It consists of four sub-systems. Closest to
the interaction point, the Insertable B-Layer (IBL) was installed during the shutdown
between Run I and Run II. It is a very-high-resolution semiconductor pixel detector,
extending up to |η| < 2.9. In order to improve vertex reconstruction and B-hadron
identification as much as possible, it was installed as close as possible to the inter-
action point, around a new, thin beam pipe at a radial distance of only 3.3cm from
the beam axis. This requires the sensors to be very robust against ionising radiation.
The IBL is surrounded by the Pixel Detector, consisting of three layers of semicon-
ducting pixels in the barrel region and three discs in each end-cap. It extends up to
|η| < 2.5 between 5 and 12 cm radial distance from the interaction point. Its high
granularity requires 80 million read-out channels and leads to a spatial resolution of
10µm × 115µm in R − φ × z. A silicon microstrip detector, the Semi-Conductor
Tracker (SCT), is located at radii between 30 and 51cm from the interaction point
in the region of |η| < 2.5. Each of the four barrel layers and 2 × 9 end-cap disks
contains two sub-layers with tilted strip orientations, providing a spatial resolution
of 17µm × 580µm in R − φ × z. The outermost part of the ID is the Transition
Radiation Tracker (TRT), a system of gas-filled straws that are parallel to the beam
pipe in the barrel and radially oriented in the end-caps. It extends up to a radius of
108cm and |η| < 1.96. By exploiting the difference in emitted radiation between
electrons and other particle species when they traverse the material, it allows for a
very good separation of electrons and other particle types, pions in particular. The
lower spatial resolution (130µm) is compensated by the many hits provided per
track (36) and the larger track length. An overview of the arrangement of the ID sub-
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Fig. 5.7 Schematic view of the ATLAS inner detector [7]. The IBL (not shown here) is located
between the beam pipe and the inner-most layer of the pixel detector

systems is given in Fig. 5.7. The ID ensures a precise tracking, enabling an efficient
reconstruction of particle momenta and primary and secondary vertices. The latter
is especially important to reject pile-up and in the identification of B-hadrons and
tau leptons. A momentum resolution of σpT /pT = (0.05% · pT[GeV] + 1%) [5] is
targeted.

Calorimeter: An electromagnetic calorimeter, developed to contain and measure
the showers of electrons and photons, is surrounded by a hadronic calorimeter. The
electromagnetic calorimeter is built as a sampling calorimeter, meaning that alter-
nating layers of absorbing and active material are used. Liquid Argon is used as
active material and is combined with lead absorbers. The absorbers, as well as the
electrodes are accordion-shaped to prevent detection gaps in transverse direction. Its
thickness ranges between 22 (central) and 24 (forward) radiation lengths to ensure
that the full electromagnetic shower is contained. In the barrel region it consists of
two half-barrels with 16modules each and extends up to radii of 4m and |η| < 1.475.
An additional pre-sampler layer is added right after the Inner Detector to estimate
the energy that has been lost before the particles enter the calorimeter. The end-
cap regions are equipped with eight wedge-shaped modules each. It is designed to
achieve an energy resolution of σE/E = (10%/

√
E[GeV] + 0.7%) [5]. The high

granularity in the first layers of this calorimeter and its longitudinal separation allows
for a reconstruction of the photon direction and to disentangle close-by photons.

The outer hadronic calorimeter combines scintillating tiles with steel absorbers.
It reaches a thickness of ten interaction lengths and is hence able to fully stop
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Fig. 5.8 Schematic view of the ATLAS calorimeters [8]

particles up to energies of several TeV.4 The tile calorimeter covers |η| < 1.7 and is
supplemented at larger pseudo-rapidities of up to |η| < 3.2 by the hadronic end-cap
calorimeter (HEC), a copper-liquid-Argon calorimeter, consisting of two discs per
end-cap. An energy resolution of σE/E = (50%/

√
E[GeV] + 3%) [5] is aimed for.

The forward calorimeter covers 3 < |η| < 4.9 and is composed of copper-
tungsten as absorber and liquid Argon as active material, combining electromag-
netic and hadronic calorimetry. The achieved energy resolution is expected to be:
σ/E = (100%/

√
E[GeV] + 10%) [5].

The calorimeter system with its sub-detectors is sketched in Fig. 5.8.

Muon Spectrometer: The function of the ATLAS muon system is twofold. It pro-
vides precise measurements of trajectories of muons as well as trigger signals for
events containing muon candidates. The muon momentum measurement is based on
the bending of tracks in the field of superconducting toroid magnets. This is ensured
in the range of |η| < 1.4 by the barrel toroid, providing a field of up to 0.5 T, between
1.6 < |η| < 2.7, the smaller end-cap toroids provide a magnetic field of up to 1 T.
Each toroid consists of eight coils, arranged with an eight-fold azimuthal symmetry
around the calorimeters. While the solenoid around the ID causes a bending in the
transverse plane orthogonal to the beam pipe, the toroids deflect the muon tracks in
the longitudinal direction. The three cylindrical layers of precision tracking chambers
consist of so-called Monitored Drift Tubes (MDTs), supplemented by Cathode Strip
Chambers (CSCs) in the forward region beyond |η| > 2.7. Due to support structures,

4For very energetic particles the energy might not be fully contained in the calorimeter in some
cases and a signal in the muon system is observed, which is called punch-through.
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Fig. 5.9 Schematic view of the ATLAS muon system [5]

there is an uninstrumented gap at η ∼ 0. The trigger chambers need to operate fast
and rely on Resistive Plate Chambers (RPCs) and Thin Gap Chambers (TGCs). The
muon system extends up to a radius of over 20m from the interaction point and is the
largest sub-detector by volume. An overview is given in Fig. 5.9. The design muon
momentum resolution is σpT /pT = 10% at a muon pT of 1 TeV [5].

5.3 Data Acquisition and Trigger

The proton bunches in the LHC cross every 50 (25) ns in Run I (Run II), at a rate of 20
(40)MHz. Only a small fraction of the collision events contain physics processes that
are of interest for the analyses. The ATLAS detector cannot be read out sufficiently
fast to record every event. Furthermore, bandwidth and data storage are limited. It
is hence necessary to implement a triggering system that performs a basic decision
of whether an event seems interesting enough to be recorded. It must be ensured
that the trigger algorithms reliably cover all relevant physics scenarios and do not
introduce a bias of any kind, while a balance has to be found between the coverage
and the rate.

The rate reduction is performed in two steps. The first step, Level 1 (L1),
needs to provide a decision very quickly, namely after 2.5µs. To achieve this, the
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decision is purely hardware-based, using custom-built electronics. The Central Trig-
ger Processor (CTP) combines information provided by the calorimeter and themuon
chambers to identify interesting events. If the event is accepted at L1, Regions Of
Interest (ROIs), built around relevant objects that were identified by the CTP, are
communicated to the second level of the trigger, called High-Level Trigger (HLT),
which operates software-based. For Run I, an intermediate step was defined at this
stage, namely Level 2 (L2): here, based on the information in the ROIs, the rate was
further reduced down to a few kHz. This level was omitted in Run II, any event pass-
ing the L1 is directly processed by the last step of the trigger, the Event Filter (EF).
There, the event is analysed using the full event information. While this allows to
lower the rate down to 300–500Hz, these decisions are made on the order of seconds.

The trigger object reconstruction and the trigger selection requirements for every
step are combined into so-called trigger chains. These trigger chains are collected
in the trigger menu that defines which triggers are applied during run time. In some
cases, triggers that would lead to very large rates but are needed e.g. for calibration
and validation purposes are pre-scaled, i.e. only a randomly selected fraction of
triggered events is recorded.

During Run I, based on which trigger accepted an event it was assigned to one
or more data streams, e.g. the muon stream, the electron-photon stream, etc. This
reduced the amount of data that needed to be processed by the analysers. In Run II,
a similar reduction was achieved by the definition of analysis derivations: for each
group of analyses some basic selection was applied and the resulting reduced data
format then provided to the analysers. Events for which the trigger decision took
unusually long are recorded in the so-called debug stream.

The performance of a trigger chain is typically studied in a dataset that is selected
by another orthogonal or looser trigger. This allows to study the trigger efficiency,
especially in the so-called turn-on region before the efficiency plateau is reached.
This method of determining the trigger efficiencies is called boot-strapping. In many
cases, also alternative approaches can be followed, for example the tag-and-probe
strategy. This method relies on the selection of a certain event topology called tag,
e.g. Z/γ ∗(→ e+e−) events which were triggered by an electron trigger. The event
selection ensures that the second electron of the event, the probe, should have been
triggered as well. Hence, the trigger efficiency can be estimated from how often this
is actually the case. Generally, trigger efficiencies are determined as a function of
the object pT and η.

5.3.1 Missing Transverse Energy Trigger

Both analyses presented in the following rely on an Emiss
T -based trigger [9, 10]. The

transversemomentumused in the trigger system is calculated from calorimeter-based
global energy sums, possibly supplemented with information from the muon system.

The L1 trigger uses firmware on custom electronics to sum the energy deposited
in coarse-grained projective trigger towers with �η × �φ ∼ 0.2 × 0.2 for |η| <
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2.5 (coarser for larger η) to determine the total transverse momentum. The energy
resolution and the level of zero suppression for trigger towers are found to be about
1 GeV. At the next trigger level (L2), the firmware-based sum of energy observed
in groups of about 128 calorimeter cells is considered. Cells with energies less than
three times the noise standard deviation σN as well as noisy cells are suppressed
from the energy sum to reduce the effects from fluctuations. The last trigger step
(EF) exploits the full calorimeter granularity. Two strategies are applied. Either, the
energy deposited in all the cells is summed, where cells with |E | < 2σN are omitted
in the algorithm and the trigger was protected from large fluctuations by rejecting
cells with Ei < −5σN . Or the cluster algorithm uses seed cells with |Ei | > 4σN ,
surrounding cells with |Ei | > 2σN , and all immediate neighbour cells to calculate the
Emiss
T and applied a local hadronic calibration, though not the full object calibration

of the reconstruction algorithms.
The trigger logic was very similar for the Run I and Run II datasets which are

analysed in the following, apart from the omission of L2 in Run II [11]. Many
improvements of the Emiss

T triggers are underway, especially in view of pile-up sub-
traction techniques [12]. They were not yet applied for the analysed dataset of 13
TeV collisions.

5.3.2 The Fast TracKer (FTK)

Tracking at trigger level is beneficial to limit the trigger rate in high-pileup condi-
tions while maintaining a good efficiency for relevant physics processes. However,
tracking generally takes long and is only included in the trigger decision within
restricted regions of the event or for tracks seeded by other identified objects. The
Fast TracKer (FTK) [13] provides a solution: for every event passing the L1 trigger,
it performs a very fast hardware-based tracking for the whole event and transfers the
track information to the HLT where this can be included in the algorithms.

Including the information provided by FTK in the HLT decisions leads to higher
trigger efficiencies for medium-pT b-quarks and tau leptons with high background
rejection, since both b-tagging and tau lepton identification rely on track information:
b-jets are characterised by a displaced vertex that can be reconstructed from the
tracks in the event and jets coming from hadronic tau decays have significantly less
tracks in a smaller cone than standard jets [13]. This is especially important for
Higgs coupling measurements, where third generation leptons play a crucial role, as
well as for SUSY searches, since scenarios with light stops, sbottoms or staus are
interesting but challenging to rule out or discover [13]. Furthermore, the primary
vertex and the pile-up condition of an event can be determined using FTK tracks.
Many trigger algorithms can be improvedwhen including this information in theHLT
decision, especially when relying on isolation variables (such as lepton triggers) and
calorimeter information (such as jet and Emiss

T triggers), since they are both affected
by pile-up effects.
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The hardware-based tracking performed by FTK is based on full-precision hit
information from all channels of the ATLAS silicon detectors. The resulting tracks
are sent to the HLT to be used in the software algorithms. In order to cope with event
rates of up to 100 kHz the tracking performed by FTK has to be several orders of
magnitude faster than tracking at reconstruction level. Hence, the processing of the
data is organised as parallel as possible: the signals from the full detector volume are
split into 64 regions, so-called towers, which are processed independently. Further,
the data volume is decreased as much as possible by a custom clustering algorithm
defining hits which are considered later on instead of the full pixel/strip informa-
tion. In addition, the hit information is re-binned into coarse-resolution superstrips
whenever appropriate by grouping several pixels or strips together.

FTK performs the tracking in two steps. At first, track candidates are identified by
comparing the fired superstrips to predefined trajectories stored inmemory. Such pre-
defined patterns refer to a list of superstrips crossed by the trajectory of a simulated
particle as it traversed the detector layers. The found track candidates at coarse res-
olution (roads) seed a full-resolution track fitting performed in Field-Programmable
Gate Arrays (FPGAs). Only considering hits within these roads reduces the combi-
natorics significantly and hencemakes the fit itself much faster. The patternmatching
procedure is based on the use of custom associative memory (AM) chips designed to
perform pattern matching at very high speed (about 100 MHz). It allows to compare
the incoming data simultaneously to all stored patterns.

The data flow and the components of FTK are shown schematically in Fig. 5.10.
Starting from the Input Mezzanine cards which receive data from the tracking detec-
tors and perform the custom pixel/strip clustering algorithm on FPGAs, the hits are
sent to the 32 Data Formatters, responsible for the geometrical grouping of the data
into the 64 independent η − φ towers. For each tower, the information is distributed
to the corresponding processing unit, which consists of two Auxiliary (AUX) cards
and theirAssociativeMemoryBoards (AMB). The full-resolution hits are reclustered
into coarse superstrips by the AUX Data Organisers which are then communicated
to the corresponding AMBs, where the AM chips match the incoming superstrips
to the stored track patterns. The found track candidates are input to the AUX Track
Fitter which performs a first tracking within the roads, relying on the full-resolution
hit information in eight out of the 12 silicon detector layers. Subsequently, the AUX
Hit Warrior function removes duplicated tracks. Based on the results, the 32 Second
Stage Boards extend the fit to all layers of the Tracker and refine the track parameters
in a second fit. Finally, two interface cards (FLICs) take care of the communication
with the HLT. In summary, eight full nine-unit VME crates and five ATCA shelves
host about 2000 FPGAs and 8000 custom AM chips, which makes the FTK a very
complex custom parallel supercomputer.

The parameters of the pattern matching have to be optimised: while narrow roads
permit a fast track fitting, efficient matching would require to store many patterns in
the AM. Wide roads, on the other hand, allow for fewer patterns stored in memory
but the increased combinatorics within thematched roads slow down the track fitting.
This choice is optimised by implementing the feature of variable resolution of the
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Fig. 5.10 Data flow through FTK. IM is the input mezzanine, and DF the data formatter. DO
is the data organiser, TF is the track fitter, and HW is the hit warrior, which are all parts of the
AUX (auxiliary board). AMB denotes the associative memory board. The second stage board is
abbreviated by SSB, FLIC stands for FTK-to-Level-2 interface crate. ROB is the ATLAS read out
input buffer, ROD is a silicon detector read out driver

Fig. 5.11 The sketches indicate how variable resolution can reduce the number of patterns stored
in memory and the contribution from random hits [13]. The coloured lines show the patterns needed
to accept the tracks. The eighth ID layer (IBL) is not included here

roads via ternary bits in the AM logic [14], as illustrated in Fig. 5.11. Furthermore,
the number of required matching layers is programmable.

The pattern banks are generated once from single track MC samples in the finest
resolution possible (superstrips), where the hit position is indicated by the superstrip
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ID (SSID). Each pattern consists of eight SSIDs, corresponding to the eight silicon
layers. In following iterations, the resolution can be optimised: the feature of variable
resolution is implemented via ternary bits which are called “Don’t Care” (DC) bits.

The SSID format consists of a part denoting the module ID and a part indicating
the superstrip position in x and y. The ternary bits of the x and y positions are grouped
together into the least significant bits of the SSID. Gray encoding [15] is applied to
the least significant bits. In Gray code, two consecutive numbers only differ by one
digit. If one of the possible ternary bits is declared as a DC bit, the Gray code ensures
that, in practice, two consecutive superstrips get combined into one larger one. For
example, superstrip 110 and 111 are supposed to be next to each other. If the least
significant bit is declared to become a ternary bit, the SSID 11X denotes a superstrip
of twice the original size, comprising both superstrips 110 and 111. In hardware,
two bits are reserved for one ternary bit with the assignment of “0 = 01”, “1 = 10”
and “X = 00”.5 I was partly responsible for implementing this SSID format into the
simulation software of FTK.

In the following, the test procedure for the AM boards is described, in which I was
heavily involved. The data flow within and between the different electronics boards
of FTK as well as the agreement of the actual hardware system and its simulation is
tested by using so-called test vectors. Such test vectors consist of pseudo input data
in a format that can be interpreted by both hardware and simulation. In this way, the
outputs from hardware and simulation can be compared and should be identical. To
this end, small pattern banks were prepared, adapted for the few considered input
test events to compare fired superstrips, found roads and matched pattern IDs in
hardware and simulation. For these dedicated pattern banks I developed a special
format that is independent of the (huge) software package for FTK and can hence be
easily loaded on the boards. This format was the starting point for a redefinition of
the pattern bank format used FTK-wide.

A single AM board, equipped with only one instead of four mezzanine boards
has been tested using the above-described test vectors in the infrastructure provided
at CERN. After perfect, bitwise agreement was achieved between the output of the
electronics board and the simulation, the data chain was extended to precedent and
following boards. Most importantly the communication with the AUX had to be
correctly established. After this was ensured, the command-line configuration and
execution procedure was implemented in the ATLAS software used to steer detectors
and components at run time, “Run Control” [16]. Problems encountered and solved
during the tests were for example due to an inconsistent threshold (voltage) for
the signal stopping the sending of data to the subsequent board, leading to lost
data. Furthermore, duplicated events occurred due to an inconsistent number of idle
words between the different AMB algorithms. The successful establishment of the
communication between AMB and AUX within the Run Control environment was
the basis for AMB integration in the FTK system installed at the electronics cavern
of ATLAS.

5“11” is not defined.
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Despite the huge increase in speed, the quality of FTK tracks is in many respects
comparable to fully reconstructed tracks. The momentum and angular resolution is
only slightlyworse and small effects frompile-up enter. As an example, a comparison
of the transverse impact parameter is shown in Fig. 5.12.Also the b-tagging efficiency
is found to be similar to reconstruction level in simulation, while maintaining a
high light-jet rejection. The number of vertices found in the reconstruction and in
FTK correspond linearly. More details can be found in the FTK Technical Design
Report [13]. With FTK, it is possible to efficiently trigger on one-prong tau decays as
seen in a H → ττ simulation. In particular low-pT tau candidates can be recovered
when including FTK tracks in the trigger algorithms. This is shown in Fig. 5.13.

While Run II of the LHC is ongoing, the first boards of FTK are being installed,
already reading ATLAS data in parasitic mode. The full processing of the complete
barrel region is expected for the end of 2016, after which the complete integration
within HLT and the extension to full coverage will follow. In view of the HL-LHC,

Fig. 5.12 Comparison of the
transverse impact parameter
d0 between FTK (points) and
reconstruction-level tracks
(histograms) in the barrel
region [17]

Fig. 5.13 Identification
efficiency for tau leptons as a
function of reconstructed tau
pT applying an FTK-based
selection (blue) and a
calorimeter-based selection
(red) at HLT [18]. The
efficiency is defined as the
fraction of Level-1 tau
matched to a reconstructed
tau [19]
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the FTK concept is discussed to be extended to copewith luminosities higher than the
design goal of the current system. Also ideas of using tracking information already
at Level 1, involving an upgraded AM chip, are considered [20].

5.4 Physics Object Definitions

Interactions of the particles produced in the collision with the detector material leave
traces that are recorded in form of electronic signals. In order to be able to analyse
the collisions these signals have to be processed, grouped and combined such that
they can be interpreted as physics objects. This step is called reconstruction. The
most important physics objects for the later presented analyses and how they are
built from detector signals will be detailed in the following.

5.4.1 Track and Vertex Reconstruction

The reconstruction of particle tracks requires a minimum number of hits in the
silicon detectors of the ID as seed6 and then extends the track by adding additional
hits, following either a Gaussian sum filter or a global χ2 fit procedure. “Fake” tracks
from instrumental effects or pile-up are reduced by requiring a hit in the IBL or the
innermost pixel layer and by rejecting tracks where an expected hit in an intermediate
layer is not found. In order to be considered as a track, pT > 400MeV and |η| < 2.5
has to be satisfied. There exist also several other types of tracks that are reconstructed
differently, e.g. only from TRT information or only from hits in the muon chambers
and are used in special cases.

Possible vertex candidates are identified by extrapolating the found tracks to the
beam line. For each candidate within the three-dimensional beam spot position, all
tracks within 7σ of the vertex candidate are taken to originate from it and fitted via
an iterative χ2 procedure. Based on the resulting χ2 a weight is assigned to each
track.

Since physics processes of interest often have a large number of high-pT tracks, the
vertex presenting the largest sum of the squared track pT’s is taken to be the primary
one. In further steps, secondary vertices and photon conversions are reconstructed
by additional, dedicated algorithms.

The performance is found to be similar between Run I and Run II. The track
reconstruction efficiency above pT > 5 GeV reaches 85% or 90%, depending on
the desired fake rejection working point [21]. The vertex reconstruction efficiency
is around 90% for vertices having at least two associated tracks and decreases with
increasing pile-up [22].

6The exact number depends on the desired track quality.
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5.4.2 Muons

For the reconstruction of muon candidates, information from both the ID and the
muon system (MS) is considered and is complemented with calorimetric information
aroundη ∼ 0,where theMShas a small gap [23, 24]. Track segments are built in each
layer of the MS and combined into tracks through the full MS. ID tracks fulfilling
some quality requirements are then combined with the MS tracks and form different
muon types: standalone muons are fully based on the MS track that is extrapolated
to the primary vertex, combined muons use both ID and MS tracks, segment-tagged
muons rely on an ID track that is extrapolated to the MS and can be successfully
matched to an energy deposit in at least one MS segment. Lastly, calorimeter-tagged
muons have an ID trackmatched to a calorimeter cluster consistent with aminimally-
ionising particle. While the combined muons are the cleanest ones, the fallback to
other types increases the acceptance. The reconstruction efficiency is close to 99%
in the central region.

Different identification working points are defined from loose to tight with
decreasing signal efficiency and increasing background rejection, as described in
Refs. [23, 24]. The criteria consider the quality of MS and ID track, including hit
requirements, and how well they match. In Run I, the reconstruction efficiency is
above 99% and the momentum resolution reaches 1.7% for central muons with
pT > 10 GeV [23]. In Run II both the reconstruction efficiency and the momentum
resolution are found to similar [24].

5.4.3 Electrons and Photons

Electrons, as well as photons, deposit all their energy in the electromagnetic (EM)
calorimeter, such that no signal is expected in the hadronic calorimeter or the MS.
In contrast to photons, electrons, as charged particles, leave tracks in the ID and can
hence be distinguished. However, due to bremsstrahlung of electrons and conversions
of photons into electron-positron pairs, their signatures are not easily separable.

The reconstruction relies on energy deposits in the cells of the electromagnetic
calorimeter. Towers of �η × �φ = 0.025 × 0.025 are used, which total transverse
energy is determined as the sum of the energy deposited in all cells of the tower
in all longitudinal layers. An algorithm tries to group several calorimeter cells in
which energy is deposited together into so-called clusters, using towers with a total
transverse energy above 2.5 GeV as seeds.

If a high-quality track originating from the primary vertex, reconstructed in the
ID and extrapolated to the EM calorimeter, can be matched to the calorimeter cluster,
the object is considered to be an electron. If no track is found, it is interpreted as an
unconverted photon. If a matching track is found that is consistent with originating
from a conversion vertex, a converted photon is assumed.
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The object energy is estimated from rebuilt clusters or from track properties,
depending on the pseudo-rapidity of the object, considering simulation-based cor-
rection factors. Additional calibration factors are derived in a tag-and-probe proce-
dure from Z/γ ∗(→ e+e−) events in data. More information about this chain can be
found in Ref. [25].

Electrons face backgrounds from wrongly-identified charged particles such as
pions or jets that fake an electron signature. The further background is reduced
by including transition-radiation information from the TRT. Different identification
working points are defined from loose to tight with decreasing signal efficiency
and increasing background rejection. They consider extension and shape of the EM
shower, the fraction of energy deposited additionally in the hadronic calorimeter,
the quality of the matched track and the matching requirements of track and cluster.
Also the object isolation is considered in the identification. Details can be found
in Ref. [26] for Run I and in Ref. [27] for Run II. Observed electron identification
efficiencies range between 77% for tight identification criteria and 93% for loose
identification criteria in an ET range between 20 and 50 GeV.

For photons, a similar strategy is employed.Thedetails of the identification criteria
can be found in Ref. [28]. The photon identification efficiency increases from 53–
64% at 10 GeV to 88–92% at 100 GeV [29].

5.4.4 Jets

Objects carrying a QCD colour charge only occur in colour-neutral bound states,
resulting from an approximately linear increase of the QCD coupling strength when
increasing the distance of interacting objects. This phenomenon is referred to as
confinement. Therefore, the quarks and gluons that are produced in the hard parton
scattering undergo a hadronisation process7: each of the quarks/gluons causes the
formation of a spray of colour-neutral hadrons in its direction, where the abundance
andmomenta of the produced hadrons depend on the energy of the quark/gluon. Such
a collimated spray is referred to as jet. Strictly speaking, the object jet is defined by–
and depends on–the jet reconstruction algorithm and its parameters. The aim is to
reconstruct the momentum, energy and direction of the original parton as closely
as possible. In the analyses presented in this thesis jet candidates are reconstructed
using the so-calledanti-kt algorithm [30]. Thedistancemeasure used in this algorithm
reads:

di j = min(k2pt,i , k
2p
t, j )

�2
i j

R2
, (5.3)

where �i j ≡ (yi − y j )2 + (φi − φ j )
2, kt is the transverse momentum, y denotes the

rapidity of the constituents and R the radius parameter. The parameter p takes the

7The–compared to other quarks–very heavy top quarks are an exception: they decay before the
hadronisation takes place.
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value −1 for the anti-kt algorithm, where its negative sign denotes that the jet recon-
struction proceeds from the hardest to the softest objects. The similar kT algorithm
uses p = 1 and hence leads to a reconstruction from the softest to the hardest objects.
The above-defined distance di j is compared to:

di B = k2pt,i . (5.4)

If di B > di j , then the algorithm stops, the object j is not grouped with the object i
and object i is considered to be a jet and removed from the list of inputs to further
jets.

It is important to ensure that the jet algorithm leads to infrared and collinear
safe definitions, i.e. that the final jets are insensitive to the addition of infinitely soft
partons or to the splitting of one parton into two. The radius parameter has to be
chosen such that on one hand the whole spray of particles is contained in the jet
and that on the other hand the jets are not strongly affected by the underlying-event
activity. The value of R = 0.4 is used for the analyses presented in this work.

Topologically connected calorimeter clusters (topo-clusters) are inputs to the jet
algorithm. They are built from cells in which an energy deposit over a certain noise
threshold is detected and grouped with neighbouring cells measuring a sufficiently
high signal. The topo-cluster energy is found by summing the contributions from the
individual cells. It is given at the electromagnetic (EM) energy scale, denoting the
scale for which electromagnetic showers are correctly measured. In order to account
for the difference in calorimeter response to electromagnetic or hadronic showers,
the topo-clusters undergo a local cluster weighting (LCW), where the correction
factor depends on whether they seem to be mostly hadronic or electromagnetic.

After the jets are reconstructed from the topo-clusters, further calibration and
corrections are applied to the jet energy scale (JES) [31, 32]. At first, the energy esti-
mated to come from pile-up contributions is subtracted. Then, the jet is constrained
to originate from the reconstructed primary vertex instead of the nominal interaction
point. The jet energy response determined as:

R = 〈 E
MC
reco

EMC
truth

〉 (5.5)

is inverted and applied as an energy- and η-dependent correction factor. At last, jets in
data are corrected following in-situ energy measurements of well-balanced objects.

Jets are reconstructed above a transverse momentum of 7 GeV.

5.4.5 B-Jets

Due to the non-zero decay length of B-hadrons, jets originating from a b-quark
can be discriminated from those from gluons or other quarks. Specific properties of
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the jet such as its impact parameter or associated secondary vertices are used in a
multivariate approach to determine a discriminant between zero and one. In ATLAS,
the so-called MV2c10 algorithm [33, 34] is applied for Run-II data.8 Depending on
the b-jet identification efficiency and the light-jet rejection desired for the analysis,
an appropriate cut on the discriminant has to be defined. The b-jets entering the Stop
Analysis described in Chap. 9 are tagged, if the b-jet discriminant exceeds a threshold
that was chosen to obtain an identification efficiency of 77% of b-jets above 20 GeV
in t t̄ events. The corresponding light-jet rejection is 134 [34].

The b-tagging efficiency is found to vary only slightlywith η but has a dependency
on the jet pT,where it is highest for jet pT’s around100 GeV. In particular, it decreases
for higher jet pT’s. From the b-tagging efficiency observed in data, correction factors
are determined which are applied to simulated samples.

5.4.6 Hadronically Decaying Tau Leptons

Candidates for hadronically decaying tau leptons are seeded from calorimeter clus-
ters that are reconstructed as a jet. The following variables are used to discriminate
hadronic tau decays against jets. The central energy fraction gives the ratio of trans-
verse energy in �R < 0.1 and in �R < 0.2 of the tau candidate. This is especially
high for 1-prong decays and still higher than for quark or gluon jets in 3-prong
decays. Similarly, the fraction of the jet momentum that is carried by the leading
track is discriminating. Furthermore, the pT-weighted distance of associated tracks
to the tau candidate direction is considered; this is expected to be smaller for hadronic
tau jets. Also the number of tracks in a distance of 0.2 < �R < 0.4 from the tau
candidate is expected to be small for tau jets. In addition, the significance of the
impact parameter of the leading track with respect to the estimated tau vertex, the
maximum distance of any track associated with the tau candidate and its direction
and the significance of the decay length with respect to the estimated tau vertex and
the track mass are included. A dedicated π0 identification allows to also construct
and exploit the mass of the π0 and the tracks, the number of π0’s and the ratio of
the track and π0 momentum and the calorimeter-based momentum as discriminating
variables.

All these parameters feature in the training of a boosted decision tree (BDT).
For each the one-prong and the three-prong decay, a separate BDT is trained. Its
discriminant is used to define working points with different purity and efficiency,
as described in Refs. [35, 36]. The efficiencies are by construction independent of
pile-up and of tau pT. They range from 60 to 45% for one-prong and from 50 to 30%
for three-prong decays [31].

8Since b-jets within this thesis are only used in the Stop Analysis of Run-II data, the details of
b-tagging in Run I are not discussed here.
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5.4.7 Missing Transverse Energy

Many signatures of new physics involve additional undetectable particles and hence
rely on Emiss

T as a discriminating variable. The Emiss
T is calculated as the negative

vectorial sumof the transverse energy of all significant energy deposits in the detector
and presents themomentum vector that would be required to balance the event. There
are several prescriptions for the Emiss

T determination [37, 38]. The default formulation
uses identified objects of electrons, photons, taus, jets andmuons as input. The objects
are required to pass a simple selection to reduce the fake contribution without being
so tight as to throw away significant numbers of good objects, as both could bias
the Emiss

T calculation. Each class of objects is calibrated and corrected separately. To
avoid a double-counting of energy the potential overlap between objects needs to be
resolved. In particular, electrons, photons, and taus are also reconstructed as jets and
hence jets overlapping with such an object need to be excluded from the calculation.

Furthermore, energy deposits in the calorimeters and tracks which are not asso-
ciated to one of these objects are considered in the so-called soft term. Here, the
lower momentum threshold of tracks compared to calorimeter clusters and their bet-
ter momentum resolution at low momenta is exploited. Tracks that could not be
matched to any topo-cluster or reconstructed object are added to the calculation to
account for low-pT objects that did not reach the calorimeter or that are missed. If a
track is matched to a topo-cluster, the track is considered in the calculation and the
topo-cluster is discarded in order to profit from the better momentum resolution of
tracks at low momentum. If a track is matched to multiple topo-clusters, the track
enters the calculation as well as all topo-clusters but the on with the highest energy.
All remaining topo-clusters are included in the soft term.

It is clear that Emiss
T is vulnerable to potential mis-measurements of energies and

momenta–especially those of jets. The Emiss
T resolution in is etsimated to be between

5 and 30 GeV in simulations, depending on the total energy in the event.

5.5 Event Simulation

5.5.1 Sample Generation

Monte Carlo (MC) simulated samples [39] are used to develop selections that dis-
criminate well between signal and background by studying their different kinematic
behaviours. Simulated samples are also used to study detector acceptance and recon-
struction efficiencies for signal and background processes and are needed in the
background estimation. Furthermore, simulations allows to study systematic uncer-
tainties from different sources in detail.

Given the large number of particles produced in hadron collisions, with momenta
ranging over several orders of magnitude, the simulation of such events is not triv-
ial. Especially the description of the non-perturbative soft QCD processes require a
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phenomenological approximation. The actual generation proceeds in several steps.
First, the matrix element calculation of the hard scattering process between two
incoming partons is calculated from perturbation theory (to some limited order),
based on the relevant Feynman diagrams. If the simulation is performed at leading
order (LO) in perturbation theory, the effect of next-to-leading-order (NLO) correc-
tions can be parametrised by the k-factor, which is the ratio of the NLO to the LO
calculation, often determined in a specific kinematic regime. A relatively small num-
ber of outgoing particles is produced in this process. Input to this step is the so-called
parton distribution function (PDF), describing the constituents of the protons (sea
and valence quarks, aswell as gluons) and theirmomentum fraction at a given energy.
Furthermore, the factorisation scale, marking the transition between the perturbative
and non-perturbative regime, and the renormalisation scale for the running coupling
of the strong interaction have to be fixed. Both scales are unphysical and their impact
on the result decreases with each additional order of perturbation theory that is taken
into account.

The evolution from the scale of the hard process down to the scale at which
confinement takes place is described by parton shower algorithms that are based on
theDGLAP [40–42] evolution equations.During this step, the incoming andoutgoing
partons shower, i.e. radiate off other partons or might split several times. The parton
shower description accounts for higher order effects that are not included in the
fixed order matrix element calculation of the hard process. The actual hadronisation
step in which the partons get combined into colourless bound states is purely based
on phenomenological models, such as the colour string model [43]. However, the
parameters of the description do not depend on the actual hard process, meaning that
they can be constrained based on a specific data set and then applied in other cases.
It is important to also consider the underlying event activity arising from multiple
parton interactions in the process. Pile-up events are usually included by overlaying
the simulated event with several general pp collision events.

One difficulty in this chain is to consistently combine matrix element calculation
and parton shower. Several procedures are applied, for example the so-called CKKW
prescription [44]. Generally, some specific scale which marks the transition between
the regimes needs to be fixed.

In the following, the most relevant generators used in this thesis are briefly dis-
cussed.

• MadGraph [45] is a leading-order matrix element generator that was extended to
allow for the inclusion of loop diagrams [46]. MadGraph automatically generates
Feynman diagrams and calculates matrix elements for user-specified processes.
For the simulation of parton shower and hadronisation the output has to be trans-
mitted to an external programme.

• Sherpa [47] is a general-purpose generator, covering both the matrix element
calculation and the parton shower description. It is considered to be one of themost
advanced programme for the automated generation of tree-level matrix elements
for both Standard Model and new physics processes. It uses two matrix element
generators that apply advanced phase-space integration techniques. Apart from
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parton shower and hadronisation, Sherpa provides modelling of hadron and tau
decays as well as electromagnetic final state radiation and the simulation of multi-
parton scattering.

• Pythia [48–50] is also a general-purpose generator. It does not allow automated
code generation for new processes, instead it provides more than 200 hard-coded
subprocesses and is designed such that it facilitates the use of external input
(e.g. fromMadGraph for the simulation of parton showering, hadronisation and
underlying event. Pythia includes elastic, single and double diffractive and non-
diffractive soft processes, providing an inclusive description of the total pp inter-
action cross section.Hence,Pythia is alsowell-suited for the generation of pile-up
events.

• Herwig++ [51] generates hard processes, providing decays with fully considered
spin correlations also for many models of new physics. Furthermore, it produces
angular ordered parton showers and includes the modelling of hadronisation. The
underlying event is inferred from multiple parton interactions and provided by a
routine library called Jimmy [52]. Herwig++ features sophisticated models for
the decay of hadrons and tau leptons.

• MC@NLO [53] calculates hard processes at next-to-leading-order (NLO) inQCD.
It provides an algorithm for parton showering and includes spin correlations for
most processes. For the modelling of the underlying event, MC@NLO is typically
interfaced to Herwig++. MC@NLO is a specialised generator with a specific
set of implemented processes, including Higgs boson, single vector boson, vector
boson pair, heavy quark pair, single top, lepton pair and associated Higgs+W/Z
production.

• AcerMC [54] is also a specialised generator, based onMadGraph, that is typically
interfaced to Pythia or Herwig. It is specifically designed to model Standard
Model backgrounds, a library for the corresponding matrix elements and phase
space modules is provided for several processes.

• Alpgen [55] is a tree-level ME calculator, dedicated to the study of multi-parton
hard processes in hadronic collisionswith emphasis on configurationswith high jet
multiplicities. It is based on the evaluation of the relevant leading-order Feynman
diagrams for strong and electroweak interactions. Calculations are provided for a
list of specific final states.

• Powheg [56] applies an advanced ME reweighting procedure, where the hardest
interaction term is replaced by its NLO-weighted correspondent. It was extended
to allow for the automatic implementation of any given NLO calculation. The
algorithm does not depend on a particular parton shower and its output can be
easily interfaced to any modern shower generator.

5.5.2 Detector Simulation

In order to connect simulated event data to detector signals from actual recorded
data, the interaction of the particles with the ATLAS detector material and support
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structures needs to be simulated [57]. A detailed geometrical model of the detector
is used within Geant4 [58] to derive the energy deposits for each simulated par-
ticle. Subsequently, digitisation software specific to each sub-system converts the
simulated energy deposits into electronics signals which would be observed in the
detector [59]. After this step, the signals are reconstructed as for example tracks or
calorimeter clusters analogous to collision data.

The detector simulation is time-consuming and takes up to several minutes for a
typical event. Most of the time is spent by the Geant4 simulation of the calorimeter
response. For this reason, a faster simulation procedure was developed that applies
a parametrised calorimeter cell response [60] instead of the above described full
simulation. The average Geant4 response to a given type of particle in a kinematic
bin within the various calorimeters gets parametrised and look-up tables for energy
deposits and interaction probabilities are provided. An improvement in processing
time of up to an order of magnitude is achieved and this fast simulation (AFII) is
found to be well suited if the highest level of precision in the calorimeter response
is not required.
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Chapter 6
Validity of Effective Field Theory Dark
Matter Models at the LHC

There are different approaches to search for Dark Matter (DM) at the LHC. One
strategy is to assume theoretically well-motivated complete models that provide a
DM candidate, such as SUSY (introduced in Chap. 4) or extra dimensions. The
searches are optimised to target specific decay scenarios and final states that are
expected for these models. The characteristics of these final states might depend on
specific choices made for the model parameters. Most importantly, the interpretation
of the experimental results and the conclusions drawn from them strongly depend
on the specific model and its details. This model dependence might be reduced by
the use of Simplified Models that capture only parts of the model characteristics, as
in the case for the Stop Analsysis that is presented in Chap. 9. The price to pay for
more generality is always a loss of completeness.

The strategy that is widely followed for DM searches at the LHC is the opposite:
the most general final state is assumed and the interpretation tries to be as ignorant as
possible about the details of any full theory behind the phenomenology that is tested.
The Effective Field Theory (EFT) approach plays a key role here. By parametrising
everything in the theory apart from the DM particles and their properties an interpre-
tation as model-independent as possible should be obtained. However, the necessary
loss of completeness of such an approach shows to be problematic for LHC searches
(see e.g. Refs. [1–4]), as will be detailed in the following chapter.

The work presented here started with informal discussions at the University of
Geneva between Andrea de Simone, Antonio Riotto, XinWu and myself, aiming for
bringing together the experimental and the theoretical perspectives on EFT interpre-
tations of LHC DM searches. It resulted in a publication [5] which presented one of
the first quantitative assessments of the impact of limited validity of EFTs on the DM
search interpretations. The described rescaling procedure was thereafter adapted by
the experimental collaborations and the conclusion that an extension of EFT models
towards Simplified Models is needed was followed up.

After a discussion of several conditions for the validity of EFTs in Sect. 6.1, the
analytical approach including the main observable, Rtot

� are presented in Sect. 6.2.
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The results are then compared to the findings of a numerical analysis, for which I
was responsible, in Sect. 6.3. Finally, the results and their impact on the bounds from
experiments are discussed in Sect. 6.4 and concluded in Sect. 6.5.

6.1 Effective Field Theory Models of Dark Matter
and Their Validity

Based on the general considerations and the set of effective operators discussed in
Sect. 3.6, several considerations concerning the validity of an EFT model can be
formulated. Roughly speaking, the cut-off scale � is the scale where the EFT is
expected to break down; however, results can already substantially deviate from
those of a full theory at scales below the cut-off.

In the following, a simple model is considered in which a heavy mediator of mass
Mmed is coupled to quarks and DM with couplings gq and gχ , respectively. The
cut-off scale � is assumed to be connected to the mediator mass and couplings via:

� = Mmed

gqgχ

. (6.1)

The EFT is considered being reliable if Qtr < Mmed. This, together with the
condition of perturbativity of the couplings gq,χ < 4π , implies:

� >
Qtr√
gqgχ

>
Qtr

4π
. (6.2)

If the momentum transfer is assumed to occur in the s-channel, then kinematics
impose Qtr > 2mDM and Eq.6.2 becomes:

� >
mDM

2π
. (6.3)

This requirement is minimal and is refined on an event-by-event basis by the
stronger condition of Eq.6.2, which depends on mDM through Qtr . It is clear that
the exact form of a condition like Eq.6.2 depends on the values of the couplings in
the complete theory and its detailed structure. For the following considerations, the
couplings gq and gχ are assumed to be of order one. Hence, the mediator mass Mmed

can be identified with the suppression scale of the EFT operators, �. The above
condition then changes to

Qtr < � . (6.4)

However, typical limits on the cut-off scale of anEFT, coming fromLHCanalyses,
are generally below one TeV. It becomes questionable whether an EFT approach is
adequate, given that momentum transfers above this scale canwell occur in collisions
at the LHC.
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6.2 Analytical Analysis of the Effective Field Theory
Validity

In the following, s-channel exchange of a heavy mediator is assumed. For example,
the D1′ (D5) operators discussed in Sect. 3.6 correspond to a tree-level s-channel
exchange of a heavy scalar (vector) boson S (Vμ), with Lagrangians:

LD1′ ⊃ 1

2
M2S2 − gqq̄qS − gχ χ̄χ S , (6.5)

LD5 ⊃ 1

2
M2V μVμ − gqq̄γ μqVμ − gχ χ̄γ μχVμ . (6.6)

The tree-level differential cross sections for the hard scattering process of two
incoming particles f and f̄ going to two Dark Matter particles χ , with a gluon
radiated from the initial state with momentum k, are computed:

f (p1) + f̄ (p2) → χ(p3) + χ(p4) + g(k), (6.7)

where f can be either a quark (for operators D1–D10), or a gluon (for operators
D11–D14). The results are formulated in terms of the momentum transfer in the
s-channel:

Q2
tr = (p1 + p2 − k)2 = x1x2s − √

s pT
(
x1e

−η + x2e
η
)

, (6.8)

where x1, x2 are the fractions of the proton moment carried by the initial partons,√
s denotes the centre-of-mass energy of the collision, and η, pT are the pseudo-

rapidity and the transverse momentum of the final state gluon, respectively. In order
to calculate the cross sections, the convolution with the PDFs of the colliding protons
needs to be taken. For example, for processes with initial state quarks the following
expression needs to be considered for each operator Di :

d2σ

dpTdη

∣∣∣∣
Di

=
∑

q

∫
dx1dx2[ fq(x1) fq̄(x2) + fq(x2) fq̄(x1)] d2σ̂

dpTdη

∣∣∣∣
Di

. (6.9)

The analytical calculation is performed only for the emission of a gluon from the
initial partons, leading to the final state jet. The smaller contribution, coming from
initial radiation of quarks (qg → χχ + q),1 is included in the numerical results
presented in Sect. 6.3. The found expressions are valid for all possible values of the
parameters. A dependence on η and pT of the parton is introduced when integrating
numerically over the PDFs. The resulting cross sections are:

1The radiation of quark jets requires a gluon in the initial state. Following the proton PDFs, the
gluonic partonmomentum fractions are generally below the ones of the quarks. Since the considered
final states require relatively high momenta, quarks in the initial state are preferred and hence quark
radiation from an initial-state gluon is disfavoured.
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d2σ̂

dpTdη

∣∣∣
∣
D1′

= αs

36π2

1

pT

1

�4

[
Q2

tr − 4m2
DM

]3/2 [
1 + Q4

tr
(x1x2s)2

]

Qtr
, (6.10)

d2σ̂

dpTdη

∣∣∣∣
D4′

= αs

36π2

1

pT

1

�4 Qtr

[
Q2

tr − 4m2
DM

]1/2 [
1 + Q4

tr

(x1x2s)2

]
, (6.11)

d2σ̂

dpTdη

∣∣∣∣
D5

= αs

27π2

1

pT

1

�4

[
Q2

tr − 4m2
DM

]1/2 [
Q2

tr + 2m2
DM

] [
1 + Q4

tr
(x1x2s)2

− 2
p2T

x1x2s

]

Qtr
, (6.12)

d2σ̂

dpTdη

∣∣∣∣
D8

= αs

27π2

1

pT

1

�4

[
Q2

tr − 4m2
DM

]3/2
[
1 + Q4

tr
(x1x2s)2

− 2
p2T

x1x2s

]

Qtr
, (6.13)

d2σ̂

dpTdη

∣
∣∣∣
D9

= 2αs

27π2

1

pT

1

�4

√
Qtr − 4m2

DM

[
Q2

tr + 2m2
DM

] [
1 + Q4

tr
(x1x2s)2

+ 4p2T

(
1
Q2
tr

− 1
x1x2s

)]

Qtr
, ,

(6.14)

d2σ̂

dpTdη

∣∣∣∣
D11

= 3α3
s

256π2�6

(x1x2s)3

(Q2
tr − x1x2s)2

(Q2
tr − 4m2

DM)3/2

pTQtr

[

1 − 4
Q2

tr − p2T
x1x2s

+ 8Q4
tr + 21p4T

(x1x2s)2
− 2Q2

tr
5Q4

tr + 4Q2
tr p

2
T + 5p4T

(x1x2s)3
+ Q4

tr
8Q4

tr + 8Q2
tr p

2
T + 5p4T

(x1x2s)4

− 4Q8
tr
Q2

tr + p2T
(x1x2s)5

+ Q12
tr

(x1x2s)6

]

. (6.15)

Some operators are found to be identical to one of the presented operators in the
limit of massless light quarks:

d2σ̂

dpTdη

∣∣∣∣
D2′

= d2σ̂

dpTdη

∣∣∣∣
D4′

d2σ̂

dpTdη

∣∣∣∣
D3′

= d2σ̂

dpTdη

∣∣∣∣
D1′

d2σ̂

dpTdη

∣
∣∣∣
D6

= d2σ̂

dpTdη

∣
∣∣∣
D8

d2σ̂

dpTdη

∣
∣∣∣
D7

= d2σ̂

dpTdη

∣
∣∣∣
D5

d2σ̂

dpTdη

∣∣
∣∣
D9

= d2σ̂

dpTdη

∣∣
∣∣
D10

(6.16)

The results for other operators and details of the derivation of Eqs. (6.10)–(6.15)
can be found in Appendix B. The cross sections for the high-energy completions of
the dimension-6 operators, with s-channel exchange of a mediator of mass Mmed,
are obtained by the replacement 1/�4 → g2qg

2
χ/[Q2

tr − M2
med]2.2

2This relation takes a slightly more complicated form for some of the operators, which is not
considered here.
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6.2.1 Quantifying the Effective Field Theory Validity

As discussed above, the truncation to the lowest-dimensional operator of the EFT
expansion is applicable only if the momentum transfer is smaller than an energy
scale of the order of � (see Eq.6.4). The fraction of events with momentum transfer
lower than the EFT cut-off scale is considered as a measure of validity. The ratio
of the EFT cross section obtained with imposing Qtr < �, over the total EFT cross
section is defined to this end:

Rtot
� ≡ σ |Qtr<�

σ
=

∫ pmax
T

pmin
T

dpT
∫ ηmax

ηmin
dη

d2σ

dpTdη

∣∣∣
∣
Qtr<�

∫ pmax
T

pmin
T

dpT
∫ ηmax

ηmin
dη

d2σ

dpTdη

. (6.17)

To sum over the possible pT and η of the jets, the differential cross sections are
integratedover values typically considered in experimental searches. In the following,
pmin
T = 500GeV (as used in the signal region SR4 of Ref. [6]) and |η| < 2 are

assumed for centre-of-mass energies of
√
s = 8 and 14TeV. For pmax

T , values of
1 (2)TeV were used for

√
s = 8(14)TeV, respectively. The sum over quark flavours

is performed considering only u, d, c, s quarks.
First, the behaviour of the ratio Rtot

� , as a function of � and mDM is studied. The
results for the operators D1′, D5, D9 are shown in Fig. 6.1. The ratio Rtot

� approaches
unity for large values of �, as in this case the effect of the cut-off becomes negli-
gible and the EFT can be considered fully applicable. The ratio decreases for large
mDM, because the momentum transfer is necessarily higher in this regime in order
to allow for the production of the heavier DM particles. Going from

√
s = 8TeV to√

s = 14 TeV, the results scale almost linearly with the energy: for the same value
of the ratio of mDM over � nearly the same Rtot

� is obtained.
The contours of constant values of the quantity Rtot

� can be defined in the plane
(mDM,�). These curves are shown in Fig. 6.2 for different operators for

√
s = 8 TeV

and in Fig. 6.3 for
√
s = 14 TeV. For cut-off scales above ∼1 TeV for

√
s = 8 TeV

(∼2 TeV for
√
s = 14 TeV), in around 50% of the events the momentum transfer is

above the cut-off and the EFT should be considered as invalid.
The contours for D1′–D4′ differ from the corresponding contours for D1–D4

by factors of order one, due to the different weighting of the quark PDFs. The
experimental limits on the EFT cut-off scale for these operators are only of the
order of tens of GeV, as their cross section experiences an additional suppression of
mq/�. In the experimentally probed region, the EFT for interactions of the type of
the operators D1–D4 is far from being valid and hence the results are not reliable.
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Fig. 6.1 The ratio Rtot
� defined in Eq. (6.17) for operators D1′ (solid lines), D5 (dashed lines) and

D9 (dotted lines) as a function of � (top) and mDM (bottom), for
√
s = 8 TeV (left) and 14 TeV

(right)

As mentioned, the precise connection between the EFT cut-off scale and the
mediator mass depends on the details of the unknown high-energy completion
of the model. When the couplings of the complete theory reach their maximal
values allowed by perturbativity, the validity requirement becomes Qtr < 4π�. This
presents the most optimistic scenario in view of the EFT validity. The effect of
varying the assumed couplings is shown in Fig. 6.4 for the contour Rtot

� = 50% of
the D5 operator. Other operators show similar results, as the contours scale linearly
with the cut-off.

For comparison, a grey shaded area indicating the region where � < mDM/(2π)

is shown. This bound is often quoted as an indication for the non-validity of the EFT
(see Eq.6.3). The 50% contour of Rtot

� is above such a region, meaning that issues
of validity of the EFT approach need to be considered even when this condition is
fulfilled.

In conclusion, interpreting the experimental data in terms of an EFT can lead to
significantly different results than if a mediator would be included in the model, if
� is found to be of the order of a few TeV.
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Fig. 6.2 Contours for ratios Rtot
� , defined inEq. (6.17), of 10–75% in the plane (mDM,�), for several

operators at
√
s = 8 TeV. The grey area corresponds to the region in which the EFT assumption is

definitely invalid, since � < 2mDM
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Fig. 6.3 Contours for ratios Rtot
� , defined in Eq. (6.17), of 10–75% in the plane (mDM,�), for

several operators at
√
s = 14 TeV. The grey area corresponds to the region in which the EFT

assumption is definitely invalid, since � < 2mDM
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Fig. 6.4 The 50% contours for the ratio Rtot
� for the operator D5, varying the coupling choice

from one to 4π and hence the condition on the momentum transfer from Qtr < � (solid line) to
Qtr < 4π� (dot-dashed line). Also shown is the region corresponding to � < mDM/(2π) (grey
shaded area). Both collision energies,

√
s = 8 TeV (left panel) and

√
s = 14 TeV (right panel), are

considered

6.3 Numerical Approach to Effective Field Theory Validity

In order to verify and study further the analytical findings and to better compare to
the experimental limits, results on the ratio Rtot

� are also computed using a Monte
Carlo event generator.

6.3.1 Simulation and Analysis Description

For the simulation of pp collisions at
√
s = 8 TeV and

√
s = 14 TeV, MadGraph

5 [7] is used. Both PDF sets CTEQ6L1 and MSTW2008LO (discussed in Ref. [8])
are employed. The PDF choice affects the cross section, but has only minimal
effects on the acceptance. Hence, the change in contours of Rtot

� is negligible. Since
MSTW2008LO is used for the analytical calculations, this PDF set is applied where
direct comparisons between simulation and calculation are shown. For the compar-
ison with the experimental results, CTEQ6L1 is used instead, as was done in their
interpretation. Only u, d, c, s quarks were considered, both in the initial and in the
final state.

From the event kinematics, it is evaluated whether or not the conditions of validity
discussed in Sect. 6.2 are fulfilled. Specifically, it was checked, if Eq.6.2 holds, that
is, if the following condition is met:

� >
Qtr√
gqgχ

> 2
mDM√
gqgχ

. (6.18)
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Samples of 20,000 events are simulated for each operator, scanning DM mass
values of 10, 50, 80, 100, 400, 600, 800 and 1000 GeV and cut-off scales of 250,
500, 1000, 1500, 2000, 2500 and 3000 GeV in the case of

√
s = 8 TeV collisions.

When increasing the collision energy to
√
s = 14 TeV, the DM mass of 2000 GeV

and cut-off scales of 4000 and 5000 GeV are added.
From the simulated samples, the fraction of events fulfilling � > Qtr/

√
gqgχ

can be evaluated for each pair of DM mass and cut-off scale, if a certain value for
the couplings

√
gχgq connecting the cut-off scale � and the mediator mass M via

� = M/
√
gqgχ is assumed. As in the analytical approach, gqgχ is assumed to be

one.

6.3.2 Results

In order to confirm that analytical and numerical results are in agreement, Fig. 6.5
shows a comparison for the operators D1′, D4′, D5, D8 and D9. The results were
obtained for the scenario of one radiated gluon jet above 500 GeV within |η| < 2.
The contours of Rtot

� = 50% from analytical and numerical evaluation agree within
7%. The remaining differences are attributed to the upper jet pT cut not imposed
during event simulation but needed for the analytical calculation, and the details of
the respective fitting procedures applied to extract the percentiles of Rtot

� .
The kinematic constraints are varied step by step from the scenario considered

in the analytical calculations, namely one radiated gluon jet above 500 GeV within
|η| < 2, to a scenario closest to the analysis cuts applied in the ATLAS Monojet
Analysis [6]. More specifically, the leading jet is allowed to come from either a
gluon or a quark being radiated, the leading jet pT cut is lowered from 500 to 350
GeV, a second jet is allowed and its range in η is enlarged to |η| < 4.5. No further cuts
are applied at simulation level. The effect of the variation of the cuts can be seen in

Fig. 6.5 Comparison of the
contour Rtot

� = 50% for the
analytical calculation
(dashed line) and the
simulation (solid line) for the
different operators D1′, D4′,
D5, D8 and D9. The results
agree within 7%. The grey
area corresponds to the
region in which the EFT
assumption is definitely
invalid, since � < 2mDM
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Fig. 6.6 Changes of the contour of Rtot
� = 50% are shown for several variations from a scenario

close to the analytical calculation to one close to the cuts used in the ATLAS monojet analysis [6],
exemplarily for the operator D5 at

√
s = 8 TeV. In the legend, “g” means that only gluon radiation

is considered, “j” stands for either quark- or gluon-initiated jets, “j(j)” means that a second jet is
allowed to appear. The grey area corresponds to the region in which the EFT assumption is definitely
invalid, since � < 2mDM

Fig. 6.6. Allowing not only for a gluon jet but also taking into account the possibility
of a quark jet changes the Rtot

� contours appreciably. The change from lowering the
pT of the leading jet has a smaller effect. Allowing for a second jet and enhancing
its rapidity range barely changes the Rtot

� contour, especially at large mDM values. If
the collision energy is augmented to

√
s = 14TeV, all the Rtot

� contours increase. As
for

√
s = 8 TeV, moving to the scenario closer to the experimental analysis leads to

contours that are at most 30% lower in �.
After having extracted Rtot

� for each DM mass and cut-off scale, a curve can be
fitted through the points obtained in the plane of Rtot

� and � to extract the percentiles
of Rtot

� . The following functional form is used for this purpose:

Rtot
� =

[
1 − e

−a
(

�−2mDM
b

)c] [
1 − e

−d
(

�+2mDM
b

) f ]
. (6.19)

The parameters a, b, c, d and f are fitted for eachDMmass separately. From these
fits, the points denoting a cut-off scale where Rtot

� equals e.g. 50% can be extracted
for each DM mass, and the lines of constant Rtot

� can be plotted in the usual limit-
setting plane (mDM,�). Table6.1 collects the values of the fitted parameters for all
operators for which an experimental result is available.
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Table 6.1 Fitted parameters of the functions describing Rtot
� in Eq. (6.19), in the cases of

√
s = 8

and 14 TeV. The fitting functions describe processes where quarks and/or gluons are radiated, the
final state contains 1 or 2 jets, where the leading jet has a pT larger than 350 GeV while the second
jet is allowed to be within |η| < 4.5

Operator a b c d e√
s = 8TeV

D1 1.32 787.13 1.39 1.08 1.53

D1′ 1.30 1008.25 1.49 0.77 1.83

D4 1.65 702.93 1.14 0.65 1.75

D4′ 1.51 859.83 1.22 0.48 1.92

D5 1.54 816.83 1.18 0.50 1.85

D8 1.23 964.62 1.50 0.91 1.59

D9 1.43 681.92 1.15 1.02 1.35

D11 1.23 1002.33 1.49 0.82 1.69√
s = 14 TeV

D1 0.89 1017.37 1.45 1.28 1.24

D1′ 0.43 909.66 1.59 0.53 1.37

D4 1.23 996.82 1.25 0.80 1.48

D4′ 0.76 982.75 1.33 0.37 1.63

D5 0.78 894.86 1.25 0.39 1.54

D8 0.48 945.09 1.55 0.74 1.24

D9 0.91 891.65 1.21 1.23 1.04

D11 0.68 1250.49 1.58 0.81 1.35

6.4 Implications on Dark Matter Searches at LHC

Figure6.7 shows the experimental limits obtained from the ATLASmonojet analysis
of 10 fb−1 of pp collisions at

√
s = 8TeV [6] in the plane (�,mDM), for the opeara-

tors D5, D8 and D11. The percentiles of Rtot
� of 25, 50 and 75% are superimposed.

The experimental limits are placed in a region where about 30% of the events can
be expected to fulfil the EFT validity conditions. The exact number depends on the
operator considered. Especially the limit on the gluon operator D11 seems question-
able in this view. Also shown are the contours of Rtot

� for couplings of
√
gqgχ = 4π ,

which presents the limiting case in which the theory is still considered perturbative.
Since there is no possibility to directly measure Qtr in data, on an event-by-event
basis, the information on the fraction of invalid events can only be estimated from
analytical calculations or a numerical simulation. The impact of the limited validity
of the EFT approach on the current collider bounds is quantified in the following.

It is assumed that imposing EFT validity by the above-mentioned cut on Qtr only
changes the normalisation of the distributions of pT or Emiss

T but not their shape.3

3Brief studies indicated that the assumption made here is reasonable for Qtr < 750 GeV.
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Fig. 6.7 The 25, 50 and 75% contours for the ratio Rtot
� , compared to the experimental limits from

ATLAS [6] (blue line). Also indicated are the contours of Rtot
� in the extreme case when setting the

couplings to
√
gqgχ = 4π (dashed lines). Results are shown for different operators: D5 (upper left

panel), D8 (upper right panel) and D11 (lower panel)

Neglecting the statistical and systematic uncertainties, the number of signal events
in a given EFT model has to be less than the experimental limit on observed new
physics events: Nsignal(�,mDM) < Nobs. The EFT cross section scales like �−2(d−4)

for an operator of mass dimension d. Following this expression, one can write:
Nsignal(�,mDM) = �−2(d−4) Ñsignal(mDM), and the experimentally observed lower
bound on the scale of the operator becomes

� >
[
Ñsignal(mDM)/Nobs

]1/[2(d−4)] ≡ �obs. . (6.20)

Some fraction of the considered simulated signal events have amomentum transfer
that exceeds the cut-off scale of the EFT. These events are now excluded, i.e. the
number of signal events for placing the limit gets reduced by a factor of Rtot

� . Hence,
Nsignal(�,mDM) → Rtot

� (mDM)Nsignal(�,mDM), and the new limit is determined via:

� > [Rtot
� (mDM)]1/2[(d−4)][Nsignal(mDM)/Nobs]1/[2(d−4)] = [Rtot

� (mDM)]1/[2(d−4)]�obs,

(6.21)
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Fig. 6.8 ATLAS experimental limits on the suppression scale � [6] are shown as solid blue lines.
The rescaled limits, restricting considered signal events to fulfil the EFT validity condition, are
shown as dashed black lines, for Qtr < �, 2�, 4π�, corresponding to different choices of the UV
couplings:

√
gqgχ = 1, 2, 4π , respectively. The kinematic constraints (Eq.6.18) are denoted by

grey bands. Different operators are shown: D5 (upper left panel), D8 (upper right panel) and D11
(lower panel)

which is weaker than �obs.4 Figure6.8 shows the recalculated limits for the
dimension-6 operators D5 and D8 and the dimension-7 operator D11, under different
assumptions on the UV coupling strengths, namely for

√
gqgχ = 1, 2, 4π . The frac-

tion of events passing the validity criterion, Rtot
� , are taken from the numerical results

listed in Table6.1, which include both quark and gluon jets, and a selection close
to one of the signal regions (“SR3”) used by ATLAS [6]. As expected, the higher
the couplings, the weaker the condition on Qtr , the closer the rescaled limits are to
the bounds presented by ATLAS. In the limiting case of

√
gqgχ = 4π with the most

optimistic condition on the momentum transfer (Qtr < 4π�), the new limits for D5
and D8 are indistinguishable from the ATLAS bounds, meaning that the experimen-
tal results are safe in terms of EFT validity. Regarding D11, even for extreme values
of the couplings, the limit at large DM masses deviates.

4In principle, this procedure needs to be repeated iteratively, until convergence if achieved: the
new bound on � replaces �obs and, using this new bound, Rtot

� is re-evaluated, resulting in a new
rescaled bound and so on. This is neglected in the present analysis.
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For couplings of order one, the rescaled limits are significantly weaker than those
reported. As a result of these studies, experimental collaborations have since adopted
such a rescaling procedure and the modified results for EFT models are published
along with the nominal limits.

6.5 Conclusions

The search for DM is one of the main targets of the LHC experiments. Investigations
into the validity of EFTs commonly used in interpreting such searches have been
presented. A measure of the validity of an EFT, Rtot

� , was introduced. It indicates
the fraction of events for which the defined condition of validity for the EFT is
fulfilled and depends on the DM mass and the assumed cut-off scale. The analysis
for the full list of EFT operators used by the ATLAS and CMS collaborations,
connecting fermion DM particles and quarks or gluons and originating from the
exchange of heavy mediators in the s-channel, has been performed analytically,
assuming collision energies of 8 and 14TeV.The analytical resultswere completed by
performing numerical event simulations which reproduce the experimental situation
as closely as possible. The results indicate that the range of validity of the EFT is
significantly limited in the parameter space of (mDM,�) that is probed by LHC
searches. While these findings are valid for s-channel processes, a similar analysis
exists also for t-channel scenarios [9], where comparable results are obtained.

The advantage of avoiding too much model dependence still holds for the EFT
approach; however, the presented results clearly demand an alternative to the EFT
interpretation, such as through identifying a set of Simplified Models, which are able
to reproduce the EFT operators in the heavy mediator limit. This allows for a consis-
tent analysis of the current and future LHC data by consistently taking into account
the possibility of an on-shell production of the mediator. Furthermore, comparisons
to direct and indirect searches can be presented in a more comprehensive way by
using such Simplified Models.

In the following chapter, the ATLASMonojet Analysis of 20.3 fb−1 of 8 TeV pp
collision data is presented, which adapted the rescaling procedure introduced here
and presented the EFT limits alongside with these modified bounds. Furthermore, a
first step towards the consistent use of SimplifiedModels ismade there by considering
a Z

′
-like model for interpretation. Subsequently, a study is presented that conducted

a detailed re-interpretation of this and two other DM searches in terms of a set of
Simplified Models and also shows comparisons to direct detection results.
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Chapter 7
Search for Dark Matter in Monojet-like
Events

The simplest possible scenario for the production of Dark Matter (DM) at the LHC
is given by assuming a process in which two incoming partons would lead to a final
state with two DM particles.1 However, such a final state could not be detected in the
experiments: since the DM particles are only interacting weakly with the detector
material, they would escape without leaving a signal.

On the other hand, if the radiation of an object like a jet, a photon or even a
vector boson from the initial partons is assumed, the final state presents a very
unique “mono-X” signature: one energetic object is the only activity in the event.
It is recoiling against the invisible, undetected particles which leads to a significant
momentum imbalance in the transverse plane. This scenario is sketched in Fig. 7.1.

Even without having a signal scenario in mind, event topologies featuring an
energetic object and large missing transverse energy (Emiss

T ) are distinct signa-
tures to look for physics beyond the Standard Model at the LHC. Various possible
final states have been studied: mono-jet, mono-photon, mono-W /Z and mono-Higgs
[1–11]. Due to the large probability of radiating a gluon or a quark off the incoming
partons, the mono-jet channel generally has the highest cross section and is most
sensitive to possible signals.

Such searches were commonly interpreted in terms of an effective field theory
(EFT) of DM production, as introduced in Sect. 3.6. Such models are useful to
reduce the model dependence of the interpretation of the results and allow for a
straight-forward comparison between collider searches and direct or indirect detec-
tion experiments. However, the assumptions entering in the EFT formulation are
often not justified at LHC energies, as outlined in Chap. 6. There, a method is intro-
duced with which the obtained EFT limits can be modified, allowing to judge the
impact of the limited EFT validity on the resulting limits.

1A final state featuring only one DM particle might be considered even simpler. However, almost
all of the proposed DMmodels require that these new particles have some kind of conserved charge
(e.g. R-parity in SUSY) such that they are stable. This would require them to be produced in pairs.
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Fig. 7.1 Sketch of the pair
production of DM particles,
χχ̄ , associated with a jet
from initial-state radiation of
a gluon, g

q

q̄

χ

χ̄

g

In the following, the search for new physics in events with an energetic jet and
large Emiss

T , performed on the full 8 TeV dataset of 20.3 fb−1, is presented. There are
two major improvements with respect to its precursor. First, a veto on isolated tracks
is introduced, allowing for a powerful rejection of electroweak backgrounds. Second,
a dedicated optimisation for DM signals is performed, leading to the replacement of
the veto on additional jets2 by a topological cut on the balance between the leading
jet pT and the Emiss

T . The analysis results were published in 2015 [12].
After an introduction to the analysis strategy in Sect. 7.1, and details on the data

and simulation samples used (Sect. 7.2), the event selection is introduced in Sect. 7.3.
In particular, the veto on isolated tracks, which I developed, is discussed in detail
in Sect. 7.3.3, as well as the optimisation for DM signals, to which I contributed
(Sect. 7.3.4). The background estimation is explained in Sect. 7.4 and the sources of
systematic uncertainties are discussed in Sect. 7.5 before the results are presented in
Sect. 7.6. Finally, the resultingmodel-independent limits on events from new physics
and the DM interpretation in terms of EFT and Simplified Models are presented in
Sect. 7.7. I played a significant role also in defining the interpretation strategy, the
presentation of results, the comparisons to direct and indirect DM searches and I
calculated the relic density constraints. Conclusions with an outlook on new results
from this channel is given in Sect. 7.8.

7.1 Analysis Strategy

The analysis looks for evidence of new physics in events with one energetic jet
and large Emiss

T . While the occurrence of leptons (electrons and muons) is vetoed,
additional jets are allowed under certain conditions. Such events are referred to
as “monojet-like” in the following. Nine signal regions (SRs) are defined by an
increasing, inclusive lower Emiss

T cut.
The analysis faces a large, irreducible background from Z+jets events in which

the Z decays to–invisible–neutrinos. To a smaller extend, Z/γ ∗(→ �+�−) and

2Events containing more than two jets were vetoed before.
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W (→ �ν) events, in which the lepton(s) are not identified or out of acceptance,
contribute to the background of the signal regions. The background contributions
from these electroweak processes are estimated from simulation. Their normalisa-
tion is extracted from data in background-enriched control regions (CRs). In this
approach, so-called transfer factors are used to extrapolate each background from
CRs to SRs. This method significantly reduces the impact of systematic uncertainties
on the final result.

7.2 Dataset and Simulations

7.2.1 Dataset

The analysis uses the data of LHC pp collisions at
√
s = 8 TeV, recorded with the

ATLAS detector during 2012. The mean number of interactions per bunch-crossing
(pile-up) is 20.7 [13]. Collisions that were recorded during stable beam conditions
and fulfilled some basic quality criteria amount to an integrated luminosity of 20.3
fb−1. The uncertainty on this value is estimated to be 2.8% and is derived following
the methodology outlined in Ref. [14].

Events that are studied in this search are accepted for recording by a trigger
based on Emiss

T . The trigger-level reconstruction of Emiss
T in this case is entirely

based on energy deposits in the calorimeter. As a consequence, muons are not seen
by the algorithm and stay “invisible” to the trigger. The input to the algorithm are
topologically connected calorimeter clusters (topo-clusters) that are locally calibrated
to the hadronic scale. The trigger threshold is Emiss

T > 80GeV. This corresponds to
full efficiency at the analysis level for Emiss

T > 150GeV. For all SRs and CRs of the
analysis the trigger can be considered fully efficient. An inclusive combination of
the single-electron triggers requiring one isolated electron with trigger-level pT of
at least 24 GeV or one electron with trigger-level pT > 60 GeV, without isolation
requirements, is used for the W (→ eν) and Z/γ ∗(→ e+e−) control samples.

7.2.2 Monte Carlo Simulations

Background Simulation

W/Z + jets: W+jets and Z+jets events are simulated using the Sherpa [15] event
generator. The simulation includes leading-order (LO) matrix elements for up to
five partons in the final state and assumes massive b/c-quarks. The CT10 [16] par-
ton distribution functions (PDF) of the proton are used. An alternative generator,
Alpgen [17], together with the parton-shower description from Herwig [18, 19]
plus Jimmy [20] and the PDF set CTEQ6L1 [21], was also used to simulate these
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electroweak processes. These samples have lower statistics and are used for the
isolated-track veto optimisation described in Sect. 7.3.3 and the estimation of system-
atic uncertainties. The calculations are then normalised to next-to-next-to-leading-
order (NNLO) perturbative QCD (pQCD) predictions [22] using the MSTW2008
NNLO PDF sets [23].

Top Quark Production: Both top-quark pair production and single-top processes
may enter the selection in a small amount. During the event generation, a top-quark
mass of 172.5 GeV is assumed. The production of top-quark pairs (t t̄), Wt and
s-channel single top is simulated using the MC@NLO MC generator [24, 25]. It
is interfaced to Herwig plus Jimmy to model the parton showers and the underly-
ing event. The AcerMC [26] program is used to simulate single-top production in
the t-channel. As in the case of W /Z+jets backgrounds, the t t̄ [27] and single-top
processes [28] are normalised, using the information from NNLO+NNLL (next-to-
next-to-leading-logarithm) pQCD cross sections [29].

The AUET2C and AUET2B [30] set of optimised parameters for the underly-
ing event description are used. They rely on the CT10 and CTEQ6L1 [21] PDFs,
respectively.

Multijet and γ+jet samples are generated with PYTHIA 8 [31], again using the
CT10 PDF.

Dibosons: The diboson sample generation ofWW ,WZ , Z Z ,Wγ and Zγ processes
uses Sherpawith the CT10 PDF set, also applying a normalisation fromNLOpQCD
predictions [32].

Signal Simulation

The signal samples for DM pair production are generated using the MadGraph
5 [33] implementation of the effective field theory basedmodel described inRef. [34].
The effective operators introduced in Sect. 3.6 are considered. They can be grouped
according to the expected spectrum of Emiss

T . For each of these group, one operator is
chosen and simulated: D1 (scalar), D5 (vector), D9 (tensor) and D11 (gluon, scalar)
for the assumption of Dirac fermion DM particles, C1 and C5 for complex scalar
DM. The considered operators are listed in Table7.1

The events are generated with one or two jets produced in addition to the DM
particles atmatrix element level.More jetsmaybe addedduring the parton showering.
The matrix-element description is generally more accurate. The possibly occurring
extra jets can have an effect on the signal cross section and acceptance. The number
of additional jets produced at matrix element level is optimised: including more jets
in the matrix element does not alter the cross section or acceptance appreciably. At
least one of these partons is required to have a minimum pT of 80GeV. Only initial
states of gluons and the four lightest quarks are considered. The coupling strengths
between the quarks and the DM particles are assumed to be equal for all quark
flavours. Since the operator D1 has an explicit dependence on the quark mass (see
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Table 7.1 Effective interaction operators ofDMinteractionswith StandardModel quarks or gluons,
following the formalism in Ref. [34], where � is the EFT cutoff scale. Operators starting with a
D assume Dirac fermion DM, the ones starting with a C consider complex scalar DM. Ga

μν is the
gluon field-strength tensor

Name Initial state Type Operator

C1 qq Scalar mq

�2 χ†χ q̄q

C5 gg Scalar 1
4�2 χ†χαs(Ga

μν)
2

D1 qq Scalar mq

�3 χ̄χ q̄q

D5 qq Vector 1
�2 χ̄γ μχ q̄γμq

D8 qq Axial-vector 1
�2 χ̄γ μγ 5χ q̄γμγ 5q

D9 qq Tensor 1
�2 χ̄σμνχ q̄σμνq

D11 gg Scalar 1
4�3 χ̄χαs(Ga

μν)
2

Table7.1), its cross section is most sensitive to the relevant mass of the charm quark,
which is set to 1.42GeV. Since the fraction of b-flavoured sea-quarks in the colliding
protons is non-negligible at the LHC, it would have been preferable to include also
b-quarks in possible initial states.

The events generated withMadGraph 5 are then processed with Pythia 6 [35]
for the simulation of the parton showering and hadronisation. The so-called MLM
prescription [36] is used to match the matrix-element calculations to the parton
shower evolution. A matching scale specifies that MadGraph will produce hard
jets with momenta above the matching scale, while Pythia will control the soft
showering and radiation below the matching scale. Such a separation is needed in
order not to double-count potential diagrams. Two different matching scales (80 and
300GeV) are considered to guarantee sufficient statistics in the Emiss

T tail and to
evaluate the matching-scale-related systematic uncertainties. The generated samples
are reweighted to the MSTW2008LO [23] PDF set.

TheMadGraph default choice for the renormalisation and factorisation scales is
used: the scales are set to the geometric average ofm2 + p2T of the two DM particles,
where m denotes their mass. Events with DMmasses between 10 and 1300 GeV are
simulated for the six different effective operators mentioned above (C1, C5, D1, D5,
D9, D11) at LO.

To study the transition between the effective field theory and a simple version
of a renormalisable model (a Simplified Model) for Dirac fermion DM coupling to
Standard Model particles via a new mediator particle Z ′, events for this Simplified
Model are generated in MadGraph. For each DM mass, mediator particle masses
Mmed between 50GeVand 30TeVare considered, each for two values of themediator
particle width (	 = Mmed/3 and Mmed/8π ).
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Pile-Up and Detector Simulation

The effect of pile-up is emulated by overlaying several minimum-bias events, gen-
erated with PYTHIA 8, onto the hard scattering. The pile-up distribution is adjusted
according to the run conditions and the instantaneous luminosity present during data
taking.

In the end, the MC samples are processed using a simulation of the ATLAS
detector. The background samples use the full simulation, the signal samples rely on
the fast simulation. The difference between the full and the fast detector simulation
is found to be negligible for this analysis.

7.3 Event Selection

7.3.1 Reconstructed Objects

Jets with pT > 30 GeV and |η| < 4.5 are considered in the analysis. Reconstructed
leptons (electrons or muons) are used to reject events that arise from leptonic back-
ground processes. Furthermore, leptons in the final state are selected to define con-
trol samples. Muon are considered in the lepton veto, if they fulfil pT > 7 GeV
and |η| < 2.5 and if they are isolated: the sum of the transverse momenta of the
tracks not associated with the muon in a cone of size�R = √

(�η)2 + (�φ)2 = 0.2
around the muon direction is required to be less than 1.8 GeV. The muon pT require-
ment is tightened to pT > 20 GeV in the definition of the W (→ μν)+jets and
Z/γ ∗(→ μ+μ−)+jets control regions.

In order to be considered in the lepton veto electrons are required to have pT >

7 GeV and |η| < 2.47, and to pass the medium electron shower shape and track
selection criteria described in Ref. [37]. Possible overlaps between electrons and jets
are resolved by discarding the jet if the radial distance �R from any electron is less
than 0.2. For the definition of the Z/γ ∗(→ e+e−)+jets and W (→ eν)+jets control
regions, the electron pT requirement is increased to pT > 20 GeV and electrons in
the transition region between calorimeter sections 1.37 < |η| < 1.52 are excluded.
The selection is further tightened in case of the W (→ eν)+jets control region that
is used to estimate the irreducible Z(→ νν̄)+jets background. To achieve a cleaner
sample, electrons are required to pass tight [37] electron shower shape and track
selection criteria, their pT threshold is raised to 25 GeV, and they need to be isolated:
the sum of the transverse momenta of the tracks not associated with the electron in a
cone of radius �R = 0.3 around the electron direction is required to be less than 5%
of the electron pT. An analogous isolation criterion, based on the calorimeter energy
deposits not associated with the electron, is also applied.

A purely calorimeter based Emiss
T is used in this analysis. Consequently, muons

are not considered in the Emiss
T calculation.
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7.3.2 Preselection

A common preselection is applied to all events considered in the analysis: a recon-
structed primary vertex with at least two associated tracks with pT > 0.4 GeV is
required. If more than one vertex is found, the vertex with the largest summed p2T
of the associated tracks is chosen. Events are required to fulfil Emiss

T > 150 GeV to
ensure that the Emiss

T trigger is fully efficient, and to contain at least one jet with
pT > 120 GeV and |η| < 2.0. Additional jets with pT > 30 GeV and |η| < 4.5 are
allowed to be present in the final state. In order to reduce contributions from top and
multijet backgrounds, where large Emiss

T mainly results from mis-measurements of
jets, the direction of Emiss

T and the jets is required to be separated by�φ(jet, �pmiss
T ) >

1.0.
Events containing possibly mis-measured jets are rejected: any jet above pT >

20GeVandwithin |η| < 4.5needs to be consistentwith originating from the collision
vertex, constraints on the electromagnetic fraction in the calorimeter, calorimeter
sampling fraction, and the so-called charged fraction are imposed [38]. If any of the
jets is reconstructed close to a region of the calorimeter that is known to be only
partially instrumented, the event is rejected. Additional requirements based on the
timing and the pulse shape of the cells in the calorimeter are applied to suppress
coherent noise and electronic noise bursts in the calorimeter producing anomalous
energy deposits [39]; the conditions have a negligible effect on the signal efficiency.
These requirements are tightened on the leading jet in the event to reject possibly
remaining contributions from beam-related backgrounds and cosmic rays.

Events containing identified muons or electrons with pT > 7 GeV are vetoed. In
addition, events with isolated tracks with pT > 10 GeV and |η| < 2.5 are vetoed to
reduce background from non-identified leptons (e, μ or τ ) in the final state.

7.3.3 Veto on Isolated Tracks

The largest reducible backgrounds in the Monojet analysis arise from electroweak
processes where the muon or electron is not rejected by the lepton veto or where a
hadronically decaying tau lepton is involved. Especially the background coming from
W (→ τν) amounts to 25% in a signal region-like selection with Emiss

T larger than
120 GeV and to 16% above Emiss

T of 350 GeV. A large fraction of this background
component is coming from events where the τ decays hadronically and hence looks
similar to a jet. There is a balance to find between possible background suppression
and the additional systematic uncertainty introduced by adding (or tightening) a
requirement.

In the following, a veto on isolated tracks, developed specifically for this analysis,
is presented. While the electroweak backgrounds are reduced, the signal efficiency is
high (ε > 95%), and only small systematic uncertainties are introduced by the veto
(<1%). The idea is to remove events with isolated tracks in order to reject events
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that contain a jet from a hadronic tau decay, since such tau jets typically contain
less tracks than normal jets. Furthermore, events containing a leptonic tau decay or
leptons that escape the veto can be efficiently reduced.

In this section, the set of cuts applied for the plots corresponds to the preselection,
detailed in Sect. 7.3.2, and a lower cut on Emiss

T , making the selection signal-region-
like. Furthermore, a veto on more than two jets applied, if not specified otherwise.3

7.3.3.1 Candidate Variables for Track Isolation

A certain quality of the considered tracks has to be required in order to make an
isolated-track veto less dependent on pile-up. The quality cuts considered in the
following require a pT above 10 GeV, |η| < 2.5 and small impact parameters with
respect to the primary vertex (|z0| < 2 mm, |d0| < 1 mm). Furthermore, at least five
hits in the tracker andχ2/d.o. f. < 3 are required to ensure a sufficiently good quality
of the track fitting.

The figures of merit considered for the study of different variables, their discrim-
ination power and their performance are pile-up dependence, signal efficiency and
background rejection. Three types of variables are studied:

• pT cone track: the sum of the transverse momenta of tracks in a cone around a
track of interest,

• pT cone calo: the same quantity, but constructed from calorimeter information,
• cone n: the number of tracks around the track of interest.

In addition, the same variables scaled by the pT of the track of interest are
considered. The naming convention for the studied variables is the following:
coneXX_YYg_ZZ, where XX is the radial size of the cone centred around the
particle of interest, YY is the momentum threshold considered for the tracks (in
GeV), and Z Z is either track to denote pT cone track, calo for pT cone calo,
and n for cone n.

7.3.3.2 Signal Efficiency and Background Rejection

The behaviour of the different variables are studied for the irreducible background
Z(→ νν̄) as a proxy for a signal-like topology and then compared to all other
electroweak background processes. Figure7.2 illustrates that tracks in signal-like
Z(→ νν̄) events are much less isolated than for the electroweak background sam-
ples. Figure7.3 shows that any veto on isolated tracks improves the ratio of signal
over background, since the efficiency for the background processes drops faster than
the one for Z(→ νν̄) for all studied isolation variables.

3As will be seen in the following, this jet veto is removed, following the DM optimisation. The
performance of the isolated-track veto is not changed significantly when the veto is not applied.
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Fig. 7.4 Average track isolation variable in data (period L3, 219 pb−1), as a function of the number
of primary vertices

Efficiencies for both Z(→ νν̄) and backgrounds are found to be higher for larger
cone sizes and pT-scaled variables. The ratio of signal(-like Z(→ νν̄)) over back-
ground, S/B, is higher for smaller cone sizes. If only tracks in the cone above a
certain pT threshold are considered, more Z(→ νν̄) and background events are
rejected. Applying such a minimum pT threshold improves the S/B, especially for
the variable counting the number of tracks in the cone.

7.3.3.3 Pile-up Stability

Since track isolation can be affected by pile-up interactions in the event, one of
the most crucial requirements for a variable used for a track veto is to be largely
independent of the number of primary vertices observed in the collision.4 While this
is true for all of the studied variables, cone n performs especially well as can be seen
in Fig. 7.4.

Taking also the previous findings into account, the variable cone40_3g_n,
namely the number of tracks with a pT of more than 3 GeV in a cone of 0.4 around
the track of interest was chosen for this analysis.

7.3.3.4 Choice of Cut Value

The distribution of the quantity cone40_3g_n for different backgrounds (Fig. 7.5)
shows that the main difference between signal and background is concentrated in
the first bin, i.e. the main difference between signal and background is whether or
not a track can be found in the vicinity of the track of interest. Therefore, the veto
is defined to reject events that contain tracks without another track above 3 GeV in
their vicinity: cone40_3g_n > 0.

4The number of vertices is counted from reconstructed vertices with at least one associated track.
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7.3.3.5 Performance of the Track Veto

To study the efficiency of the track veto and the improvements it can bring to the
analysis, event numbers after all preselection cuts including the lepton vetoes (see
Sect. 7.3.2) and above a certain Emiss

T are compared before and after the track veto.
Figure7.6 shows the signal over background ratio with and without the track veto
applied, showing that an improvement of about 10% is seen over the whole range

Fig. 7.6 Signal to background ratio with and without track veto, as a function of Emiss
T and pT
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Fig. 7.7 Efficiency (left) and S/B (right) in a signal region selection with Emiss
T > 150GeV (top)

and with Emiss
T > 350GeV (bottom)

of Emiss
T and jet pT. Here and in the following the term signal over background ratio

(S/B) refers to the ratio of Z(→ νν̄) events over the sumof events from Z(→ νν̄) and
all other electroweak backgrounds. As seen in Fig. 7.7, the efficiency of the track veto
for Z(→ νν̄) events with Emiss

T > 150GeV lies around 95%, meaning that applying
the veto approximately 5% of signal events get rejected. The efficiencies for all other
electroweak backgrounds lie below. Z/γ ∗(→ μ+μ−),W (→ μν),W (→ τν) group
around 70–75%, whereas the efficiencies for Z/γ ∗(→ τ+τ−) and W (→ eν) are
even lower. The improvement of S/B is of the order of 7%.

Events with Emiss
T > 350 GeV (Fig. 7.7) behave similarly to the tested events

with lower Emiss
T , with efficiencies that are higher for Z(→ νν̄) than for other back-

grounds. The W (→ τν) background rejection is not further improved, which can
be understood, given that a high-pT hadronically-decaying tau looks very similar to
a “normal” jet. The improvement of S/B is also similar to the one at lower Emiss

T ,
namely about 9%.

7.3.3.6 Systematic Effects

Since the electroweak backgrounds entering the SRs are estimated in W (→ �ν)

and Z/γ ∗(→ �+�−) control regions (see Sect. 7.1), the veto efficiencies of these
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Fig. 7.8 A comparison of data and MC with a signal region selection is shown in terms of the
distribution of the isolation variable (upper left) and the total efficiency of the track veto (upper
right), as well as the Emiss

T (lower left) and jet pT (lower right) dependence of the track veto
efficiencies

processes in MC need to be thoroughly checked and compared to the ones in data to
avoid systematic effects on the transfer factors entering the data-driven background
estimation. In the following, the results for the muon selections are presented. It was
confirmed that the same qualitative and quantitative conclusions hold as well for the
electron selections.

Modelling of the Veto Efficiency in the SR Figure7.8 compares MC and data after
applying a SR-like selection. The isolation variable is reasonably well modelled,
although the ratio presents a slope with discrepancies of up to 20%. Relevant for
the analysis is whether the efficiency of the isolated-track veto is well modelled.
There, the ratio of data and MC efficiencies is consistent with unity within statistical
uncertainties. Furthermore, the data-MC ratio shows no trend with Emiss

T or jet pT.

Similarity of Signal and CR Events In order to successfully apply the transfer
factor method, the MC efficiency in Z(→ νν̄) with a signal region selection should
be the same as for the other backgrounds when applying a control region selection
and explicitly excluding the CR lepton(s) from the veto. This comparison is shown in
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Fig. 7.9 A comparison is shown of Z(→ νν̄), W (→ μν) and Z/γ ∗(→ μ+μ−) events in terms
of the distribution of the isolation variable (upper left) and the total veto efficiency (upper right),
as well as the Emiss

T (lower left) and jet pT (lower right) dependence of the veto efficiencies. The
lepton(s) are excluded from the track veto

Fig. 7.9 and proves that indeed the SR and CR events–apart from the lepton(s)–look
very similar in Z(→ νν̄), Z/γ ∗(→ �+�−) andW (→ �ν) in terms of track isolation.

Modelling of Non-leptonic Part of Control Region Events Figure7.10 compares
MC and data in theW (→ μν)CR, excluding themuon from the track veto. The track
veto efficiency is well modelled although small discrepancies can be noticed. The
veto efficiencies differ by 0.2%. No trend with Emiss

T or jet pT is observed. For com-
pleteness, the modelling was also checked in the Z/γ ∗(→ μ+μ−) CR (Fig. 7.11),
which is cleaner than the W (→ μν) CR. The picture is similar, the veto efficiencies
differ by 1.2%.

Leptonic Part of the Event Figure7.12 compares MC and data in the W (→ μν)

CR. Here, the muon is explicitly included when the veto is applied in order to probe
the modelling of the lepton isolation. The isolation is well modelled although a small
discrepancy can be noticed. The veto efficiencies differ by 0.6%, meaning a relative
difference of 27%. Again, no trend with Emiss

T or jet pT is observed. The modelling
was also tested in the Z/γ ∗(→ μ+μ−)CR (Fig. 7.12). The findings are in agreement
with the ones from the W (→ μν) CR, the veto efficiencies differ by 2%.
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Fig. 7.10 The plots show the comparison of data and MC in the W (→ μν) CR in terms of the
distribution of the isolation variable (upper left) and the total veto efficiency (upper right), as well
as the Emiss

T (lower left) and jet pT (lower right) dependence of the veto efficiencies. The lepton
was excluded from the track veto

Fig. 7.11 The plots show the comparison of data and MC in the Z/γ ∗(→ μ+μ−) CR in terms of
the distribution of the isolation variable (left) and the total veto efficiency (right). The lepton was
excluded from the track veto
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Fig. 7.12 The plots show the comparison of data and MC in the W (→ μν) CR (top) and the
Z/γ ∗(→ μ+μ−) CR (bottom) in terms of the distribution of the isolation variable (left) and the
total veto efficiency (right)

Tau leptons and Multijets Due to the limited statistics in the available multijet MC
samples, the remaining QCD background in the signal regions is estimated from
data (see Sect. 7.4.2). The track veto efficiency is measured in multijet-enriched data
events and found to be 0.903 for the jet-veto selection and 0.871 for the inclusive
selection. These factors are applied on the final QCD estimate done without applying
the track veto. In order to probe the modelling of tau leptons in particular a new
control region was defined by lowering the Emiss

T and restricting it to 100GeV <

Emiss
T < 150GeV. Reducing it further is not possible, since effects of the trigger

turn-on would enter. The upper cut avoids having overlap with the signal region
definition. The results shown in Fig. 7.13 confirm a reasonable modelling of the
relevant quantities also in this region.
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Fig. 7.13 The plots show the comparison of data and MC in the constructed tau CR in terms of the
distribution of the isolation variable (upper left) and the total veto efficiency (upper right), as well
as the Emiss

T (lower left) and jet pT (lower right) dependence of the veto efficiencies

7.3.4 Cut Optimisation for Dark Matter Signals

In order to optimise the sensitivity to DM signals, several modifications of the
monojet-like signal selection were tested. The focus is put on both the D5 (vec-
tor) and the D11 (scalar, gluon) operator, since they lead to rather different Emiss

T
distributions. DM masses of 100, 400 and 1000 GeV are considered.

As a figure of merit for the improvement in sensitivity the following expression,
taken from Ref. [40], is used:

ε(t)

Smin
. (7.1)

ε(t) denotes the signal efficiency corresponding to a specific set of cuts t . The denom-
inator, Smin is given by:

Smin = a2

8
+ 9b2

13
+ a

√
B + b

2

√
b2 + 4a

√
B + 4B . (7.2)
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Fig. 7.14 The comparison of different signal and background distributions. The difference between
leading jet pT and Emiss

T is shown on the left, the sum of jet pT’s on the right. The distributions
reveal that signal events tend to have a larger jet pT sum and a larger difference between leading
jet pT and Emiss

T

It relates the number of background events passing the selection, B(t), and the
number of standard deviations required for discovery, a = 5, and exclusion, b = 2,
where the latter corresponds to a limit set at 95% confidence level. In this way, the
selection is optimised for both discovery and exclusion. Samples of Z(→ νν̄)+jets,
W (→ �ν)+jets, top and diboson processes are considered as backgrounds, while
contributions from multi-jet and Z/γ ∗(→ �+�−) +jets are neglected. A preselection
is applied, leaving the number of jets unrestricted and not yet cutting on the �φ

between the jet(s) and Emiss
T . The leading jet pT and Emiss

T are required to be above
120GeV, and events containing electrons or muons are vetoed.

As can be seen in Fig. 7.14, the signal is more asymmetric in Emiss
T and jet multi-

plicity, while in the Z(→ νν̄) background the Emiss
T is balanced by the leading jet.

Consequently, not limiting the number of jets in the event can increase the signal
acceptance and hence the sensitivity. This is supported by the fact that signal events
tend to have a larger sum pT of jets, as illustrated in Fig. 7.14, indicating that the
energy scale of signal events tends to be higher.

However, the jet veto reduces backgrounds that do not rely on initial-state radia-
tion jets and hence can easily reach large jet multiplicities, such as multi-jet or top
processes. To attenuate the increase of such backgrounds, the cut on�φ between the
sub-leading jet and Emiss

T , which was already used in previous rounds of the analysis,
is extended to all jets such that the minimum �φ between the Emiss

T and any jet is
required to be larger than a certain value (0.5 by default). The improvement from
releasing the jet veto can be seen from the numbers in Table7.2, where ε/Smin is
listed for a number of signal points and different cuts on the jet multiplicity. The cut
on minimum �φ(jets, Emiss

T ) > 0.5 is included. The numbers show the same trend
for all operators and mass points: loosening the jet veto increases the sensitivity.

If more jets are allowed in the final state, the ratio of the leading jet pT to Emiss
T

is expected to be smaller in signal events, since there, as discussed above, leading
jet pT and Emiss

T are more asymmetric than for the backgrounds. Asymmetric cuts
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Table 7.2 Significance measure ε/Smin for different jet multiplicities and various signal points.
For all operators and masses the same trend is observed: the sensitivity is improved by allowing for
larger jet multiplicities.

Operator mχ [GeV] 3rd jet veto 4th jet veto No jet veto

D11 100 193.9 255.1 300.4

400 217.8 298.8 364.8

D5 100 148.2 174.2 181.9

400 168.7 202.0 212.0

C1 100 82.5 95.6 98.0

400 149.4 184.0 197.3

C5 100 152.9 196.8 224.1

400 202.8 276.1 327.6

for leading jet pT and Emiss
T are hence examined. Figure7.15 shows the sensitivity

measure as a function of the cut values for leading jet pT and Emiss
T . For a given value

of Emiss
T , an increase in the leading jet pT cut does not improve the sensitivity. For a

chosen value of a cut on leading jet pT, the optimal value of the Emiss
T cut depends

strongly on the operator and to a certain extent on the DM mass. In the end, the cut
on the leading jet pT is set to 120GeV and the inclusive Emiss

T cut is increased in
steps of 50GeV, starting at 150 GeV.

7.3.5 Signal Region Definition

Taking the findings on the veto on isolated tracks and from the DM signal optimisa-
tion, the preselection described in Sect. 7.3.2 is complemented by a cut on the number
of isolated tracks (ntracks (cone40_3g_n = 0) = 0) and by a requirement on the
ratio of Emiss

T and leading jet pT (pT,jet1/E
miss
T > 0.5). The different signal regions

are then defined via increasing, inclusive Emiss
T thresholds from 150 to 700 GeV. An

overview of the selection is given in Table7.3.

7.4 Background Estimation

The main backgrounds entering the signal selection come from electroweak pro-
cesses. Z(→ νν̄) as being irreducible presents the largest fraction.W (→ �ν) events
can pass the selection in case the lepton rests unidentified or is outside of the accep-
tance. The MC prediction for these backgrounds is normalised to data in dedicated,
background-enriched control regions. The obtained normalisation is then transferred
to the signal region. Smaller backgrounds such as Z/γ ∗(→ �+�−), top and diboson
contributions are estimated fromMC.The t t̄ background prediction is validated using
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Fig. 7.15 Sensitivity (ε(t)/Smin) as a function of leading jet pT and Emiss
T for D5 and D11 at three

different DM mass points

Table 7.3 Event selection criteria for the monojet-like signal regions

Selection criteria

Pre-selection Primary vertex

Emiss
T > 150 GeV

Jet quality requirements

At least one jet with pT > 30 GeV and |η| < 4.5

Lepton and isolated track vetoes

Monojet selection Leading jet pT > 120 GeV and |η| < 2.0

Leading jet pT/Emiss
T > 0.5

�φ(jet, �p miss
T ) > 1.0

Signal regions SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8 SR9

Emiss
T (GeV) >150 >200 >250 >300 >350 >400 >500 >600 >700
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Table 7.4 Summary of the techniques used to predict the relevant backgrounds in the SRs.

Background process Method Control sample

Z(→ νν̄)+jets MC and control samples in
data

Z/γ ∗(→ �+�−), W (→ �ν)

(� = e, μ)

W (→ eν)+jets MC and control samples in
data

W (→ eν) (loose)

W (→ τν)+jets MC and control samples in
data

W (→ eν) (loose)

W (→ μν)+jets MC and control samples in
data

W (→ μν)

Z/γ ∗(→ �+�−)+jets
(� = e, μ, τ )

MC only

t t̄ , single top MC only

Diboson MC only

Multijets Data-driven

Non-collision Data-driven

a top-enriched selection. The estimate of the multijet background relies purely on
data, as well as the one of the non-collision background. The background estimation
strategy is summarised in Table7.4.

7.4.1 W/Z+jets Background

In order to constrain the background contribution from electroweak processes, ded-
icated control regions are defined. They are orthogonal to the signal selection by
explicitly requiring identified leptons. Otherwise, the selection requirements are kept
identical. This allows to significantly reduce the impact of theoretical and experimen-
tal systematic uncertainties. The data in the control regions andMC–based correction
factors are used to estimate the electroweak background contributions from W+jets
and Z(→ νν̄)+jets processes in each of the nine signal regions.

TheW (→ μν)+jets background in a specific signal region, NW (→μν)
SR is estimated

from the W (→ μν)+jets control region via:

NW (→μν)
SR = (N data

W (→μν),CR − N non−W/Z
W (→μν),CR)

NMC
W (→μν),CR

× NMC(W (→μν))
SR × ξ� × ξtrg × ξ veto

� .

(7.3)
Here, NMC(W (→μν))

SR denotes the W (→ μν)+jets contribution to the signal region
predicted by simulation, N data

W (→μν),CR, N
MC
W (→μν),CR is the number of events in the

W (→ μν) control region in data and MC, respectively. The expression N non−W/Z
W (→μν),CR

includes the contribution fromnon-W /Z backgrounds entering the control region such
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as top-quark and diboson processes (estimated fromMC), and multijets (data-driven
estimate). The correction factors ξ�, ξ veto

� , and ξtrg account for possible differences in
the lepton identification, lepton veto, and trigger efficiencies between data and MC.
These differences are generally less than 1%.

Analogously, the Z(→ νν̄) estimate from the W (→ μν) control region reads:

N Z(→νν̄)
SR = (N data

W (→μν),CR − N non−W/Z
W (→μν),CR)

NMC
W (→μν),CR

× NMC(Z(→νν̄))
SR × ξ� × ξtrg . (7.4)

Similar expressions are derived also for the other estimations. In addition, the
shape of the signal region distributions of Emiss

T and leading jet pT are corrected by
bin-by-bin correction factors which are derived analogously for plotting the relevant
distributions in the signal regions.

The first term appearing on the right-hand side of the above equations can be seen
as a normalisation factor, accounting for the difference in counts between data and
MC in the CR. The derived normalisation factors vary between about 0.9 and 0.6
for the different processes and as the Emiss

T requirement is increased from 150 to 700
GeV. They account for a mis-modelling of the pT of the W and Z bosons which led
to the Emiss

T and leading jet pT distributions being softer in data than in MC (around
30%, above Emiss

T = 600 GeV).
For each of the signal regions, four separate sets of such transfer factors are con-

sidered to constrain the dominant Z(→ νν̄)+jets background contribution, namely
from Z/γ ∗(→ �+�−)+jets and W (→ �ν)+jets control regions. The different Z(→
νν̄)+jets background estimates in each signal region are found to be consistent within
uncertainties and are statistically combined using the BLUE (Best Linear Unbiased
Estimate) [41] method, which takes into account correlations of systematic uncer-
tainties.

Muon Control Regions The Emiss
T trigger is based on calorimeter information,

energy deposits in the muon system are not included in the algorithm. This allows
to keep the trigger strategy unchanged from the SRs for these CRs.

TheW (→ μν) control sample is defined by requiring a muon with pT > 20 GeV.
The so-called transverse massmT is determined by the lepton (�) and neutrino (ν) pT

and direction as mT =
√
2p�

T p
ν
T(1 − cos(φ� − φν)), where the (x, y) components

of the neutrino momentum are taken to be the same as the corresponding �p miss
T

components. It is a proxy for the transverse mass of the W and is required to be
within 40 GeV < mT < 100 GeV to enhance the fraction of W events. This region
is used to estimate the Z(→ νν̄) and theW (→ μν) background entering in the SRs.
Two muons with pT > 20 GeV and an invariant mass close to the Z boson mass, in
the range 66 GeV < mμμ < 116 GeV, are required for the Z/γ ∗(→ μ+μ−) control
region. This region is used to estimate the Z(→ νν̄) contribution to the signal region
backgrounds.

Since the Emiss
T flavour used in this analysis only considers calorimeter infor-

mation and hence does not take into account the muon contribution, the Emiss
T in
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Fig. 7.16 Distribution of the transverse massmT (top left), Emiss
T (top right), leading jet pT (bottom

left) and jet multiplicity (bottom right) in the W (→ μν)+jets control region for the inclusive SR1
selection, compared to the background expectations. The global normalisation factors are already
applied. The error bands in the ratios of data to background expectation include statistical and
experimental uncertainties

signal and control region correspond to each other. The most relevant kinematic dis-
tributions are shown in Fig. 7.16 for the W (→ μν) region and in Fig. 7.17 for the
Z/γ ∗(→ μ+μ−) region. TheMCprocesses are globally normalised to the data, such
that the shapes of the different distributions in data and MC can be compared. They
prove a reasonable modelling of these key variables in MC, although the Emiss

T and
leading jet pT distributions are found to be softer in data, as discussed above.

Electron Control Regions The electron control regions cannot rely on the Emiss
T

trigger and hence rely on single-electron triggers as described in Sect. 7.2.
The W (→ eν)+jets control sample that is used to estimate the Z(→ νν̄) back-

ground requires one single electron with pT > 25 GeV, a transverse mass in the
range 40 GeV < mT < 100 GeV, and Emiss

T > 25 GeV. The requirements are opti-
mised to suppress events in which jets are misidentified as electrons. To estimate the
Z(→ νν̄) background, the contributions to the Emiss

T calculation that are associated
to the electron, coming from energy clusters in the calorimeters, are removed.

A looser selection that allows for more statistics is defined for a W (→ eν)+jets
control sample that is used to estimate the W (→ eν) and W (→ τν) backgrounds



7.4 Background Estimation 121

E
ve

nt
s 

/ G
eV

-310

-210

-110

1

10

210

310
Data 2012

SM uncertainty

 ll)+jets→Z(

Di-boson

 + single toptt

)+jetsν l→W(

ATLAS
-1=8 TeV, 20.3 fbs

>150 GeVmiss

T
) CR, Eμμ→Z(

Di-muon invariant mass [GeV]

100 200 300 400 500 600 700 800 900 1000

D
at

a/
S

M

0.5
1

1.5

E
ve

nt
s 

/ G
eV

-310

-210

-110

1

10

210

310
Data 2012

SM uncertainty

 ll)+jets→Z(

Di-boson

 + single toptt

)+jetsν l→W(

ATLAS
-1=8 TeV, 20.3 fbs

>150 GeVmiss

T
) CR, Eμμ→Z(

 [GeV]miss
TE

200 400 600 800 1000 1200

D
at

a/
S

M

0.5
1

1.5

E
ve

nt
s 

/ G
eV

-310

-210

-110

1

10

210

Data 2012

SM uncertainty

 ll)+jets→Z(

Di-boson

 + single toptt

)+jetsν l→W(

ATLAS
-1=8 TeV, 20.3 fbs

>150 GeVmiss

T
) CR, Eμμ→Z(

 [GeV]
T

Leading jet p

200 400 600 800 1000 1200

D
at

a/
S

M

0.5
1

1.5

E
ve

nt
s

-110

1

10

210

310

410

510 Data 2012

SM uncertainty

 ll)+jets→Z(

Di-boson

 + single toptt

)+jetsν l→W(

ATLAS
-1=8 TeV, 20.3 fbs

>150 GeVmiss

T
) CR, Eμμ→Z(

Jet multiplicity 

1 2 3 4 5 6 7 8 9 10 11

D
at

a/
S

M

0.5
1

1.5

Fig. 7.17 Distribution of the dilepton invariant mass (top left), Emiss
T (top right), leading jet pT

(bottom left) and jet multiplicity (bottom right) in the Z/γ ∗(→ μ+μ−)+jets control region for
the inclusive SR1 selection, compared to the background expectations. The global normalisation
factors are already applied. The error bands in the ratios of data to background expectation include
statistical and experimental uncertainties

entering the signal regions. It is collected with the Emiss
T -based trigger, the electron

pT is reduced to pT > 20 GeV and no further cuts on electron isolation and mT are
applied. The Emiss

T calculation is not corrected for the contribution from the electron
or tau leptons in the final state, as they would contribute to the calorimeter-based
Emiss
T calculation in the signal regions as well.
In the Z/γ ∗(→ e+e−)+jets control region, events are required to have exactly

two electrons with pT > 20 GeV and with a dilepton invariant mass around the Z
bosonmass: 66GeV< mee < 116GeV. This region is used to estimate the Z(→ νν̄)

contribution to the signal region background. Hence, the Emiss
T is corrected for the

contributions from the electrons in the calorimeters.
Selected kinematic distributions are shown in Fig. 7.18 for the W (→ eν) region

and in Fig. 7.19 for the Z/γ ∗(→ e+e−) region. As for the muon CRs a reasonable
agreement between data andMC is observed after applying the global normalisation,
apart from the Emiss

T and leading jet pT distributions which are found to be softer in
data, as discussed above.
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Fig. 7.18 Distributions of the transversemassmT (top left), Emiss
T (top right), leading jet pT (bottom

left) and jet multiplicity (bottom right) in the W (→ eν)+jets control region for the inclusive SR1
selection, compared to the background expectations. The global normalisation factors are already
applied. The error bands in the ratios of data to background expectation include statistical and
experimental uncertainties

7.4.2 Multijet Background

Multijet events from QCD processes can pass the signal region selection with the
tight Emiss

T requirement only if one or several jets are reconstructed with a wrong
energy. It is assumed that such effects are dominated by fluctuations in the detector
response and hence the multijet background is estimated using a technique that takes
jets measured in data as input and smears their energy and momentum according to
the estimated resolution, following the prescription outlined in Ref. [42].

In SR1 and SR2, the multijet background is estimated to be around 2 and 0.7%
of the total background, respectively. It is found to be negligible (below 0.5%) for
the signal regions with higher Emiss

T thresholds.
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Fig. 7.19 Distributions of the dilepton invariant mass (top left), Emiss
T (top right), leading jet pT

(bottom left) and jet multiplicity (bottom right) in the Z/γ ∗(→ e+e−)+jets control region for the
inclusive SR1 selection, compared to the background expectations. The global normalisation factors
are already applied. The error bands in the ratios of data to background expectation include statistical
and experimental uncertainties

7.4.3 Non-collision Background

Non-collision events induced by cosmic muons or beam-halo events can look similar
to monojet-like event topologies. While the standard selection cuts presented above
succeed in reducing the contribution from these backgrounds typically below 1%,
their impact needs to be carefully evaluated.

The number of cosmicmuon events that pass the selection is estimated in dedicated
cosmic datasets and is found to be negligible. Fake jets originating from beam-halo
interactions can be tagged as such using information from the spatial alignment of
calorimeter and muon system signals [38]. However, this technique has a limited
efficiency. Another way to identify beam-halo events is by regarding the timing
information of the (fake) jets. Jets produced in the collisions are in time with the
bunch crossing while fake jets having their origin in beam-halo interactions are not
produced within the collision time window. Jets occurring earlier than 5 ns before the
bunch crossing are assumed to be beam-halo fakes. Both approaches are combined
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to estimate the non-collision background present in the signal regions. It is assessed
via:

NSR
NCB = NSR

t<−5 × N tag

N tag
t<−5

, (7.5)

where NSR
t<−5 denotes the number of events in the signal region with a leading jet

outside of the bunch-crossing time window −10 ns < t < −5 ns, N tag
t<−5 is the num-

ber of tagged beam-induced background events with an out-of-time jet and N tag

represents all identified events in the signal region.
The non-collision background is confirmed to be negligible in all signal regions.

7.5 Systematic Uncertainties

7.5.1 Uncertainties on the Background Prediction

The transfer factor method explained above allows to reduce the impact of systematic
uncertainties on the final estimate significantly. Nevertheless, the results are affected
by several experimental and theoretical sources of systematic uncertainties. They are
summarised in Table7.5.

The impact of the modelling ofW /Z processes is estimated by varying the renor-
malisation, factorisation, and parton-shower matching scales that are used within
the simulation, as well as by evaluating different PDF sets. Furthermore, NLO elec-
troweak corrections, as described in [43–45], are considered. In order to determine
the uncertainty on the MC diboson yields, generator and parton shower differences
are taken into account, as well as variations of the renormalisation and factorisation
scales. Furthermore, different sets of PDFs are tested and parameters for initial- and
final state radiation are varied. The uncertainty on the MC estimate of top processes
is evaluated using a dedicated t t̄ validation region whose selection is close to the
signal regions but enhanced in top processes. It requires �φ( �p miss

T , jet) > 0.5 and
two b-tagged jets within |η| < 2.4. The observed difference between data and sim-
ulation amounts to 20% for SR1 and up to 100% of the t t̄ yield for SR7 and SR9.
The uncertainty on the amount of multijet background entering the signal regions is
conservatively taken to be 100% of themultijet yield. In addition, multijet and γ+jets
events that may enter theW (→ eν)+jets control region, possibly affect the Z(→ νν̄)

background estimate. This is found to be only relevant for the highest-Emiss
T signal

region.
Combining these effects and also considering the statistical uncertainties in the

control regions the total background expectation is found to be determined to a
precision ranging from 2.7% for SR1 and 6.2% for SR7 to 14% for SR9.
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Table 7.5 Systematic uncertainties on signal and background yields

Background

Experimental Jet energy scale and resolution 0.2–3%

Emiss
T reconstruction 0.2–1%

Lepton properties 1.4–2%

Trigger efficiency 0.1% (SR1)

Theoretical W /Z modelling 1–3%

Top modelling 0.7–4%

Diboson modelling 0.7–3%

Other Multijet estimate 2% (SR1), 0.7% (SR2)

Multijet and γ+jets in
W (→ eν) CR

1% (SR9)

Signal

Acceptance × efficiency Jet energy scale and resolution,
Emiss
T reconstruction

1–10%

Beam energy 3%

Luminosity 2.8%

PDF choice 5–29%

Renormalisation/factorisation
scales

3%

Parton matching scale 5%

Cross section Beam energy 2–9%

Renormalisation/factorisation
scales

2–17% (D1, D5, D9), 40–46%
(C5, D11)

PDF choice 19–70% (D1, D11, C5),5–36%
(D5, D9) increasing with DM
mass

7.5.2 Signal Systematic Uncertainties

For an accurate interpretation of the analysis results it is also important to evaluate
the systematic uncertainties that affect the simulated signal scenarios. As for the
backgrounds, the uncertainties are computed separately for each signal region. The
estimate includes experimental and theoretical sources, where the latter are evaluated
by varying several parameters of the simulation.

Uncertainties on jet energy scale and resolution as well as on the Emiss
T recon-

struction are considered as sources of experimental systematics alongside with the
negligible (below 1%) contributions related to the jet quality and the track veto selec-
tion. Furthermore, the uncertainties on the beam energy, the integrated luminosity
(2.8%) and the trigger efficiency (1% in SR1) are taken into account.

Theoretical uncertainties on the simulation details are estimated by varying the
initial- and final-state radiation parameters of the parton showering, i.e. via compar-
ing simulated sampleswith enhanced and suppressed parton emission (usingαs(2pT)
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andαs(pT/2), respectively) to the nominal ones. Further, the impact of the choice of a
specific PDF set alongside with the value of the strong coupling inserted in the simu-
lation,αs(mZ ), is evaluated: the envelope ofCT10,MRST2008LOandNNPDF21LO
is taken as uncertainty. In addition, the applied values for the renormalisation and
the factorisation scales are varied by factors of one half and two inMadGraph. The
matching scale between matrix-element calculation and parton-shower modelling is
varied in the same way. The choice of PDF set and renormalisation and factorisation
scales as well as the uncertainty on the beam energy also affects the predicted signal
cross section, which is taken into account. The uncertainties related to the hadronic
showering (αs value and initial- and final-state radiation), the trigger efficiency and
jet quality are smaller than 1% and hence considered negligible.

A summary of the systematic uncertainties on the signal samples is given in
Table7.5.

7.6 Results

The event yield in data is found to agree with the background prediction in all signal
region. The largest deviation observed amounts to 1.7σ and is seen in the signal
region requiring the highest Emiss

T (SR9). The results are summarised in Table7.6,
distributions of selected variables are compared between data and background expec-
tation in Figs. 7.20 and 7.21. While the most inclusive SR (SR1) sees over 360000
events, the tightest SR (SR9) observes 126 events.

7.7 Interpretation

7.7.1 Model-Independent Limits

The measured number of events in data and the predicted background in the signal
regions is used to calculate upper limits on the visible cross section, given by the
product of the signal cross section, its acceptance and its efficiency, σ × A × ε. This
is done following the CLs modified frequentist approach [46]. While a confidence
level of 95% is common for collider searches, direct Dark Matter detection experi-
ments often quote limits at 90% confidence level. Hence, both cases are considered.
Their calculation includes the systematic uncertainties described above.

The signal-like selection efficiencies estimated via a Z(→ νν̄) sample range from
88% for SR1 and 83% for SR3 to 82% for SR7 and 81% for SR9.5 Visible cross
sections above 599 fb (726 fb) are excluded by SR1 at 90%CL (95%CL). SR9 limits

5The selection efficiencies are quoted for the irreducible background instead of one (or several)
specific signal models. Since signals in general are very similar to Z(→ νν̄) these numbers can
be widely applied to many signal models. Furthermore, it is straight-forward to compare a specific
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Fig. 7.20 Distributions in data compared to the background expectation of the jet multiplicity
(top left), Emiss

T (top right), leading jet pT (bottom left), and the ratio of leading jet pT and Emiss
T

(bottom right) in SR1. The normalisation obtained from the W (→ μν) control region is applied
to the Z(→ νν̄) background. The dashed error bands include both the statistical and systematic
uncertainties on the background prediction

σ × A × ε to be smaller than 2.9 fb (3.4 fb) at 90% CL (95% CL). The observed and
expectedmodel-independent limits for all signal regions are summarised in Table7.7.

7.7.2 Dark Matter Pair Production

By considering the visible cross section of signals from DM pair production deter-
mined from simulated samples, the model-independent limits can be translated into
limits on the signal model parameters.

signal model to Z(→ νν̄) and hence determine the relevant signal efficiencies from the Z(→ νν̄)

values, if necessary.
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Fig. 7.21 Distributions in data compared to the background expectation of (from top to bottom) the
jet multiplicity, Emiss

T , leading jet pT, and the ratio of leading jet pT and Emiss
T in SR7 (left) and SR9

(right). The normalisation obtained from the W (→ μν) control region is applied to the Z(→ νν̄)

background. The dashed error bands include both the statistical and systematic uncertainties on the
background prediction
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Fig. 7.22 95% CL lower limits on the suppression scale � (here denoted as M∗) are shown as a
function of the DMmassmχ for different interaction operators: (from left to right and top to bottom)
D1, D5, D8, D9, D11 and C5. In each case, the most sensitive signal region (SR7 for D1, D5, D8;
SR9 for D9, D11 and C5) is considered. The expected and observed limits are shown as dashed
black and solid blue lines, respectively. The rising green lines denote the values of cut-off scales
� at which DM particles of the given mass would lead to the current relic density as measured by
WMAP [47], assuming that DM in the early universe exclusively annihilated via the considered
operator. The purple long-dashed line shows the modified limit on the cut-off scale when imposing
a validity constraint obtained assuming coupling strengths of one, the red dashed thin lines are those
for maximum coupling strength (see text for further details)
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Table 7.7 Model-independent limits on σ × A × ε at 90% CL and 95% CL.

Upper limits on σ × A × ε [fb]

Signal region
90% CL 95% CL

Observed Expected Observed Expected

SR1 599 788 726 935

SR2 158 229 194 271

SR3 74 89 90 106

SR4 38 43 45 51

SR5 17 24 21 29

SR6 10 14 12 17

SR7 6.0 6.0 7.2 7.2

SR8 3.2 3.0 3.8 3.6

SR9 2.9 1.5 3.4 1.8

7.7.2.1 Effective Field Theory Interpretation

Within the effective field theoretic approach the limit is put on the EFT cut-off scale
� at 95% CL for different interaction operators in dependence on the DM mass.
For each interaction operator, the signal region yielding the best expected limits is
considered, namely SR4 for C1, SR7 for D1, D5, D8, and SR9 for C5, D9, D11. The
resulting limit curves for these effective operators are shown in Fig. 7.22.

The experimental uncertainties on the jet energy scale and resolution, as well
as the one on the Emiss

T reconstruction enter the limit calculation as a single, fully
correlated uncertainty on signal and background event yields, while beam energy
and luminosity uncertainty are only considered for the signal expectation.

Generally, experimental and theoretical systematic uncertainties that alter the
shape of the Emiss

T distribution and therefore the estimated signal acceptance are
considered in the calculation of the limits on�where those only affecting the overall
normalisation by altering the cross section determine the green andyellowerror bands
around the expected limits. The purely theoretical cross section uncertainties on the
signals are not considered when deriving limits and are not displayed in the plots.
The effect of the beam-energy uncertainty on the observed limit is negligible and is
not included.

While the limits displayed in Fig. 7.22 extend down to DM masses of 10 GeV,
they can be extrapolated and applied to even lower masses, since both the change in
cross section and acceptance is very small.

As discussed in detail in Chap. 6, the criteria of validity for an EFT are not met
in all areas of the kinematic phase space that is probed. The EFT limits as presented
here should be seen as benchmark scenarios. The approach of truncating the signal
cross section according to the fraction of valid events that is presented in Chap. 6 is
adapted and allows to judge the vulnerability of the limits to the validity problems.



132 7 Search for Dark Matter in Monojet-like Events

The condition that the momentum transferred in the hard interaction, Qtr , should be
below the mediator particle mass: Qtr < Mmed, is used as a criterion of validity. A
natural coupling strength of one and the maximal value that allows for a perturbative
theory, 3.5, are used for the product of the mediator coupling to DM and Standard
Model particles. Events are omitted if they do not fulfil the validity criterion, leading
to a reduction of the signal cross section. This reduced cross section is then used to
re-derive the limits on �, leading, after sufficient iterations, to the truncated limits
presented in the limit plots in Fig. 7.22.Where the truncated limit lines are not drawn,
no meaningful limit can be obtain when imposing the validity condition.

Assuming a thermal history (see Chap. 3 for details), the cross section bound
can be related to the measured DM relic density (taken from Ref. [34]). The values
of � and mDM that correspond to the correct cross section to reproduce the relic
density are denoted as a green line in Fig. 7.22. The calculation assumes that no other
interaction than the one considered contributes to the production and annihilation of
DM. If this assumption is justified and if DM is entirely made up of thermal relics,
the region in parameter space where the cut-off scale limits exceed the relic density
line are excluded. If a thermal relic DM candidate exists in these regions, additional
annihilation mechanisms or operators need to be assumed to restore agreement with
the relic density measurements.

Comparison to Direct DetectionWithin the effective field theory, the obtained col-
lider bounds can be converted into limits on the DM-nucleon scattering cross section,
which is probed by direct-detection (DD) experiments.6 Details of this procedure are
given in Sect. 3.6. The results are presented in Fig. 7.23.

Compared to the DD results, the collider bounds are especially competitive in
the low-DM mass region: while DD experiments lose sensitivity at some point (the
nuclear recoil would be too small to be detected) the collider performance is constant
towards low mDM. Different interaction operators translate to either spin-dependent
(D8, D9) or spin-independent (C1, C5, D1, D5, D11) DM-nucleon scattering limits.
While the spin-independent case is tightly constrained by direct detection experi-
ments, the spin-dependent case is experimentally more challenging for this approach
and affected by several theoretical uncertainties. The collider bounds perform equally
well in both cases and outperform the DD bound over the whole DM mass range.
Note that the above conclusions only hold within the specific assumptions made on
both sides.

Comparison to Indirect Detection Similar to the direct detection case, the collider
limits can be transformed into limits on the DM annihilation cross section, which
is probed by indirect detection (ID) experiments (see Sect. 3.6). The results for the
vector and axial-vector operators (D5 and D8) are compared to bounds from the
gamma-ray telescopes Fermi-LAT [60] and HESS [61]. While the latter commonly
assume Majorana DM, the EFT models used for the interpretation of this analysis
employed Dirac DM. Therefore, the limits from the gamma-ray telescopes are scaled

6Note that themomentum transfer in DM-nucleon scatterings is very small (O(1 keV)) which leaves
the EFT approach fully applicable.
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Fig. 7.23 Derived limits on the DM–nucleon scattering cross section (at 90% CL) for spin-
independent (upper left) and spin-dependent interactions (upper right) as a function of the DM
massmχ for different interaction operators. Results from direct-detection experiments for the spin-
independent [48–54] and spin-dependent [55–59] cross section, and the CMS (not rescaled accord-
ing to EFT validity) results [6] are compared to the limits provided by this analysis. Derived limits on
the DM annihilation rate, defined as the product of the annihilation cross section σ and the relative
DM velocity v, averaged over the velocity distribution (〈σ v〉) at 95% CL as a function of DMmass
are shown in the bottom plot. The results are presented for the operators D5 (vector interaction) and
D8 (axial-vector interaction). For comparison, results from gamma-ray telescopes [60, 61] and the
thermal relic density annihilation rate [47, 62] are displayed

up by a factor of two to allow for a direct comparison. In addition, the annihilation
cross section corresponding to the measured relic abundance is displayed. While
for high DM masses the telescopes are more powerful, collider limits can provide
important insight over a large range of lower DM masses.

In all panels of Fig. 7.23 the impact of the questionable EFT validity is illustrated
by the inclusion of the truncated limits in the comparison. The conclusion depends
strongly on the considered operator and the coupling choice. Generally, the limits
remain unchanged up to DM masses of O(100) GeV. The variation of the coupling
strengths significantly affects the rescaled cross section limits, up to one order of
magnitude.
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7.7.2.2 Interpretation in terms of a Simplified Model

The problem of limited validity of the EFT models demands taking a step towards
less general butmore concretemodels: so-called SimplifiedModels. Viewed from the
EFT perspective, the mediator that is integrated out to obtain the effective operators
is re-introduced: it has a propagator, can be produced on-shell and exhibits a finite
width. For the interpretation of the present results, a Simplified Model assuming
a Z ′-like boson as the mediating particle between DM and the Standard Model is
considered. A more detailed and comprehensive study of reinterpretations of DM
collider results in terms of Simplified Models is presented in Chap. 8.

The Z ′-like Simplified Model corresponds to the effective vector operator D5.
Whereas in the EFT only the DMmass and the cut-off scale feature as model param-
eters, now the DMmass, the mediator mass, its width and two coupling strengths–the
one between the mediator and the quarks and the one between the mediator and the
DM particles–need to be specified. The obtained EFT limit and the deviation from
it in case the Simplified Model is used can be seen in Fig. 7.24. For a fixed DM
mass and mediator width, the observed 95% CL limit on the cross section constrains
the coupling product,

√
gq gχ . This is translated into an EFT-like cut-off scale via

� = Mmed/
√
gq gχ and presented as a function of the mediator mass. While the

limits from EFT and Simplified Model agree above a mediator mass of 5 TeV, the
EFT limits are significantly weaker in the region where the mediator is produced
resonantly (700 GeV < Mmed < 5 TeV) and over-optimistic in the off-shell regime,
where Mmed < mDM.

Figure7.24 also presents the observed 95% CL upper limits on the product of
couplings of the Simplified Model vertices in the plane of mediator and DM mass
(Mmed versus mχ ). Within this model, the regions to the left of the relic density
line lead to larger values of the relic density than measured and would require an
additional annihilation mechanism.

7.8 Conclusions

Monojet-like final states present a unique way to search for physics beyond the Stan-
dard Model at colliders. Especially in view of effective and simplified DM models,
this analysis can constrain the relevant parameters powerfully. The search performed
on 20.3 fb−1 of pp collisions at

√
s = 8 TeV, recorded with ATLAS at the LHC,

was presented. The data is found to agree with the background estimate in all signal
regions.

The analysis introduced a veto on isolated tracks that allows to further reduce
electroweak backgrounds. Furthermore, a dedicated optimisation for DM signals
was performed, leading to the replacement of the restriction on the number of jets
with a topological cut on the ratio of Emiss

T and leading jet pT. The background
contributions from electroweak processes–most importantly from the irreducible
Z(→ νν̄) background–are estimated fromMC that is normalised in dedicated control
regions. The observation is then extrapolated to the signal regions via a transfer factor,
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Fig. 7.24 Observed 95%CL limits obtained on a simplified Z ′-like model are translated into limits
on the suppression scale � (here denoted as M∗), shown as a function of the mediator mass Mmed
(left). DMmasses of 50GeV and 400GeV andmediator widths ofMmed/3 andMmed/8π have been
tested. The green, dashed lines at high mediator masses display the corresponding limits obtained
from the EFT approach. The corresponding product of the coupling constants (

√
gq gχ ) is indicated

by gray contours. Observed 95% CL upper limits on the product of couplings of the Simplified
Model vertices in the plane of mediator and DM mass (Mmed versus mχ ) are shown in the right
plot. Parameters providing agreement with the measured relic abundance [47] are indicated by the
black solid line

including the obtained normalisation, different acceptances of the processes and data-
MC differences in efficiencies. This procedure allows to reduce the total systematic
uncertainty on the background estimate to 2.7–14%.

Fig. 7.25 Left: exclusion contours in the (mDM, Mmed) plane, obtained at 95% CL. The solid
(dashed) curve shows the median of the observed (expected) limit. The red dotted band indicates
the ±1σ theory uncertainty on the observed limit, the yellow band shows the ±1σ uncertainty on
the expected limit. The red curve indicates the DM relic density. Right: the limits are compared to
direct detection constraints on the spin-dependent DM–proton scattering cross section at 90% CL
from the XENON100, LUX, and PICO experiments. Figure from Ref. [63]
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Fig. 7.26 95% CL exclusions by a selection of ATLAS Dark Matter searches on the (mDM, Mmed)
plane. The results are obtained from analyses of 13 TeV pp collisions collected until summer
2016 (except for the limits labelled “Dijet 8 TeV” which are based on the 2012 8 TeV dataset). The
SimplifiedModel of a leptophobic axial-vectormediator is considered. The exclusions are computed
for aDarkMatter coupling gχ = 1.5 and a quark coupling gq = 0.1 universal to all flavours. Dashed
curves indicate signal points that are consistent with the DM relic density. A dotted curve indicates
the region where on-shell mediator decays to DM are possible. Points in the plane where the model
is in tension with the perturbative unitary considerations are indicated by the shaded triangle at the
upper left. The exclusion regions, relic density contours, and unitarity curve are not applicable to
other choices of coupling values or model. Figure from Ref. [65]

The findings are interpreted in terms of an effective field theory approach to DM
pair production. The impact of its limited validity was explicitly included in the inter-
pretation and presented along with the resulting bound on the cut-off scale. These
results are compared to limits from direct and indirect detection experiments, reveal-
ing that, under the specified assumptions, collider searches can especially restrict
low DM masses. As a step beyond the EFT, a Z ′-like Simplified DMModel is stud-
ied as well. The EFT limits are comparable to the Simplified Model results only for
very high mediator masses. In the resonance region, the limits get underestimated by
the EFT, in the off-shell regime they are over-estimated. The limits on the coupling
product was presented in the (mDM, Mmed) plane for this Simplified Model. While
the inclusion of a Simplified-Model interpretation already allowed for interesting
conclusions, a more comprehensive study of Simplified Models with a wider range
of parameters, as presented in Chap. 8, needs to follow.

In the meanwhile, this analysis was performed also on the first 3.2 fb−1 of 13
TeV pp collision data [63]. A Simplified Model with an axial-vector mediator is
considered in the interpretation (see Fig. 7.25). Also, with the rise of Simplified
Models, the direct searches for the mediator particles, such as the dijet resonance
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search is included in the DM picture. Figure7.26 shows the complementarity of such
searches and the missing transverse energy based mono-X approaches.7

Apart from additional statistics, the addition of shape information could improve
the results of the analysis further, especially for signals with lower Emiss

T . Also,
it might be beneficial to combine several mono-X channels in one analysis: CMS
for example treats mono-jet and mono-W/Z final states, where the vector bosons
decay hadronically, on equal footing appreciating that both signal scenarios can be
constrained by both analysis channels [64]. This might become also relevant for final
states of DM and top quarks which are discussed in detail in Chap. 9: if the tops are
highly boosted, they are contained in large-radius jets and the overlap between a
monojet-like scenario and a final state of DM and top quarks might become relevant.
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Chapter 8
Constraints on Simplified Dark Matter
Models from Mono-X Searches

Collider searches for Dark Matter (DM) in events with large missing transverse
energy (Emiss

T ) have been commonly interpreted within effective field theory (EFT)
models of DM pair production. The advantage of this approach is that limits derived
in terms of an EFT are applicable to a broad range of complete theories and depend
only on the specification of a few parameters, namely the cutoff scale, �, and the
DMmass, mχ [1]. However, if the mass of the mediating particle is not significantly
larger than the momentum transferred in a given interaction, which can be the case
in pp collisions at the LHC, the EFT approach is no longer valid and constraints can
differ significantly from those of an associated high-energy completion [1–5]. This
has been discussed in detail in Chap. 6. In light of this and similar studies [6–9],
Simplified Models emerge as the standard way in which LHC limits on DM are
interpreted.

A Simplified Model is constructed by reintroducing the mediator between Stan-
dardModel and DM particles which was integrated out in the EFT approach. Like an
EFT, a Simplified Model allows for comparisons of results obtained in the different
fields of DM searches [10, 11]. It is defined by a set of parameters that is larger than
the one of an EFT but still much smaller than for a full theory–namely the mass of
the DM particle, mχ , the mass of the mediator Mmed, and the quark–mediator and
DM–mediator coupling strengths, gq and gχ (or gqχ in the case of a single, quark–
DM–mediator coupling). Unlike in the case of EFTs, constraints calculated within
the context of a Simplified Model are valid across a broad energy range.

In Chap. 7, a first example towards the use of Simplified Models has been pre-
sented. The search for new physics in events with large Emiss

T and an energetic jet is
interpreted in terms of a Z ′-like model, alongside with the EFT bounds. The motiva-
tion for the study presented in the following was to extend such limits to an enlarged
parameter space of mediator and DM masses and the relative strength of the cou-
plings to the visible and dark sectors. Apart from the Simplified Model studied in
Chap. 7, a model describing an axial-vector interaction is considered, as well as
a scalar-mediator exchange in the t-channel. Furthermore, in contrast to the limits
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on the Simplified Model presented in Chap. 7, the mediator width is considered
to take the minimal value arising, given the model parameters, and not as a fixed
value. The study compares the performance of three search channels. Specifically,
searches where either a parton (manifesting in the detector as a narrow-radius jet),
a leptonically-decaying Z boson, or a hadronically-decaying W or Z boson, recon-
structed as a large-radius jet, is detected in addition to large Emiss

T are examined. In
addition, constraints from the relic density and from direct detection experiments are
considered. This study was developed and performed by me and three other authors.
It was published in the beginning of 2016 [12].

After the introduction of the phenomenologically distinct set of SimplifiedModels
chosen for this study in Sect. 8.1, the recast of the experimental searches is discussed
in Sect. 8.2. The results are presented in Sect. 8.3, followed by concluding remarks
(Sect. 8.4).

8.1 Simplified Models of Dark Matter Production

In the following, it is assumed that the DM particle, χ , is a weakly interacting Dirac
fermion, a singlet under the Standard Model gauge group and the lightest stable new
particle. It is assumed to couple to Standard Model quarks via a mediator particle.1

The s-channel models chosen for this analysis are Z ′-type models characterised
by vector (sV ) or axial-vector (s A) couplings between the dark and Standard Model
sector. The mediator is an Standard Model-singlet vector particle, denoted ξ . Such
models have been also studied earlier [14–25]. They are described by the following
interaction Lagrangians:

LsV ⊃ ξμ

[∑
q

gq q̄γ μq + gχ χ̄γ μχ

]
, (8.1)

Ls A ⊃ ξμ

[∑
q

gq q̄γ μγ5q + gχ χ̄γ μγ5χ

]
, (8.2)

where the sum is taken over all quarks.
The t-channel model (abbreviated t S) is motivated by analogy with a common

supersymmetric scenario in which neutralino DM interacts with the Standard Model
sector via t-channel exchange of a squark [26]. The mediator is a scalar particle
which is necessarily charged and coloured (labelled as φ). Such a model has been
studied in the context of the LHC by a number of groups [10, 23, 27–33]. Note that
in a supersymmetric scenario the DM particle is a Majorana fermion. The collider
phenomenology of a Majorana fermion DM particle is kinematically identical to

1Couplings between the mediator and Standard Model leptons or gluons are generally possible and
have been studied (e.g. [3, 13]) but are not considered here.
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the corresponding Dirac case, the cross section varies by a simple factor. Hence the
results for Dirac fermion DM can be easily transferred to the Majorana case.2

The t-channel mediator is allowed to couple to either left or right-handed quarks,
since it could be anSU(2) doublet or singlet, respectively. Since theLHC is insensitive
to the chirality of the quarks, it is assumed for simplicity that φ couples to left-handed
quarks only, and is an SU (2) doublet, allowing for the radiation of a W boson off
the mediator. In order to respect minimal flavour violation, three generations of
mediator doublets φi , with equal masses and couplings are included. The interaction
Lagrangian for this model is then given by:

Lt S ⊃
∑
i

gqχ Q̄i PRφiχ + h.c., (8.3)

where the sum is taken over the three quark doublets, gqχ is the DM–quark–mediator
coupling (equal for each generation), and PR is the chiral projection operator.

8.1.1 Mono-X Signatures

Final states of large Emiss
T and one energetic object, commonly referred to as

mono-X signatures, are interesting to search for new physics, in particular in view
of DM models. Since DM particles are not expected to interact with the detector
material, they appear as missing transverse energy when balanced against a visible
object, X , that is radiated from the initial or intermediate state. For the s-channel
Simplified Models (SiMs) discussed above, only initial-state radiation is possible,
due to the fact that the mediator is taken to be a Standard Model singlet. Example
diagrams can be found in Fig. 8.1a, b. For the t S model, radiation of a gluon or
electroweak (EW) boson is permitted both from initial state partons (Fig. 8.1c) or
from the charged mediator (Fig. 8.1d).

The production of a jet in association with the invisible χ pair is expected to have
the highest cross section, due to the strong coupling and prevalence of quarks and
gluons in the initial state. However, this might not be the case for some particular
models, e.g. if very large couplings between mediator and Z -bosons are assumed.
Also generally, it is interesting to consider other channels, since they present a unique
experimental signature. Apart from the monojet scenario, two additional channels
are included in the following discussion. First, the relatively clean and easy to recon-
struct leptonically-decaying mono-(Z → �+�−) channel is considered (abbreviated
asmono-Z (lep)). Second, one can profit from the large branching fraction of hadronic
W /Z decays in the mono-(W/Z → j j) channel (abbreviated as mono-W/Z (had)),

2Only in the validation of the mono-Z (lep) channel Majorana DM is considered, see Sect. 8.2.4.
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Fig. 8.1 Representative Dark Matter pair-production processes with a gluon or W/Z boson in the
final state for the s-channel (a, b) and t-channel (c, d) models

Table 8.1 Mass and coupling points chosen for this analysis. Values in parantheses are only
included in the mono-Z (lep) channel, where the faster event generation allowed for higher granu-
larity. For the t-channel model, Mmed > mχ is required to ensure stability of the DM particle

mχ [GeV] Mmed [GeV] s-channel t-channel

gq gχ gqχ

1, (3), 10, (30),
100, (300), 1000

1, 2, 10, 20, 100,
200, 1000, 2000

1 0.2, 0.5, 1, 2, 5 1

reducing backgrounds via boson-tagging of large-radius jets.3 In both cases, the large
multi-jet background is efficiently reduced, and different experimental and theoreti-
cal uncertainties make these an interesting alternative to the monojet channel.

8.1.2 Mass and Coupling Points

A representative set of DM and mediator masses, listed in Table 8.1, are chosen for
each detection channel. All (mχ , Mmed) combinations are allowed in the sV and s A
models, while in the t S model Mmed must be larger thanmχ to ensure the stability of
the DM particle. The couplings gq and gqχ are set to unity, while the DM-mediator

3One of the first Run II DarkMatter search results fromATLASwas from this channel [34], released
during the preparation of this study.
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coupling in the s-channel models, gχ , is varied from 0.2 to 5. The mediator masses
are chosen to cover a broad range of parameter space and to cover three regimes:
(near-)degenerate (Mmed ≈ mχ ), on-shell (Mmed ≥ 2mχ ) and off-shell (Mmed <

2mχ ). For the couplings gq and gχ to remain within the perturbative regime, they are
required to satisfy gq , gχ ≤ 4π , though stronger perturbativity requirements exist
[7].

8.1.3 Mediator Width

When considering SiMs, it is important to ensure that the mediator width is treated
appropriately, as it can impact both the cross section estimation and, in some cases,
the kinematic behaviour of the signals.

In previous analyses (e.g in the Monojet Analysis presented in Chap. 7) medi-
ators of fixed width ranging from 	 = M/8π to 	 = M/3 have been commonly
considered [35–37]. The smallest width, 	 = M/8π , corresponds to a mediator
which couples only to one helicity and flavour of quarks with gq = 1 [35]. This
approach is motivated by the observation that in the case of a mediator exchanged
in the s-channel and produced on-shell, the cross section at the resonance is maxi-
mally enhanced when 	 is small [35]. Hence, assuming a fixed, small width can be
considered conservative. In this study, the mediator widths include couplings to all
kinematically accessible quark flavours, the minimum width for each model is given
by [38]:

	sV = g2χ M

12π

(
1 + 2m2

χ

M2

)(
1 − 4m2

χ

M2

) 1
2


(M − 2mχ )

+
∑
q

g2qM

4π

(
1 + 2m2

q

M2

) (
1 − 4m2

q

M2

) 1
2


(M − 2mq) , (8.4)

	s A = g2χ M

12π

(
1 − 4m2

χ

M2

) 3
2


(M − 2mχ )

+
∑
q

g2qM

4π

(
1 − 4m2

q

M2

) 3
2


(M − 2mq) , (8.5)

	t S =
∑
q

g2qχ M

16π

(
1 − m2

q

M2
− m2

χ

M2

)

×
√(

1 − m2
q

M2
+ m2

χ

M2

)2

− 4
m2

χ

M2

(M − mq − mχ ) . (8.6)
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Note that the mediator may decay to other Standard Model or new-physics par-
ticles [21], depending on the assumed underlying complete model, but this is not
expected to have a large effect on the kinematic distributions as long as the width
remains relatively small [38].

8.1.4 Rescaling Procedure

For each point in the (mχ , Mmed) plane, the model is constrained by placing a limit
on the couplings (

√
gqgχ for the s-channel models and gqχ for the t-channel model).

This could be done by adding a third dimension to the (mχ , Mmed) grid of simulated
signal samples, namely the varying couplings. However, this study exploits the fact
that a change of the couplings (and consequently the width) of the mediator does not
significantly change the kinematic behaviour of the model such that the cross section
can be derived via a rescaling procedure considering the couplings and the width.

The fact that the mediator width (and therefore the couplings) do not greatly
affect a model’s kinematic behaviour (with the notable exception of the t S model in
the monojet channel) is demonstrated in Fig. 8.2. The Emiss

T distribution, as a proxy
for the full selection in each analysis, is plotted for the sV (representing both the
sV and s A model) and t S model for two DM mass points and a demonstrative set
of couplings such that 	 < Mmed/2. The Emiss

T distribution is found to be mostly
independent of the mediator width for the s-channel models in the monojet channel,
and all models in the mono-Z (lep) channel.4 However, there is a clear variation in
the kinematic behaviour of the t-channel model in the monojet channel if the width
is varied. This can be attributed to additional diagrams which are accessible only
in this channel, featuring a gluon in the initial state and subsequently allowing the
mediator to go on-shell. In this scenario, when the quark and DM masses are both
small compared to the mediator mass, they equally share its energy, leading to a peak
in the Emiss

T distribution at approximately half the mediator mass.
If the kinematic distribution is independent of thewidth, the impact of the selection

cuts in each channel is assumed to be unchanged by the choice of couplings. In this
case, the following relations approximately hold:

σ ∝
{
g2qg

2
χ/	 if Mmed ≥ 2mχ

g2qg
2
χ if Mmed < 2mχ

(8.7)

in the sV and s A models [22], and:

σ ∝ g4qχ (8.8)

4In this discussion, the mono-W/Z (had) channel can be assumed to follow the same logic as the
mono-Z (lep) channel.
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Fig. 8.2 The Emiss
T distribution of the sV and t S models in the monojet and mono-Z (lep) channels

normalised to unity, for some exemplary masses. The line widths represent the statistical uncertain-
ties. The parameter μ is defined as 	/Mmed, and is used to demonstrate the impact of a changing
width. The t S model in the monojet channel shows a clear width-dependence

in the t Smodel.When valid, these approximations allow for a great simplification
of the limit calculation, and for this reason, the primary results of this study are
restricted to regions of parameter space where 	/Mmed < 0.5 such that the rescaling
relations can be applied.

A full study of the t S model within the monojet channel, where altering the
coupling can lead to changed kinematic behaviour, has been performed elsewhere
[30], and requires the production of individual samples for each coupling point. It is
not discussed further here.

8.2 Recasting Mono-X Constraints

The procedure for recasting existing mono-X analyses to obtain SiMs constraints
follows a simple cut-and-count methodology. First, signal events are simulated
(described below in Sect. 8.2.1) with object pT smearing applied to approximate
the detection efficiency, ε, of the ATLAS detector for which the DELPHES pack-
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age [39] is used. The event selection criteria of the mono-X analysis of interest is
then applied to the simulated signal samples. Events surviving the selection crite-
ria are counted to determine the fraction of accepted signal events (referred to as
the acceptance, A). This is then used in combination with channel-specific model-
independent limits on new physics events reported by the analyses to constrain the
parameter space of the given model.
Monojet, leptonic mono-Z and hadronic mono-W/Z constraints are derived from
ATLAS searches in these channels [37, 40, 41].5 The relevant analysis details are
described in Sects. 8.2.3, 8.2.4 and 8.2.5 respectively.

8.2.1 Signal Simulation

Monte Carlo simulated event samples are used to model the expected signal for
each channel and for each SiM. Leading order matrix elements for the process
pp → χχ̄ + X , where X is specifically one or two jets,6 a Z(→ �+�−) boson or a
W/Z(→ j j) boson, are first simulated using MADGRAPH5_aMC@NLO [42] with
theMSTW2008lo68cl set of parton distribution functions (PDFs) [43]. The renormal-

isation and factorisation scales are set to the sum of
√
m2 + p2T for all particles in the

final state. Showering and hadronisation are then performed by PYTHIA 8 [44] using
the ATLAS underlying-event tune AU2-MSTW2008LO [45]. Jet reconstruction is
performed by FASTJET [46] using the anti-kT algorithm with a radius parameter of
R = 0.4. Similarly, the reconstruction of large-radius jets for the mono-W/Z (had)
channel is performed using the Cambridge-Aachen algorithm with R = 1.2. The lat-
ter also includes a mass-drop filtering procedure with mass drop μ = msub− jet/m jet

= 0.67 and
√
y = 0.4, where

√
y = min(pT j1 , pT j2)
R/m jet is the momentum bal-

ance of the two leading subjets (see Ref. [47] for further details). These require-
ments favour large-R jets with two balanced sub-jets, consistent with the decay of an
electroweak boson to two close-by quarks. Lastly, the detector response is approxi-
mated by applying Gaussian smearing factors to the pT of all leptons and jets using
DELPHES.

8.2.1.1 Parton Matching Scheme

In the ATLAS monojet analysis [37] described in Chap. 7 and Sect. 8.2.3, match-
ing of partons generated in MadGraph to jets generated in PYTHIA 8 is performed
using the MLM scheme [48], with two matching scales per mass/coupling point.
In combination, the matching scale values span a broad kinematic range with a cut
placed on the leading jet pT per event to avoid double-counting. This treatment aims

5The CMS collaboration published similar analyses with comparable results. Only the ATLAS set
of results were recast for this study.
6Jets are seeded by any parton excluding the (anti-)top quark.
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to mitigate the impact of the matching scale on the shape of the pT and Emiss
T distri-

butions, reducing the uncertainty in those areas of phase space where the transferred
momentum is significantly larger or smaller than the matching scale. For the analysis
recast presented here, a single matching scale of 80 GeV is used. Although not ideal,
this approach suitably reproduces the results of the ATLAS monojet analysis for
the masses of interest (see Sect. 8.2.3) while being less complex and computational
expensive.

8.2.2 Limit Setting Strategy

8.2.2.1 Nominal Values

From each experimental analysis, the obtained model-independent upper limit on
σ × A × ε is taken. Together with the signal acceptance and efficiency, estimated
from the simulated signal samples for each model and each set of parameters, the
limit on the signal cross section, σlim, is derived from the model-independent limits.
Equation 8.7 is then used to convert σlim into a bound on the couplings. Exploiting
the fact that in the s-channel on-shell case, the width can be expressed as a function
of gq and the ratio gχ/gq , the relations are as follows:

√
gqgχ lim =

⎧⎨
⎩

√
gqgχ gen

× (
σlim/σgen

) 1
2 if Mmed ≥ 2mχ (s−channel)

√
gqgχ gen

× (
σlim/σgen

) 1
4 if Mmed < 2mχ

(8.9)

where
√
gqgχ gen

and σgen are the input couplings and signal cross sections (taken
from PYTHIA 8), respectively. For each model point, the signal region providing the
best expected limit is chosen.

8.2.2.2 Uncertainty Estimation

As seen, both σgen and A × ε enter the calculation of the nominal limits and are
hence subject to systematic uncertainties affecting signal cross section, acceptance
and efficiency determined from the simulated signal samples. They are estimated
by evaluating the three dominant sources of systematic uncertainties: the choice of
factorisation and renormalisation scales, the assumed value for the strong coupling
constant (αs) and the choice of the used PDF set.

The impact of the factorisation and renormalisation scales are assessed by varying
them simultaneously by factors of two and one half. It is assumed that the systematic
uncertainty introduced by αs at matrix-element level is negligible when compared
to the differences between PDF sets, as demonstrated to be valid in Ref. [49]. The
variation of αs in the parton shower together with the change of PDF is realised
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Table 8.2 The sources of systematic uncertainty considered in this analysis are summarised. The
systematic uncertainty is taken from the resulting changes to the acceptance and cross section in
comparison to their nominal values for each signal point

Nominal Variations

PDF/tune MSTW2008lo68cl +
AU2-MSTW2008LO

NNPDF2.1LO + Monash tune,
CTEQ6L1 + AU2-CTEQ6L1

Factorisation and
Renormalisation scales

× 1 × 0.5, × 2

Matching scale (monojet only) 80 GeV 40 GeV, 160 GeV

by the use of specific tunes in PYTHIA 8 to estimate the uncertainty on σgen . The
nominal choices of PDF and MC tune are varied to NNPDF2.1LO PDF + Monash
tune [50], and to CTEQ6L1 PDF and ATLAS UE AU2-CTEQ6L1 tune. For the
monojet channel, the impact of the matching scale is assessed in similar manner than
the factorisation and renormalisation scales, namely the matching scale is varied by
factors of two and one half. All sources of systematic uncertainty are summarised in
Table 8.2.

The average variation in the nominal value of σlim resulting from each systematic
source is added in quadrature and propagated to

√
gqgχ to obtain the total systematic

uncertainty. This process is adjusted slightly to account for the inclusion of statistical
uncertainties, which are estimated conservatively by taking the 95% CL lower limit
on A × ε as suggested by the Wald approximation [51], i.e. A × ε → (A × ε) −

(A × ε).

8.2.3 Monojet Channel

The ATLAS monojet analysis [37] was designed to set limits on several new physics
scenarios, including the production of DM via a set of effective operators. The analy-
sis also includes a brief study of a Z ′ DMmodel which is analogous to the sV model
discussed here. A detailed description of this analysis is given in Chap. 7.

At least one hard jet above p j1
T > 120 GeV and within |η| < 2.0 is required in the

signal selection. Leading jet and Emiss
T have to satisfy p j1

T /Emiss
T > 0.5 to ensure a

monojet-like topology (note that there is no upper limit placed on the number of jets
per event). Eventsmust then fulfil |
φ( j, 
Emiss

T )| > 1.0, where j is any jet with pT >

30 GeV and |η| < 4.5. This criterion reduces the multijet background contribution
for which the large Emiss

T originates mainly from jet energy mis-measurements. The
contribution from the dominant background processes, W/Z+ jets, is reduced by
applying a veto on events containing muons or electrons with pT > 7 GeV. They are
estimated in background-enriched control regions. Furthermore, the original analysis
applied a veto on isolated tracks that reduces the electroweak backgrounds, especially
those containing hadronically decaying tau leptons, which is not considered here.
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Table 8.3 The ATLAS monojet Emiss
T signal regions and corresponding observed and expected

model-independent upper limits on σ × A × ε at 95% confidence level. (adapted from Ref. [37])

Signal region Emiss
T threshold [GeV] σ × A × ε [fb] (obs) σ × A × ε [fb] (exp)

SR1 150 726 935

SR2 200 194 271

SR3 250 90 106

SR4 300 45 51

SR5 350 21 29

SR6 400 12 17

SR7 500 7.2 7.2

SR8 600 3.8 3.2

SR9 700 3.4 1.8

This means that the signal efficiency is expected to be slightly higher and the signal-
to-background ratio is expected to be lower (around10%) than in theATLASanalysis.
Nine separate signal regions are defined by increasing lower thresholds on Emiss

T ,
which range from 150 to 700 GeV as shown in Table 8.3.

TheATLASanalysis observed no significant deviation of observed events from the
expected SM backgrounds. Subsequently, model-independent limits on new physics
signatures were set on the visible cross section, σ × A × ε. These are listed in
Table 8.3.

The signal simulation procedure outlined in Sect. 8.2.1 and the implementation of
the selection criteria discussed above were validated for the monojet channel via the
reproduction of the ATLAS limits on the EFT suppression scale,� ≡ Mmed/

√
gqgχ ,

for the Z ′ model.
A comparison of SR7 limits7 for a representative sample of mediator masses with

mχ = 50 GeV, 	 = M/8π and
√
gqgχ = 1 is presented in Table 8.4. An agreement

of the obtained limits within about 12% for all samples is observed. A discrepancy
of a few percent is expected given the differences in signal simulation: the simplified
matching procedure discussed in Sect. 8.2.1.1 introduces an additional uncertainty of
approximately 25%for eventswith Emiss

T > 350GeVwhen compared to the approach
utilised by the ATLAS monojet analysis. Further uncertainties are introduced by the
jet smearing approximation used in place of a full detector simulation and by the 95%
CLestimation procedure (outlined in Sect. 8.2.2) used instead of a thorough statistical
treatment (e.g with HistFitter [52]). The results are consistently more conservative
than those of the ATLAS analysis, so the approach is considered acceptable.

7This signal region is the only one for which the ATLAS analysis publicly provided the EFT limits.



152 8 Constraints on Simplified Dark Matter Models from Mono-X Searches

Table 8.4 Comparison of the 95% CL upper limits on � from this work and from the ATLAS
monojet analysis [37]. The limits are for an s-channel vector mediator model with mχ = 50 GeV
and 	 = Mmed/8π , and for the process pp → χχ̄ + 1(2) jets with QCUT = 80 GeV. Note that
�gen is the input suppression scale

�gen [TeV] �95%CL [GeV] (ATLAS) �95%CL [GeV] (this work) Difference (%)

0.05 91 89 2.2

0.3 1151 1041 7.3

0.6 1868 1535 11.8

1 2225 1732 12.0

3 1349 1072 6.8

6 945 769 8.5

10 928 724 10.6

30 914 722 9.6

8.2.4 Mono-Z(lep) Channel

The ATLAS mono-Z (lep) analysis [40] was developed to constrain a set of EFT
operators of DM production. It also includes a brief study of a t-channel SiM similar
to the t S model.

The selection criteria for this analysis can be summarised as follows (see the
ATLAS publication [40] for a full description). Electrons (muons) are required to
have a pT > 20 GeV, and |η| < 2.47 (2.5). Two opposite-sign, same-flavour leptons
are selected, and required to have an invariant mass and pseudorapidity such that
m�� ∈ [76, 106] GeV and |η��| < 2.5. The reconstructed Z boson should be approx-
imately back-to-back and balanced against the Emiss

T , ensured with the selections

φ( 
Emiss

T , p��
T ) > 2.5 and |p��

T − Emiss
T | / p��

T < 0.5. Events containing a jet with
pT > 25 GeV and |η| < 2.5 are vetoed. Events are also vetoed if they contain a third
lepton with pT > 7 GeV. The signal regions are defined by increasing lower Emiss

T
thresholds of Emiss

T > 150, 250, 350, 450 GeV.
A cut-and-count strategy is followed to estimate the expected SM backgrounds

in each signal region. The limits on σ × A × ε are not included in the published
results, so the numbers of expected and observed events, along with the associated
uncertainties, are used and converted intomodel-dependent upper limitswith a simple
implementation into the HistFitter framework [52] using a frequentist calculator and
a one-sided profile likelihood test statistic. The results of this process are displayed
in Table 8.5. Note that only the two signal regions with Emiss

T thresholds of 150 and
250 GeV are used here, as the applied simplified HistFitter approach is inadequate to
handle the very low statistics of signal regions with higher Emiss

T thresholds. These
upper limits are also used for the validation of the mono-Z (lep) signal generation
and selection procedures.

The ATLAS mono-Z (lep) results include an upper limit on the coupling gqχ

for a t-channel SiM analogous to the t S model. This model is used to validate
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Table 8.5 The ATLAS mono-Z (lep) + Emiss
T signal regions and corresponding observed and

expected model-independent upper limits on σ × A × ε at 95% confidence level. (adapted from
Ref. [40], using HistFitter)

Signal region Emiss
T threshold [GeV] σ × A × ε [fb] (obs) σ × A × ε [fb] (exp)

SR1 150 1.59 1.71

SR2 250 0.291 0.335

Table 8.6 Comparison of the 95% CL upper limit on gqχ from this work and from the ATLAS
mono-Z (lep) analysis [40]. The limits are for a variant of the t-channel scalar mediator model with
Majorana Dark matter for the process pp → χχ̄ + Z(→ e+e−/μ+μ−)

mχ [GeV] Mmed [GeV] g95%CL
qχ (ATLAS) g95%CL

qχ (this work) Difference (%)

10 200 1.9 2.0 5.3

500 2.8 3.2 14.3

700 3.5 4.4 25.7

1000 4.5 5.2 15.6

200 500 3.4 4.0 17.6

700 4.2 4.5 7.1

1000 5.2 5.3 1.9

400 500 5.5 5.7 3.6

700 6.1 6.5 6.6

1000 7.2 7.4 2.8

1000 1200 23.3 24.1 3.4

the signal generation and selection procedures. Note the following differences: the
ATLAS model includes just two mediators (up- and down-type) where here six
are considered, the DM particle is taken to be a Majorana fermion where here a
Dirac particle is assumed, and the couplings gt,bχ are set to zero while here universal
couplings to all three quark generations are taken.

Table 8.6 shows the 95%CL upper limits on gqχ that are calculated using the gen-
eration procedure described above and the values in Table 8.5, compared with the
limits from the ATLAS analysis. Also shown is the difference as a percentage of the
ATLAS limit. Reasonable agreement is observed: most of the 11 points in parameter
space are within 10% of the ATLAS limits, and all are within 26%. Additionally, the
results are consistently more conservative, which is to be expected given the differ-
ences in the generation procedure. As in the case of the monojet validation, further
differences are expected from the use of pT smearing applied to the leptons (rather
than a full detector simulation) and from the simplified treatment of systematics,
since σ × A × ε is obtained independently.
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8.2.5 Mono-W/Z(had) Channel

The ATLAS mono-W/Z (had) search [41] was optimised for a set of effective DM
operators. Originally, it was designed to exploit the constructive interference of W
boson emission from opposite-sign up-type and down-type quarks, leading to the
mono-W channel being the dominant one for DM production. Recent studies [53]
have revealed this scenario to violate gauge invariance and so it is not further dis-
cussed here.

The mono-W/Z (had) event selection is realised as follows. Large-radius (large-
R) jets are selected using amass-drop filtering procedure (see Sect. 8.2.1) to suppress
non-W/Z processes. Events are required to contain at least one large-R jet with pT >

250 GeV, |η| < 1.2 and a mass, m jet, within a 30–40 GeV window of the W/Z mass
(i.e.m jet ∈ [50, 120]GeV). In order to reduce the t t̄ andmultijet backgrounds, a veto
removes events containing a small-R jet with 
φ(jet, Emiss

T ) < 0.4, or containing
more than one small-R jet with pT > 40GeV, |η| < 4.5, and
R(small-R jet, large-R
jet) > 0.9. Events containing electrons, muons and photons are vetoed if their pT is
larger than 10 GeV and if they are within |η| < 2.47 (electrons), 2.5 (muons), 2.37
(photons). Two signal regions were defined with Emiss

T > 350 GeV and Emiss
T > 500

GeV.
The ATLAS analysis used a shape fit of the large-R jet mass distribution to derive

the limits on new physics in the two signal regions. The shapes are not taken into
account in this study but the published number of expected and observed events in the
signal regions are converted into upper limits on the expected and observed number
of new physics events using the HistFitter framework, as is done in the mono-Z (lep)
channel. For the Emiss

T > 500 GeV signal region, the obtained limits are shown in
Table 8.7. This signal region was found to be optimal for most operators studied
by the ATLAS analysis. The signal region with Emiss

T > 350 GeV is not considered
here in the recasting procedure, since the cut-and-count limits extracted could not
be convincingly validated. With this lower Emiss

T threshold the differences between
a shape fit and a cut-and-count result are expectedly more severe.

The event generation and selection procedures for the mono-W/Z (had) channel
is validated via reproduction of the ATLAS limits on � for the D5 and D9 effective
operators withmχ = 1 GeV. Agreement is found within 12.5 and 7.4% respectively,
where the ATLAS limits are consistently stronger, as shown in Table 8.7. The relative
sizes of the discrepancies are expected given that only low-Emiss

T limits are available
for the D5 operator while the high-Emiss

T signal region is used in this recast. Note

Table 8.7 The ATLAS mono-W/Z (had) Emiss
T signal region considered in this work and corre-

sponding observed and expected model-independent upper limits on σ × A × ε at 95% confidence
level. (adapted from Ref. [41], using HistFitter)

Signal Region Emiss
T threshold [GeV] σ × A × ε [fb] (obs) σ × A × ε [fb] (exp)

SR2 500 1.35 1.34
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Table 8.8 Comparison of the 95% CL upper limits on � from this work and the 90% CL upper
limits on � from the ATLAS mono-W/Z (had) analysis [41]. The limits are for the process pp →
χχ̄ + W/Z (→ j j)

EFT operator mχ [GeV ] �90%CL [GeV ]
(ATLAS)

�95%CL [GeV ]
(this work)

Difference (%)

D9 1 2400 2221 7.4

D5 1 570 499 12.5

that a general discrepancy of a few percent is expected for both operators for the
same reasons discussed above, and also because a cut-and-count approach is used
while the ATLAS limits are extracted using a shape-fit. Furthermore, the ATLAS
limits are quoted at 90% confidence level (CL) while these are calculated at 95% CL
(Table 8.8).

8.3 Results and Discussion

8.3.1 Limits on the Couplings

The 95% CL upper limits on the coupling combination
√
gqgχ of the sV and s A

models, and the t Smodel coupling gqχ , obtained from each of the mono-X channels,
are presented in Figs. 8.3, 8.4, 8.5, 8.6, 8.7 and 8.8. They are evaluated as described
in Sect. 8.2.2, including statistical and systematic uncertainties, and correspond to
the best limits of each signal region tested.

In each plot, the limits are shown ranging from 0.01 to the upper perturbative
limit, 4π . Where a limit was determined to be larger than this value, the limit is
considered meaningless and the region is coloured grey. The white (hatched) regions
coincide with those mass points which yield an initial (final) value of

√
gqgχ or gqχ

which fails to satisfy 	 < Mmed/2. When gχ/gq = 0.2, only the monojet channel
produces sufficiently strong limits which survive this requirement, and so these are
shown separately in Fig. 8.7.

The following model-independent trends are observed. For the sV model, strong
limits exist in the regime where Mmed > 2mχ as the mediator can go on-shell and
the cross section is enhanced. The s A model limits are generally similar to those for
the sV model except in the region corresponding to mχ �

√
4πMmed/g

gen
χ where

ggenχ is the DM coupling used at the generator level. This region is removed in the
s A model to avoid violating perturbative unitarity, which can lead to an unphysical
enhancement of the cross section when mχ is much larger than Mmed [23, 24]. The
upper limit on

√
gqgχ is relatively constant across different coupling ratios gχ/gq , as

is expected when the coupling (and hence the width) has been demonstrated to have
little effect on kinematic distributions (see Sect. 8.1.3), and using the assumptions of
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Fig. 8.7 Upper limits on the coupling for the s-channel models sV (left) and s A (right) in the
monojet channel, for gχ/gq = 0.2. The same conventions as in Fig. 8.3 are used

Fig. 8.8 Upper limits on the coupling gqχ for the t-channel model in the mono-Z (lep) (left) and
mono-W/Z (had) (right) channels. The same conventions as in Fig. 8.3 are used

Eq. 8.7. As the ratio of gχ/gq increases, points in the region Mmed > mχ disappear
as the initial value, gq = 1, leads to a failure of the width condition. However, by
choosing a smaller initial value of gq these points could in principle be recovered.
The limits in this region would be expected to be similar to those seen in the gχ/gq
= 0.2 and 0.5 cases.

The constraints on the coupling strength are weaker when mχ or Mmed is large
(>100 GeV) due to the reduction of the cross section. In this region, the constraints
are expected to improve at higher centre-of-mass energies. For small DMmasseswith
an off-shell mediator, the Emiss

T distribution is softer, therefore results in this region
of phase space are limited by statistical uncertainties associated with the tail of the
distribution. This region of phase space would benefit from dedicated optimisations
of event selections aiming at the study of Simplified Models instead of EFTs.

In the following, detailed comments specific to each channel are discussed.
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8.3.1.1 Monojet Channel

The upper limits on the coupling combination
√
gqgχ for the sV and s Amodels from

the monojet channel are displayed in the left-hand column of Figs. 8.3, 8.4, 8.5 and
8.6, for gχ/gq = 0.5, 1, 2 and 5 respectively (where the ratio of 5 is only shown for
the sV model, due to a lack of meaningful results in the s Amodel). The gχ/gq = 0.2
case is shown separately in Fig. 8.7, as meaningful limits are only obtained within
this channel.

As expected, the monojet channel produces the strongest limits for both s-channel
models, which are better than those from the next-best mono-Z (lep) channel by a
factor of generally 1.5–10.Theweakest limits are obtained for largemχ or largeMmed,
where theymight enter the regimewhere	 > Mmed/2 and the rescaling assumptions
do not hold anymore. Although the acceptance is considerably higher when bothmχ

and Mmed are large, the cross section is sufficiently small so as to cancel any positive
impact. Within the valid region (mχ ∈ [1, 100] GeV and Mmed ∈ [1, 200] GeV),
the limit on

√
gqgχ generally ranges from 0.1 to 0.7, with some on-shell masses

reaching a limit of ∼0.05 in the large gχ/gq case. In the large gχ/gq scenario, limits
formχ = 1000 GeV start to become valid: where

√
gqgχ remains constant but gχ/gq

increases, the value of gq is pushed downward and so the width, which is dominated
by decays to SM particles, decreases with respect to mχ .

The uncertainties on the limits for both s-channel models are dominated by contri-
butions from the matching scale at acceptance-level, and generally range from about
5 to 46%.

8.3.1.2 Mono-Z(lep) Channel

The simplicity of the mono-Z (lep) channel relative to the monojet channel, and the
ease of signal simulation at MadGraph level allowed to study a finer granularity
of points in the mass phase space. The resulting limits on the sV and s A models
are shown in the central column of Figs. 8.3, 8.4, 8.5 and 8.6. While the behaviour
of the limits as gχ/gq is varied is similar to that seen in the monojet channel, the
mono-Z (lep) limits are overall weaker.

The total relative uncertainties on
√
gqgχ for the s-channel models are generally

within 10%, but can rangeup to 80% in a fewcaseswheremχ andMmed are very small.
In general, they are split equally between statistical and systematic contributions.

As discussed above, one advantage of the mono-boson channels is that a study of
the t Smodel is easily possible, due to the basically unchanged kinematic distributions
when the couplings are varied. Since this is not the case for the t Smodel in themonojet
channel, the strongest limits on t S in this study are obtained with the mono-Z (lep)
analysis, and are shown in the left-hand side of Fig. 8.8. Note that, in comparison to
the s-channel models, the limits have weakened by a factor of 10. This is the result
of an order-of-magnitude weaker cross section and the inability of the mediator to go
on-shell in this channel. Stronger limits are found for smaller mχ and Mmed masses,
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where larger cross sections compensate for lower acceptances. Overall, the statistical
and systematic uncertainties contribute less than 10%.

8.3.1.3 Mono-W/Z(had) Channel

The limits on the couplings of the sV , s A and t S models, obtained within the mono-
W/Z (had) channel, are shown in the right-hand column of Figs. 8.3, 8.4, 8.5, 8.6,
8.7 and 8.8. This channel was included for comparison with the leptonic mono-
Z (lep) channel in particular, but a coarser selection of masses was chosen as the
limits were initially found to be weaker. Additionally, two further assumptions were
made. First, as the kinematic behaviour is reasonably independent of the couplings,
a single acceptance was determined for each (mχ , Mmed) combination and applied
to each value of gχ/gq . Second, complete systematic uncertainties were generated
for a subset of masses and compared to those from the mono-Z (lep) channel. From
this comparison the ratio between mono-Z (lep) and mono-W/Z (had) systematic
uncertainties was determined and then applied to the other mass points. As a result,
the limits obtained in this channel are not intended to be rigorously quantitative.
Rather, they are used to indicate qualitatively how the channels compare.

The ATLAS mono-W/Z (had) analysis (and in particular the higher-Emiss
T signal

region) was not optimised for a SiM interpretation, and much of the phase space
produced insignificant numbers of events passing the event selection, with up to
200,000 events generated. Generally, the limits are weaker than those from themono-
Z (lep) channel by a factor between one and three, which is both consistent with the
limits on the EFT models studied in the ATLAS analyses, and expected from the use
of a cut-and-count interpretation in this study rather than a shape analysis like in the
mono-W/Z (had) public results. In some points the limits become comparable with
the mono-Z (lep) channel, suggesting that more statistics and an improved treatment
of systematic uncertainties would bring these closer in line.

Overall, the uncertainties from this channel lie within 5 to 50% and are usually
between 10 and 30%. Generally, both statistical and systematic uncertainties con-
tribute in a similar manner. A few points are clearly limited by the generated statistics
of the signal simulation, resulting in a statistical error of up to 90%. Points with high
mχ and low Mmed tend to have larger systematic uncertainties.

8.3.2 Comparison with Relic Density Constraints

In Figs. 8.3, 8.4, 8.5, 8.6, 8.7 and 8.8 magenta lines indicate where the limit on the
coupling corresponds to the coupling strength that would reproduce the correct DM
relic density if DM was a thermal relic of the early universe. For points diagonally
above and to the left of the solid purple line, the LHC constraints naively rule out the
couplings leading to the correct relic density. Below and to the right of this line the
relic density coupling is still allowed. For some scenarios the intercept does not pass
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through a significant number of data points surviving the quality criteria outlined in
previous sections. In these cases the line is not shown. The measured abundance is
approximately related to the unknown self-annihilation cross section via:

�DMh
2 � 2 × 2.4 × 10−10 GeV−2

〈σv〉ann . (8.10)

This is used with measurements of the DM abundance by Planck, �obs
DMh

2 =
0.1199 ± 0.0027 [54], to find 〈σv〉ann � 4.0 × 10−9 GeV−2 for thermal relic DM.
The above relation (8.10) is only approximately accurate, and so the micrOMEGAs
code [55] is used to determine the coupling strength leading to the correct relic
density for each model.

The relic density couplings should by no means be regarded as strict constraints.
If DM is not produced thermally or there is an unknown effect which modifies the
evolution of the density with temperature, then Eq. 8.10 breaks down. Additionally,
in the scenario where DM is assumed to be a thermal relic, the possibility of there
being other annihilation channels and other new-physics particles contributing to
the DM abundance is ignored, which, if taken into account, would also invalidate
Eq. 8.10.

8.3.3 Comparison with Direct Detection Constraints

In Figs. 8.3, 8.4, 8.5, 8.6, 8.7 and 8.8 the intercept line where constraints from direct
detection experiments are equivalent tomono-X constraints are shown aswell. Below
and to the right of the dashed purple line, direct detection constraints are stronger
while above and to the left of this line, the LHC bounds are considered to be stronger.
As with the relic density contours, the intercept is not shown where it does not pass
through sufficient valid data points. The toolset from Ref. [56] has been used to
convert the strongest available direct detection constraints at the time of the study,
which come from the LUX 2013 dataset [57], onto constraints on the SiMs.

Compared to direct detection, the mono-X collider limits perform better for the
s Amodel than for the sV model. This is because the axial-vector coupling leads to a
suppressed scattering rate in direct detection experiments while collider searches are
relatively insensitive to the difference between the vector and axial-vector couplings.
In the non-relativistic limit, the t S model leads to a mix of both suppressed and
unsuppressed operators.

The direct detection constraints assume that theDMcandidate under consideration
contributes 100% of the local DM density, while the mono-X constraints make no
assumptions about either the local DM density or overall abundance. In this sense
the mono-X limits remain useful even in those regions of phase space where they
are not as strong as those from direct detection.
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8.4 Conclusions

SimplifiedModels of DMproduction allow for an improvedway of interpreting LHC
searches for DM in a rather general and model-independent way, avoiding validity
issues that affect results obtained within effective field theory models. Constraints
from ATLAS Run I mono-X searches in the monojet, mono-Z(→ leptons), and
mono-W/Z(→ hadrons) channels have been re-interpreted in terms of three Simpli-
fied Models and their parameters. Rather than setting limits in the Mmed − mχ plane
for a fixed value of the coupling strength, the coupling strength is constrained as
a function of both Mmed and mχ . While this approach necessitates the introduction
of some approximations, it also allows for a thorough examination of the interplay
between the DM production cross section and the free parameters of the models. The
region of parameter space where both the DM and mediator masses span O(GeV)
toO(TeV) has been explored, and coupling ratios gχ/gq of 0.2, 0.5, 1, 2 and 5 were
considered. This study significantly extended the Simplified-Model interpretations
that were performed within the experimental analyses.

As expected, the monojet channel is found to yield the strongest limits on vector
and axial-vector couplings to a vector mediator exchanged in the s-channel. The
monojet channel is also found to perform well for smaller values of gχ . The limits
obtained in the mono-Z (lep) channel, in comparison, are generally weaker, while
the mono-W/Z (had) results are weaker again. This is partly due to the conservative
estimation of the systematic uncertainties and partly due to limited statistics resulting
from the Emiss

T selection cut often not being appropriate for the regarded Simplified
Model. Thewidth effects associatedwith the t-channel exchange of an SU (2) doublet
scalar mediator are observed to vanish in both themono-Z (lep) andmono-W/Z (had)
channels, greatly simplifying the analysis and confirming these as straightforward
and competitive channels for future collider DM detection. Where the axial-vector
model is not excluded by perturbative unitarity requirements, the coupling limits are
found to be similar to those of the vector model within each analysis channel.Weaker
limits are found for the t-channel model, a result of cross section suppression that is
not present in the s-channel models.

It is important to note that the mono-X searches are complementary to direct
searches for the mediator, e.g. via dijet resonances [58–61]. These have been used to
study SiMs in, for example, Refs. [17, 24, 30]. Dijet studies search for the signature
of a mediator decay into Standard Model particles, generally assuming a narrow
resonance. These constraints can be stronger than mono-X constraints, particularly
when thewidth is small andwhen themediator coupling to quarks is stronger than the
one to DM. Mono-X searches however are advantageous for larger values of gχ/gq ,
larger widths and smaller mediator masses. With the use of Simplified Models, this
aspect was significantly strengthened and within the experimental collaborations
muchmore attention is given to the possible interplay betweenmono-X andmediator
searches, manifesting itself e.g. in a joint summary plot, as was discussed in Sect. 7.8.

Furthermore, this study revealed that selection optimisations in view of Simplified
Models would be especially beneficial for the low-Emiss

T regime of smaller Mmed and
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mDM: while EFT models strongly suggested a focus on the high-Emiss
T region, Sim-

plified Models motivate to also look at low-Emiss
T signatures. This is experimentally

often more challenging and probably will require to include shape-fit techniques into
the mono-X analyses in the future.

Finally, the limits are compared to constraints from relic density and direct detec-
tion. Although each search direction needs to make different assumptions, this
demonstrates the complementarity of the searches and the importance of Simpli-
fied Models as a tool for the interpretation of collider DM searches.
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Chapter 9
Search for New Physics in Events with
Missing Energy and Top Quarks

The supersymmetric partner of the top quark, the stop, might be significantly lighter
than the other squarks, as was motivated in Chap. 4. Hence, the search for stop
production at the LHC presents a well-motivated approach to look for SUSY at the
LHC. The stop can decay in different ways, depending on the SUSY particle mass
spectrum, in particular on the masses of the stops t̃1 and t̃2, the charginos χ̃± and
the lightest neutralino χ̃0

1 , and other model parameters. The analysis presented in the
following considers two possible stop decay scenarios, illustrated in Fig. 9.1. Both
scenarios assume R-parity conservation, hence the stops are produced in pairs. In
the first scenario, the stop decays into a top quark and the lightest neutralino: t̃1 →
t + χ̃0

1 (tN), the second scenario assumes the decay into a b-quark and the lightest
chargino, where the latter decays further into a W boson and the lightest neutralino:
t̃1 → b + χ̃±

1 (bC). Furthermore, amixed decay scenario where both decay channels
are allowed with various branching ratio (BR) assumptions is considered in the
interpretation.

The pair production of DarkMatter (DM) particles in association with top quarks,
illustrated in Fig. 9.2, is motivated by the assumption of (pseudo-)scalar mediators
with Yukawa-like quark-mass dependent couplings to the Standard Model sector
[1–3]. Such a signal presents the same final state as the tN stop decay scenario
described above: in both cases a t t̄ pair is produced together with undetectable
particles–the neutralinos or the DM particles–that lead to missing transverse energy
(Emiss

T ). To profit from this similarity, the search for Dark Matter in association with
top quarks is conducted together with the search for top squarks. The optimisation,
design, background estimation and results of the DM signal regions will be the focus
of the presentation of the analysis in this chapter.

The scenarios described above can lead to fully-hadronic, one-leptonic or dilep-
tonic final states, depending on the decay mode of the W bosons that appear in the
decay chain. The analysis of the one-lepton channel is presented in the following,
hence the W boson from one of the top quarks is considered to decay to an electron
or muon (either directly or via a tau lepton) and theW boson from the other top quark
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Fig. 9.1 Schematic description of the direct pair production of t̃1 particles and their decays con-
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Fig. 9.2 Illustration of the production of Dark Matter particles in association with top quarks

decays hadronically. This channel has the advantage of being cleaner and having less
background than the fully-hadronic channel while having a branching ratio almost
as high. Analyses of the same dataset have been published as well in the zero- and
two-lepton channels [4, 5], but are not further discussed here.

This analysis uses ATLAS data collected in proton-proton (pp) collisions at a
center-of-mass energy of

√
s = 13 TeV, corresponding to an integrated luminosity

of 13.2 fb−1. While previous searches for DM in association with heavy quarks were
based on Effective Field Theory (EFT) models [6, 7], this analysis considers a model
with a (pseudo-) scalar mediator [2, 3]. It presents the first search for Dark Matter
associated production with tops considering such Simplified Models. Furthermore,
this analysis extends the previous search for top squarks that was performed with 3.2
fb−1 of 2015 data [8].

For this analysis, I performed the sensitivity studies and the cut optimisation
and developed the search strategy for signals of Dark Matter with heavy flavour. I
contributed to the development and validation of the software framework for this
analysis. Emphasis is also put on a study of the behaviour of relevant triggers which
I conducted. I was in charge of the production of the pre-selected data format that
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was used analysis-wide, the analysis-wide estimation of backgrounds as well as the
statistical interpretation of the results. Furthermore, I conducted the limit-setting for
Dark Matter Simplified Models.

After the general analysis strategy is presented in Sect. 9.1, Sect. 9.2 details the
considered dataset and simulated samples, including a discussion of the trigger strat-
egy and performance. The event selection and its optimisation is outlined in Sect. 9.3
and the main discriminating variables are introduced in Sect. 9.4. The selection opti-
misation for Dark Matter signals and the final signal region (SR) definitions are
summarised in Sect. 9.5. Subsequently, Sect. 9.6 elucidates the background estima-
tion and presents the definitions of the control and validation regions. Systematic
uncertainties are discussed in Sect. 9.7. In Sect. 9.8, the measured event yields in
data are presented together with the background expectation. The results are inter-
preted in terms of limits on top squark and Dark Matter production in Sect. 9.9.
Finally, concluding remarks are given in Sect. 9.10.

9.1 Analysis Strategy

The analysis profits from dedicated, optimised selections for each signal scenario,
which define the different SRs. The main backgrounds for this analysis are given
by t t̄ and W+jets events. They are efficiently reduced by cuts on discriminating
variables, specifically designed for the targeted scenarios. In the final selection, also
backgrounds from t t̄ + Z(→ νν̄) and single top processes contribute significantly.
The analysis estimates the expected background yields using Monte Carlo simulated
samples which are normalised in background-enriched control regions. The extrap-
olation of this normalisation from control to signal region is verified in validation
regions, kinematically situated between control and signal region. Via an extrapo-
lation in the transverse mass, the t t̄ and W+jets control and validation regions are
defined for each SR. The single top control region selection relies in addition on
a higher b-jet multiplicity and their angular distribution. In order to constrain the
t t̄ Z contribution, a t t̄γ control sample is defined. In a simultaneous fit to all control
regions, the background normalisation and the resulting background expectation in
the SRs is determined.

9.2 Dataset

The LHC pp collision data used in this analysis was recorded during 2015 and 2016
at a centre-of-mass energy of

√
s = 13 TeV, with a mean number of additional pp

interactions per bunch crossing (pile-up) of 14 (in 2015) and 23.5 (in 2016).
Collisions that fulfil basic quality requirements and were recorded during stable

beam and detector conditions amount to an integrated luminosity of 13.2 fb−1. The
uncertainty on this value is determined following Refs. [9, 10] and amounts to 2.1%
for the 2015 dataset of 3.2 fb−1 and 3.7% for 2016 (10 fb−1).
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Table 9.1 Overview of the simulated samples

Process ME generator ME PDF PS and
hadronization

UE tune Cross
section order

t t̄ Powheg-Box v2 CT10 Pythia 6 P2012 NNLO +
NNLL

Single top Powheg-
Box v1/v2

CT10 Pythia 6 P2012 NNLO +
NNLL

W/Z+jets Sherpa 2.2 NNPDF3.0
NNLO

Sherpa Default NNLO

Diboson Sherpa 2.1.1 CT10 Sherpa Default NLO

t t̄ + W/Z MG5_aMC 2.2.2 NNPDF2.3 Pythia 8 A14 NLO

t t̄ + γ MG5_aMC 2.2.3 CTEQ6L1 Pythia 8 A14 NLO

W + γ Sherpa 2.1.1 CT10 Sherpa Default LO

SUSY signal MG5_aMC 2.2.2 NNPDF2.3 Pythia 8 A14 NLO + NLL

DM signal MG5_aMC 2.2.2 NNPDF3.0
LO

Pythia 8 A14 LO

9.2.1 Monte Carlo Simulations

Monte Carlo (MC) simulated samples are used to develop selections that discrim-
inate well between signal and background by studying their different kinematic
behaviours. The MC samples are also used to study detector acceptance and recon-
struction efficiencies for signal and background processes and are needed in the
background estimation.

BackgroundSamplesDifferentmatrix element (ME) simulations are interfacedwith
implementations of parton shower and hadronisation in order to model the Standard
Model processes which represent a background to this analysis. The details are
summarised in Table9.1. All samples are normalised to the cross section calculated
up to the highest order in αS available. The cross sections of the t t̄ , W+jets, and
single top processes are only used for cross-checks and optimisation studies, while
for the final results these processes are scaled by a normalisation that is determined
from comparison with data.

The t t̄ samples, aswell as the single top samples, are generatedwith Powheg [11],
interfaced to Pythia 6 [12] for parton showering and hadronisation. They con-
sider the re-summation of soft gluon emission to next-to-next-to-leading-logarithmic
(NNLL) and next-to-leading-logarithmic (NLL) accuracy, respectively. In order to
enhance the statistics in the tail of the Emiss

T distribution, inclusive samples are com-
bined with samples applying a generator-level Emiss

T cut of 200 GeV.
The W+jets, Z+jets and diboson samples are generated with Sherpa [15] at

leading order. They employ a simplification of the scale setting procedure in themulti-
parton matrix elements. This allows for faster event generation. The jet multiplicity
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distribution is then reweighted at event level,where the correction factor is determined
from an event generation using the strict scale prescription.

MadGraph [14] interfaced to Pythia 8 [31] is used to simulate processes of t t̄ Z
and t t̄W .

Since a t t̄γ control region is used in the following to constrain the t t̄ Z background,
it is necessary that these processes are simulated as similarly as possible. The effect of
the different choice of PDF set, factorisation and renormalisation scales and number
of additional partons derived from the matrix element is accounted for by correcting
the t t̄γ cross section by 4%.1 The same NLO QCD k-factor is then applied to the
t t̄γ process as used for the t t̄ Z process. This choice is motivated by the similarity of
QCD calculations for the two processes as well as empirical studies of the ratio of
k-factors computed as a function of the boson pT. The possible overlap between the
t t̄γ sample and the t t̄ sample, due to photons from final state radiation is considered
in the following way: events containing photons that do not originate from hadronic
decays or interactions with detector material, are removed from the t t̄ sample if their
transverse momentum exceeds 80 GeV and are removed from the t t̄γ sample if the
photon pT is below 80 GeV.2

SUSY Signal Samples The production of unpolarised stop pairs is generated at
leading order (LO) using MadGraph [14] for the ME calculation.3 The result is
interfaced with Pythia 8 [31] which also calculates the stop decays. Different stop
decay and mass configurations are considered.

First, a t̃1 → t + χ̃0
1 decay with a BR of 100% is assumed. Relevant samples are

generated in a grid across the plane of t̃1 and χ̃0
1 masses4 with a spacing of 50 GeV.

The granularity is increased towards the “diagonal” region where mt̃1 approaches
mt + m

χ̃0
1
.

Second, a t̃1 → b + χ̃±
1 → bW (∗)χ̃0

1 decay is considered with a BR of 100%.
Here, the parameter space is three-dimensional, spanned by the t̃1, χ̃

±
1 , and χ̃0

1 masses.
It is probed under two assumptions on the mass relations of the sparticles in the
decay: the chargino mass is either set to twice the mass of the lightest neutralino
(m

χ̃±
1

= 2m
χ̃0
1
),5 or the chargino is taken to be slightly lighter than the stop,m

χ̃±
1

=
mt̃1 − 10 GeV.

1The t t̄γ simulation fixes the factorisation and renormalisation scale to 2mtop and does not assume
extra partons in the ME calculation. The t t̄ Z sample on the other hand is simulated with up to
two additional partons and using

∑
mT as factorisation and renormalisation scale. To account for

photon radiation from the top decay products, the top decay is described by MadGraph for t t̄γ .
The effect is of about 10% for pγ

T ∼ 145 GeV [16].
2The value of 80 GeV is motivated by a generator-level filter on the photon pT applied in the
generation of the t t̄γ sample.
3The re-summation of soft gluon emission to next-to-leading-logarithmic (NLL) accuracy is con-
sidered in the cross section.
4The χ̃0

1 is taken to be a pure bino.
5This choice is motivated from models that assume universal gaugino masses at the unification
scale. Calculating their evolution using the renormalisation group equations leads the condition
m

χ̃±
1

= 2m
χ̃0
1
[17].



174 9 Search for New Physics in Events with Missing Energy and Top Quarks

DMSignal Samples Samples of DMpair production are generatedwithMadGraph
(MG5_aMC) using a Simplified-Model implementation [2, 3] corresponding to the
diagram in Fig. 9.2. A scalar or pseudo-scalar mediator is assumed to profit from
the enhancement of the coupling to heavy quarks. The masses of the mediator and
DM particles, the couplings of the mediator to Dark Matter and Standard Model
quarks, and the width of the mediator represent the free parameters of the model. The
couplings of themediator to the DMparticles (gχ ) is taken to be equal to themediator
coupling to the quarks (gq ). For the common coupling defined as g = √

gqgχ values
between 0.1 and 3.5 are assumed. The minimal width of the mediator is calculated
and then assumed for each model point [2]. The signal grid is defined in the plane of
DM and mediator mass.

The detector response ofATLAS is simulated and applied to all generated samples.
All background samples, except for t t̄ + γ , are processed with a fullGeant 4-based
simulation [18], where for the signals and the t t̄ + γ sample a fast simulation [19]
that exploits a parameterisation of calorimeter showers, is used.

In all samples, the hard scattering is overlaid with varying numbers of simulated
minimum-bias interactions generated with PYTHIA 8 to model the effect of pile-
up, i.e. simulating multiple pp interactions that might occur in the same or nearby
bunch crossings. The average number of pile-up interactions is reweighted to the
distribution measured in data. To account for differences in the object reconstruc-
tion and identification efficiencies between data and MC, the simulated samples are
reweighted accordingly [20, 24].

9.2.2 Trigger Selection

Events used for this search are accepted for recording by a Emiss
T -based trigger logic,

which is purely based on calorimetric information. The trigger used for the 2015
dataset is xe80_tc_lcw_L1XE50, with a Emiss

T threshold at trigger level of 80
GeV. The tc_lcw stands for using topologically connected calorimeter clusters
(topo-clusters), locally calibrated to the hadronic scale, as input to the trigger Emiss

T
calculation. L1XE50 denotes the applied Level-1 trigger, which requires trigger-
level Emiss

T above 50 GeV. Due to the increase in luminosity, the threshold for the
lowest unprescaled Emiss

T trigger has been increased in 2016 and the trigger algorithm
has changed: xe100_mht_L1XE50was used in 2016. Here, mht indicates that the
Emiss
T is calculated by summing over all anti-kt jets with a radius of 0.4, calibrated

at the electromagnetic scale.
The efficiencies of several Emiss

T -based triggers are compared in Fig. 9.3. Also the
performance of Emiss

T triggers where muon information is added in the algorithm is
shown but is not found to improve the efficiency significantly in the relevant regime
above 200 GeV. Figure9.4 shows the efficiency curves for HLT_xe80_tc_lcw_
L1XE50, comparing 2015 and 2016 data. The behaviour of the trigger in the different
datasets is comparable. The triggers are not fully efficient in all selection regions of
the analysis: they are found to be approximately 95% efficient for events above the
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T trigger between

2015 data and 2016 data in the electron (left) and muon (right) channel

lowest Emiss
T cut applied in control regions of the analysis, Emiss

T > 200 GeV. Hence,
the modelling of the efficiency curve below the plateau of full efficiency becomes
important.

In Fig. 9.5, the data-MC agreement of the HLT_xe80_tc_lcw_L1XE50 effi-
ciency is studied for 2015 data in three different scenarios: (a) with an inclusive
preselection, (b) applying a b-jet veto to enrich W+jets and comparing to W+jets
MC, and (c) requiring at least one b-jet to enrich the sample in t t̄ . Good agreement is
observed in the regime above Emiss

T > 200GeV for both electron and muon channel.
The same comparison is presented in Fig. 9.6 for the HLT_xe100_mht_L1XE50
trigger efficiency and 2016 data. Again, good agreement is found in the regime above
Emiss
T > 200GeV.
The possibility of adding single-lepton triggers to the selection logic was investi-

gated but the gain in signal acceptance was found to be very small (below 1%). Since
a combination of Emiss

T and lepton triggers would add complexity but no significant
improvement to the analysis, single-lepton triggers are only used for cross checks.
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Fig. 9.5 Comparison of the efficiency of the HLT_xe80_tc_lcw_L1XE50 trigger between
2015 data and MC with an inclusive preselection (top row), requiring zero b-jets (middle row) or
at least one b-jet (bottom row). Electron channel (left) and muon channel (right) behave similarly

A data sample passing a single-photon trigger requiring a transversemomentumof
pT > 140 GeV is used to estimate the t t̄ Z background contribution in a t t̄γ control
region. This trigger is found to be more than 99% efficient for the relevant control
region selection.
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Fig. 9.6 Comparison of the efficiency of the HLT_xe100_mht_L1XE50 trigger between 2016
data and MC with an inclusive preselection (top row), requiring zero b-jets (middle row) or at least
one b-jet (bottom row). Electron channel (left) and muon channel (right) behave very similarly

9.3 Event Reconstruction and Selection

9.3.1 Object Definition

Events are required to have at least one reconstructed vertex with two or more asso-
ciated tracks above pT > 0.4GeV. If more than one vertex is found, the one with
the highest sum of associated track pT’s is considered.
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Leptons are defined in two categories. Leptons fulfilling basic quality and identi-
fication requirements (“baseline” leptons) enter the Emiss

T calculation as well as the
overlap removal procedure (described below) and are object to the veto of more than
one lepton that features in the analysis. Tighter criteria are applied to define “signal”
leptons, the leptons that are selected in the final state.

Baseline electrons are required to have pT > 7 GeV, |η| < 2.47, and to fulfil
‘VeryLoose’ likelihood identification criteria, described in Ref. [22]. Signal elec-
trons have to pass the baseline selection and satisfy pT > 25GeV, as well as the
‘Loose’ likelihood identification criteria. Their impact parameters with respect to the
reconstructed primary vertex are constrained to |z0 sin θ | < 0.5mmand |d0|/σd0 < 5,
where σd0 denotes the uncertainty of d0. Furthermore, signal electrons need to be iso-
lated [27].

Baseline muons are selected via pT > 6 GeV, |η| < 2.6. They have to match the
‘Loose’ identification criteria described in Ref. [24]. Apart from passing the baseline
requirements, signal muons are required to have pT > 25 GeV. Requirements on
their impact parameters are given by |z0 sin θ | < 0.5mm and |d0|/σd0 < 3. As signal
electrons, signal muons need to be isolated.

An identified photon is required in the selection of the t t̄ + γ sample that is used
in the data-driven estimation of the t t̄ + Z background. Photon candidates need to
satisfy the ‘Tight’ identification criteria described in Ref. [24]. In addition, they are
required to have pT > 145 GeV and |η| < 2.37. In order to ensure that the photon
trigger is fully efficient for the selected events, the transition region between detector
barrel and end-cap located between 1.37 < |η| < 1.52 is excluded. Furthermore,
photons must satisfy ‘Tight’ isolation criteria based on both track and calorimeter
information.

As for the leptons, “baseline” jets fulfilling looser quality requirements are defined
to enter the overlap removal and the Emiss

T calculation, where “signal” jets are con-
sidered in the selection. Baseline jets are required to have pT > 20 GeV, signal jets
must have pT > 25 GeV and |η| < 2.5. Signal jets with pT < 60GeV have to pass
further cuts that aim at rejecting jets originating from pileup [37]. Events containing
a jet that does not pass specific jet quality requirements are vetoed from the analysis
in order to suppress detector noise and non-collision backgrounds [27, 38].

Jets resulting from b-quarks (b-jets) are tagged using the MV2c10 b-tagging
algorithm, which is based on quantities like impact parameters of associated tracks
and reconstructed secondary vertices [28, 29]. A working point of 77% b-tagging
efficiency is chosen.

Hadronically decaying tau leptons must fulfil the ‘Loose’ identification criteria
described in Refs. [30, 31]. These tau candidates are required to have one or three
associated tracks, with a total electric charge opposite to that of the selected electron
or muon in the event. Furthermore, they are required to have pT > 20 GeV, and
|η| < 2.5.

Apart from the identified (baseline) objects in the events, the soft-term enters the
Emiss
T calculation. For this analysis, it is constructed from track information: tracks

that are associated with the primary vertex but not with the baseline physics objects
are taken into account [32, 33]. For the photon selection, the calibrated photon
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is directly included in the Emiss
T calculation. Otherwise, photons and hadronically

decaying tau leptons enter as jets, electrons, or via the soft-term.
Large-radius jets are clustered from all signal jets (small-radius R = 0.4) using

the anti-kt algorithm with R = 1.0 or 1.2. To reduce the impact of soft radiation
and pileup, the large-radius jets are groomed using reclustered jet trimming, with a
pT fraction of 5% [34]. Electrons and muons are not included in the reclustering:
the background acceptance would increase more than the signal efficiency. While
large-radius jets are not directly considered in the overlap removal procedure, the
signal jets from which they are reclustered, need to pass. The large-radius jet mass
is used in the analysis. Its square is defined as the square of the four-vector sum of
the momenta of the contained small-radius jets.

9.3.1.1 Overlap Removal

Detector signals might be interpreted and reconstructed as different physical objects.
To avoid this double-labelling–and double-counting–of such objects, a so-called
overlap removal procedure (OR), which was optimised for this analysis, is applied.
A potential overlap is considered depending on shared tracks, ghost-matching [35]
or radial distance of the objects, 	R.

Electron/Muon: Some “Loosemuon” objects are reconstructed including calorimet-
ric information and can also be reconstructed as electrons. If an electron and a muon
share a track, the electron is removed, except if the muon is based on calorimetric
information.

Lepton/Jet: If an electron and a jet are closer than 	R < 0.2, the jet is removed,
except if it is b-tagged. A jet is considered to overlap with a muon, if the muon can
be ghost-matched to a nearby jet. The object is only reconstructed as a muon if the
jet is not b-tagged and if it has less than three tracks above pT = 500 MeV or if
pmuon
T /p jet

T > 0.7.

Jet/Lepton: If a jet, after the above steps, overlaps with a lepton in a cone of radius
R = 0.04 + 10/p


T, up to a maximum radius of 0.4, the lepton is removed.

Taus and Photons: Taus are only used in the computation of the mτ
T2 variable to

define a veto on them. If the event passes the tau veto, the tau object is no longer used
and instead the jet object is considered for the rest of the computations. Photons are
only used in the t t̄ + γ control region. Jets overlapping with a photon in a cone with
radius R = 0.2 are removed. In the rest of the regions photons are not considered and
overlapping photon/jets are always treated as jets. If an electron, after the previous
steps, overlaps with a tau candidate or a photon in a cone with radius R = 0.1, the
electron is taken.
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9.4 Discriminating Variables

All processes containing a leptonically decayingW boson can be reduced effectively
by reconstructing the transverse mass of the common parent particle of the lepton
and the Emiss

T , if a cut is put above the W boson mass. The transverse mass mT is
defined as follows:

mT =
√

2 · p

T · Emiss

T

(
1 − cos	�(�
, �Emiss

T )
)
. (9.1)

Here, p

T is the lepton pT, and 	φ(�
, �Emiss

T ) is the azimuthal angle between the
lepton and the �Emiss

T direction. It is assumed that the lepton mass is negligible.
By this mean, single-leptonic t t̄ and W+jets processes are suppressed by about

90%. Events originating from t t̄ and W+jets can escape such a cut either due to
the limited resolution of the reconstructed mT or if an additional source of Emiss

T
is present in the event. The latter is true for signal events, but also for dileptonic t t̄
events where one lepton is not identified or out of acceptance. Also t t̄ events in which
oneW decays leptonically and one into a hadronic tau often have a largermT. Hence,
most of the analysis-specific variables, described in further detail in Ref. [36], aim
at rejecting these background components.

A first strategy is to try to reconstruct the hadronic top candidate. Via a χ2-
minimisation, the three jets that are best compatible with originating from a top quark
are selected, according to theirmomenta and considering theirmomentum resolution.
Their invariant mass is defined to be mχ

top. In the case of dileptonic t t̄ this variable
will not be close to the top mass by any means, whereas this is the case for signal and
background events containing a true hadronic top decay. This approach is extended
to the case of dileptonic t t̄ with a lost lepton by the so-called topness variable [37].
Furthermore, the Emiss

T perpendicular to the reconstructed leptonic top candidate
can be used to distinguish between signal and background. After the hadronic top
candidate is reconstructed as described above, the additional b-jet is combined with
the identified lepton to form the leptonic top. While this Emiss

T,⊥ is expected to be small
for background events, where the Emiss

T from the neutrino is aligned with the leptonic
top, this variable is likely large for signal events (see Fig. 9.7).

A second strategy, based on themT approach, is to reconstruct the different decay
chains and give an upper bound on the hypothetical parent mass. First, the so-called
stransversemass,mT 2 [38] can be defined. It extends the transversemassmT to decay
topologies with two branches, a and b, originating from the same, pair-produced
parent A. In each branch, it is assumed that there are some particles with measured
momenta and some unmeasured particles. The sum of the measured momenta in
branch i ∈ {a, b} is denoted pi = (Ei , �pTi , pzi ) and the sum of the unmeasured
momenta is denoted qi = (Fi , �qTi , qzi ). Then, m2

pi = E2
i − �p2i and m2

qi = F2
i − �q2

i .
The mT of the particles in branch i is given by:

m2
Ti =

(√
p2Ti + m2

pi +
√
q2
Ti + m2

qi

)2

− ( �pTi + �qTi )2 (9.2)
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Standard Model tt decay
_

Fig. 9.7 Sketch of the definition of the perpendicular Emiss
T variable

Fig. 9.8 Schematic view on the variables amT 2 (left) and mτ
T 2 (right)

which, in the case ofmqi = mpi = 0, is the same as the expression formT given above.
It has an end point at the parent massmA. Now,mT2, is defined as aminimisation over
the allocation of �pmiss

T between �qTa and �qTb of the maximum of the corresponding
mTa or mTb:

mT2 ≡ min
�qTa+�qTb= �pmiss

T

{max(mTa,mTb)}. (9.3)

An assumption ofmqa andmqb must be made in the computation ofmTa andmTb.
The result of the above minimisation is the minimum parent mass mA consistent
with the observed kinematic distributions under the inputsmqa andmqb . The variants
of mT2 described below only differ in the considered measured particles, assumed
unmeasured particles, and choices for the input masses, mqa and mqb .

The mT2 is adapted to target dileptonic t t̄ by accounting for missed leptons in
the so-called asymmetric mT2 (amT2) [39–42] (see Fig. 9.8). Here, decay branch a
assumes ab-jet as visible object and takes the lepton originating from the leptonically-
decayingW boson as lost, and so the lepton and the neutrino as unmeasured. Hence,
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mqa equals the W mass. Decay branch b takes a b-jet6 and the lepton as visible
objects, the neutrino from the leptonically-decaying W boson is the invisible part.
Both possible assignments of the b-jets are tested and the one resulting in the smaller
amT2 is taken. In such a dileptonic t t̄ scenario, the amT2 is bounded from above by
the top quark mass, while signals typically exceed this bound.

Similarly, themτ
T2 variable is optimised for the case of aW boson that decays into

a hadronic tau (see Fig. 9.8). Decay branch a considers a reconstructed hadronic tau
candidate as visible object, the two neutrinos resulting from theW and the tau decay
present the unmeasured components. Decay branch b takes the lepton as visible and
its neutrino as invisible object. Both mqa and mqb are taken to be zero. This variable
can be used as a tau veto for t t̄ decays into one lepton (electron or muon) and one
hadronically-decaying tau lepton by removing events in which the mτ

T2 does not
exceed 80 GeV, i.e. the W mass bound.

It proved useful to define Hmiss
T,sig, the significance of a purely object-based missing

transverse jet energy, as:

Hmiss
T,sig = | �Hmiss

T | − M

σ| �Hmiss
T |

, (9.4)

where �Hmiss
T is the negative sum of the jet and leptonmomentum vectors. The denom-

inator gives the resolution of �Hmiss
T and considers the per-event energy resolution of

the jets determined from the per-event jet energy uncertainties. The lepton energy
is assumed to be measured significantly better and hence its resolution is neglected.
The parameter M denotes a “characteristic scale” of the background [43]. Based on
optimisation studies it is fixed at 100 GeV in this analysis.

9.5 Signal Regions

9.5.1 Preselection

A preselection, common to all signal and control regions is applied to select the
events that are considered for the different aspects of the analysis. The one-lepton
final state is selected by requiring exactly one identified signal lepton and vetoing
additional baseline leptons. Lepton here includes only electrons and muons. At least
two signal jets present in the event are required as well. Since all signal scenarios
involve invisible particles, a Emiss

T of at least 200 GeV is required. In case this is
not fulfilled, but a photon is found with a pT above 200 GeV the event can still
be considered for the t t̄γ control region. In order to further reduce the contribution
from multijet events that feature a wrongly-identified lepton and fake Emiss

T due to
jet energy mis-measurements, the transverse mass between the signal lepton and the

6In case there is only one or more than two b-jets found in the event, the ones with the highest
b-tagging weights are considered.
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Table 9.2 Common preselection for the optimisation of the signal regions

Selection Comments

HLT_xe80_tc_lcw_L1XE50 trigger jet
cleaning

Veto events that contain a jet that fails the loose
jet cleaning criteria

Exactly one signal lepton And no additional baseline leptons

≥4 signal jets Reduce low-jet multiplicity backgrounds
(diboson, W/Z )

Emiss
T > 200 GeV Start of the XE trigger plateau

mT > 30 GeV Control of QCD/multijets

|	φ( j1,2, �pmiss
T )| > 0.4 Control of QCD multijet backgrounds

mτ
T 2 based τ -veto (mτ

T 2 > 80 GeV) Remove events with hadronic tau candidates

�pmiss
T has to be larger than 30 GeV. Furthermore, the angular separation between

�pmiss
T and each of the two leading jets has to exceed 0.4. Also the requirement of

Hmiss
T,sig > 5 reduces the amount of multijet events entering the selection. After these

selection cuts the multijet background is found to be negligible. The preselection is
summarised in Table9.2 and selected distributions are shown in Fig. 9.9. Data and
Monte Carlo are in reasonable agreement in the bulk of the distributions, while some
deviations appears e.g. in the tail of amT2. Further, the data overshoots the Monte
Carlo for very low values of Emiss

T ,mT and Hmiss
T,sig, where a contribution frommultijet

backgrounds is expected. As discussed, after applying the above requirements onmT

and Hmiss
T,sig this contribution becomes negligible.

9.5.2 Dark Matter Optimisation

While the previous results on top-associated DM production were obtained from a
reinterpretation of one of the stop signal regions, the selection was now optimised
for sensitivity to Dark Matter signals, taken from the DM Simplified Model intro-
duced above. A variety of different variables that can possibly discriminate between
signal and background were tested to find an optimal selection. Since the integrated
luminosity available for the final analysis was not known, 7 fb−1 have been assumed.
Small changes in the selections would be expected if the optimisation was performed
using the actual luminosity of 13 fb−1.

9.5.2.1 Optimisation Procedure

The above introduced preselection is assumed before the optimisation is performed
(see Table9.2). The backgrounds were taken fromMCwithout applying any normal-
isation factor. A possible improvement of this procedure would be to apply approxi-
mate normalisation factors obtained in previous rounds of the analysis already here.
For example, the t t̄ Z background is found to have a normalisation factor much above
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Fig. 9.9 Comparison of data and simulation at pre-selection before the fit to data forEmiss
T (top

left), mT (top right), amT 2 (bottom left) and Hmiss
T,sig (bottom right). Only statistical uncertainties are

displayed. The last bin includes the overflow

one, as will be discussed below, which alters the performance of the optimised SRs.
A flat uncertainty of 20% was assumed for all background contributions to approx-
imate the final uncertainty expected to be obtained. The standard object definitions
listed in Sect. 9.3 are used.

The following significance estimator was considered as a figure of merit:

σ = nsig
√
nbkg + 1 + σ 2

bkg

, (9.5)

where σbkg denotes the absolute uncertainty on the background estimate. The results
were alternatively cross-checked using a binomial z-score [44] as an estimator as
done for the other SRs. The resulting selections were in good agreement.
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The optimisation is performed iteratively. In each step, the variables are ranked
and an optimal cut value is found according to the significance estimator. The best
performing cut is then applied and the procedure is repeated until no significant
improvement is achieved by adding another cut. Since many of the tested variables
are expected to be correlated, a damping function is applied: during the first iterations
of the procedure, the background efficiency needs to stay above a certain threshold
that depends on the iteration. In the first step, at least 50% of the backgrounds are
required to pass the cut. This threshold is multiplied by one half at each iteration. The
same variable can be ranked highest multiple times. By applying this damping, the
procedure is much less sensitive to statistical fluctuations and the correlation effects
between variables is moderated.

9.5.2.2 Signal Benchmarks

For the optimisation, two different benchmark points of the DM Simplified Model
have been chosen:

• assume a natural coupling of gq,χ = 1 and a relatively light mediator of mφ =
100 GeV,

• assume a maximal coupling of gq,χ = 3.5 and a heavier mediator of mφ =
350 GeV.

The DM particle, is taken to be light (mχ = 1 GeV). Going to higher DMmasses
would only have a small effect as long as the mediator mass allows to produce the
DM particles on-shell. Furthermore, it would almost exclusively affect the cross
section and not the signal acceptance, since the observed kinematic behaviour would
not change in the on-shell regime. The benchmarks, (mφ , mχ , gq,χ ) = (100 GeV,
1 GeV, 1) and (350 GeV, 1 GeV, 3.5), are studied both for scalar and pseudo-scalar
mediators.

9.5.2.3 Results

The optimisation revealed that a SR targeting the (mφ ,mχ , gq,χ ) = (350 GeV, 1 GeV,
3.5) benchmark performs almost as well for a wide range of mediator masses (300–
450 GeV) than a dedicated optimisation. Furthermore, the pseudo-scalar signature
is found to be well covered by the selections optimised on scalar signals both for a
mediator mass of 100 and 350 GeV, accepting a loss in significance of up to 20%.
Hence, two SRs are defined for the DM signals: one region targeting lower mediator
masses and smaller couplings (“DM_low”), andone targetinghighermediatormasses
and larger couplings (“DM_high”). In Table9.3, the resulting cuts for the two DM
SRs are given.

In Fig. 9.10, several distributions are shown for the DM_low selection. All
DM_low cuts but the one on the displayed quantity are applied. The vertical line
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Table 9.3 Overview of the event selections defining the twoDM signal regions. The common event
preselection as defined in Table9.2 is applied in all cases

Variable DM_low DM_high

Number of jets ≥4 ≥4

Leading jet pT >60 GeV >50 GeV

Second jet pT >60 GeV >50 GeV

Third jet pT >40 GeV >50 GeV

Emiss
T >300 GeV >330 GeV

Hmiss
T,sig >14 >9.5

mT >120 GeV >220 GeV

amT 2 >140 GeV >170 GeV

	φ( �pmiss
T , 
) >0.8 –

min(	φ( �pmiss
T , jeti )) >1.4 >0.8

Number of b-tags ≥1 ≥1
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Fig. 9.10 The Emiss
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and 	φ between the Emiss

T and the lepton (bottom right) distributions after applying all DM_low
requirements but the one on the shown distribution. The cut which would be applied on this distri-
bution is shown by the vertical line. The overview of the selection is given in Table9.3
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Fig. 9.11 The Emiss
T (top left),mT (top right), amT 2 (bottom left) andmin(	φ( �pmiss

T , jeti )) (bottom
right) distributions after applying all DM_high requirements but the one on the shown distribution.
The cut which would be applied on this distribution is shown by the vertical line. The overview of
the selection is given in Table9.3

in the plot shows where the cut on this distribution would be applied. The distri-
butions are shown for all relevant MC processes and different DM signal samples.
Analogously, Fig. 9.11 shows the distributions for the DM_high selection.

9.5.2.4 Expected Performance

Figure9.12 shows the background composition and expected fraction of signal events
in the two DM regions. In DM_low, dileptonic t t̄ makes up over 30% of the back-
ground, as well as W+jets, while t t̄ Z presents the third-largest background contri-
bution. Almost 40% of the events in this region would be expected to come from a
signal from a scalar mediator and (mφ , mχ , gq,χ ) = (100 GeV, 1 GeV, 1). DM_high
would see around 65% of its events coming from a signal from a scalar mediator
and (mφ , mχ , gq,χ ) = (350 GeV, 1 GeV, 3.5). Here, dileptonic t t̄ and t t̄ Z contribute
most to the expected background, both at the level of 30%.

Figure9.13 shows the expected discovery significance as a function of the inte-
grated luminosity for the two benchmark points for a scalar mediator, (mφ ,mχ , gq,χ )
= (100 GeV, 1 GeV, 1) and (mφ , mχ , gq,χ ) = (350 GeV, 1 GeV, 3.5). For the signal
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Fig. 9.12 Composition of the DM_low (left) and DM_high (right) signal regions. The benchmark
scalar mediator signals in DM_low (left): (mφ , mχ , gq,χ ) = (100 GeV, 1 GeV, 1) and DM_high
(right): (mφ , mχ , gq,χ ) = (350 GeV, 1 GeV, 3.5) are included as well as the different background
contributions
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Fig. 9.13 Expected discovery significance as function of luminosity for the benchmark scalar
mediator signals in DM_low (left): (mφ , mχ , gq,χ ) = (100 GeV, 1 GeV, 1) and DM_high (right):
(mφ , mχ , gq,χ ) = (350 GeV, 1 GeV, 3.5). Flat uncertainties on the background event yield of σb =
10, 20, 30% are considered

(mφ ,mχ , gq,χ ) = (100 GeV, 1 GeV, 1) in DM_low the significance does not reach 3σ
even for 20 fb−1. However, signal points with slightly increased coupling strengths
could be observed at the 3σ level with approximately 10 fb−1. For the signal (mφ ,
mχ , gq,χ ) = (350 GeV, 1 GeV, 3.5) in DM_high a significance over 3σ is expected
to be reached for a dataset between 4 and 5 fb−1.
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Table 9.4 Overview of the event selections for the seven SRs considered in the analysis. Round
brackets are used to describe lists of values and square brackets denote intervals

Common event selection

Trigger Emiss
T trigger

Lepton Exactly one signal lepton (e, μ), no additional baseline leptons

Jets At least two signal jets, and |	φ(jeti , �pmiss
T )| > 0.4 for i ∈ {1, 2}

Hadronic τ veto Veto events with a hadronic tau candidate and mτ
T 2 < 80 GeV

Variable SR1 tN_high

Number of (jets, b-tags) (≥4, ≥1) (≥4, ≥1)

Jet pT > (GeV) (80 50 40 40) (120 80 50 25)

Emiss
T (GeV) >260 >450

Emiss
T,⊥ (GeV) – >180

Hmiss
T,sig >14 >22

mT (GeV) >170 >210

amT 2 (GeV) >175 >175

topness >6.5 –

mχ
top (GeV) <270 –

	R(b, 
) <3.0 <2.4

Leading large-R jet pT (GeV) – >290

Leading large-R jet mass (GeV) – >70

	φ( �pmiss
T , 2nd large-R jet) – >0.6

Variable bC_diag bC_med bCbv

Number of (jets, b-tags) (≥4, ≥2) (≥4, ≥2) (≥2, =0)

Jet pT > (GeV) (70 60 55 25) (170 110 25 25) (120 80)

b-tagged jet pT > (GeV) (25 25) (105 100) –

Emiss
T (GeV) >230 >210 >360

Hmiss
T,sig >14 >7 >16

mT (GeV) >170 >140 >200

amT 2 (GeV) >170 >210 –

|	φ(jeti , �pmiss
T )|(i = 1) >1.2 >1.0 >2.0

|	φ(jeti , �pmiss
T )|(i = 2) >0.8 >0.8 >0.8

Leading large-R jet mass (GeV) – – [70, 100]
	φ( �pmiss

T , 
) – – >1.2

Variable DM_low DM_high

Number of (jets, b-tags) (≥4, ≥1) (≥4, ≥1)

Jet pT > (GeV) (60 60 40 25) (50 50 50 25)

Emiss
T (GeV) >300 >330

Hmiss
T,sig >14 >9.5

mT (GeV) >120 >220

amT 2 (GeV) >140 >170

min(	φ( �pmiss
T , jeti ))

(i ∈ {1 − 4})
>1.4 >0.8

	φ( �pmiss
T , 
) >0.8 –
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9.5.3 Signal Region Overview

After the preselection detailed above, t t̄ and W+jets processes represent the most
dominant backgrounds. Both of these backgrounds can be reduced by a cut on the
transverse mass of lepton and �pmiss

T . Furthermore, if a hadronic tau candidate is found
in the event, the variablemτ

T2 is required to be larger than theW boson mass to reject
t t̄ events where one W boson decays into a hadronic tau. Apart from the DM SRs
that have already been introduced, two SRs targeting tN signal scenarios are defined.
SR1 targets moderate stop masses, whereas tN_high is optimised for very high stop
masses, where the decay products are expected to be highly boosted. It therefore
relies on large-radius jets. SR1 is inherited from the previous publication of this
analysis [8], which saw a mild excess in this region that should be reviewed with
more data.

The bC signal scenario is covered by three SRs: bC2x_diag and bC2x_med target
the scenario of mχ̃± = 2mχ̃0 with small and medium mass differences between stop
and chargino, respectively. Their selection relies on high-pT b-jets. A small mass
splitting between the stop and the chargino of 10 GeV is assumed in the optimisation
of the so-called bCbv SR. Here, the b-jets are expected to be too soft to be identified
and hence a b-jet veto is applied.

The SR definitions are summarised in Table9.4. Note that the selections are not
orthogonal and the overlap between the different SRs can be significant.

9.6 Background Estimation

The dominant contributions to the background entering the signal selections stem
from t t̄ , single topWt , t t̄ + Z(→ νν̄), andW+jets processes. Since the semi-leptonic
component of t t̄ can be efficiently reduced, mostly dileptonic t t̄ events where one
lepton is out of acceptance or not identified and hence escaping the veto, as well as
t t̄ events featuring one lepton and one hadronic tau in the final state, remain in the
SRs. Small backgrounds come from diboson, t t̄W and Z+jets events. As discussed
above, the multijet background is found to be negligible after preselection.

In order to estimate themajor backgrounds, B= {t t̄ ,W+jets, single-top, t t̄ Z}, ded-
icated control regions enriched in the respective background processes, are defined:
CR = {TCR, WCR, STCR, TZR}, respectively. They are designed to be kinemati-
cally as similar as possible to the SRs. The inversion of few specific cuts makes the
control regions orthogonal to the SRs, reduces the possible signal contribution and
enhances the yield and purity of the background in question. Minor backgrounds,
b = {Z+jets, dibosons}, are purely taken from MC simulation.

The normalisation factor ni for any major background i is defined as follows:

ni = Ni,data
CRi

/Ni,MC
CRi

, (9.6)
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with:
Ni,data
CRi

= Ndata
CRi

−
∑

j �=i, j∈B
n j · N j,MC

CRi
−

∑

k∈b
Nk,MC
CRi

. (9.7)

Here, Ni,MC
CRi

denotes the Monte Carlo event yield for the background i in control
region in question, and Ndata

CRi
denotes the total number of data events observed

in this control region. All normalisation factors are determined in a simultaneous
likelihood fit [45] to all control regions of one SR, for each SR. The findings are then
used in the prediction of background events in the SR via transfer factors ti for each
background i :

ti = Ni,MC
SR /Ni,MC

CRi
. (9.8)

The total number of expected events in a SR is then given by:

NSR = μsig · Nsig +
∑

i∈B,b

N i
SR = μsig · Nsig +

∑

j∈B
n j · t j · N j,MC

CRj
+

∑

k∈b
Nk,MC

SR .

(9.9)
The signal strength μsig is used to vary or constrain the assumed signal contribu-

tion. For the determination of the normalisation factors, the above formula is applied
to the control regions and the signal strength is set to zero (background-only fit).
The four fit parameters, namely the normalisations of t t̄ , single top, W+jets, and
t t̄ + W/Z are affected by systematic uncertainties, which are treated as Gaussian
nuisance parameters in the fit.

The resulting backgroundmodelling is verified in validation regions. An overview
of the control and validation regions considered is given in Fig. 9.14. The definitions
of the control and validation regions for the DM SRs is given in Table9.5. For the
other SRs such an overview can be found in Appendix C.

Fig. 9.14 A schematic
diagram for the various event
selections used to estimate
and validate the background
normalizations. Solid lines
indicate kinematic
boundaries while dashed
lines indicate that the events
can extend beyond the
boundary. CR, VR, and SR
stand for control, validation,
and signal region,
respectively. T, ST, TZ, and
W stand for t t̄ , single top,
t t̄ + Z , and W+jets,
respectively
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Table 9.5 Overview of the event selections for DM signal regions and the associated t t̄ (TCR),
W+jets (WCR), andWt (STCR) control regions. Round brackets are used to describe lists of values
and square brackets denote intervals

Common event selection for DM

Trigger Emiss
T trigger

Lepton Exactly one signal lepton (e, μ), no additional baseline leptons

Jets At least two signal jets, and |	φ(jeti , �pmiss
T )| > 0.4 for i ∈ {1, 2}

Hadronic τ veto Veto events with a hadronic tau decay and mτ
T 2 < 80 GeV

Variable DM_low TCR/WCR STCR

≥4 jets with
pT > (GeV)

(60 60 40 25) (60 60 40 25) (60 60 40 25)

Emiss
T (GeV) >300 >200/>230 >200

Hmiss
T,sig >14 >8 >8

mT (GeV) >120 [30, 90] [30, 120]

amT 2 (GeV) >140 [100, 200]/>100 >200

min(	φ( �pmiss
T , jeti ))

(i ∈ {1 − 4})
>1.4 >1.4 >1.4

	φ( �pmiss
T , 
) >0.8 >0.8 –

	R(b1, b2) – – >1.8

Number of b-tags ≥1 ≥1/=0 ≥2

Variable DM_high TCR/WCR STCR

≥4 jets with
pT > (GeV)

(50 50 50 25) (50 50 50 25) (50 50 50 25)

Emiss
T (GeV) >330 >300/>330 >250

Hmiss
T,sig >9.5 >9.5 >5

mT (GeV) >220 [30, 90] [30, 120]

amT 2 (GeV) >170 [100, 200]/>100 >200

min(	φ( �pmiss
T , jeti ))

(i ∈ {1 − 4})
>0.8 >0.8 >0.8

	R(b1, b2) – – >1.2

Number of b-tags ≥1 ≥1/=0 ≥2

9.6.1 Control Regions

Control regions for the t t̄ and W+jets backgrounds are defined for all SRs by lower-
ing the mT requirement to 30GeV < mT < 90GeV. For the W+jets control region
(WCR), a b-jet veto is applied as well. For the t t̄ control region (TCR) an upper
cut on amT 2 avoids potential overlap with the single top control region (described
below). Individual selection cuts are loosened to allow for sufficient statistics in the
control regions. In the TCRs a t t̄ purity between 51 and 91% is achieved, theW+jets
purity in the WCRs is around 75%.
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For the single top background, the definition of a control region is not straight-
forward, since t t̄ events may easily enter the selection due to the similar character-
istics of t t̄ and Wt . However, by applying the following cuts, the Wt purity can be
enhanced. Requiring two b-jets reduces the W+jets contamination. Since the mass
of a Wb system that does not origin from a top is typically higher than for an on-
shell top quark in the selected phase space, a cut on amT 2 > 200GeV is effective
in reducing the t t̄ contamination. The remaining t t̄ can evade this cut if a c-quark
from the W decay gets b-tagged and represents one of the two b-jets entering the
amT2 calculation. In this case, the radial distance between these “b-jets” is typically
smaller than in real Wt events. Hence, a cut on 	R(b1, b2) > 1.2 is introduced.
This is further tightened in the DM_low and bC_diag regions, where this is possible
without reducing the statistics too much. With this strategy, control regions with a
Wt purity of up to 50% are obtained, which provide a reasonable handle on this
background that is especially relevant for the bC2x regions.

The t t̄ + Z(→ νν̄) background constitutes a significant fraction of the total back-
ground, especially in the SRs relying on tight Emiss

T cuts, like tN_high and the DM
regions. While the definition of a tri-lepton region in which the Z boson decays to
charged leptons was used as a cross-check, the integrated luminosity of the dataset
does not allow to use it as a control region. A t t̄γ control region is designed instead
to constrain the t t̄ Z background from data. There are two major differences between
t t̄ Z and t t̄γ that also lead to different kinematic characteristics. The finite mass
of the Z boson as opposed to the massless photon becomes less relevant the more
the boson pT exceeds the Z boson mass. Since all SRs require high Emiss

T , the Z
boson–and the corresponding photon–must have high pT, which was verified to be
high enough to moderate the impact of the Z boson mass. The second difference
is that additional bremsstrahlung from the Z boson is suppressed at LHC energies,
while in a significant fraction of t t̄γ events the photon is radiated off one of the
top quarks. Also this difference is much smaller for high boson pT. It is taken into
account in the simulations and hence is also considered in the background estimate.
For the control region selection, a high-pT photon above 200 GeV is required in
addition to the one-lepton selection. It is treated as invisible for all variable calcu-
lations: the highest-pT photon is added vectorially to �pmiss

T and this sum is used to
construct Ẽmiss

T, corr = | �pmiss
T + �pγ

T |, m̃T, and H̃miss
T,sig . The jet pT thresholds are kept iden-

tical to those in the SRs to minimise the impact of systematic uncertainties on the jet
energy scale (JES). In order to make this control region kinematically more similar
to the SRs, cuts on the modified Emiss

T , mT and Hmiss
T,sig are applied. An upper cut of

Emiss
T < 200GeV forces this control region to be orthogonal to other regions. The

selection leads to a t t̄γ sample with over 90% purity, where the largest contamination
comes from Wγ + jets. The total number of data events exceeds the MC prediction
by 30–47%, while no apparent mis-modelling of relevant variables is observed.

The contribution from the multijet background was estimated using a data-driven
procedure in context of the previous release of this analysis [8]. It was found to be
negligible. In this analysis, the amount of multijet background entering the selections
is confirmed to be negligible in a multijet-enriched region, defined by lowering the
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Fig. 9.15 Distributions of Emiss
T (top left for TCR, top right for WCR and bottom left for STCR),

and photon-corrected Emiss
T (bottom right for TZCR) for events in the CRs associated with DM_low

where each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained in a background-only fit. The uncertainty band includes statistical and experimental sys-
tematic uncertainties. The last bin includes overflow

Emiss
T down to 50 GeV: when requiring Emiss

T above 200 GeV, basically no multijet
background remains. All other small backgrounds are determined from simulation,
with the cross sections normalised to the most accurate theoretical prediction avail-
able.

The Emiss
T distribution for the CRs associated with DM_low are shown in Fig. 9.15

and in Fig. 9.16 for DM_high. The distributions in data are found to be well modelled
in all control regions.
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Fig. 9.16 Distributions of Emiss
T (top left for TCR, top right for WCR and bottom left for STCR),

and photon-corrected Emiss
T (bottom right for TZCR) for events in the CRs associatedwithDM_high

where each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained in a background-only fit. The uncertainty band includes statistical and experimental sys-
tematic uncertainties. The last bin includes overflow

9.6.2 Validation Regions

The normalisation factors determined by the fit and the resulting background mod-
elling is verified in dedicated validation regions (VRs). These regions are built to be
orthogonal to both signal and control regions to provide a statistically independent
test of the fit results. The possible signal contamination in these regions was found
to be at most 10%. For the validation of the t t̄ andW+jets background estimate, one
VR for each process and SR gets defined in the same way as the respective control
region but within an mT window of 90GeV < mT < 120GeV. This strategy cannot
be applied in the case of the single top region, since there the mT cut needed to be
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Fig. 9.17 Distributions of Emiss
T (left) andmT (right) for the TVR (top) andWVR (bottom) selection

associatedwithDM_low.Eachbackground (t t̄ ,W+jets,Wt , and t t̄ + W/Z ) is normalised according
to the result of the background-only fit to the control regions. Statistical and experimental systematic
uncertainties are included in the error band

extended up to 120 GeV in order to retain a sufficient amount of events passing the
selection. Therefore, no single top VR could be defined.

The agreement of data and MC prediction in the t t̄ andW+jets validation regions
of DM_low and DM_high is presented in Figs. 9.17 and 9.18, respectively. The
distributions of Emiss

T and mT are found to agree reasonably well, although a trend
in the ratio is observed for mT in the DM_low WVR, which slightly exceeds the
uncertainty band in the low-mT bin.
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Fig. 9.18 Distributions of Emiss
T (left) and mT (right) for the TVR (top) and WVR (bottom) selec-

tion associated with DM_high. Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised
according to the result of the background-only fit to the control regions. Statistical and experimental
systematic uncertainties are included in the error band

9.6.2.1 Non-canonical Validation Regions

A set of additional, “non-canonical” validation regions is defined. These VRs are not
directly related to any SR, but try to probe particular phase spaces close to the SRs.
Here, no normalisation factors are applied, since they do not coincide with any of
the SRs targeted by the control regions. As mentioned above, dileptonic t t̄ generally
presents the largest background contribution after SR selection. In order to study this
backgrounds in detail, a region selecting two leptons7 is defined via:

7The mT is constructed using the leading lepton.
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Fig. 9.19 Distributions ofmT and jet multiplicity for events passing the di-lepton validation region
selection. The backgrounds are normalised to their cross section, no normalisation factors are applied
and the uncertainty band includes statistical uncertainties

• dilepton trigger,
• quality cuts,
• exactly two signal leptons with different flavours (eμ) to suppress contributions
from Z+jets,

• the lepton pair has to be of opposite charge,
• ≥ 4 jets with pT > 25GeV.

Such events can only pass the signal selections if at least one extra jet is radiated
from the initial or final state. Hence, it is particularly interesting to validate the
modelling of the jetmultiplicity distribution in this region.As can be seen in Fig. 9.19,
it is found to be well-modelled for njets ≥ 4. Also the mT distribution agrees well
between data and MC. A similar approach, using amT 2 to enrich the sample in
dileptonic t t̄ with a missed lepton, comes to the same conclusion.

A similarly important component of the t t̄ background features a lepton and a
hadronic tau in the final state. A validation region for such processes is defined by
selecting:

• Four jets with pT > 80, 50, 40, 25 GeV,
• Emiss

T > 200 GeV,
• mT > 100 GeV,
• At least one b-jet,
• One loose hadronic tau candidate and one signal lepton.

The corresponding mT and amT2 distributions are shown in Fig. 9.20 and prove
good data-MC agreement in the tails of the distributions which are relevant for the
analysis.

The SRs cut tightly on the tail of the mT distribution. Background events from t t̄
or W+jets can only enter this region due to the finite resolution of the reconstructed
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Fig. 9.20 Distributions of mT and amT 2 for events passing the 1
1τ validation region selection.
The backgrounds are normalised to their cross sections, no normalisation factors are applied and
the uncertainty band includes statistical uncertainties

mT variable. In order to test the modelling in this regime while being orthogonal to
the SRs, a b-veto is applied, enhancing the sample in W+jets events. The selection
cuts are:

• Four jets with pT > 100, 80, 50, 25 GeV,
• Emiss

T > 200 GeV,
• mT > 100 GeV,
• Exactly zero b-jets.

Figure9.21 shows the distribution of themT and the Emiss
T distribution. The shape

of the distributions in data is found to be reasonably well-modelled by MC, but the
normalisation is off by at least 20%, consistent with the determined normalisation
factors for W+jets.

Following a similar motivation, a validation region verifying the modelling in the
amT2 tail is constructed in the following way:

• Four jets with pT > 80, 60, 60, 40 GeV,
• Emiss

T > 200 GeV,
• 30 < mT < 90 GeV,
• amT 2 > 200 GeV,
• Hmiss

T,sig > 8,
• Exactly 1 b-jet.

The data-MC agreement for distributions of amT 2 and Emiss
T is presented in

Fig. 9.22. The processes in this VR are found to be well-modelled with some dis-
crepancy of 20–40% at very high amT 2, but with large uncertainties.
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Fig. 9.21 Distributions of mT and Emiss
T for events fulfilling the requirements of the W -tail vali-

dation region. The backgrounds are normalised to their cross sections, no normalisation factors are
applied and the uncertainty band includes statistical uncertainties

 [GeV]T2am
0 100 200 300 400 500 600

ev
en

ts
 / 

40
 G

eV

0

50

100

150

200

250

300

350 Data Total SM
tt W+jets

Wt Diboson
+Vtt

s = 13 TeV, 13.2 fb-1

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]miss
TE

0 100 200 300 400 500 600

ev
en

ts
 / 

40
 G

eV

0

50

100

150

200

250

300 Data Total SM
tt W+jets

Wt Diboson
+Vtt

s = 13 TeV, 13.2 fb-1

D
at

a 
/ S

M

0.5

1

1.5

Fig. 9.22 Distributions of amT 2 and Emiss
T for events fulfilling the requirements of the amT 2-tail

validation region. The backgrounds are normalised to their cross sections, no normalisation factors
are applied and the uncertainty band includes statistical uncertainties

9.7 Systematic Uncertainties

Since the MC background prediction is constrained from data in control regions,
systematic uncertainties coming from experimental origins or theoretical aspects of
prediction and modelling of backgrounds enter only in the extrapolation from the
control region to other regions. The overall normalisation is not directly subject
to systematic uncertainties. This extrapolation requires that the variables with cuts
that differ between signal and control samples are very well understood. The sys-
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tematics are considered by the likelihood fits as nuisance parameters with Gaussian
constraints.

9.7.1 Experimental Uncertainties

Uncertainties on the jet energy scale and resolution, on the treatment of the Emiss
T

soft term and on the b-tagging efficiencies for b, c and light jets [46, 47] dominate
in this analysis.

The transfer factor providing the extrapolation from control to SRs is affected
by 4–15% (0–9%), depending on the SR, by the uncertainty on the jet energy scale
(resolution). The uncertainty on the b-tagging amounts to a 0–6% effect on the
extrapolation, the Emiss

T soft-term leads to 0–3% uncertainty.
Furthermore, uncertainties on lepton- andphoton-relatedquantities (energy scales,

resolutions, reconstruction and identification efficiencies, isolation) are considered
and found to be negligible, as well as the uncertainty on the total integrated lumi-
nosity.

9.7.2 Theoretical Uncertainties

Since the extrapolation factor from control to SR, the transfer factor, is determined
based on simulation, uncertainties on the modelling of the relevant background pro-
cesses influence the result. The uncertainties on the t t̄ and single-top modelling is
estimated by varying the hadronisation and renormalisation scales and the strength of
initial- and final state radiation that is assumed in the simulation [48]. Furthermore,
different event generators, namely Powheg-Box with Herwig++ and MG5_aMC
withHerwig++, have been tested. By interfacingPowheg-Boxwith different shower
generators, namely PYTHIA 8 or Herwig++, the effect from fragmentation and hadro-
nisation modelling is estimated. An additional uncertainty comes from interference
between the t t̄ and Wt processes at higher orders. This effect is estimated by com-
paring an inclusive WWbb sample to the sum of the t t̄ and Wt samples [48]. The
observed difference is taken as uncertainty on the interference terms and is the dom-
inant uncertainty on the Wt simulation. In summary, the extrapolation from TCRs
and STCRs to SRs is affected by 17–32% for t t̄ and by 14–68% for Wt events.

For the estimation of the theoretical uncertainties on theW+jets background, a dif-
ferent generator (MG5_aMC) is considered, renormalisation and factorisation scales
are varied and different choices for the matrix element to parton shower matching
and the resummation parameters are tested. While the generator dependence results
in a 10–20% uncertainty, the effects from scale variations are found to be between
0 and 10%. An additional uncertainty needs to be considered due to the fact that
SRs require at least one b-jet while the WCRs are constructed by applying a b-jet
veto. The results presented in Ref. [49] are extrapolated to higher jet multiplicities
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and lead to an estimated uncertainty of around 40% for all SRs but bCbv, where it is
found to be 20%.

As detailed above, a t t̄γ control region is used to normalise the t t̄ Z background.
This means that not only the extrapolation over kinematic quantities, as for the other
control regions, but also the translation between the different physical processes is
object to systematic uncertainties. A correction of 4% is applied to the t t̄γ sample
to mitigate the differences of the details of the simulation used to generate the sam-
ples. The variation of renormalisation and factorisation scales affects t t̄ Z and t t̄γ
processes at leading order slightly differently, leading to an uncertainty of 10%. This
is studied in detail by including NLO corrections in the form of k-factors that are
applied. The k-factor is calculated for both processes using MG5_aMC or Sherpa
plus OpenLoops for a nominal setup and with certain variations of the simulation
parameters. The ratio of the resulting k-factors is then studied as a function of the
boson pT. The variation of the factorisation and renormalisation scales results in a
5% change of the k-factor ratio, assuming a different PDF set (NNPDF or CT14 [50])
leads to a difference of 2%. The dependence on the generator used introduces a 5%
uncertainty. In total, an uncertainty on the extrapolation from the t t̄γ control region
to the t t̄ Z component of the SR of 12% is found.

The diboson estimate from MC is subject to uncertainties on the cross section of
around 6%. Together with the results from varying the renormalisation and factorisa-
tion scales during simulation, a total theoretical uncertainty of 20–30% is assumed.

Variations of renormalisation and factorisation scales aswell as PDF sets are taken
into account for the SUSY signal samples, resulting in an uncertainty of 13–23%.
Only the effect on the signal acceptance is taken as uncertainty when the factorisation
and renormalisation scales for the leading-order DM signals are evaluated, resulting
in a 5% uncertainty.

9.8 Results

The measured event yield in data together with the estimated background predic-
tion from the likelihood fit to the CRs is presented in Table9.6 for the SRs and
in Fig. 9.23 for SRs and VRs. Note that neither the SRs nor the validation regions
are disjoint. The normalisation factors for the different backgrounds, as obtained
from the background-only fit, are also listed in Table9.6. The background prediction
is considered conservative since any signal contamination in the control regions is
attributed to background processes and thus possibly yields to an overestimation
of the background in the SR. The compatibility of the observed results with the
background-only hypothesis is tested by the likelihood ratio, using the CLs prescrip-
tion [46]. The resulting probabilities of the background-only hypothesis appear as
p-values p0 in Table9.6. Furthermore, the fit is repeated treating the signal strength
as a floating parameter to determine the limit on the number of events from new
physics in the SRs, quoted as Nlimit

non−SM in Table9.6.



9.8 Results 203

Table 9.6 Data events and expected background yields and their uncertainties as predicted by the
background-only fits in the SRs. The background normalisation factors obtained by the background-
only fit (NF), and the probabilities (p0) of the background-only hypothesis given the observed result
are shown as well
Signal
region

SR1 tN_high bC2x_diag bC2x_med bCbv DM_low DM_high

Observed 37 5 37 14 7 35 21

Total
background

24 ± 3 3.8 ± 0.8 22 ± 3 13 ± 2 7.4 ± 1.8 17 ± 2 15 ± 2

t t̄ 8.4 ± 1.9 0.60 ± 0.27 6.5 ± 1.5 4.3 ± 1.0 0.26 ± 0.18 4.2 ± 1.3 3.3 ± 0.8

W+jets 2.5 ± 1.1 0.15 ± 0.38 1.2 ± 0.5 0.63 ± 0.29 5.4 ± 1.8 3.1 ± 1.5 3.4 ± 1.4

Single top 3.1 ± 1.5 0.57 ± 0.44 5.3 ± 1.8 5.1 ± 1.6 0.24 ± 0.23 1.9 ± 0.9 1.3 ± 0.8

t t̄ + V 7.9 ± 1.6 1.6 ± 0.4 8.3 ± 1.7 2.7 ± 0.7 0.12 ± 0.03 6.4 ± 1.4 5.5 ± 1.1

Diboson 1.2 ± 0.4 0.61 ± 0.26 0.45 ± 0.17 0.42 ± 0.20 1.1 ± 0.4 1.5 ± 0.6 1.4 ± 0.5

Z+jets 0.59 ± 0.54 0.03 ± 0.03 0.32 ± 0.29 0.08 ± 0.08 0.22 ± 0.20 0.16 ± 0.14 0.47 ± 0.44

t t̄ NF 1.03 ± 0.07 1.06 ± 0.15 0.89 ± 0.10 0.95 ± 0.12 0.73 ± 0.22 0.90 ± 0.17 1.01 ± 0.13

W+jets NF 0.76 ± 0.08 0.78 ± 0.08 0.87 ± 0.07 0.85 ± 0.06 0.97 ± 0.12 0.94 ± 0.13 0.91 ± 0.07

Single top
NF

1.07 ± 0.30 1.30 ± 0.45 1.26 ± 0.31 0.97 ± 0.28 − 1.36 ± 0.36 1.02 ± 0.32

t t̄ + W/Z
NF

1.43 ± 0.21 1.39 ± 0.22 1.40 ± 0.21 1.30 ± 0.23 − 1.47 ± 0.22 1.42 ± 0.21

p0 (σ ) 0.012 (2.2) 0.26 (0.6) 0.004 (2.6) 0.40 (0.3) 0.50 (0) 0.0004 (3.3) 0.09 (1.3)

N limit
non−SM

exp.
(95% CL)

12.9+5.5
−3.8 5.5+2.8

−1.1 12.4+5.4
−3.7 9.0+4.2

−2.7 7.3+3.5
−2.2 11.5+5.0

−3.4 9.9+4.6
−2.9

N limit
non−SM

obs.
(95% CL)

26.0 7.2 27.5 9.9 7.2 28.3 15.6

In three SRs deviations larger than two standard deviations from the background
prediction are observed. The largest excess with a local significance of 3.3σ is seen
in the DM_low SR, the excess in SR1 amounts to 2.2σ (local) and bC2x_diag sees
an excess of 2.6σ (local).

As mentioned, there is a potential overlap between signal and background events
also in these SRs. As a cross-check, exclusive SRs were defined by excluding events
that are also selected by another of these three SRs. When done so, the excess in SR1
is reduced, while the deviations in DM_low and bC2x_diag persist.

The distributions of Emiss
T and mT in the DM SRs and the SRs seeing an excess

(SR1 and bC2x_diag) are presented in Figs. 9.24 and 9.25. In all three deviating SRs
the excess tends to favour low values of mT and of Emiss

T .
With the observation of an excess over 3σ many additional cross-checks were

performed to scrutinise the analysis procedure and its results. A subset is presented
in Appendix D, along with additional distributions at preselection level and in the
DM control, validation and SRs in Appendix C. These checks did not reveal any
particular problem with the analysis and its methods that could cause the observed
discrepancies between background expectation and observed data events.
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Fig. 9.23 Summary of the observed event yields in data (nobs) compared to the predicted back-
ground (nexp) in the VR and SRs. The bottom panel shows the significance of the deviation between
data and background expectation. The significance considers the total uncertainty (σtot)
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Fig. 9.24 The Emiss
T (left) and mT (right) distributions in DM_high (top) and DM_low (bottom).

In each plot, the full event selection in the corresponding signal region is applied, except for the
requirement (indicated by an arrow) that is imposed on the variable being plotted. The predicted
backgrounds are scaled with the normalisation factors documented in Table9.6. The uncertainty
band includes statistical uncertainties. The last bin contains the overflow. Benchmark signal models
where a common coupling g = gq = gχ = 3.5 is assumed are overlaid for comparison
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Fig. 9.25 The Emiss
T (left) and mT (right) distributions in SR1 (top) and bC2x_diag (bottom). In

each plot, the full event selection in the corresponding signal region is applied, except for the
requirement (indicated by an arrow) that is imposed on the variable being plotted. The predicted
backgrounds are scaled with the normalisation factors documented in Table9.6. The uncertainty
band includes statistical uncertainties. The last bin contains the overflow. Benchmark signal models
are overlaid for comparison

9.9 Interpretation of the Results

The measured events in data in view of the estimated background expectation can
be used to set limits on the various signal scenarios.

The exclusion fit tests the signal plus background hypothesis. In the exclusion fit,
all control regions and the SR are used in the fit. The signal contribution in all regions
is taken into account as predicted by the signal model under study. The exclusion
test result is a CLs value, which represents the probability for the observation being
compatible with the signal plus background hypothesis.

Two types of CLs values are presented: the expected CLs value is obtained by
setting the data in the SRs equal to the total fitted background prediction, and provides
an estimate of the expected sensitivity of the analysis. The observed CLs value is
obtained when the observed data is considered in the SRs. For CLs values below
0.05 the given signal model is excluded at 95% confidence level.
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Fig. 9.26 The observed upper limits on the combined coupling gqχ for each signal grid point is
presented as numbers in the plane of mφ (mA) versus mχ for the Simplified Model describing
DarkMatter production in association with top quarks for a scalar mediator (left) and pseudo-scalar
mediator (right). Expected (dashed) and observed (solid) 95% CL exclusion contours assume a
maximal coupling of g = 3.5

Under a certain signal hypothesis, possible signal contributions in the control
regions are taken into account in the fit, as well as all uncertainties, except for the
theoretical ones on the signal cross section.8 The exclusion limits are derived at 95%
CL. For each signal point the SR providing the lowest CLs value is chosen. The
exclusion contours are determined via an interpolation on the calculated CLs values.

9.9.1 Limits on Dark Matter Models

The results are interpreted in terms of the Simplified Model of DM pair production,
assuming scalar or pseudo-scalar mediators. The limits are presented in Fig. 9.26,
as upper bounds on the combined coupling g = gq = gχ , and as exclusion contours
under the assumption of a maximal coupling of g = 3.5. These contours extends
up to mediator masses of 350 GeV for a light DM particle.

In discussions after the presentation of these results, it was brought up that for
the excluded regions at high mediator mass the decay width of the mediator starts to
become sufficiently large to maybe alter the kinematic behaviour of the signal, which
would prevent to quote a limiting coupling strength purely based on the signal cross
section, as was done here. A compromise would be to define exclusion contours in
the future for lower couplings of e.g. g = 2. Ideally, a natural coupling of one would
be assumed, but in the present case the sensitivity of the analysis is still beyond an
exclusion for this coupling choice.

8For SUSY limits these are quoted as a band around the observed limit.
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Fig. 9.27 Illustration of the best expected signal region per signal grid point in the plane of mφ

(mA) versus mχ for Dark Matter production associated production with top quarks for a scalar
mediator (left) and pseudo-scalar mediator (right)

For many DM signal points another SR is found to perform slightly better than
DM_low or DM_high, which is shown in Fig. 9.27.9 However, the expected limits
obtained only from the DM regions, presented in Fig. 9.28, are comparable to the
one where the best performing SR is chosen.10 This is a manifestation of the fact
that all of the more inclusive SRs (DM, SR1, bC2x_diag) perform similarly well in
constraining the DM signals in the probed phase-space. This similarity could well
be broken when considering more (or less) data.

9.9.2 Limits on Direct Stop Production

The analysis is able to extend the excluded stop mass range up to 830 GeV for
a very light neutralino χ̃0

1 in the tN scenario, where BR(t̃1 → t + χ̃0
1 ) = 100% is

assumed. The stop-neutralino mass plane with the expected and observed exclusion
limit contours is shown in Fig. 9.29. Assuming a bC scenario with BR(t̃1 → b +
χ̃±
1 ) = 100% and fixing m

χ̃±
1

= 2m
χ̃0
1
, stop masses up to 750 GeV are excluded

with a 150 GeV neutralino, as can be seen in Fig. 9.30, where expected and observed
limit contours are shown in the stop-neutralino mass plane. In the case of a small
mass gap between stop and chargino, m

χ̃±
1

= mt̃1 − 10 GeV, the exclusion in terms

of the stop mass extends up to 750 GeV for a very light neutralino, as shown in
Fig. 9.30.

9This also holds vice versa: for some tN and bC signal points, the DM regions were found to perform
best.
10For DM_low, this is only the case for low mediator masses, for which this region was optimised
for.
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Fig. 9.28 The observed 95%CL upper limit on the couplings in the plane ofmφ (mA) versusmχ for
DM associated production with top quarks for a scalar (pseudo-scalar) mediator. The results from
DM_low is shown on top and for DM_high on the bottom, for scalar (left) and pseudo-scalar (right)
mediators. The numbers on the plot show the value of the excluded coupling for the corresponding
points on the signal grid

Fig. 9.29 Expected (black
dashed) and observed (red
solid) exclusion contours at
95% CL in the plane of mt̃1
versus m

χ̃0
1
. Direct stop pair

production is assumed,
where the t̃1 → t + χ̃0

1
decay is fixed to have a
branching ratio of 100%.
While the limits from earlier
analyses [8, 36], indicated
by the grey shaded area,
assume mostly-right-handed
stops, the present results
consider unpolarised stops
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Fig. 9.30 Expected (black dashed) and observed (red solid) exclusion contours at 95% CL in the
plane of mt̃1 versus mχ̃0

1
. Direct stop pair production is assumed, where the t̃1 → b + χ̃±

1 decay is

fixed to have a branching ratio of 100%.Acharginomass of twice the neutralinomass (left) or a small
mass difference with respect to the stop, m

χ̃±
1

= mt̃1 − 10 GeV (right) are considered. While the

limits from earlier analyses [8, 36], indicated by the grey shaded area, assume mostly-left-handed
stops, the present results consider unpolarised stops
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Fig. 9.31 Expected (dashed) and observed (solid) 95% excluded regions in the plane ofmt̃1 versus

m
χ̃0
1
for direct stop pair production for different assumptions of x = BR(t̃1 → t + χ̃0

1 ) = 1 −
BR(t̃1 → b + χ̃±

1 ) where the chargino mass is assumed to be twice the neutralino mass, and x
is scanned from 0 to 100% in steps of 25%. No points can be excluded in data for the x = 50%
scenario
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The production of unpolarised stops is assumed here. The resulting limits are
expected to be slightly weaker than if left-handed stops were assumed for the tN
decay or if right-handed stops were assumed for the bC scenarios.

In a so-called mixed scenario both decays t̃1 → t + χ̃0
1 and t̃1 → b + χ̃±

1 , under
the assumption of m

χ̃±
1

= 2m
χ̃0
1
, are allowed. Branching ratios of 0, 25, 50, 75

and 100 % for t̃1 → t + χ̃0
1 are considered while BR (t̃1 → b + χ̃±

1 ) = 100% – BR
(t̃1 → t + χ̃0

1 ). The resulting exclusion contours are presented in Fig. 9.31.

9.10 Conclusions

A dataset of 13.2 fb−1 of
√
s = 13 TeV proton-proton collisions, recorded by

ATLAS, has been analysed in search for new physics in events with Emiss
T and

top quarks for final states with one lepton. Dedicated signal regions were designed
to target stop decays to t̃1 → t + χ̃0

1 and t̃1 → b + χ̃±
1 , as well as for scalar and

pseudo-scalar mediated DM production. The dominant sources of background are
constrained in signal-region-specific control regions enriched in t t̄ , W+jets, Wt or
t t̄γ (for the estimate of t t̄ Z ). This strategy allows to significantly reduce the impact
of systematic uncertainties on the result. The largest experimental source is repre-
sented by the jet energy scale uncertainty and amounts to 4–15%, depending on the
signal region.

An excess of 3.3σ of data events over the background prediction is found in
the DM_low signal region. Also the SR1 and bC2x_diag signal regions see more
data events than expected, with a deviation above 2σ . In all other signal regions, as
well as in the validation regions constructed to monitor the background modelling,
agreement between the prediction and the measurement is observed.

The observations are translated into limits on the targeted signal models. In both
the t̃1 → t + χ̃0

1 and the t̃1 → b + χ̃±
1 scenario, the exclusion bounds reach beyond

precedent results.
For the first time within ATLAS, a SimplifiedModel is used to present the bounds

on DM pair production in association with top quarks. The results are presented as
upper limits at 95% CL on the combined coupling strength for each grid point as
well as an exclusion contour in the Mmed–mχ mass plane, assuming a coupling of
3.5.

During preparation and after presentation of these results, more collision data was
recorded. The analysis was then repeated on a dataset of about twice the integrated
luminosity as considered for the presented results. None of the excesses could be
confirmed. Nevertheless, this powerful analysis is further improved and will likely
be able to continue to provide interesting results on the top squark production and
the production of Dark Matter with top quarks.
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Chapter 10
Conclusions

From the discovery of the electron to the observation of the Higgs boson, particle
physics has come a long way, both paved by experimental and theoretical advance-
ments, culminating in the formulation and confirmation of the incredibly successful
Standard Model of particle physics. As discussed in this thesis, albeit its success
and the extremely precise experimental confirmations of its predictions the Stan-
dard Model cannot be the end: too many questions and puzzles are left unanswered.
A plethora of interesting new-physics models is proposed to address one or sev-
eral of these problems, and is scrutinised by LHC experiments. One well-motivated
extension is Supersymmetry, which would solve many questions at once. Another
strong motivation to search for physics beyond the Standard Model is the over-
whelming experimental evidence from astrophysics for a non-luminous matter com-
ponent namedDarkMatter, for which the StandardModel cannot offer any candidate
particle.

This thesis presented several aspects of searches for Dark Matter at the LHC.
The presented work revealed that in a large fraction of collisions at the LHC the
momentum transfer is well above the bound set on the cut-off scale of an effective
field theory, rendering such interpretations inadequate. From the detailed discussion
of the problems with an effective field theoretic interpretation of LHC searches, the
need for a change of the way in which results are presented was motivated. In order
to quantify the impact of this non-validity a rescaling procedure was suggested. The
ATLAS search for new physics in monojet-like events adapted this rescaling pro-
cedure in the interpretation of its results. The thesis further presented this analysis
of 20.3 fb−1 of 8 TeV pp collision data targeting final states with an energetic jet
and large missing transverse energy. An optimisation study regarding signals of Dark
Matter showed that it is beneficial to not explicitly veto additional jets in the event but
rather ensure a monojet-like event selection via topological cuts. Furthermore, a veto
on isolated tracks was developed which allowed to reduce the electroweak back-
grounds significantly, especially those containing tau leptons. The background esti-
mation technique concentrates on the large irreducible component from Z(→ νν̄).
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By combining the information from several one- and two-lepton control regions, the
total uncertainty on the background prediction in the signal regions was achieved to a
precision of 2.7–14%. No deviation from the estimated Standard Model background
prediction was observed in data. Apart from the above-mentioned rescaled limits
on the effective-theory cut-off scale, a so-called Simplified Model was considered
in the interpretation, although the range of parameters was limited. A detailed rein-
terpretation of this and two other ATLAS searches for Dark Matter was presented
subsequently. Three different Simplified Models were considered and a large range
of parameters was tested. The study revealed that the searches could profit from a
detailed optimisation for SimplifiedModels, especially in the regime of smallermiss-
ing transverse energies. Furthermore, the results included a comparison to bounds
from direct searches for Dark Matter, which, within a Simplified Model, can be
considered more reliable than within an effective field theory, as done earlier.

Simplified Models of Dark Matter production which feature a (pseudo-) scalar
mediatorwould favour final stateswith heavy quarks: ifHiggs-likeYukawa couplings
and minimal flavour violation are assumed, the coupling is proportional to the mass
of the interacting quark. A search for new physics in events with large missing
transverse energy and a top quark pair in the one-lepton channel was presented.
It considered 13.2 fb−1 of 13 TeV pp collision data. The main backgrounds from
processes involving tops ofW bosons are efficiently reduced by the use of specifically
designed kinematic variables. The remaining contributions to the event yield after
the signal selection is estimated in dedicated background-enriched control regions,
which allows for a cancellation of many systematic effects. In three of the signal
regions an excess of data over the background prediction was observed, with a local
significance of up to 3.3σ . It is found towards lower values of transverse mass
and missing transverse energy. Many additional tests could not assign the excess to
an experimental artefact. The results were interpreted in terms of the production of
supersymmetric partners of the top quark. In all considered signal scenarios, previous
exclusions were extended. Also the parameters of a scalar Simplified Model of Dark
Matter production could be constrained by the results. For the first time, such amodel
was used in the DarkMatter interpretation of a search with heavy quarks and missing
transverse energy. Although the excess could not be confirmed when repeating the
analysis on a larger dataset (during the preparation of this thesis), the analysis has
a strong potential to discover new physics or strongly constrain the parameters of
models predicting new particles in such a final state. The second run of the LHC
has just started and much more interesting data is expected in the coming years. It
is a unique situation to witness such an enhancement in the achieved centre-of-mass
energy, opening doors for learning more about the world.

Within the collider experiments, the presented work showed different ways of
how to profit from the precious data the LHC delivers in terms of Dark Matter.
TheMonojet Analysis analysis, traditionally the most important general DarkMatter
search, was improved by generalising the considered final state which increased the
signal acceptance significantly, and started the transition from effective field theories
to theoretically more sane Simplified Models for interpretation. The latter change
led to a wider paradigm shift concerning general Dark Matter searches: although
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the LHC has potential to constrain Dark Matter production in mono-X searches–
and does so–, constraints on the mediator itself via resonance searches are often
more powerful. With the rise of Simplified Models, such resonance searches became
more and more included in the Dark Matter discussions. For future Dark Matter
searches at the LHC it might be beneficial to focus on the strengths of an LHC Dark
Matter programme and not compete with direct mediator searches but rather focus
on–often experimentally challenging–regimes that are identified as interesting by
Simplified Models and their extensions. This thesis also presented the Stop Analysis,
a flagship of the searches for Supersymmetry, as a means to constrain Dark Matter
production in association with heavy quarks. Started as a simple reinterpretation
of the Supersymmetry search, the engagement for Dark Matter constraints in this
channel was strengthened and a dedicated optimisation was included within the
results presented here. In my opinion, this is an example of where a wider focus of
analyses, motivated by similar final states, can be beneficial. Clearly, only by putting
together all the different pieces of knowledge, learning more about Dark Matter gets
possible. Not one experiment, not one search strategy, not even one discipline of
physics alone can hope to pin down its properties, which makes it both challenging
and interesting.



Appendix A
Additional Aspects of Dark Matter
and Its Properties

A.1 Dark Matter Halo Density Profiles

Asdiscussed inChap. 3, the question of how theDarkMatter component is distributed
in galaxies or clusters is not settled and different proposals are discussed. One of the
most commonly assumed density profiles is the pseudo-isothermal halo (e.g. applied
by [1]):

ρ(r) = ρ0

[
1 +

(
r

rc

)2
]−1

. (A.1)

Here, ρ denotes the Dark Matter density as a function of the cluster radius r , where
ρ0 is the finite central density and rc is the core radius. This model can be at best
an approximation, since the estimation of the mass enclosed in a sphere does not
converge for infinitely large radii. Guided by numerical simulations of structure
formation, Navarro, Frenk and White proposed the following density profile, called
NFW [2]:

ρ(r) = ρcri tδc(
r
rs

) (
1 + r

rs

)2 , (A.2)

where ρcri t = 3H 2/8πG is the critical density, δc is the so-called characteristic
density, a dimension-free parameter, and rs is the scale radius, denoting the radius at
which the slope of the density profile is supposed to change. The NFW profile fits
the observations made in very different systems, from single galaxies over galaxy
clusters, spanning several orders of magnitude in halomasses, remarkably well while
the enclosedmass still diverges. It is common to estimate themass of the DarkMatter
halo by taking themass that corresponds to a density 200 times larger than the critical
density. The agreement with large-scale structure simulations is slightly improved
by introducing an additional parameter to the NFW profile, using a so-called Einasto
profile [3, 4]:
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ρ(r) = ρeexp

[
−dn

((
r

rc

) 1
n

− 1

)]
. (A.3)

Here, n denotes the additional parameter with dn being a simple function of n,
ensuring that ρe is the density at the radius defining a sphere that contains half of the
total mass.

A.2 Cosmic Expansion

In principle, an infinite and stable universe is already excluded by the fact that it is
dark at night (Olber’s Paradox) [5]. Observations revealed that galaxies indeed recede
in all directions with velocities proportional to their distance to us. This observation
was first made by Hubble in 1929. It is described by the Hubble law:

v = H0d (A.4)

where H0 denotes the Hubble constant, i.e. the expansion rate of the universe, and has
a value of H0 = 67.3 km s−1 Mpc−1 [6]. Since neither the velocity v nor the distance
d of far galaxies can bemeasured directly, the results are inferred from the luminosity
of so-called standard candles, i.e processes whose light emission is always the same
and well known, such that the reduction seen in the measured luminosity indicates
the distance, and the measured redshift z, which leads to the relative velocity of the
galaxy:

z = λobserved − λemitted

λemitted
(A.5)

The so-called scale factor a(t) can be defined as follows:

d = a(t)x, (A.6)

where x denotes the present distance, hence today’s scale factor is by definition
a0 = 1. Clearly, H0 and a are closely related, namely via:

ḋ = ȧx, (A.7)

H(a) ≡ ȧ

a
. (A.8)

The expansion velocity can then be described as:

v = ȧ

a
d = H0d. (A.9)
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Fig. A.1 Hubble diagram of a combined sample of supernovae measurements from SDSS and
SNLS collaborations. The relation of distance to redshift of the best-fit �CDM cosmology for
a fixed H0 = 70 km s−1 Mpc−1 is shown as the black line. Residuals from the best-fit �CDM
cosmology as a function of redshift are shown in the lower panel. The weighted average of the
residuals in logarithmic redshift bins of width �z/z ∼ 0.24 are shown as black dots. Figure from
Ref. [7].

It can also be linked to the above-defined redshift via:

a(tem) ≡ (1 + z(tem))−1, (A.10)

where tem is the age of the universe at the time the photons were emitted (Fig. A.1).

A.3 Standard Model of Cosmology

The fact that the observed fluctuations in the cosmic microwave background (CMB)
are so tiny requires the assumption of a causal connection of regions beyond the
event horizon. This presents the strongest hint for the presence of an early inflation-
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ary phase of the universe and hence the precise measurement of the CMB and its
fluctuations is of great importance to understand better how the universe evolved.
This and the assumptions about Dark Matter (DM) described in Chap. 3 shape the
so-called Standard Model of Cosmology, or �CDM where CDM stands for Cold
Dark Matter. It is widely successful in describing astrophysical and cosmological
observations and it is the simplest model providing explanations of large-scale struc-
tures and the distribution of galaxies, the accelerating expansion of the universe, the
abundance of hydrogen and other light elements and the anisotropies observed in
the CMB. It is based on three major assumptions, motivated by observations: the
cosmological principle, which says that the universe is homogeneous and isotropic,
the accelerated expansion of metric space and the evolution of the universe from a
Big Bang to its present state. The starting-point is given by the Einstein field equation
of general relativity:

Rμν − 1

2
gμνR + �gμν = −8πGN

c4
Tμν. (A.11)

Resulting from the requirement of invariance under general coordinate transfor-
mations and of recovering Newton’s law in the limiting case of classical scales, the
equation clearly connects the geometry of the universe, in form of its metric gμν on
the left-hand side, with the energy content in form of the energy-momentum tensor
Tμν . Rμν is the so-called Ricci tensor, R the Ricci scalar, connected to the Riemann
curvature. GN denotes Newton’s constant and � the cosmological constant. The
theory then uses the so-called FLRW metric and the cosmological equation of state
to derive the Friedmann equations as a specific solution of the Einstein equations
to describe the observable universe from right after the inflationary epoch to present
and future.

Metric

The metric assumes the homogeneity and isotropy of space and that the spatial
component of the metric can depend on time. The generic metric which meets these
conditions and obeys Einstein’s field equation was formulated between 1920 and
1930 by Friedmann, Lemaître, Robertson and Walker and is therefore called FLRW
metric. It reads:

ds2 = −c2dt2 + a(t)2
(

dr2

1 − kr2
+ r2d	2

)
. (A.12)

The parameter a(t) is called the scale factor and k/a2 gives the spatial curvature,
where k can take the values of 0,±1. For k = 0, the Minkowski metric, describing
a flat space, is recovered.

Friedmann Equation

Using the FLRWmetric, the components of the Einstein equation leads to the Fried-
mann equations:
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(
ȧ

a

)2

+ k

a2
= 8πGN

3
ρtot . (A.13)

GN is Newton’s constant, a is again the scale factor and ȧ its proper time derivative.
ρtot denotes the total energy density of the universe. One can now again formulate
the Hubble parameter as:

H(t) = ȧ(t)

a(t)
. (A.14)

Further, it is useful to define the critical density as the density for which the
universe is flat, i.e. for which k = 0, using (A.13):

ρc = 3H 2

8πGN
. (A.15)

The abundance of a specific component of the universe can then be expressed relative
to this critical density:

	i = ρi

ρc
. (A.16)

Equation of State

The role of the equation of state (EoS) is to specify the properties of the matter
and energy content of the universe. The EoS of a perfect fluid is assumed in the
cosmological context:

w = p/ρ. (A.17)

Here, w is a dimensionless parameter, p denotes the pressure of the system and
ρ its energy density. When using the FLRW metric, ρ is related to the scale factor a
in the following way:

ρ ∝ a−3(1+w). (A.18)

The different components of the universe behave differently in terms of their EoS.
Ordinary non-relativistic matter, like cold dust, satisfies p � ρ, leading to w = 0.
Consequently,

ρm ∝ a−3. (A.19)

which can be understood by just considering a volume and the expansion of it. Ultra-
relativistic matter, like radiation or matter in the very early universe, behaves like
p = 1/3ρ, and hence w = 1/3. The energy density here decreases more quickly
than the volume expansion, because the momentum contribution to the total energy
is non-negligible and the wavelength gets red-shifted by the expansion. This results
in:

ρrad ∝ a−4. (A.20)
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Dark Energy, in the simplest case of a cosmological constant �, obeys w = −1,
leading to a constant energy density with a described via a ∝ eHt . Using these
relations, the Friedmann equation can be rewritten as:

H(a) = ȧ

a
= H0

√
	ma−3 + 	rada−4 + 	�. (A.21)

Measuring the EoS of the universe is an ambitious experimental program, that is
hoped to bring new insights into cosmology and the history of the universe. To date,
w is measured to be very close to −1, pointing to Dark Energy being related to the
cosmological constant and dominating the energy content of the universe.

A second aim of experimental cosmology is to determine the curvature of the
universe. Current results have determined that it is almost perfectly flat:

	Mm + 	rad + 	� = 1.000 ± 0.004. (A.22)

Therefore, �CDM postulates 	 = 1.

A.3.1 Open Questions

Despite the success of the particle DM approach within the �CDM model, there
remain several unsolved problems, for example the so-called cusp versus core prob-
lem. It relates to the distribution ofDM in galaxies, discussed inAppendixA.1.While
galaxy rotation curves strongly suggest a core-like distribution, i.e. a constant DM
density close to the centre, cosmological models, incorporated in N-body simula-
tions, require a cusp-like profile, where the DM density increases steeply toward the
centre. Possible solutions could come from the inclusion of baryons in the N-body
simulation, that probably flatten out the profile close to the centre. Also assuming a
small amount of warm DM or DM self interaction could help to solve the problem.

Another open issue is known as the missing satellites problem: numerical sim-
ulations incorporating the commonly assumed properties of DM predict a lot more
dwarf galaxies than actually observed. As an example, one would expect 38 dwarf
galaxies in the Milky Way, but only 11 are observed [8]. The missing dwarf galaxies
might exist (or have existed) but cannot be observed, either because they are fully
DM dominated and did not attract enough baryonic matter to become a luminal
galaxy, or because they were stripped by or merged with larger galaxies. Both of
these suggestions seem unlikely, which goes under the term of the too-big-to-fail
problem, stating that a fair fraction of the predicted satellite galaxies should be big
and massive enough to be detectable. Also, the size and DM content of the observed
satellites does not seem to match the predictions [9].
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Appendix B
Differential Cross-Sections for Additional
Effective Operators

As discussed in Chap. 6, the cross sections of Dark Matter pair production were
derived for several effective operators in dependence on the momentum transfer Qtr
in order to evaluate the validity of the effective-field-theory approach. Below, the
operators not presented in that chapter are listed for completeness.
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dpTdη
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C.1 Overview of Additional Signal Regions

While the DM signal regions (SRs) along with their control regions (CRs) and vali-
dation regions (VRs) were already defined and discussed in Chap. 9, the other signal
regions considered in the analysis are listed here in the following for completeness
(Tables C.1 and C.2).

Table C.1 Overview of the event selections for tN SRs and the associated t t̄ (TCR), W+jets
(WCR), and Wt (STCR) control regions. Round brackets are used to describe lists of values and
square brackets denote intervals

Common event selection for tN

Trigger Emiss
T trigger

Lepton Exactly one signal lepton (e, μ), no additional baseline leptons

Jets At least two signal jets, and |�φ(jeti , �pmiss
T )| > 0.4 for i ∈ {1, 2}

Hadronic τ veto∗ Veto events with a hadronic τ decay and mτ
T 2 < 80 GeV

Variable SR1 TCR/WCR STCR

≥4 jets with pT > (GeV) (80 50 40 40) (80 50 40 40) (80 50 40 40)

Emiss
T (GeV) >260 >200 >200

Hmiss
T,sig >14 >5 >5

mT (GeV) >170 [30, 90] [30, 120]

amT 2 (GeV) >175 [100, 200]/>100 >200

topness >6.5 >6.5 >6.5

mχ
top (GeV) <270 <270 <270

�R(b, �) <3.0 – –

�R(b1, b2) – – >1.2

Number of b-tags ≥1 ≥1/=0 ≥2

(continued)
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Table C.1 (continued)

Common event selection for tN

Variable tN_high TCR/WCR STCR

≥4 jets with pT > (GeV) (120 80 50 25) (120 80 50 25) (120 80 50 25)

Emiss
T (GeV) >450 >300 >250

Emiss
T,⊥ (GeV) >180 >160 >160

Hmiss
T,sig >22 >15 >10

mT (GeV) >210 [30, 90] [30, 120]

amT 2 (GeV) >175 [100, 200]/>100 >200

�R(b, �) <2.4 – –

�R(b1, b2) – – >1.2

Number of b-tags ≥1 ≥1/=0 ≥2

Leading large-R jet pT
(GeV)

>290 >290 >290

Leading large-R jet mass
(GeV)

>70 >70 >70

�φ( �pmiss
T , 2nd large-R jet) >0.6 >0.6 >0.6

Table C.2 Overview of the event selections for bC SRs and the associated t t̄ (TCR), W+jets
(WCR), and Wt (STCR) control regions. Round brackets are used to describe lists of values and
square brackets denote intervals. The hadronic tau veto is not applied to the bCbv SR, since the t t̄
background is negligible

Common event selection for bC

Trigger Emiss
T trigger

Lepton Exactly one signal lepton (e, μ), no additional baseline leptons

Jets At least two signal jets, and |�φ(jeti , �pmiss
T )| > 0.4 for i ∈ {1, 2}

Hadronic τ veto∗ Veto events with a hadronic τ decay and mτ
T 2 < 80 GeV

Variable bC2x_diag TCR/WCR STCR

≥4 jets with
pT > (GeV)

(70 60 55 25) (70 60 55 25) (70 60 55 25)

≥2 b-tagged jets with
pT > (GeV)

(25 25) (25 25)/– (25 25)

Emiss
T (GeV) >230 >230 >230

Hmiss
T,sig >14 >14 >5

mT (GeV) >170 [30, 90] [30, 120]

amT 2 (GeV) >170 [100, 200]/>170 >200

|�φ(jeti , �pmiss
T )|(i =

1)
>1.2 >1.2 >1.2

(continued)
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Table C.2 (continued)

Common event selection for bC

|�φ(jeti , �pmiss
T )|(i =

2)
>0.8 >0.8 >0.8

�R(b1, b2) – – >1.4

Number of b-tags ≥2 ≥2/=0 ≥2

Variable bC2x_med TCR/WCR STCR

≥4 jets with
pT > (GeV)

(170 110 25 25) (170 110 25 25) (170 110 25 25)

≥2 b-tagged jets with
pT > (GeV)

(105 100) (105 100)/– (105 100)

Emiss
T (GeV) >210 >210 >210

Hmiss
T,sig >7 >7 >7

mT (GeV) >140 [30, 90] [30, 120]

amT 2 (GeV) >210 [100, 210]/>210 >210

|�φ(jeti , �pmiss
T )|(i =

1)
>1.0 >1.0 >1.0

|�φ(jeti , �pmiss
T )|(i =

2)
>0.8 >0.8 >0.8

�R(b1, b2) – – >1.2

Number of b-tags ≥2 ≥2/=0 ≥2

Variable bCbv TCR WCR

≥2 jets with
pT > (GeV)

(120 80) (120 80) (120 80)

Emiss
T (GeV) >360 >360 >360

Hmiss
T,sig >16 >16 >16

mT (GeV) >200 [30, 90] [30, 90]

Lepton pT (GeV) >60 >60 >60

|�φ(jeti , �pmiss
T )|(i =

1)
>2.0 >2.0 >2.0

|�φ(jeti , �pmiss
T )|(i =

2)
>0.8 >0.8 >0.8

Number of b-tags =0 ≥1 =0

Leading large-R jet
mass (GeV)

[70, 100] [70, 100] [70, 100]

�φ( �pmiss
T , �) >1.2 – –

C.2 Full List of Preselection Plots

See Figs. C.1, C.2, C.3, C.4, C.5 and C.6.
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Fig. C.1 Comparison of data and simulation at pre-selection before the fit to data. Only statistical
uncertainties are displayed. The last bin includes the overflow. Shown are the angular distance in
the transverse plane between Emiss

T and the leading (top left) and sub-leading (top right) jet and the
lepton (lower left), as well as the radial distance between the b-jet and the lepton (lower right)
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Fig. C.2 Comparison of data and simulation at pre-selection before the fit to data. Only statistical
uncertainties are displayed. The last bin includes the overflow. Shown are the distributions of
transverse momenta for the four jets in the event
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Fig. C.3 Comparison of data and simulation at pre-selection before the fit to data. Only statistical
uncertainties are displayed. The last bin includes the overflow. Shown are the perpendicular Emiss

T
distribution (top left), the variable used in the tau veto (mτ

T 2, top right), and the jet (lower left) and
b-jet multiplicity (lower right)
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Fig. C.4 Comparison of data and simulation at pre-selection before the fit to data. Only statistical
uncertainties are displayed. The last bin includes the overflow. Shown are distributions of lepton
pseudo-rapidity (top left), φ (top right) and pT (bottom) in the electron channel
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Fig. C.5 Comparison of data and simulation at pre-selection before the fit to data. Only statistical
uncertainties are displayed. The last bin includes the overflow. Shown are distributions of lepton
pseudo-rapidity (top left), φ (top right) and pT (bottom) in the muon channel
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Fig. C.6 Comparison of data and simulation at pre-selection before the fit to data. Only statistical
uncertainties are displayed. The last bin includes the overflow. Shown are distributions of lepton
pseudo-rapidity (top left), φ (top right) and pT (bottom) (electron and muon channel combined)
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C.3 Full List of Control Region Plots

C.3.1 DM_low

See Figs. C.7, C.8, C.9, C.10, C.11, C.12, C.13, C.14, C.15 and C.16.

 [GeV]Tm
30 40 50 60 70 80 90

ev
en

ts
 / 

10
 G

eV

0
10
20
30
40
50
60
70
80

Data Total SM
tt Z+jets

W+jets +Vtt
Wt Diboson

-1 = 13 TeV, 13.2 fbs

D
at

a 
/ M

C

0
0.5

1
1.5

2

 [GeV]T2am
100 110 120 130 140 150 160 170 180 190 200

ev
en

ts
 / 

10
 G

eV

0

5

10

15

20

25

30

35 Data Total SM
tt Z+jets

W+jets +Vtt
Wt Diboson

-1 = 13 TeV, 13.2 fbs

D
at

a 
/ M

C

0
0.5

1
1.5

2

 [GeV]
T

lepton p
50 100 150 200 250 300

ev
en

ts
 / 

25
 G

eV

0
20
40
60
80

100
120
140
160
180 Data Total SM

tt Z+jets
W+jets +Vtt
Wt Diboson

-1 = 13 TeV, 13.2 fbs

D
at

a 
/ M

C

0
0.5

1
1.5

2

ηlepton
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

ev
en

ts
 / 

0.
5 

0

5

10

15

20

25

30

35

40
Data Total SM
tt Z+jets

W+jets +Vtt
Wt Diboson

-1 = 13 TeV, 13.2 fbs

D
at

a 
/ M

C

0
0.5

1
1.5

2

Fig. C.7 Distributions in the top control region of DM_low: transverse mass (top left), asymmetric
stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each background (t t̄ ,
W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-only
fits. The uncertainty band includes statistical and all experimental systematic uncertainties. The last
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Fig. C.8 Distributions in the top control region of DM_low: �φ between Emiss
T and lepton (top

left), minimum �� between Emiss
T and any signal jet (top right), Hmiss

T,sig (bottom left) and leading
jet pT (bottom right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normal-
isation factors obtained by background-only fits. The uncertainty band includes statistical and all
experimental systematic uncertainties. The last bin includes overflow
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Fig. C.9 Distributions in the top control region of DM_low: jet (left) and b-jet multiplicity (right).
Each background (t t̄ ,W+jets,Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained
by background-only fits. The uncertainty band includes statistical and all experimental systematic
uncertainties. The last bin includes overflow
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Fig. C.10 Distributions in theW+jets control region of DM_low: transverse mass (top left), asym-
metric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each background
(t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-
only fits. The uncertainty band includes statistical and all experimental systematic uncertainties.
The last bin includes overflow
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Fig. C.11 Distributions in the W+jets control region of DM_low: �φ between Emiss
T and lepton

(top left), minimum �� between Emiss
T and any signal jet (top right), Hmiss

T,sig (bottom left) and
leading jet pT (bottom right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes statistical
and all experimental systematic uncertainties. The last bin includes overflow
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Fig. C.12 Distributions in
the W+jets control region of
DM_low: jet multiplicity.
Each background (t t̄ ,
W+jets, Wt , and t t̄ + W/Z )
is normalised by
normalisation factors
obtained by background-only
fits. The uncertainty band
includes statistical and all
experimental systematic
uncertainties. The last bin
includes overflow
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Fig. C.13 Distributions in the single-top control region of DM_low: transverse mass (top left),
asymmetric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each
background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by
background-only fits. The uncertainty band includes statistical and all experimental systematic
uncertainties. The last bin includes overflow
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Fig. C.14 Distributions in the single-top control region of DM_low:�φ between Emiss
T and lepton

(top left), minimum �� between Emiss
T and any signal jet (top right), Hmiss

T,sig (bottom left) and
leading jet pT (bottom right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes statistical
and all experimental systematic uncertainties. The last bin includes overflow
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Fig. C.15 Distributions in the single-top control region of DM_low: jet (left) and b-jet multiplicity
(right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow
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Fig. C.16 Distributions in the t t̄γ control region of DM_low: �φ between Emiss
T and lepton

(top left), minimum �� between Emiss
T and any signal jet (top right), Hmiss

T,sig (bottom left) and
leading jet pT (bottom right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes statistical
and all experimental systematic uncertainties. The last bin includes overflow
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C.3.2 DM_high

See Figs. C.17, C.18, C.19, C.20, C.21, C.22, C.23, C.24, C.25 and C.26.
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Fig. C.17 Distributions in the top control region of DM_high: transverse mass (top left), asymmet-
ric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each background (t t̄ ,
W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-only
fits. The uncertainty band includes statistical and all experimental systematic uncertainties. The last
bin includes overflow
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Fig. C.18 Distributions in the top control region of DM_high: minimum �� between Emiss
T and

any signal jet (top left), Hmiss
T,sig (top right) and leading jet pT (bottom). Each background (t t̄ ,W+jets,

Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-only fits. The
uncertainty band includes statistical and all experimental systematic uncertainties. The last bin
includes overflow
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Fig.C.19 Distributions in the top control region ofDM_high: jet (left) and b-jetmultiplicity (right).
Each background (t t̄ ,W+jets,Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained
by background-only fits. The uncertainty band includes statistical and all experimental systematic
uncertainties. The last bin includes overflow
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Fig. C.20 Distributions in the W+jets control region of DM_high: transverse mass (top left),
asymmetric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each
background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by
background-only fits. The uncertainty band includes statistical and all experimental systematic
uncertainties. The last bin includes overflow
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Fig. C.21 Distributions in the W+jets control region of DM_high: minimum �� between Emiss
T

and any signal jet (top left), Hmiss
T,sig (top right), jetmultiplicity (bottom left) and leading jet pT (bottom

right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow
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Fig. C.22 Distributions in
the W+jets control region of
DM_high: jet multiplicity.
Each background (t t̄ ,
W+jets, Wt , and t t̄ + W/Z )
is normalised by
normalisation factors
obtained by background-only
fits. The uncertainty band
includes statistical and all
experimental systematic
uncertainties. The last bin
includes overflow
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Fig. C.23 Distributions in the single-top control region of DM_high: transverse mass (top left),
asymmetric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each
background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by
background-only fits. The uncertainty band includes statistical and all experimental systematic
uncertainties. The last bin includes overflow
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Fig. C.24 Distributions in the single-top control region of DM_high: minimum�� between Emiss
T

and any signal jet (top right), Hmiss
T,sig (bottom left) and leading jet pT (bottom right). Each background

(t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-
only fits. The uncertainty band includes statistical and all experimental systematic uncertainties.
The last bin includes overflow
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Fig. C.25 Distributions in the single-top control region of DM_high: jet (left) and b-jet multiplicity
(right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow
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Fig. C.26 Distributions in the t t̄γ control region of DM_high: �φ between Emiss
T and lepton

(top left), minimum �� between Emiss
T and any signal jet (top right), Hmiss

T,sig (bottom left) and
leading jet pT (bottom right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes statistical
and all experimental systematic uncertainties. The last bin includes overflow
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C.4 Full List of Validation Region Plots

C.4.1 DM_low

See Figs. C.27, C.28, C.29, C.30, C.31 and C.32.
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Fig. C.27 Distributions in the top validation region of DM_low: transverse mass (top left), asym-
metric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each background
(t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-
only fits. The uncertainty band includes statistical and all experimental systematic uncertainties.
The last bin includes overflow
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Fig. C.28 Distributions in the top validation region of DM_low: �φ between Emiss
T and lepton

(top left), minimum �� between Emiss
T and any signal jet (top right), Hmiss

T,sig (bottom left) and
leading jet pT (bottom right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes statistical
and all experimental systematic uncertainties. The last bin includes overflow



258 Appendix C: Auxiliary Material for the Stop Analysis
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Fig. C.29 Distributions in the top validation region of DM_low: jet (left) and b-jet multiplicity
(right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow
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Fig. C.30 Distributions in the W+jets validation region of DM_low: transverse mass (top left),
asymmetric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each
background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by
background-only fits. The uncertainty band includes statistical and all experimental systematic
uncertainties. The last bin includes overflow
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Fig. C.31 Distributions in theW+jets validation region of DM_low:�φ between Emiss
T and lepton

(top left), minimum �� between Emiss
T and any signal jet (top right), Hmiss

T,sig (bottom left) and
leading jet pT (bottom right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes statistical
and all experimental systematic uncertainties. The last bin includes overflow
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Fig. C.32 Distributions in
the W+jets validation region
of DM_low: jet multiplicity.
Each background (t t̄ ,
W+jets, Wt , and t t̄ + W/Z )
is normalised by
normalisation factors
obtained by background-only
fits. The uncertainty band
includes statistical and all
experimental systematic
uncertainties. The last bin
includes overflow
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C.4.2 DM_high

See Figs. C.33, C.34, C.35, C.36, C.37 and C.38.
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Fig. C.33 Distributions in the top validation region of DM_high: transverse mass (top left), asym-
metric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each background
(t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-
only fits. The uncertainty band includes statistical and all experimental systematic uncertainties.
The last bin includes overflow
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Fig. C.34 Distributions in the top validation region of DM_high: minimum �� between Emiss
T

and any signal jet (top left), Hmiss
T,sig (top right) and leading jet pT (bottom). Each background (t t̄ ,

W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-only
fits. The uncertainty band includes statistical and all experimental systematic uncertainties. The last
bin includes overflow
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Jet multiplicity
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Fig. C.35 Distributions in the top validation region of DM_high: jet (left) and b-jet multiplicity
(right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow
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Fig. C.36 Distributions in the W+jets validation region of DM_high: transverse mass (top left),
asymmetric stransverse mass amT 2 (top right), lepton pT and η (bottom left and right). Each
background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by
background-only fits. The uncertainty band includes statistical and all experimental systematic
uncertainties. The last bin includes overflow
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Fig. C.37 Distributions in theW+jets validation region of DM_high: minimum�� between Emiss
T

and any signal jet (top left), Hmiss
T,sig (top right), jetmultiplicity (bottom left) and leading jet pT (bottom

right). Each background (t t̄ , W+jets, Wt , and t t̄ + W/Z ) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow
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Fig. C.38 Distributions in
the W+jets validation region
of DM_high: jet multiplicity.
Each background (t t̄ ,
W+jets, Wt , and t t̄ + W/Z )
is normalised by
normalisation factors
obtained by background-only
fits. The uncertainty band
includes statistical and all
experimental systematic
uncertainties. The last bin
includes overflow
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C.5 Full List of Signal Region Plots

C.5.1 DM_low

See Figs. C.39, C.40 and C.41.
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Fig. C.39 Distributions in theDM_low signal region: transversemass (top left), asymmetric strans-
verse mass amT 2 (top right), lepton pT and η (bottom left and right). Each background (t t̄ ,W+jets,
Wt , and t t̄ + W/Z ) is normalised by normalisation factors obtained by background-only fits. The
uncertainty band includes statistical and all experimental systematic uncertainties. The last bin
includes overflow
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Fig. C.40 Distributions in the DM_low signal region: �φ between Emiss
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C.5.2 DM_high

See Figs. C.42, C.43 and C.44.
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Fig. C.44 Distributions in
the DM_high signal region:
jet multiplicity. Each
background (t t̄ , W+jets, Wt ,
and t t̄ + W/Z ) is normalised
by normalisation factors
obtained by background-only
fits. The uncertainty band
includes statistical and all
experimental systematic
uncertainties. The last bin
includes overflow
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Appendix D
Investigation of the Data Excess

With the observation of an excess over 3σ many additional cross-checks were per-
formed to scrutinise the analysis procedure and its results. A subset is presented in
the following, focussing on the DM_low signal region.

D.1 Characteristics of the Excess

Asafirst approach tounderstandwhether an experimental problem led to the observed
excess of data events over the Standard Model background prediction, general prop-
erties of the selected events and the excess are reviewed. Neither the event displays
(an example is shown in Fig. D.1) nor the detailed listing of signal event properties
revealed anything suspicious. In the event display, it can be clearly seen that an event
topology in which all reconstructed objects are close by, recoiling against Emiss

T is
selected by the signal region requirements.

As discussed in Chap. 9, the excess tends to be located towards low mT, low
Emiss
T and probably lower jet multiplicities in all three signal regions that observed

deviations from the prediction.
Furthermore, small distances between the jets are preferred, in the transverse plane

and in terms of �R. Exemplarily, the distance between leading and sub-leading or
third-leading jet in the transverse plane is shown in Fig. D.2 in the DM_low signal
region and its t t̄ control region.

Also the overlap between the signal regions that see an excess was mentioned in
Chap. 9. This was studied as well, first by quantifying the fraction of data events
that appear in more than one signal region. For example, DM_low shares 30% of its
events with SR1 and 20% with bC2x_diag. For backgrounds, a similar conclusion
holds for more signal-like processes such as t t̄ Z , while in t t̄ the selected events
differ between the signal regions. Another way to examine the overlap was to define
exclusive signal regions. While in the exclusive DM_low and bC2x_diag the excess
is still observed, the exclusive SR1 yield agrees with predictions.

© Springer International Publishing AG, part of Springer Nature 2018
J. Gramling, Search for Dark Matter with the ATLAS Detector,
Springer Theses, https://doi.org/10.1007/978-3-319-95016-7
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Fig. D.1 Graphical display of Event 2810040550 of Run 283429, passing the DM_low selection.
Note that analysis-level objects might differ from those displayed here. The green arrow denotes a
muon, the coloured cones represent jets and the red arrow indicates the Emiss

T in the event

D.2 Scrutinising the Background Estimate

No apparent mismodelling could be observed in the control and validation regions.
As an additional cross-check, the modelling of the top system was checked in the
pT of the reconstructed hadronic top and the t t̄ system (Fig. D.3). No significant
mismodelling in the control region is observed and no tendency of the excess with
respect to these variables is visible.

The possibility of a background that is not considered entering the selection was
investigated as well. While for previous iterations of the analysis the Z+jets back-
ground was found to be negligible, it was observed to be small but worth considering
(O(1%)) and hence got re-introduced in the analysis chain. Other small backgrounds
were checked and confirmed to be negligible (t t t t , t Z , t tWW , t ZW ). Backgrounds
containing Higgs bosons were not explicitly checked since the relevant data format
was not available at that time, however they are expected to be negligible due to the
strict requirement on Emiss

T that is applied in the analysis.
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Fig. D.2 Distribution of �φ between leading and sub-leading (left) or third-leading jet (right) in
the top control region (top) and the DM_low signal region (bottom)

Remarkably, a normalisation factor of roughly 1.5 was observed for the t t̄ Z back-
ground. This could be due to a missing background in the t t̄γ control region. Indeed,
W + γ processes account for about 10% of the events in the t t̄γ control region.
Including this background in the determination of the normalisation factor led to
a slightly smaller normalisation factor for t t̄ Z . The high normalisation factor was
further scrutinised in a tri-lepton t t̄ Z validation region. Due to limited statistics such
a region is not straight-forward to consider. The discrepancy between data and MC
prediction observed in this region was consistent with the normalisation factor.
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Fig. D.3 Distribution of t t̄ pT (left) and hadronic top pT (right) in the top control region (top) and
the DM_low signal region (bottom)

D.3 Object Reconstruction

Since the analysis relies heavily on Emiss
T , special emphasiswas given to the validation

of its performance. Figure D.4 shows the distribution of the different components of
Emiss
T in the top control region, Fig. D.5 in the DM_low signal region.
It was also verified that no regions in the η–φ plane are present in which unusually

many objects are reconstructed (hot spots). This could occur in case of an unidentified
detector problem. Neither for electrons, nor for muons or jets such a problem was
found.
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Fig. D.4 Distribution of the different components of the Emiss
T : electron (top left), muon (top right),

jet (bottom left) and soft term (bottom right) in the top control region of the DM_low signal region
(bottom)

Furthermore it was confirmed that there is no significant difference observed
between electron andmuon channel. In order to exclude any problem stemming from
low-quality leptons or badly modelled lepton isolation, different isolation working
points corresponding to different isolation criteria were monitored. As shown in
Fig. D.6, most electrons and muons fulfil even the strictest requirements. Also the
possibility for a jet to originate from pile-up was found to tend to the maximum
value, i.e. to the best reconstruction quality for all four signal jets.
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Fig. D.5 Distribution of the different components of the Emiss
T : electron (top left), muon (top right),

jet (bottom left) and soft term (bottom right) in the DM_low signal region (bottom)

The excess ofDM_lowprefers exactly one b-jet in the event. This is not the case for
SR1 and bC2x_diag. However, it is still important to verify that badly reconstructed
b-jets do not cause the observed disagreement between data and MC. As for the
leptons, different b-tagging working points were used to study the behaviour of the
b-tagging discriminant, since this was not available in the reduced analysis data
format. Figure D.7 shows the fulfilled working point requirements exemplarily for
the two leading jets. If the jet is tagged as a b-jet it often fulfilled the strictest criteria.
Furthermore, the excess does not favour low-quality b-jets.
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Fig. D.6 Left: electron pT (top) and quality (bottom). Right: muon pT (top) and quality (bottom).
All are shown for the DM_low signal region

D.4 Conditions of Data Taking

The event yield at preselection and in the signal regions was monitored over different
runs and data taking periods and found to be stable. Furthermore, the data sample was
split up into a low-pile-up (μ < 15) and a high-pile-up (μ > 15) sample. No signif-
icant differences were observed. Exemplarily, Fig. D.8 shows the Emiss

T distribution
under both conditions.
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Fig. D.7 Different b-tagging working points tested for the leading (left) and the sub-leading jet
(right). All are shown for the DM_low signal region
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