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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. Omne 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 miss-
ing transverse energy is presented. It is performed on 20.3 fb™! 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 optimisation 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 supersym-
metric 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™! of data from 13 TeV pp collisions is
presented. An excess of data events over the Standard Model background prediction of 3.30
was observed in a signal region optimised 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.






Resumé

Les preuves astrophysiques écrasantes en faveur de I’existence de la matiére noire constituent
une forte motivation pour la recherche de nouvelle physique au grand collisionneur de hadrons
(LHC) au CERN. Bien que le modéle standard de la physique des particules soit capable de
prédire les mesures et observations avec une précision étonnante, il ne fournit pas de candidat
pour les particules de matiére noire. Dans ’hypothése ot ces derniéres seraient produites
dans des collisions proton-proton a haute énergie, elles ne laisseraient cependant aucune
trace dans les détecteurs. Par conséquent, leur détection serait fondée sur le déséquilibre
de quantité de mouvement dans le plan transverse du détecteur. Une extension particuliére
du modéele standard qui prévoit un candidat pour la matiére noire est la supersymétrie. Le
partenaire supersymétrique du quark top devrait étre relativement léger et sa production
pourrait ainsi étre a la portée des expériences du LHC.

Cette thése présente une étude de la validité des modéles de théorie des champs effectifs
couramment utilisés pour l'interpretation des résultats du LHC en terme de production
de matiére noire. Elle montre que pour une part importante des événements observés, les
hypothéses inhérentes a une description théorique effective ne sont pas justifiées. De ce fait,
il est nécessaire de redéfinir la stratégie pour l'interprétation des analyses menées au LHC.
Les résultats d’'une recherche de nouvelle physique avec des événements composés d’un jet
trés énergétique et d’'une grande énergie transverse manquante sont présentés. L’analyse
est réalisée avec des données issues de collisions proton-proton a 8 TeV, collectées par le
détecteur ATLAS au LHC, avec une luminosité intégrée totalisant 20,3 fb™. Aucune preuve
de nouvelle physique n’a pu étre observée. Les résultats sont interprétés dans le contexte
ou la production de matiére noire serait prédite par un modeéle théorique effectif ou bien
par un modéle simplifié motivé par les conclusions de I'étude de validité. Par la suite,
une réinterprétation détaillée de cette et deux autres analyses ’ATLAS mettant en oeuvre
des modéles simplifiés de production de matiére noire est présentée. Une large gamme
de parameétres est testée pour trois modeéles simplifiés distincts. L’étude a révélé qu’une
optimisation dédiée aux modéles simplifiés est indiquée, en particulier dans le cas d’une
énergie manquante peu importante.

L’analyse des états finaux composés de matiére noire et de quarks top est motivée par des
modeéles prédisant une particule scalaire ou pseudo-scalaire qui communique l’interaction

entre le modéle standard et le secteur noir. Ces états finaux sont similaires & ceux issus de la



désintégration des partenaires supersymétriques des quarks top. Une recherche de nouvelle
physique dans l'état final consistant en une paire de quarks top-antitop et d’une grande
énergie transverse manquante est présentée. L’analyse est effectuée a partir de 13,2 fb™! de
données provenant de collisions proton-proton a 13 TeV au LHC. Un exceés d’événements
de 3,30 par rapport a la prédiction du fond prédit par le modele standard a été observée
dans une sélection optimisée pour les signaux de matiére noire. L’interprétation des ré-
sultats est présentée dans I’hypothése de deux scénarios de désintégration des partenaires
supersymétriques des quarks top, ainsi que dans le cas de la production de matiére noire en
association avec des quarks top.



Fiir Milan und fir Lionel.
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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 investigate further and ask for
deeper reasons. Already Johann Wolfgang Goethe’s Faust wanted to know “what keeps the
world together at heart” (“was die Welt im Innersten zusammenhélt”) — and he failed [I]. 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 correspondence 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 physics, in my opinion,

has a unique role: not only is it directly concerned with the smallest possible scales and the
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16 Introduction

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 is Dark Matter, established to explain astrophysical obser-
vations: 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 coa-
lesce, 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 the matter in the universe, can al-
ter 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 particles would 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 interactions of fun-
damental particles. If some weak interaction is assumed between Dark Matter and ordinary
matter apart from gravity, colliders present an interesting possibility to search for Dark
Matter, since it might be produced in the collisions. However, due to their very weak in-
teraction 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 invisible particles recoiling against visible objects.
The Large Hadron Collider (LHC) at CERN provides proton—proton collisions at unprece-
dented 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 Dark Matter searches at the LHC and their interpre-
tation. In Chapters [I] to [, the Standard Model of particle physics and its open questions
are introduced and an overview of Dark Matter properties and experimental searches is pre-
sented, before the main concepts of Supersymmetry are outlined and the ATLAS detector
is explained. Chapter |5| discusses the interpretation of Dark Matter 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™! of pp collision data at 8 TeV, is described in Chapter @
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
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the most sensitive channel. The results are interpreted in terms of Dark Matter production
within an effective model as well as using a Simplified Model, considering the findings of
the validity study. In Chapter [7} this and two other ATLAS searches for Dark Matter
are reinterpreted in terms of Simplified Models of Dark Matter production, considering a
broad parameter range. The models 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. Further-
more, despite its success, it exhibits problems and leaves important questions unanswered.
One proposed extension, Supersymmetry, is especially attractive since it is able to offer so-
lutions 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 Chapter [ It considers 13.2
fb! of pp collision data at a centre-of-mass energy of 13 TeV and is interpreted consider-
ing two decay scenarios of supersymmetric top quark partners and regarding Dark Matter

production in association with top quarks.






Chapter 1

The Standard Model

Formulated in the 1960’s, the Standard Model 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.

The Standard Model is formulated as a quantum field theory with an underlying SU(3)¢ x
SU(2)p x U(1)y symmetry. SU(3)¢ is the gauge group of quantum chromodynamics (QCD)
which describes the strong force. Its eight generators Gj;, = 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)¢,

the force carriers themselves are coloured, leading to gluon self-interactions.

SU(2)r, acts exclusively on particles with left-handed chirality, hence the subscript “L”. The
associated charged-current weak interaction is therefore maximally parity-violating. U(1)y is
responsible for the hypercharge Y. The four generators of SU(2), x U(1)y lead to four gauge
bosons, denoted as Wi, a = 1,2,3 for SU(2), and B, for U(1)y. The neutral component of
the triplet W and the B, 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 two W* 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 interactions of each generation are identical but the

masses of the corresponding fermions increase when going from the first to the second to the

IParameters can vary between generations.

19
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Standard Model Production Cross Section Measurements Status: Nov 2015
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Figure 1.1: Summary of Standard Model total and fiducial production cross section measure-
ments, compared to the corresponding theoretical expectations from the Standard Model.
All theoretical expectations were calculated at next-to-leading-order (NLO) or higher [3].

third generationﬂ. 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 observed masses
of the electroweak gauge bosons and fermions via spontaneous symmetry breaking. Its
corresponding particle, the Higgs boson, was recently discovered by the ATLAS and CMS
experiments at the LHC [4] [5].

An overview of the particle content of the Standard Model and its interactions is shown
in Fig. [[.2. The Standard Model only contains a description of three of the known four

2The mass hierarchy of the neutrinos is not yet established and might present an exception.
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Figure 1.2: Summary of the particle content of the Standard Model [6].

fundamental forces. Gravity, which is much weaker at short scales than the strong, the weak
and the electromagnetic forces, is not included.

1.1 Symmetries

Everywhere in physics, symmetry principles are crucial to formulate and better understand
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 con-
servation, conserved charges are the consequence of an exact global symmetry. If a global
symmetry is spontaneously broken, massless scalar modes, so-called Goldstone Bosons ap-
pear. Exact local symmetries correspond 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 electro-
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magnetism 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)¢ x SU(2) x 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.

1.2 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)¢): ¢i(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, leading to eight
gauge bosons — massless spin-1 force carriers, the gluons (being in the adjoint representation,
8 of SU(3)¢). One single coupling constant, gs determines the strength of the interaction.

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

1 -
EQCD = —ZGQHVGZV + Zwi’YuDuwi (1'1)

with
Gy, = 0,Gy = 0,GY, — g5 fare G, Gy, (1.2)

and
D, =0, +1igT*G},. (1.3)

Here, GZ are the gluon fields, f,. is the structure constant of SU(3), and T}, 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.

e Gluon-fermion vertex: —gszﬂTa’qu““w
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e Gluon self-interaction vertices: g, fabc(ﬁ“G‘“’)GZGﬁ and g2 fupe fadeGb"GC”GzGﬁ

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 consequentially 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:

Ghon = SUB)L x SU3)g x U(1)4 x U(1)p. (1.4)

The chiral symmetry SU(3), x SU(3)g is spontaneously broken by the formation of chiral
condensates in the QCD vacuum into SU(3)p, the so-called “flavour SU(3)”. The axial
symmetry U(1)4, incorporating the part of left-handed particle transformations which are
the inverse of the right-handed particle transformations, is classically exact, but broken
on the quantum level, which is called an “anomaly”. The exact vector symmetry U(1)g,
governing the transformations where left- and right-handed particles are treated equally,
is identified with baryon number conservation. While Ug(1) is exact independently of the
quark masses, SU(3)r 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 as U(1), X U(1)g X U(1)s X .... 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 conservation,
isospin symmetry, stability of quarks w.r.t strong interaction) that have been and continue
to be tested in experiments.

The coupling g, is the only parameter of QCD within the Standard Model. The strong
coupling constant o, = g2 /47 is determined to be a,(m?) = 0.1182(12) [7] at the Z boson
massﬂ The coupling strength depends on the energy scale of the interaction, as described by
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.

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 Sec.
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While calculations within the perturbative regime of QCD are able to reach impressive
precision, the non-perturbative regime can only be calculated on discrete points of a space-
time lattice (‘lattice QCD’) or phenomenologically described by, for example, hydrodynamic
models, in the case of many particlesﬂ Heavy-ion collisions studied 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.

1.3 Electroweak Interactions

Imposing a local SU(2), x U(1)y symmetry leads to a theory of fermions in SU(2), dou-
blets of left-handed particles, @z ;=123 for the quarks and L ;23 for the leptons, and
in SU(2),, singlets of right-handed particles, ug;—123, dri=123 and er;—123 for up-type
quarks, down-type quarks and charged leptons, respectivelyﬂ. The SU(2);, doublets have a
U(1)y hypercharge Y = —1, the SU(2)., singlets have a U(1)y hypercharge ¥ = —2. A
spontaneous breaking of SU(2);, x U(1)y — U(1)ga is considered, with Qg = I + 3Y,
where [ is the weak isospin, the charge of SU(2)y. This requires to extend the theory by
a scalar SU(2) doublet, ¢, with hypercharge ¥ = 1. The four generators, three for SU(2)
and one for U(1) result in four gauge bosons, W',_, , 5 and B*, all without hypercharges.
Two coupling constants determine the strengths of the interactions, g for SU(2), and ¢’ for

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

1 UV AT 1 v
ﬁkin = _ZWH WMV - ZBM BHV (15)

+iQ¥"D,Q + iuy" D,u + idy" D,d + i Ly* D, L + iey" D, e,
with )
i

2
The generators of SU(2) are given by T = 10, where 0 denote the Pauli matrices.

D, = 0, —igWiT" — -¢'B,. (1.6)

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.

5Note that right-handed neutrinos are not included here.
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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:

Ly = (Do) (D*¢) — 1206 — A(6'9)?, (1.7)

where ) is dimensionless, real and needs to be positive to make the potential be bounded
from below, and p? 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 ¢'¢p = —p?/(2)\) and v? = —p?/\ can be defined. By an SU(2) gauge transfor-
mation, a particular vacuum expectation value (vev) of ¢ can be chosen: ¢ = \/Li (9). This
presents the spontaneous symmetry breaking (SSB): one specific solution that minimises the

potential is chosen. When considering small excitations around the vacuum state, ¢ reads:

1 0

pssp(r) = E (v+h(:c)) .

(1.8)
The scalar field h(z) is the only one remaining from the original four fields of ¢ after the
SSB. It is identified with the Higgs boson. Substituting ¢ with its vev, the kinetic part of
the scalar Lagrangian written in ([1.7)) can be expressed as:

(D) (D"6) > [(gW,T* +¢'BY) - (9) [ (1.9)
2
v
= 7 (VW + WIW™) + (W) = g'B,) (gW™ — ¢'B")) (1.10)
The first part can be written as miy W+W = with W, = Z5(W, FilW?) and hence leads to

the mass terms for the charged W bosons:
mi, = v2g*/4. (1.11)

The second term of Eq. leads to the mass of the neutral Z boson with Z,, = W3 cos Oy —
B, sin 6y, where 0y, is the so-called Weinberg angle with tanf = ¢'/g:

my =v*(g" + ¢*) /4. (1.12)

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

A, = Wisin@—l—B“cosGW. (1.13)
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The mass eigenstates Z and A are formed by W3 and B as:

Z _ C?S@W — sin Oy w3 (1.14)
vy sinfy,  cos Oy B
A real, massive scalar degree of freedom, the Higgs boson, whose mass is given by m3 = 2\v
results from the SSB. It has been measured to be my = 125.09 4 0.24 GeV [7].

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),. This excludes a Dirac mass term in which left- and right-handed
particles ought to be combined and so would break SU(2);. 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 ¢ can be

written down in the following way:
Lyu = Y{Qrddr, + YiQr,dur, + VL, den, + h.c.. (1.15)

The matrices Y;; contain the different Yukawa coupling strengths. Note that the up-type
quarks couple to QNS = —io9¢*. After spontaneous symmetry breaking, i.e. the transition
¢ — (°) (and ¢ — (§)) the above Yukawa terms have the form of a Dirac mass term with
the fermion mass given by my = vy;;/ V2, where v denotes the Higgs vev and y;; 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;ZJ 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;;i and Y;! 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 and Maskawa. Its complex

phase gives rise to CP-violating processes within the Standard Model.
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Electromagnetic interactions
Electromagnetic interactions are vectorial, parity conserving, diagonal and universal:

Lpy = eqpbpy, Ay, (1.16)

where e = gsin Oy is the electromagnetic coupling, ¢y is the electromagnetic charge of the
(left- or right-handed) fermion 1)y and A* 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)gay.

5
Lyc = cos(gew) ([31 27 —qr sinz(HW)> (TR WAZIrS (1.17)
As above, ¢; denotes the electromagnetic charge and 1)y, stands for any fermion. I® is the
third component of the weak isospin. The projection operator (1 — ~°)/2 selects only the
left-handed components of 1. This means, the neutral current consists of a purely left-
handed part, proportional to I and a part treating left- and right-handed particles equally,
proportional to g;.

Charged Currents

Charged weak interactions are mediated by the W bosons. Since they arise purely from
SU(2), charged currents involve only left-handed fermions and are hence maximally parity-
violating. As long as neutrinos are treated massless 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.

Loo = _% [ULw " Mexatbr.a, + Voo, Yo, ) W+ hee. (1.18)

Here, 91 4, and v, stand for down- and up-type quarks, respectively, while 17 4. and v, 4,
indicate charged leptons and neutrinos.
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Vector Boson Interactions

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

Lyyy = —ig[(WJVW_“ - WJ““WM_V)(A” sin Oy — Z¥ cos Oyy)

(1.19)
+ W, W (A" sin Oy — ZM cos Oy )]

2
Lyvvvy = —gz [(ZW:W_“ + (A, sin Oy — Z,, cos Oy )?)? (1.20)

—(WIW, + W)W, + (Ausinby — Z, cos b ) (A, sin by — Z, cos by ))?]

Higgs Interactions

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

couplings are diagonal.

Recall that after SSB the Higgs field ¢ takes the following form: ¢ggp(x) = \/Ai (v+2($)).
Dimensionless couplings such as hhhh and hhV'V involving only A(x) but not v, arise in the
Lagrangian. Trilinear couplings like hhh and AV V vertices are proportional to v. The cubic
and quartic Higgs self-interactions are given by:

A

o
Ly > +7UH5 + SH. (1.21)

The interactions between the Higgs and the vector bosons reads:

2
v 9”12 _ 1
LgvD|(F-H+ZH ) (WWHt ——— 7, 7M. 1.22
HV (92 +4 )( P +2COS29WM ) (1.22)
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.

1.4 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). x SU(2);, x U(1)y symmetry. It contains three colour triplets, the
quarks, out of which the left-handed ones can be grouped in SU(2);, doublets: Qr,(3,2),

1
5’
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whereas the right-handed colour triplets are SU(2), singlets: ug, (3, 1)+%, dr,(3,1)_1. It also
contains colour-singlets, the leptons, coming in left-handed SU(2), doublets, Ly, (1, 2)_% and
right-handed SU(2), singlets, eg,(1,1)_;. Right-handed neutrinos are not considered. The
generators of SU(3)¢ and SU(2), x U(1)y are taken to commute, leading to a theory with

_1.
3

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), x U(1)y — U(1)gm
is included via a scalar SU(2); doublet, whose neutral component, the degree of freedom
that persists after SSB, presents the Higgs boson. The SSB results in only SU(3)e x U(1) gp

remaining unbroken.

In summary the Lagrangian of the Standard Model reads:

1 1 1
L = —ZGWG‘“’ — ZW‘”’WW — ZBWBW (1.23)
= ul o Y
= Y
+77Z)Ri/7 Zau - gsTGu -9 EBM wRi (1.25)
o Y 2
+ ‘ (z’amu — g§Wu _ g/EBM) o — V(o) (1.26)
dA vast 07
—(YjQidd; — Vi Qigu; — Y Lide; + h.c.. (1.27)

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

The kinetic part of the Standard Model Lagrangian exhibits a U(3)g x U(3)y x U(3)p %
U(3)r x U(3)g symmetry that gets broken by the Yukawa coupling terms into U(1)p X
U(1)e x U(1), x U(1),, representing the symmetries leading to baryon number conservatior[]

and lepton family number conservation.

1.4.1 Parameters

Collecting all parameters results in three coupling constants, g, g, g, responsible for the
strength of the strong, the weak SU(2), and the hypercharge U(1)y interactions. In addition,
there is the mass of the Higgs, my and its vacuum expectation value v. Further, three lepton

5The Baryon symmetry is broken non-perturbatively by sphaleron transitions [S].
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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|

1.5 Open Questions and Known Problems of the Stan-
dard Model

1.5.1 Neutrino Masses

The Standard Model only accounts for massless neutrinos. The unambiguous measurements
of neutrino oscillations requires the neutrinos to have a mass different from zero [7]. Hence,
neutrino masses present physics beyond the Standard Model. To accommodate neutrino
masses, the Standard Model can be extended to the so-called vSM. Either, neutrinos are
continued to be assumed to be Dirac particles and right-handed neutrinos are proposed.
They would be SU(2) singlets and hence would exhibit no Standard Model interactions
apart from those involving the Higgs field. Neutrinos would then get Dirac masses as all
other fermions:

L, Oyl Livg,. (1.28)

Here, yi’? gives the relevant Yukawa coupling, L denotes the SU(2) doublet of left-handed lep-
tons, vg, the SU(2) singlet of right-handed neutrinos and ¢ = —ioy¢* where ¢ is the Higgs
field. A second way would be to postulate Majorana mass terms for neutrinos, where neu-
trinos would be their own antiparticles. This would add additional dimension-five operators
to the Standard Model of the form:

L, D yf‘f/v¢¢l/iuj. (1.29)

Here, yzjy 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 Ayp:

oM ~MQ)2

yzj yi]
Vv, — vv;. 1.30

ESM D

With m, ~ 0.1eV and couplings of order one this scale would be as high as Ayp ~ 10,

"The QCD phase 6, 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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1.5.2 Fine Tuning and Naturalness

The concept of naturalness demands the parameters of a theory to take relative values “of
order one”, meaning there occur no exceptionally large or small parameters without explana-
tion. Such exceptional parameters could either be realised via choosing 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 problems 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.

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 differ-
ences are directly observable in high-energy physics. But it is measurable 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 param-
eter alters the expansion history of the universe. Currently, the energy density from the
cosmological constant is measured to be below poc ~ (3 x 1073eV)* [1].

Connecting the particle-physics and gravitational ends, it seems extremely puzzling that this
value is so small. Contributions to the vacuum energy would be expected to be of the order
of Apg ~ (%) This quantity is much larger than the measured value of the cosmological
constant considering the mass of any known particle (except for neutrinos) as A. Considering
the highest assumed physics scale, the Planck scale Mp;, for A results in a difference of 122
orders of magnitude between the naively estimated and the measured value of poc!

Dimension 2: hierarchy problem

It is important to note the enormous difference between the electromagnetic and the gravi-
tational scale: gravity is characterised by a single, dimensionful quantity, Newton’s constant
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1
Gy. Tt defines a very large mass scale Mp; = G ~ 1.22 x 10" GeV [7], 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 Standard Model fields is of dimension two and

would take the following form:
Ly = p’¢lo (1.31)
with m? = 2u2. On the other hand, loop corrections to u? are given by:

A2
1672

A(p?) o (1.32)
Assuming Mp; for A (or even the mass scale Ayp derived from the dimension-5 description
of neutrino masses as explained above: 10* GeV) leads to values much larger than the value
of ;1% that is needed to account for the observed value of mgffl 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:

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

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

e Assume additional symmetries that either provide some cancellation of the correction
terms to p? (e.g. Supersymmetry relating bosons and fermions) or make the Higgs
a pseudo-goldstone boson (neutral naturalness) or protect the small Higgs mass via

technical naturalness.

e 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.

8Note that this is technically only true in the presence of new, heavy states at the scale A.
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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:

Locp D 0gcp€uwpsGH G (1.33)

This introduces CP violation in the strong sector. However, measurements such as the one
of the neutron electric-dipole moments suggest that Ogcp < 10710, It is not understood why
this parameter is so small, or respectively why this term should not appear in the Standard
Model 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.

1.5.3 Further Questions
Triviality Problem

The Standard Model couplings change with the scale at which they are evaluated. Whereas
the strong coupling vanishes at high energies (known as asymptotic freedom) the hypercharge
gauge coupling (¢’') 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.

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.

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



34 Chapter 1. The Standard Model

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.

Dark Matter

There are many 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 Dark Matter. This will be discussed in the next chapter.



Chapter 2

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 gravitationally 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 without 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 Sec. before the inferred properties of DM are discussed in Sec. 2.2l The often assumed
scenario of DM as a thermal relic is outlined in Sec. 2.3l Possible candidates for DM are
discussed in Sec. before Sec. gives an overview over DM searches. Finally, Sec.
gives an introduction to the effective field theoretic models used to describe DM production
at the LHC.

2.1 Evidence for Dark Matter

The fact that evidence for DM was found on very different scales disfavoured alternative
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.

35
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Figure 2.1: 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. [12].

2.1.1 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 [9]. Soon after,
in 1939, the American astronomer Horace W. 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 [10] (such as in Fig. [2.1]). 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 [11].

The rotational velocity of an orbiting object at distance r scales like v(r) oc /M (r)/r where
M (r) is the mass enclosed by the orbit. Outside the (visible) galaxy one would hence expect:
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v(r) o< 1/4/r. But v was found to be approximately constant out to large values of r as can
be exemplarily seen in Fig. fig:galaxyrotation. This implies M (r) o r, which is not observed
in luminous matter. Hence, the existence of a dark halo with mass density p(r) oc 1/r? is

proposed]
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 and match the observations.
They are discussed in detail in Appendix The choice of a DM halo density profile
presents one substantial uncertainty that enters the expectation of DM annihilation or DM-

nucleon scattering.

2.1.2 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, 6, depends on the mass of the object, M, and its distance to the source of

light, r, in the following way:
_AGNM

rc2

7

, (2.1)
where Gy is the gravitational constant and ¢ the speed of light.

Depending on the size of the effect, three kinds of gravitational lensing are distinguished.
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. In microlensing 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. [2.2)). This
observation is particularly relevant in view of DM. First, an unambiguous 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.

LAt some point p would need to drop off faster in order to arrive with a finite mass of the galaxy.
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Figure 2.2: 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 the Hubble 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 [13].

2.1.3 Cosmological Scales: Cosmic Microwave Background

A crucial 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 Ralph Alpher and Robert Herman [14]. 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 [15]. 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, one would expect a temperature
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Figure 2.3: The Planck 2015 temperature power spectrum. The best-fit based ACDM
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 4+10 uncertainties.
Figure from [16].

around 3740 KEL however, the expansion of the universe shifted the wavelength of the photons
by (14 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 1073 K, further fluctuations are below 1075
K. These temperature fluctuations are explained as the result of small, primordial density
fluctuations, leading to acoustic oscillations in the photon-baryon plasma present before
recombination. The angular scales of CMB oscillations, 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.

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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The anisotropies can be parametrised as follows:

™

(AT?) = (“l%”c) (1), (2.2)

where [ are the multipole moments and C; the angular frequencies. The acoustic spectrum
of the CMB, measured by the Planck satellite, is shown in Fig. The spectrum shows
a large first peak and smaller successive peaks. It is sensitive to the 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 amplitude 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-called Dark Energy,
possibly identified with a cosmological constant [16]. Based on these and other astrophysical
and cosmological measurements, the so called Standard Model of Cosmology (ACDM) was
formulated, in which the presence of DM, as well as Dark Energy plays a key role. It is
described in detail in Appendix [A.3]

2.2 Properties of Dark Matter

Apart from the above mentioned measurements, large-scale structures, big-bang nucleosyn-
thesis, and other observations have constrained the properties of DM. Commonly, it is as-
sumed that DM is made up of particles. Under this assumption, 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 in MAssive, Compact Halo Ob-
jects (MACHOs), preventing it from interacting 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 [I7]. Another alternative to particle DM would be to as-
sume a modification to general relativity [18]. 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, cannot be easily
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explained by such models [19]. It is in general not easy to formulate a theory of modified

gravity that can be incorporated in any cosmological model [20].

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 also models proposed that circumvent these assumptions:

e [t is dark: electrically neutral and colour neutral

e It is cold: large-scale structure formation would be altered and inconsistent with ob-
servations, if DM was relativistic at the time of matter-radiation equality

e [t is non-baryonic

e [t interacts gravitationally

e Its self-interaction cannot be too strong

e If it interacts with ordinary matter, then it only does so weakly

e It makes up 26.8% of the universe’s mass-energy content, around five times more than
ordinary matter

e 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.

2.3 Thermal Dark Matter

Dark Matter is often assumed to be a thermal relic, meaning that, in the early universe,
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 basically no interac-
tions. 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.
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First, the Boltzmann equation relates the particle number density n to the interaction

strength:
dn

o + 3Hyn = —(ov)(n® —nZ,), (2.3)
where (ov) is the thermal average of the total DM annihilation cross section multiplied by
the velocity, Hy is the Hubble constant (Hy = 678.9kms™1 [7]) and n,, is the number density

in thermal equilibrium. The latter can be determined in the non-relativistic limit as:

mT\*?
neng(g) e (2.4)

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

The Boltzmann equation (Eq. 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:
3 x 107 % cm3s™!
O h% ~ s (2.5)
{ov)

The relic density is expressed relative to the critical density as Q, = p,/p. with p. =
3HZ/87Gy, and h denotes the Hubble parameter h = Hy/100kms~*Mpc~'. The evolution
of the co-moving number density with time is sketched in Fig. [2.4] 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 coannihilations 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 [22]:

Q,h* = 0.1186(20). (2.6)

Interestingly, the measured 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 name WIMP mairacle
and motivates looking for DM candidates with masses 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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Figure 2.4: Illustration of the comoving number density of a stable particle species as it
evolves through the process of thermal freeze-out [21].

2.4 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 DM masses 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.

e 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
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formation, as discussed above, their resulting relic density is examined exemplarily in

the following. It is given by:
3
Q=Y " 2.
2 5By (2.7)

i=1

where the sum goes over the three generations. The best upper bound on neutrino
masses from S-decay experiments states m, < 2.05 eV (95% C.L.) 23] 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 oscillations constrain the
mass differences to be very small. Given the known production rates, this upper mass

bound results in a relic density of
Q,h* <0.07, (2.8)

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 [24]. While their detection might be possible
via oscillation measurements it is very challenging [25].

Axions: Axions were first proposed as a solution to the strong CP problem (see
Sec. . They are expected to be extremely light and only very weakly interacting,
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 [26].

Supersymmetric candidates: = Within R-parity conserving Supersymmetry, the
lightest supersymmetric particle is stable and can be a DM candidate. Supersymmetry
is discussed in more detail in Chapter [3

Kaluza-Klein states: The lowest excitation of a Kaluza-Klein tower of states in an
assumed extra dimension can act as DM candidate [27].

Superheavy Dark Matter: So-called WIMPzillas present an interesting alternative
to low- and intermediate-mass DM scenarios. With masses of 102 — 106 GeV, they

3Mass bounds from the analysis of CMB anisotropies are even more stringent, but might be evaded under
certain circumstances.



Chapter 2. Dark Matter 45

would not have followed a thermal evolution. Additionally, they offer a possible solution

to the observed cosmic rays with extremely high energies [28].

2.5 Searches for Dark Matter

2.5.1 Direct Detection

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

Px 9
R N 2.
(8 my, <OXN>> ( )

where N stands for the number of target nuclei, p, and m, denote the DM density and mass,
respectively, and (o, ) gives the average x-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 electrons 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 background 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:

e Scintillating crystals (e.g. Nal) can be combined with photomultipliers (example:
DAMA /LIBRA [29)).

e Cryogenic detectors measure charge and heat in crystals like Germanium or Silicon
(examples: CDMS [30], CRESST [31]). This approach is especially powerful to study
lower DM masses.
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e A volume of liquid noble gas (Xe, Ar) is combined with photomultipliers and, in most
cases, with a Time Projection Chamber (TPC) (examples: LUX [32], Xenon100 [33]).
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 to 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 Ref. [34]. Recent limits on the DM-nucleon cross section are summarised in Fig. 2.5 The
strongest bounds come from the LUX experiment, reaching down to 0.6 zb at a DM mass of
33 GeV [35]. In the low-mass regime, CDMS-lite provides the strongest constraints for DM
masses of 1.6 — 5.5 GeV [30]. 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.

2.5.2 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 ex-
periments 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 [38] (space-based, gamma-ray) and H.E.S.S. [39] (ground-
based, gamma-rays) telescopes. It is also possible to detect DM via neutrinos (IceCube [40],
ANTARES [41]) or cosmic rays (AMS [42], DAMPE [43]). Fig.[2.6] compares current bounds
on the DM annihilation cross section from ID experiments. The bounds are obtained for an-
nihilations into muons, b-quarks or W bosons. The strongest bounds come from the scenario
of annihilations into b-quarks. The v-ray measurements (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
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for DM masses above 3 TeV. For the annihilation into muons, the strongest constraints come
from CMB measurements. 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. [44].

2.5.3 Dark Matter at the LHC

If some interaction between the Standard Model and the Dark Sector is assumed, DM par-
ticles 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 DM particles. In this way, the
momentum imbalance in the transverse plane, resulting from the non-detection of the DM
particles, can be used as a discriminating variablef_f].

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 collisions’}

pp — x + X +jet/v/W/Z/.... (2.10)

Here, x indicates the DM particle. To keep the interpretation of such searches as general as
possible, effective field theories [45-49] are often used, as discussed in the next section.

Also searches designed to test more complex, complete theories such as Supersymmetry
(introduced in Chapter |3]) can be seen as DM searches. If the models provide a DM candidate,
constraints on the model then often also constrain the DM parameters. Furthermore, the
interplay between searches involving missing transverse momentum, 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

n certain scenarios.

4The concept of missing transverse momentum is introduced later in detail in Chapter
5In some cases, an emittance from intermediate states might also be possible.
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2.6 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. As will 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 approximated in the following

i 9292 9292
7ep = xx) o Q% — M diQiFQ aM e - —]\;42 &11)

Here, x stands for the DM particle, M,.q denotes the mass of the mediator and I',eq its
width. @y is the momentum transferred in the collision. The couplings of the mediator
to the Standard Model sector and the DM particles are given by g, and g,, respectively.
To arrive at the approximation made in the last step of Eq. 2.11] the propagator of the

mediating particle is expanded in powers of Q2 /M?2

2
9q9x 9q9x Q%r ( Qgr )
= — 1+ + O . (2.12)
Q‘%r - Mied MI%led < MI%led ( MI%led

In the above expression, the width of the mediator is neglected, which is justified in a regime
far away from a resonance, such as is the case for an EFT scenario with 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. . As a consequence, EFTs are no longer renormalisible. It
is clear that this truncation is only justified as long as Q% /M2 _, stays small. The so-called
cut-off scale of the EFT, A, is defined as followsﬂ:

M, med

A .
9q9x

(2.13)

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

6For some types of interaction this equivalence takes a more complicated form. This is not considered here.
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Name ‘ Operator ‘ Coefficient

D1 XX 79 mg /A

DI’ XX 44 1/A?

D2 XX 4q im,/A?

D2’ XX @4 i/ A?

D3 XX 07°q img /A

D3’ X 77°q i/ Name \ Operator \ Coefficient

D4 X g mg /A Cl X' xaq mg/A?

D4’ XV°X ¢ 1/A? C2 x'Xx@’q img/A?

D5 XX D'q 1/A C3 | x'duxar"q 1/A?

D6 | x7.7°x &g 1/A? C4 | X0y v°q |  1/A

D7 | XX d7"’q 1/A® C5 | X\'\GwG"™ | a,/A?
— 5 .5 2 i -

D8 | xvu’x " ’q | 1/A C6 | X\XGuWG™ | a2

D9 XOuwX ot q 1/A?

D10 | xo,,7°x qo*q i/\?

D11 x G"G,, as/4A3

D12 | X7°x GG | da,/4N°

DI3 | X GG | ic, AN

D14 | x7v°x G* G, o [AN?

Table 2.1: List of considered operators. The nomenclature is mostly taken from Ref. [4§].
D stands for Dirac fermion DM, C' for complex scalar Dl\/lﬂ

Without loss of generality, a list of effective operators, describing the interaction between
Standard Model quarks or gluons and DM can be defined [48]. They are listed in Tab. [2.1]

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 distinct 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 parameter 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.

6Real 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.
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In addition to the “standard” scalar operators D1-D4, the “primed” operators D1'-D4" are
defined in Tab. 2.1} They are identical to D1-D4, but have a different coefficient, indepen-
dent of the masses of the involved quarks. While a normalisation 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:

d%s

dprdn

_ <%>2 d’s (2.14)

A dprdn

D1,D2,D3,D4

D1/,D2',D3/,D4’

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 2m,. Assuming higher m, 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, y 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 extrapolate obtained results down to even lower DM masses than

explicitly considered in the analyses.

The remaining parameter of the theory, the cut-off scale A, 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 A. This issue of limited validity
of the LHC approach will be discussed in Chapter [5]

2.6.1 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
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value of the partonic operator in the nucleon, considering the kinematic properties of the

scattering, is calculated to this end. The conversion can be formulated as follows [50, [51]:

oD = 1.6 x 10~ em’ (1 g)é\/)Q (20 iev)ﬁ, (2.15)
o33 —1.38 x 10 em? (1 gz\/)Q (3005"3\/)4, (2.16)
o8P0 — 4.7 5 10 %cm? (1 gZVY (300fe\/)47 (2.17)

oDl = 3.83 x 107" em? (1 gzv)g <100fe\/)6’ (2.18)

oCL =256 x 10~ *cm? (1 gﬁ,\/)Z (1?](1(;;\/)4 (10 iev)4, (2.19)

0% =74 x 10 %em’ (1 gi;vy (1?113;\/)4 (60 ieVY. (2.20)

Note that only a subset of possible operators is relevant in the limit of low momentum
transfer and hence considered here. The parameter p, denotes the reduced mass of the
DM-nucleon system. Depending on the type of interaction, the operators correspond 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:

1 m2 8m? — dm?m?2 + 5m?
OVl = o Z 1— —q (24 (2m2 +m2) + —= — iTrZQ g rel) ,(2.21)
X q

8Sm* — 22m2m?2 + 17m?
_ } : /1 X x''"q q 2
OAUrel = 167TA4 (24m + mi _ 2 vrel) ’ (222)

where v,; ~ 0.24 is the relative velocity of the annihilating DM particles x.
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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 other motivations 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
10*® GeV. This would allow to formulate the Standard Model gauge group within a larger
symmetry group SU(5) C SU(3) x SU(2) x U(1), and possibly to formulate a grand unified
theory (“GUT”).

Furthermore, SUSY can be connected to general relativity: imposing SUSY as a local sym-
metry allows to formulate a class of models known as supergravity. SUSY is also a necessary

23
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prerequisite of string theories and can be connected to cosmological inflation. In addition,

it can provide a candidate for Dark Matter.

In summary, even if the observed Higgs mass and the direct LHC bounds 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 Sec. before the minimal
supersymmetric extension of the Standard Model is introduced in Sec. [3.2] Finally, the focus
is put on the supersymmetric partner of the top quark, the stop, in Sec. since a search
for stops will be presented in Chapter

3.1 Main Concepts of Supersymmetry

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

Q|fermion) = |boson) and @|boson) = |fermion) . (3.1)

Here () denotes the SUSY generator. The SUSY algebra is a nontrivial extension of the
Poincaré algebra that covers spacetime transformations. It circumvents the Coleman—Man-
dula theorem [52] that states that space-time and internal symmetries cannot be combined in
a non-trivial way, by allowing both commuting and anticommuting symmetry generators [53].

The generators have to be (Weyl) spinors: @,. The crucial new anticommutator is given by:

{Qaa Qd} = 2(0-#)adpu . (32)
It can be explicitly seen here, that the internal symmetry, SUSY, is related to the space-time

Poincaré symmetry, since the momentum operator P, 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 (s and commutation relations between
the @s and Ps vanish. Since () commutes with the energy-momentum operator P* and its
square P?, SUSY predicts the masses of bosonic (fermonic) particles and their fermionic
(bosonic) superpartners to be equal:

P*Qb) = P?|f) = m}lf), (3.3)
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and, on the other hand:
P2QIb) = QP*|b) = mpQ|b) = mi|f) (3.4)

leading to:
m; = mfc : (3.5)

3.2 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 Standard Model fermions, fermion partners (sfermions) are assumed
to be scalar. The Standard Model spin-1 gauge bosons form with their spin-1/2 superpart-
ners, the gauginos (bino B, winos W;_3 and gluinos él_g) the vector supermultiplets.

Second, the MSSM assumes minimal particle content: there are only three generations of
spin-1/2 fermions and their partners assumedE], 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 content 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, H,
and Hy, 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:

m () m= (%) oo

d

give mass separately to the up-type and down-type fermions.

I'No right-handed neutrinos are added.
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Particle Spin | R-Parity | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 +1 HY HY H, H; h® HY AY H*
U~L, U~R, dL, dR same
squarks 0 -1 €L, CR, SL, SR same
{1, tr, by, b {1, t2, by, by
€L, €R, Ve same
sleptons 0 -1 pns R, Uy same
TL, TR, Vr T1, T2, Vr
neutralinos | 1/2 -1 BY, WO, Flg, H}} X1 X2 X3 Xi
charginos 1/2 -1 W+ Hf Hy Xi Xz
gluino 1/2 -1 g same

Table 3.1: Overview of SUSY partners of Standard Model particles and their gauge and
mass eigenstates as well as the content of the extended Higgs sector [54].

Their spin-1/2 superpartners, the higgsinos, mix with the gauginos to form the physical mass
eigenstates, the charginos: X+, X3 and neutralinos: X‘f7273’4. The indices are chosen such that
they represent the mass order: m(x1) < m(x2).

An overview of the gauge and mass eigenstates of the additional particle content in the

MSSM is given in Tab. 3.1}

3.2.1 Breaking of Supersymmetry

Since supersymmetric partners with masses equal to the Standard Model particles would have
been easily discovered, any SUSY model that aims at providing a realistic phenomenology
must contain a breaking mechanism of Supersymmetry, manifesting itself as SUSY partners

being heavier than their SM counterparts.

To maintain the above-mentioned desirable features of SUSY, theories generally consider
spontaneous symmetry breaking (SSB), meaning that the underlying Lagrangian is super-
symmetric, 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.
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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:

s = 2 (3.7)

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 + Lsoft - (3.8)

Lsof¢ 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.

3.2.2 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(BfL)+2S ) (3.9)
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 violat-
ing terms in the MSSM. Generally, R-parity conservation leads to the following important

phenomenological constraints:

e Supersymmetric particles are produced in pairs, such that R-parity “cancels”.

e 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.
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If R-parity is assumed and the lightest SUSY particle is given by the lightest neutralino,
>~((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 no missing transverse momentum and possibly
displaced vertices in the final state [55].

3.2.3 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:

e 1 : Higgs mass parameter with £ D puH,H;. Generally, p is taken to be complex.
However, its phase possibly introduces large CP-violating terms and hence p is often

assumed to be real.
e M; : mass parameters for the gauginos, appearing in Ly, .
e tan 3 : ratio of vacuum expectation values of the two Higgs doublets, tan 8 = v, /v4.
® mg , Mg, my : masses of left-handed and right-handed squarks, appearing in L.

e my ,mg : masses of left-handed and right-handed sleptons, appearing in L.

Clearly, the predictive power of a model with so many free parameters is limited. 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 new
entities and parameters that are introduced. The model-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:

Assumption of a SUSY-breaking scenario

e 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 supersymmetric equiva-
lent 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.
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In this setting, the theory requires only four parameters, normally chosen to be: my,
the common mass of the scalars, m; /2, the common mass of the gauginos and higgsinos,
Ap, the universal trilinear coupling, and tan 8. Additionally, the sign of i 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.

e 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 to massive messenger 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 125 GeV, stops with high masses above 2 TeV are required

in this scenario.

Phenomenological MSSM

By imposing empirically motivated assumptions, the so-called phenomenological MSSM

(pMSSM) can be constructed. The assumptions are the following:

e No new source of CP violation: additional CP violation 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.

e 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 exper-
imental 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.

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

2This is the case unless squarks are taken to be significantly heavier than 1 TeV.
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These restrictions reduce the number of parameters to 19:

e Higgs sector: tan 3, M4, the mass of pseudoscalar Higgs, i, the higgsino mass
e Gaugino sector: M, M,, Ms, the masses of Bino, Wino and Gluino

e Squark masses: mg, Mmg,, M., the masses for the (degenerate) first and second

generation, and mg, m;,, m;,, the masses for the third generation

e Slepton masses: mj, mg,,, the masses for the (degenerate) first and second generation,
and mj, ms,, the masses for the third generation

e The third generation trilinear couplings: A;, A,, A,

Simplified Models

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

e 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.

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

e 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 re-
sults from the search for new physics in final states with top quarks and missing transverse
momentum presented in Chapter [§

3.3 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 possible mixing 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.
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Each of the SUSY partners contributes to the Higgs mass correction dm?. The terms are of
equal magnitude as the contributions from the Standard Model fermions, but with 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:

2
XN

H
872

(mj; —m}) ln(AQ/m?;). (3.10)
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, f 1, and one of the right-handed
fermion, fr. 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 t; and t,, where the lighter one, #;, is therefore considerably lighter than

all other squarks.

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

e The squared-mass terms proportional to 5t and thtr are given by még + (1/2 —
2/3sin” ) cos(28)m% and m2, + (2/3sin® By ) cos(28)m% respectively. These terms
occur analogously for the other generations.

e Contributions equal to m; stem from y? HO* HOt 1 and y? HO* H Ot g, 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.

e Expressions related to the so-called F-Terms take the form: —,u*ytffH % +cc.. They
read —p*vy; cos Bthty, + c.c. once HY gets replaced by its vev.

e Contribution from soft trilinear couplings athgHS + c.c. become a;vsin Btpth + c.c. .

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

masses:

2
ME:

mg, +mi + (1/2 — 2/3sin* Oyy) cos(23)m3, —my (A + pcot f)
—my (A + pcot B) m2, + m? + 2/3sin” Oy cos(28)m%
(3.11)
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Figure 3.1: Summary results from ATLAS searches for stop pair production based on 13.2
fb~t of pp collision data taken at /s = 13 TeV. Exclusion limits at 95% CL are shown in
the ¢, X! mass plane. The dashed and solid lines show the expected and observed limits,
respectively, including all uncertainties except the theoretical signal cross section uncertainty.
Four decay modes are considered separately with 100% BR: ¢, — t + X1 (where the £,is
mostly right-handed), 7, — W +b-+X! (3-body decay for m(f,) < m(t)+m(X)), , = c+ X
andt, — ff+b+ X1 (4-body decay). The latter two decay modes are superimposed. Figure
from Ref. [50].

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

Loy =~ (B ) Me (iL) - (3.12)

R

Current experimental bounds on the stop mass reach up to m(t,) = 850 GeV for light neu-
tralinos. A summary of the results from ATLAS stop searches is given in Fig. [3.I] 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 dis-
cussed in detail in Chapter [§]
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The ATLAS Detector at the LHC

In order to learn more about fundamental interactions, particle physics offers three direc-
tions: increasing the energy, increasing the intensity or increasing the precision. The Large
Hadron Collider (LHC) clearly pushes the energy frontier by achieving unprecedented colli-
sion 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 significantly. 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{] 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 [57]

collaborators, that operate the experiment, including the analysis of the data.

In the following, an overview of the ATLAS experiment at the LHC is given. A focus is
put on the trigger system since 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.

!'During the LHC design, it was in fact the strength of available magnets that determined the maximal
energy, given the size of the already existing tunnel.
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General information on the LHC and the studied proton-proton (pp) collisions will be pre-
sented in Sec. before the ATLAS design and its sub-detectors are introduced in Sec.
along with its trigger system (Sec. . Subsequently, an overview of the relevant physics
object definitions is given in Sec. .4 and event simulation is introduced in Sec. [4.5]

4.1 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 (CERNED, 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 TeV and 5 TeV were also provided. Pb—Pb collisions at
centre-of-mass energies of 2.76 TeV 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 [,
lasted from 2009 until March 2013. After a scheduled, long shutdown, the second run, Run I1
started in 2015 and will be ongoing until the end of 2018. The LHC is installed in an about
27-kilometre long tunnel between 45 m and 170 m underground, formerly accommodating
the Large Electron Positron collider (LEP) where the electroweak W 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 sys-
tems, 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 Standard Model measurements and heavy-ion physics.
ALICE (A Large Ion Collider Experiment) focusses on the study of heavy-ion collisions, re-
lying 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

2The abbreviation CERN originates from the french name Conseil Européen pour la Recherche Nucléaire.
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Figure 4.1: Sketch of CERN’s accelerator complex, including the LHC [5§].

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. [4.1] Protons entering the LHC
are produced by ionising hydrogen atoms. Then they are accelerated 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
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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 = o - L. Hence, the luminosity is measured

as [L] = cm2s7!. Tt is defined as:

2 .
. Np nbf’}/ Crossing frequeHCy : Nprotons inbeam1 * Nprotons in beam 2

- B 4.1
4dme[* beam overlap (4.1)

N, denotes the number of protons per bunch, n, the number of bunches per beam, f the
revolution frequency and ~ the relativistic factor. The numerator gives hence the number
of interactions per time interval. In the denominator, the beam cross sectional size at
injection, 8*, and the beam emittance ¢ 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 = 103 cm~2s~!. 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 10! protons per bunch and closely spaced bunches.
This leads to the occurrence of simultaneous pp collisions, so-called pile-up. Several inter-
actions 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, Npy, or as the average num-
ber of interactions per bunch crossing, (u). Npy does not consider out-of-time pile-up and
is built from reconstructed vertices, while the calculation of (u) is based on the measured

luminosity.

The Monojet Analysis that will be presented in Chapter @ is based on 20.3 tb™' of data
from pp collisions at 8 TeV. The accumulated luminosity and the pile-up profile are shown in
Fig. and Fig. [1.3] respectively. The Stop Analysis that will be the subject of discussion
in Chapter [§| uses the 13 TeV data that was collected in 2015 and 2016 until July 7. Fig.
gives the luminosity summary for 2015 and 2016 and the pile-up distributions are shown in
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in 13 TeV pp collisions as measured with ATLAS in 2015 and
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Fig. In total, 13.2 fb~! of 13 TeV pp collisions were considered for the work presented
in this thesis.

4.2 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 [61] is a general-purpose detector, designed to study many different aspects of mod-
ern particle physics. It is realised as a cylindrically symmetric magnetic spectrometer. The
tracking detectors closest to the interaction point provide information on the particle trajec-
tories 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.

4.2.1 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 ¢ in the x—y plane, defined relative to the x-axis, and the polar angle # in the x—z
plane, relative to the z-axis, are used to denote coordinates. Since 6 is not Lorentz-invariant,
the pseudo-rapidity is often considered instead. It is defined as: n = —In(tan(6/2)). The
rapidity y is subsequently given by:

1. E+p,
y:_ln )

(4.2)
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with E being the particle energy and p, being its longitudinal momentum. In the limit of
massless particles, the rapidity equals the pseudo-rapidity. The distance AR = /An? + A¢?
is often used to quantify how close two objects are to each other.

The transverse momentum pr is defined as pr = \/m, 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 pr’s is defined as

faad ~miss 3 : : miss __ 2 2
missing transverse momentum pp'*°. Its amplitude is given by EF'™ = \/ Da.miss T Dy.miss

and is called missing transverse energy.

The so-called transverse mass mr targets leptonic W-boson decays. The expression mt =

V205 ER5(1 — cos Ag(€, ER%%)) aims at reconstructing the mass of a common parent par-
ticle of neutrino and lepton. Since E¥5 can only be defined in the transverse plane, the

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

4.2.2 Detector Design

The ATLAS detector is characterised by a powerful muon system, motivated by the aim
to discover and measure the Higgs BosonP| and calorimetry that covers almost the full solid
angle of 4, which allows to test multiple models of new physics, often characterised by
large EMss. 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. 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 |n| < 1.4. The endcaps “close”
the open sides of the barrel by cylindrical structures, extending the range to up to |n| < 5.
The following description of the detector and its sub-systems is largely based on Ref. [61].

Inner Detector: The Inner Detector (ID) records information on the particle trajectories.
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
I1. Tt is a very-high-resolution semiconductor pixel detector, extending up to |n| < 2.9. In

order to improve vertex reconstruction and B-hadron identification as much as possible, it

3The Higgs decay channel H — 4y is very important, since it is extremely clean to reconstruct while being
presented with very low Standard Model background.
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Figure 4.6: Schematic view of the ATLAS Detector and its sub-systems [62].

was installed as close as possible to the interaction point, around a new, thin beam pipe at
a radial distance of only 3.3 cm 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 semiconducting pixels in the barrel region and three discs in each end-cap.
It extends up to |n| < 2.5 between five 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 10pum x 115um in R — ¢ x z. A silicon microstrip detector, the Semi-Conductor Tracker
(SCT), is located at radii between 30-51 cm from the interaction point in the region of
In| < 2.5. Each of the four barrel layers and 2 x 9 end-cap disks contains two sub-layers with
tilted strip orientations, providing a spatial resolution of 17um x 580um in R — ¢ x 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 108 cm and || < 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 (130um) is compensated by the many hits provided per track
(36) and the larger track length. An overview of the arrangement of the ID sub-systems is
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Figure 4.7: Schematic view of the ATLAS Inner Detector [63]. The IBL (not shown here) is
located between the beam pipe and the inner-most layer of the pixel detector.

given in Fig. [1.7. 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 o, /pr = (0.05% - pr[GeV] + 1%) [61] is targeted.

Calorimeter: An electromagnetic calorimeter, developed to contain and measure the
showers of electrons and photons, is surrounded by a hadronic calorimeter. The electro-
magnetic calorimeter is built as a sampling calorimeter, meaning that alternating layers of
absorbing and active material are used. Liquid Argon is used as active material and is com-
bined 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 con-
tained. In the barrel region it consists of two half-barrels with 16 modules each and extends
up to radii of 4 m and || < 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
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calorimeter. The end-cap regions are equipped with eight wedge-shaped modules each. It is
designed to achieve an energy resolution of o5/F = (10%//E[GeV]+0.7%) [61]. 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 particles up to energies
of several TeVE] The tile calorimeter covers |n| < 1.7 and is supplemented at larger pseudo-
rapidities of up to || < 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 op/E =

(50%/+/ E[GeV] + 3%) [61] is aimed for.

The forward calorimeter covers 3 < |n| < 4.9 and is composed of copper-tungsten as absorber
and liquid Argon as active material, combining electromagnetic and hadronic calorimetry.
The achieved energy resolution is expected to be: o/F = (100%/+/ E[ GeV] + 10%) [61].

The calorimeter system with its sub-detectors is sketched in Fig. [4.8|

Muon Spectrometer: The function of the ATLAS muon system is twofold. It provides
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 || < 1.4 by the
barrel toroid, providing a field of up to 0.5 T, between 1.6 < |n| < 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 |n| > 2.7. Due to support structures,
there is an uninstrumented gap at n ~ 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 20 m from the interaction point and is the largest
sub-detector by volume. An overview is given in Fig. [£.9] The design muon momentum
resolution is 0, /pr = 10% at a muon pr of 1 TeV [61].

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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Figure 4.8: Schematic view of the ATLAS calorimeters [64].
4.3 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 pro-
vide a decision very quickly, namely after 2.5us. To achieve this, the decision is purely
hardware-based, using custom-built electronics. The Central Trigger Processor (CTP) com-
bines information provided by the calorimeter and the muon chambers to identify interesting
events. If the event is accepted at L1, Regions Of Interest (ROIs), built around relevant ob-
jects that were identified by the CTP, are communicated to the second level of the trigger,
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Figure 4.9: Schematic view of the ATLAS muon system [61].

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 passing 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 - 500 Hz, 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.
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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/~v*(— 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 pr and 7.

4.3.1 Missing Transverse Energy Trigger

Both analyses presented in the following rely on an EX-based trigger [65, [66]. The trans-
verse momentum used 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 An x A¢ ~ 0.2 x 0.2 for |n| < 2.5 (coarser for larger
n) 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 (1.2), 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 oy 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| < 20y are omitted in
the algorithm and the trigger was protected from large fluctuations by rejecting cells with
E; < —boy. Or the cluster algorithm uses seed cells with |E;| > 4oy, surrounding cells
with |E;| > 20, and all immediate neighbour cells to calculate the E 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 [67]. Many improvements of the ER
triggers are underway, especially in view of pile-up subtraction techniques [68]. They were
not yet applied for the analysed dataset of 13 TeV collisions.
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4.3.2 The Fast TracKer (FTK)

Tracking at trigger level is beneficial to limit the trigger rate in high-pileup conditions 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) [69] 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-pr b-quarks and tau leptons with high background rejection, since
both b-tagging and tau lepton identification rely on track information: b-jets are charac-
terised 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 stan-
dard jets [69]. 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 [69]. Fur-
thermore, the primary vertex and the pile-up condition of an event can be determined using
FTK tracks. Many trigger algorithms can be improved when including this information in
the HLT decision, especially when relying on isolation variables (such as lepton triggers)
and calorimeter information (such as jet and ET triggers), since they are both affected by
pile-up effects.

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 information. 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 com-
paring the fired superstrips to predefined trajectories stored in memory. Such predefined
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 resolution (roads)
seed a full-resolution track fitting performed in Field-Programmable Gate Arrays (FPGAs).

Only considering hits within these roads reduces the combinatorics significantly and hence
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Figure 4.10: Data Flow through FTK. IM is the Input Mezzanine, and DF the Data For-
matter. 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.

makes the fit itself much faster. The pattern matching procedure is based on the use of
custom associative memory (AM) chips designed to perform pattern matching at very high
speed (about 100MHz). 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. [£.10] Starting
from the Input Mezzanine cards which receive data from the tracking detectors 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
1n — ¢ towers. For each tower, the information is distributed to the corresponding processing
unit, which consists of two Auxiliary (AUX) cards and their Associative Memory Boards
(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
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Figure 4.11: The sketches indicate how variable resolution can reduce the number of patterns
stored in memory and the contribution from random hits [69]. The coloured lines show the
patterns needed to accept the tracks. The eighth ID layer (IBL) is not included here.

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 the matched roads slow down the track fitting. This choice is optimised
by implementing the feature of variable resolution of the roads via ternary bits in the AM
logic [70], as illustrated in Fig. [4.11] 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 ID (SSID). Each
pattern consists of eight SSIDs, corresponding to the eight silicon layers. In following itera-
tions, 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 [71] 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
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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 = OO”E]. 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 simu-
lation, 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” [72]. 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 communi-
cation 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.

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 slightly worse
and small effects from pile-up enter. As an example, a comparison of the transverse impact
parameter is shown in Fig. [£.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 [69]. With FTK, it is possible to efficiently
trigger on one-prong tau decays as seen in a H — 77 simulation. In particular low-pr tau

54117 is not defined.
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Figure 4.13: Identification efficiency for tau
leptons as a function of reconstructed tau
pr applying an FTK-based selection (blue)
and a calorimeter-based selection (red) at
HLT [74]. The efficiency is defined as the
fraction of Level-1 tau matched to a recon-
structed tau [75].

Figure 4.12: Comparison of the transverse
impact parameter dy between FTK (points)
and reconstruction-level tracks (histograms)
in the barrel region [73].

candidates can be recovered when including FTK tracks in the trigger algorithms. This is
shown in Fig. 1.13]

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, the FTK concept is discussed
to be extended to cope with 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 [76].

4.4 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.
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4.4.1 Track and Vertex Reconstruction

The reconstruction of particle tracks requires a minimum number of hits in the silicon detec-
tors of the ID as seedﬂ and then extends the track by adding additional hits, following either
a Gaussian sum filter or a global x? 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, pr > 400 MeV and |n| < 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 7o of
the vertex candidate are taken to originate from it and fitted via an iterative x? procedure.
Based on the resulting x? a weight is assigned to each track.

Since physics processes of interest often have a large number of high-pr tracks, the vertex
presenting the largest sum of the squared track pr’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 pr > 5 GeV reaches 85% or 90%, depending on the desired fake rejection
working point [77]. The vertex reconstruction efficiency is around 90% for vertices having
at least two associated tracks and decreases with increasing pile-up [78].

4.4.2 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 around 7 ~ 0,
where the MS has a small gap [79, 80]. 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 track matched to a calorimeter cluster consistent with
a minimally-ionising particle. While the combined muons are the cleanest ones, the fallback

6The exact number depends on the desired track quality.
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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. [79, B0]. 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 ppr > 10 GeV [79]. In Run II both the reconstruction
efficiency and the momentum resolution are found to similar [80].

4.4.3 Electrons and Photons

Electrons, as well as photons, deposit all their energy in the electromagnetic (EM) calorime-
ter, 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 dis-
tinguished. 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 An x A¢ = 0.025 x 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.

The object energy is estimated from rebuilt clusters or from track properties, depending on
the pseudo-rapidity of the object, considering simulation-based correction factors. Additional
calibration factors are derived in a tag-and-probe procedure from Z/v*(— eTe™) events in

data. More information about this chain can be found in Ref. [81].

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
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be found in Ref. [82] for Run I and in Ref. [83] for Run II. Observed electron identification
efficiencies range between 77% for tight identification criteria and 93% for loose identification
criteria in an E1 range between 20 and 50 GeV.

For photons, a similar strategy is employed. The details of the identification criteria can be
found in Ref. [84]. The photon identification efficiency increases from 53-64% at 10 GeV to
88-92% at 100 GeV [85)].

4.4.4 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 hadroni-
sation proces&ﬂ: each of the quarks/gluons causes the formation of a spray of colour-neutral
hadrons in its direction, where the abundance and momenta of the produced hadrons de-
pend 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-called anti-k; algorithm [86]. The distance measure used in

this algorithm reads:
2

A
dy; = min(k? | k7P) —2 (4.3)

ti) Vi,g R2’

where A;; = (yi — y;)* + (¢ — ¢;)?, ki is the transverse momentum, y denotes the rapidity

of the constituents and R the radius parameter. The parameter p takes the value —1 for the
anti-k; algorithm, where its negative sign denotes that the jet reconstruction proceeds from
the hardest to the softest objects. The similar k7 algorithm uses p = 1 and hence leads to
a reconstruction from the softest to the hardest objects. The above-defined distance d;; is

compared to:
dip = k;". (4.4)
If d;g > d;j, then the algorithm stops, the object j is not grouped with the object ¢ and

object 7 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

"The — compared to other quarks — very heavy top quarks are an exception: they decay before the hadroni-
sation takes place.
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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) [87, 88]. At first, the energy estimated 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:
EM C

R = (mree) (4.5)
Ei\vf[uctvh

is inverted and applied as an energy- and n-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.

4.4.5 B-Jets

Due to the non-zero decay length of B-hadrons, jets originating from a b-quark can be dis-
criminated from those from gluons or other quarks. Specific properties of 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 algo-
rithm [89, [90)] is applied for Run-1T dataﬁ. 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 Chapter [§] 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 events. The corresponding light-jet rejection is 134 [90].

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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The b-tagging efficiency is found to vary only slightly with 1 but has a dependency on the
jet pr, where it is highest for jet pr’s around 100 GeV. In particular, it decreases for higher
jet pr’s. From the b-tagging efficiency observed in data, correction factors are determined
which are applied to simulated samples.

4.4.6 Hadronically decaying Tau Leptons

Candidates for hadronically decaying tau leptons are seeded from calorimeter clusters 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 transverse energy in
AR < 0.1 and in AR < 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
pr-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 < AR < 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 7° identification allows to also construct and
exploit the mass of the 7% and the tracks, the number of 7°’s and the ratio of the track and

7% 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 Ref. [91, 02]. The
efficiencies are by construction independent of pile-up and of tau pr. They range from 60%

— 45% for one-prong and from 50% — 30% for three-prong decays [92].

4.4.7 Missing Transverse Energy

Many signatures of new physics involve additional undetectable particles and hence rely on
EXss as a discriminating variable. The E¥ is calculated as the negative vectorial sum
of the transverse energy of all significant energy deposits in the detector and presents the
momentum vector that would be required to balance the event. There are several prescrip-
tions for the B determination [93), [94]. The default formulation uses identified objects of
electrons, photons, taus, jets and muons 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 EM calculation. Each class of objects
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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 associated 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 better 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-pr 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 BT is vulnerable to potential mis-measurements of energies and momenta
- especially those of jets. The EX resolution in is etsimated to be between 5 and 30 GeV
in simulations, depending on the total energy in the event.

4.5 Event Simulation

4.5.1 Sample Generation

Monte Carlo (MC) simulated samples [95] are used to develop selections that discriminate
well between signal and background by studying their different kinematic behaviours. Sim-
ulated samples are also used to study detector acceptance and reconstruction efficiencies for
signal and background processes and are needed in the background estimation. Furthermore,
simulations allows to study systematic uncertainties 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 trivial. Especially
the description of the non-perturbative soft QCD processes require a phenomenological ap-
proximation. 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) corrections 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 rela-
tively small number of outgoing particles is produced in this process. Input to this step is
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the so-called parton distribution function (PDF), describing the constituents of the protons
(sea and valence quarks, as well as gluons) and their momentum fraction at a given en-
ergy. 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 the DGLAP [96-
98] evolution equations. During this step, the incoming and outgoing 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 [99]. 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 [100].
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 discussed.

e MADGRAPH [I0]] is a leading-order matrix element generator that was extended to
allow for the inclusion of loop diagrams [102]. 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 transmitted

to an external programme.

e SHERPA [103] is a general-purpose generator, covering both the matrix element cal-
culation and the parton shower description. It is considered to be one of the most
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 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.
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PyTHIA [T04HI06] is also a general-purpose generator. It does not allow automated
code generation for new processes, instead it provides more than 200 hard-coded sub-
processes and is designed such that it facilitates the use of external input (e.g. from
MADGRAPH 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 interaction cross section.

Hence, PYTHIA is also well-suited for the generation of pile-up events.

HERWIG++ [I07] 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 [108]. HERWIG+ + features sophisticated models for the decay of hadrons
and tau leptons.

MC@NLO [109] calculates hard processes at next-to-leading-order (NLO) in QCD. It
provides an algorithm for parton showering and includes spin correlations for most
processes. For the modelling of the underlying event, MCQNLO 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 [110] is also a specialised generator, based on MADGRAPH, 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 [I11] is a tree-level ME calculator, dedicated to the study of multi-parton
hard processes in hadronic collisions with emphasis on configurations with 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 [I12] 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.
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4.5.2 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 structures needs to
be simulated [I13]. A detailed geometrical model of the detector is used within GEANT4 [114]
to derive the energy deposits for each simulated particle. Subsequently, digitisation software
specific to each sub-system converts the simulated energy deposits into electronics signals
which would be observed in the detector [115]. 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 [I16] instead of the above described full simulation. The average
GEANT4 response to a given type of particle in a kinematic bin within the various calorime-
ters 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.






Chapter 5

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 Chapter [3|) 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 con-
clusions 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 Chapter
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 interpretation 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. [48, 117HI19]), 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, Xin Wu and myself, aiming for bringing to-
gether the experimental and the theoretical perspectives on EFT interpretations of LHC
DM searches. It resulted in a publication [120] which presented one of the first quantitative
assessments of the impact of limited validity of EFTs on the DM search interpretations. The

91
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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 Sec. the analytical
approach including the main observable, R are presented in Sec. . The results are then
compared to the findings of a numerical analysis, for which I was responsible, in Sec. [5.3|
Finally, the results and their impact on the bounds from experiments are discussed in Sec.

and concluded in Sec. 5.3l

5.1 Effective Field Theory models of Dark Matter and
their Validity

Based on the general considerations and the set of effective operators discussed in Sec. [2.6]
several considerations concerning the validity of an EFT model can be formulated. Roughly
speaking, the cut-off scale A 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 My,q is
coupled to quarks and DM with couplings g, and g,, respectively. The cut-off scale A is
assumed to be connected to the mediator mass and couplings via:

M, med

A= .
9q9x

(5.1)

The EFT is considered being reliable if @y, < Myeq. This, together with the condition of
perturbativity of the couplings g,, < 4w, implies:

Qtr Qtr

>

VIa0y  Am

If the momentum transfer is assumed to occur in the s-channel, then kinematics impose

Qu > 2mpy and Eq. [5.2] becomes:

A >

(5.2)

A > DM (5.3)
2

This requirement is minimal and is refined on an event-by-event basis by the stronger con-
dition of Eq. 5.2 which depends on mpy through Q. It is clear that the exact form of a
condition like Eq. depends on the values of the couplings in the complete theory and its

detailed structure. For the following considerations, the couplings g, and g, are assumed to
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be of order one. Hence, the mediator mass M,.q can be identified with the suppression scale
of the EFT operators, A. The above condition then changes to

Qu < A. (5.4)

However, typical limits on the cut-off scale of an EFT, coming from LHC analyses, are
generally below one TeV. It becomes questionable whether an EFT approach is adequate,
given that momentum transfers above this scale can well occur in collisions at the LHC.

5.2 Analytical Analysis of the Effective Field Theory Va-
lidity
In the following, s-channel exchange of a heavy mediator is assumed. For example, the D1’

(D5) operators discussed in Sec. correspond to a tree-level s-channel exchange of a heavy
scalar (vector) boson S (V,), with Lagrangians:

1

Yo D §M252 — 94995 — G XXS (5.5)
1 _ _

“s D §M2V“VH — 94074V — XY X V- (5.6)

The tree-level differential cross sections for the hard scattering process of two incoming
particles f and f going to two Dark Matter particles y, with a gluon radiated from the

initial state with momentum £k, are computed:

f(p1) + f(p2) — x(p3) + x(ps) + g(k), (5.7)

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:

Qb = (P14 p2 — k)* = w195 — /s pr (w1677 + 20" | (5.8)

where 1,79 are the fractions of the proton moment carried by the initial partons, /s
denotes the centre-of-mass energy of the collision, and 7, pr 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.
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For example, for processes with initial state quarks the following expression needs to be
considered for each operator Dz:
d*6

Z/dﬂ?ldxz fo(@1) fa(wa) + fo(2) fa(21)] dprdn|p

d2
dedU

(5.9)

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 — xx + q)E is included in the numerical results presented in Section . The
found expressions are valid for all possible values of the parameters. A dependence on 7 and
pr of the parton is introduced when integrating numerically over the PDFs. The resulting

cross sections are:

3/2 4
d26' B o 1 1 [Q%r - 4m%)M] / [1 + (mlci;rs)2:| (5 10)
dprdn |y _367r2p_TF Qi ’ '
d?6 Qg 2 1/2 Q?
J[o2 — 1 r | 5.11
dprdn|{p, 3672 pr A4 Qt [0 ] T s (z1225)? 511
1/2 4 2
dprdn|p; 2772 pp A* Qur ’ '
3/2 QL pA
d2(3' . Qg ii [Qgr - 4Tn?DM] [1 + (a:lacgs)Z o 2:51;28] (5 13)
dprdn|ps 2772 pp A Qur ’ '
426 20 ii Qu — 4mpy; [QF 4 2miyy] [1 + (zl%;rs)z + 4p7 (é - m}mﬂ
dprdn|p, 2772 pr A Qur ’
(5.14)
d*s _ 3a] (21295)°  (Qf — dmiy)*? [1 _ 4M
dprdn|py,  256m2A° (Q2 — x1295)? p1Qir 21298
8Q§r + 21p4f 5Qtr + 4QtrpT + 5p% 8Qtr + 8QtrpT + 5p%
— 1 20}, + Qy
(r1728)? (r1728)3 (r1728)4
4 8@tr+pT+ 1}1“2 (5 15)
"(x1295)°  (w1798)0 | ’

!The radiation of quark jets requires a gluon in the initial state. Following the proton PDFs, the gluonic
parton momentum 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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Some operators are found to be identical to one of the presented operators in the limit of
massless light quarks:

e | d% 4’6 &%

dprdn Dg/_ dprdn|py dprdn|py _dedTZ D1

s | d% s | d%

dprdn |pg — dprdn|pg dprdn |y, dprdn|pg

d*s _ % (5.16)
dprdn D9 dprdn D10

The results for other operators and details of the derivation of Egs. — can be
found in Appendix [Bl The cross sections for the high-energy completions of the dimension-
6 operators, with s-channel exchange of a mediator of mass M, are obtained by the
replacement 1/A* — g2g2 /[QF. — M2 4. E|

5.2.1 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
A (see Eq.[5.4). 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 @, < A, over the total EFT cross section is defined to this end:

max mas d20'
pprgin de ";Znin 77 d d
tot 0|Qtr<A _ T pT 77 Qtr<A
Riet = - ; . (5.17)
g pmax n d g
H’ﬂn de max
Pr Nmin dedrn

To sum over the possible pr and 7 of the jets, the differential cross sections are integrated
over values typically considered in experimental searches. In the following, p™ = 500 GeV
(as used in the signal region SR4 of Ref. [121]) and |n| < 2 are assumed for centre-of-mass
energies of \/s = 8 TeV and 14 TeV. For p7**, values of 1 (2) TeV were used for /s = 8(14)
TeV, respectively. The sum over quark flavours is performed considering only u, d, ¢, s quarks.

First, the behaviour of the ratio RY*, as a function of A and mpy is studied. The results
for the operators D1’, D5, D9 are shown in Fig. [5.1, The ratio R\ approaches unity for
large values of A, as in this case the effect of the cut-off becomes negligible and the EFT can
be considered fully applicable. The ratio decreases for large mpy;, because the momentum

2This relation takes a slightly more complicated form for some of the operators, which is not considered
here.
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Figure 5.1: The ratio R defined in Eq. (5.17)) for operators D1’ (solid lines), D5 (dashed
lines) and D9 (dotted lines) as a function of A (top) and mpy (bottom), for /s = 8 TeV
(left) and 14 TeV (right).

transfer is necessarily higher in this regime in order to allow for the production of the heavier
DM particles. Going from /s = 8 TeV to /s = 14TeV, the results scale almost linearly
with the energy: for the same value of the ratio of mpy over A nearly the same R} is
obtained.

The contours of constant values of the quantity RY* can be defined in the plane (mpy, A).

These curves are shown in Fig. for different operators for /s = 8 TeV and in Fig. [5.3
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 m,/A. 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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Figure 5.2: Contours for ratios R{!, defined in Eq. (5.17)), of 10 - 75% in the plane (mpu;, A),
for several operators at /s = 8 TeV. The grey area corresponds to the region in which the
EFT assumption is definitely invalid, since A < 2mpy.
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Figure 5.3: Contours for ratios R, defined in Eq. (5.17)), of 10 - 75% in the plane (mpu, A),
for several operators at /s = 14 TeV. The grey area corresponds to the region in which the
EFT assumption is definitely invalid, since A < 2mpy.
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Figure 5.4: The 50% contours for the ratio RY* for the operator D5, varying the coupling
choice from one to 47 and hence the condition on the momentum transfer from @, < A
(solid line) to Qi < 4wA (dot-dashed line). Also shown is the region corresponding to
A < mpun/(27) (grey shaded area). Both collision energies, /s = 8 TeV (left panel) and
v/s = 14 TeV (right panel), are considered.

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 @y, < 4wA. This presents the most optimistic scenario in view
of the EFT validity. The effect of varying the assumed couplings is shown in Fig. for
the contour R = 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 A < mpy/(27) is shown.
This bound is often quoted as an indication for the non-validity of the EFT (see Eq. .
The 50% contour of R 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 A is found to be of
the order of a few TeV.

5.3 Numerical Approach to Effective Field Theory Va-
lidity

In order to verify and study further the analytical findings and to better compare to the

tot

experimental limits, results on the ratio R}?" are also computed using a Monte Carlo event

generator.
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5.3.1 Simulation and analysis description

For the simulation of pp collisions at /s = 8 TeV and /s = 14 TeV, MADGRAPH 5 [101] is
used. Both PDF sets CTEQ6L1 and MSTW2008LO (discussed in Ref. [122]) are employed.
The PDF choice affects the cross section, but has only minimal effects on the acceptance.
Hence, the change in contours of RY* 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 comparison with the experimental results, CTEQ6L1
is used instead, as was done in their interpretation. Only u,d, ¢, 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 Sec. are fulfilled. Specifically, it was checked, if Eq. holds, that is, if the following

condition is met:
Qtr mpwm

> > 2 .
vV Y949x V Ya9x

Samples of 20000 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.

A

(5.18)

From the simulated samples, the fraction of events fulfilling A > Q,/,/9,95 can be evalu-
ated for each pair of DM mass and cut-off scale, if a certain value for the couplings ,/g,9,
connecting the cut-off scale A and the mediator mass M via A = M/, /g,g, is assumed. As
in the analytical approach, g,g, is assumed to be one.

5.3.2 Results

In order to confirm that analytical and numerical results are in agreement, Fig. 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 |n| < 2. The contours of RY* = 50%
from analytical and numerical evaluation agree within 7 %. The remaining differences are
attributed to the upper jet pr 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 RY".

The kinematic constraints are varied step by step from the scenario considered in the analyt-
ical calculations, namely one radiated gluon jet above 500 GeV within |n| < 2, to a scenario
closest to the analysis cuts applied in the ATLAS Monojet Analysis [121]. More specifically,
the leading jet is allowed to come from either a gluon or a quark being radiated, the leading
jet pr cut is lowered from 500 GeV to 350 GeV, a second jet is allowed and its range in 7
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Figure 5.5: Comparison of the contour RY* = 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 A < 2mpy.
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Figure 5.6: Changes of the contour of RY" = 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 [121], 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 A < 2mpyy.

is enlarged to |n| < 4.5. No further cuts are applied at simulation level. The effect of the
variation of the cuts can be seen in Fig. Allowing not only for a gluon jet but also taking
into account the possibility of a quark jet changes the R'\** contours appreciably. The change
from lowering the pr of the leading jet has a smaller effect. Allowing for a second jet and
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enhancing its rapidity range barely changes the RY" contour, especially at large mpy values.

If the collision energy is augmented to /s = 14 TeV, all the R 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 A.

After having extracted R'" for each DM mass and cut-off scale, a curve can be fitted through
the points obtained in the plane of R'* and A to extract the percentiles of RY*. The following

functional form is used for this purpose:

Ry = |1 - 6_“<HTDM)C} [1 e (5.19)

The parameters a, b, ¢, d and f are fitted for each DM mass separately. From these fits,

the points denoting a cut-off scale where R} equals e.g. 50% can be extracted for each

DM mass, and the lines of constant RY* can be plotted in the usual limit-setting plane
(mpwm, A). Tab. collects the values of the fitted parameters for all operators for which

an experimental result is available.

5.4 Implications on Dark Matter searches at LHC

Fig. shows the experimental limits obtained from the ATLAS monojet analysis of 10 fb™*
of pp collisions at /s = 8 TeV [121] in the plane (A, mpy), for the opearators D5, D8 and
D11. The percentiles of RY" 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 questionable in this view. Also shown are the
contours of R for couplings of |/g,9, = 47, which presents the limiting case in which the
theory is still considered perturbative. Since there is no possibility to directly measure @y,
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 @), only changes
the normalisation of the distributions of pp or EX but not their shapd’|

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:

Naignai (A, mpym) < Nobs. The EFT cross section scales like A~24=4) for an operator of mass di-

3Brief studies indicated that the assumption made here is reasonable for Q¢ < 750 GeV.
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Vs =8 TeV
Operator a b c d e
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
Operator a b ¢ d e
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 091 | 891.65 | 1.21 | 1.23 | 1.04
D11 0.68 | 1250.49 | 1.58 | 0.81 | 1.35

Table 5.1: Fitted parameters of the functions describing RY* in Eq. , in the cases of
Vs = 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 pr larger than
350 GeV while the second jet is allowed to be within |n| < 4.5.

mension d. Following this expression, one can write: Nggnal(A, mpm) = A—2d=9) Nsignal(mDM),
and the experimentally observed lower bound on the scale of the operator becomes

~ ] 1/[2(d—4)]

A > Nsignal(mDM)/Nobs = Aobs. . (520)

Some fraction of the considered simulated signal events have a momentum 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 R*. Hence, Nggna (A, mpm) —
R (mpm) Nsignal (A, mpum ), and the new limit is determined via:

A > [R (mpn) Y D[ Nogna (mon) / Nows] PO = [RE (mpa) | DA g, (5.21)
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Figure 5.7: The 25%, 50% and 75% contours for the ratio R, compared to the experimental
limits from ATLAS [121] (blue line). Also indicated are the contours of RY* in the extreme
case when setting the couplings to ,/g,g, = 47 (dashed lines). Results are shown for different
operators: D5 (upper left panel), D8 (upper right panel) and D11 (lower panel).

which is weaker than Aobsﬁ Fig. shows the recalculated limits for the dimension-6 op-
erators D5 and D8 and the dimension-7 operator D11, under different assumptions on the
UV coupling strengths, namely for ,/g,9, = 1,2,4m. The fraction of events passing the va-
lidity criterion, RY*, are taken from the numerical results listed in Table which include
both quark and gluon jets, and a selection close to one of the signal regions (“SR3”) used
by ATLAS [121]. As expected, the higher the couplings, the weaker the condition on @y,
the closer the rescaled limits are to the bounds presented by ATLAS. In the limiting case
of \/9,9y = 4m with the most optimistic condition on the momentum transfer (Qur < 4TA),
the new limits for D5 and D8 are indistinguishable from the ATLAS bounds, meaning that
the experimental 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 A replaces Agps and, using this new bound, RY" is re-evaluated, resulting in a new rescaled bound and
so on. This is neglected in the present analysis.
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Figure 5.8: ATLAS experimental limits on the suppression scale A [121] 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 Q. < A,2A,47A, corresponding to different
choices of the UV couplings: /9,9, = 1,2,4m, respectively. The kinematic constraints
(Eq. are denoted by grey bands. Different operators are shown: D5 (upper left panel),
D8 (upper right panel) and D11 (lower panel).

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 EF'T models are published along with the nominal

limits.

5.5 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, R, 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



106 Chapter 5. Validity of Effective Field Theory Dark Matter Models at the LHC

performed analytically, assuming collision energies of 8 and 14 TeV. The analytical results
were 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 (mpy, A) that is probed by LHC searches.
While these findings are valid for s-channel processes, a similar analysis exists also for ¢-

channel scenarios [123], 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 consistent 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 ATLAS Monojet Analysis of 20.3 fb™" 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 Simplified Models is made 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.



Chapter 6

Search for Dark Matter in Events with
an Energetic Jet and Large Missing
Transverse Energy

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 particlesﬂ. 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. [6.1]

Even without having a signal scenario in mind, event topologies featuring an energetic object
and large missing transverse energy (ER) are distinct signatures 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 [51], 124H133]. 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 Sec.[2.6] Such models are useful to reduce the model dependence

LA final state featuring only one DM particle might be considered even simpler. However, almost all of the
proposed DM models 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.

107
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Figure 6.1: Sketch of the pair production of DM particles, xx, associated with a jet from
initial-state radiation of a gluon, g.

of the interpretation of the results and allow for a straight-forward comparison between
collider searches and direct or indirect detection experiments. However, the assumptions
entering in the EFT formulation are often not justified at LHC energies, as outlined in
Chapter [f] There, a method is introduced with which the obtained EFT limits can be
modified, allowing to judge the impact of the limited EFT validity on the resulting limits.

In the following, the search for new physics in events with an energetic jet and large EMmiss,
performed on the full 8 TeV dataset of 20.3 fb™!, is presented. There are two major improve-
ments 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 jetsﬂ by a
topological cut on the balance between the leading jet pr and the Ef. The analysis results
were published in 2015 [134].

After an introduction to the analysis strategy in Sec. and details on the data and
simulation samples used (Sec. , the event selection is introduced in Sec. . In particular,
the veto on isolated tracks, which I developed, is discussed in detail in Sec. [6.3.3] as well
as the optimisation for DM signals, to which I contributed (Sec. . The background
estimation is explained in Sec. and the sources of systematic uncertainties are discussed
in Section before the results are presented in Sec. [6.6] Finally, the resulting model-
independent limits on events from new physics and the DM interpretation in terms of EFT
and Simplified Models are presented in Sec.[6.7} 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 Sec. [6.8

2Events containing more than two jets were vetoed before.
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6.1 Analysis Strategy

The analysis looks for evidence of new physics in events with one energetic jet and large Emss.
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 EX 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/v*(— ¢*¢~) and W(— ¢v) 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 normalisation 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.

6.2 Dataset and Simulations

6.2.1 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 [135]. Collisions that were recorded during stable beam conditions and fulfilled some
basic quality criteria amount to an integrated luminosity of 20.3 fb~!. The uncertainty on
this value is estimated to be 2.8% and is derived following the methodology outlined in
Ref. [136].

Events that are studied in this search are accepted for recording by a trigger based on Emss,
The trigger-level reconstruction of EX5 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 > 80 GeV. This corresponds to full efficiency at the analysis level for E2 > 150 GeV.
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
pr of at least 24 GeV or one electron with trigger-level pr > 60 GeV, without isolation
requirements, is used for the W(— ev) and Z/v*(— ete™) control samples.



110 Chapter 6. Search for Dark Matter in Monojet-like Events

6.2.2 Monte Carlo Simulations

Background simulation

W/Z + jets: Wjets and Z-+jets events are simulated using the SHERPA [103] event gen-
erator. 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 [137] parton distribution func-
tions (PDF) of the proton are used. An alternative generator, ALPGEN [I11], together with
the parton-shower description from HERWIG [I38], 139] plus JimMy [108] and the PDF set
CTEQG6L1 [140], was also used to simulate these electroweak processes. These samples have
lower statistics and are used for the isolated-track veto optimisation described in Sec. [6.3.3]
and the estimation of systematic uncertainties. The calculations are then normalised to
next-to-next-to-leading-order (NNLO) perturbative QCD (pQCD) predictions [I41] using
the MSTW2008 NNLO PDF sets [122].

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), Wt and s-channel single top
is simulated using the MC@QNLO MC generator [142] [143]. It is interfaced to HERWIG plus
JIMMY to model the parton showers and the underlying event. The AcerMC [I10] program
is used to simulate single-top production in the t-channel. As in the case of W/Z+jets
backgrounds, the ¢t [144] and single-top processes [145] are normalised, using the information
from NNLO+NNLL (next-to-next-to-leading-logarithm) pQCD cross sections [146]. The
AUET2C and AUET2B [147] set of optimised parameters for the underlying event description
are used. They rely on the CT10 and CTEQG6L1 [140] PDFs, respectively.

Multijet and y+jet samples are generated with PYTHIA 8 [14§], again using the CT10
PDF.

Dibosons:  The diboson sample generation of WW, WZ, ZZ W~ and Zv processes
uses SHERPA with the CT10 PDF set, also applying a normalisation from NLO pQCD
predictions [149].

Signal Simulation

The signal samples for DM pair production are generated using the MADGRAPH 5 [101]
implementation of the effective field theory based model described in Ref. [48]. The effective
operators introduced in Sec. are considered. They can be grouped according to the
expected spectrum of E¥5. 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
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Name | Initial state Type Operator
C1 qq scalar = Y xqq
C5 g9 scalar X xas(GY,)?
D1 qq scalar HXXaq
D5 qq vector % XV'XTVu4
D8 qq axial-vector X7’ x77,7°q
D9 qq tensor % X" Xq0 9

D11 g9 scalar e xes(Ge,)?

Table 6.1: Effective interaction operators of DM interactions with Standard Model quarks
or gluons, following the formalism in Ref. [48|, where A is the EFT cutoff scale. Operators
starting with a D assume Dirac fermion DM, the ones starting with a C consider complex
scalar DM. G7,, is the gluon field-strength tensor.

fermion DM particles, C1 and C5 for complex scalar DM. The considered operators are listed
in Tab. [6.1]

The events are generated with one or two jets produced in addition to the DM particles at
matrix element level. More jets may be added during 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 pr of 80 GeV. 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 Tab. , 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 with MADGRAPH 5 are then processed with PyTHIA 6 [104] for the
simulation of the parton showering and hadronisation. The so-called MLM prescription [150]
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.
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Such a separation is needed in order not to double-count potential diagrams. Two different
matching scales (80 GeV and 300 GeV) are considered to guarantee sufficient statistics in the
Ess tail and to evaluate the matching-scale-related systematic uncertainties. The generated
samples are reweighted to the MSTW2008LO [122] PDF set .

The MADGRAPH default choice for the renormalisation and factorisation scales is used: the
scales are set to the geometric average of m? + p% of the two DM particles, where m denotes
their mass. Events with DM masses between 10 GeV 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 renor-
malisable 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 M,.q between 50 GeV and 30
TeV are considered, each for two values of the mediator particle width (I' = Mp,eq/3 and
Mnea/87).

Pile-Up and Detector Simulation

The effect of pile-up is emulated by overlaying several minimum-bias events, generated 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.

6.3 Event Selection

6.3.1 Reconstructed Objects

Jets with pr > 30 GeV and |n| < 4.5 are considered in the analysis. Reconstructed leptons
(electrons or muons) are used to reject events that arise from leptonic background processes.
Furthermore, leptons in the final state are selected to define control samples. Muon are
considered in the lepton veto, if they fulfil pr > 7 GeV and |n| < 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 AR = /(An)? + (A¢)2 = 0.2 around the muon direction is required to be less than
1.8 GeV. The muon pr requirement is tightened to pr > 20 GeV in the definition of the
W(— pv)+jets and Z/v*(— ptp~)+jets control regions.
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In order to be considered in the lepton veto electrons are required to have pr > 7 GeV and
In| < 2.47, and to pass the medium electron shower shape and track selection criteria de-
scribed in Ref. [I51]. Possible overlaps between electrons and jets are resolved by discarding
the jet if the radial distance AR from any electron is less than 0.2. For the definition of
the Z/v*(— ete)+jets and W(— ev)+jets control regions, the electron pr requirement
is increased to pr > 20 GeV and electrons in the transition region between calorimeter
sections 1.37 < |n| < 1.52 are excluded. The selection is further tightened in case of the
W (— ev)-+jets control region that is used to estimate the irreducible Z(— vv)+jets back-
ground. To achieve a cleaner sample, electrons are required to pass tight [I51] electron
shower shape and track selection criteria, their pr 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 AR = 0.3 around the electron direction is required to be
less than 5% of the electron pr. An analogous isolation criterion, based on the calorimeter
energy deposits not associated with the electron, is also applied.

A purely calorimeter based EX is used in this analysis. Consequently, muons are not

considered in the ER calculation.

6.3.2 Preselection

A common preselection is applied to all events considered in the analysis: a reconstructed
primary vertex with at least two associated tracks with pr > 0.4 GeV is required. If more
than one vertex is found, the vertex with the largest summed p2 of the associated tracks
is chosen. Events are required to fulfil EX5 > 150 GeV to ensure that the EXSS trigger is
fully efficient, and to contain at least one jet with pr > 120 GeV and |n| < 2.0. Additional
jets with pp > 30 GeV and |n| < 4.5 are allowed to be present in the final state. In order to
reduce contributions from top and multijet backgrounds, where large EX5 mainly results
from mis-measurements of jets, the direction of EXs and the jets is required to be separated
by Ag(jet, piiss) > 1.0.

Events containing possibly mis-measured jets are rejected: any jet above pr > 20 GeV and
within |n| < 4.5 needs to be consistent with originating from the collision vertex, constraints
on the electromagnetic fraction in the calorimeter, calorimeter sampling fraction, and the
so-called charged fraction are imposed [152]. 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 [I53|; the conditions have a negligible

effect on the signal efficiency. These requirements are tightened on the leading jet in the
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event to reject possibly remaining contributions from beam-related backgrounds and cosmic

rays.

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

6.3.3 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 (— 7v) amounts to 25%
in a signal region-like selection with EM* larger than 120 GeV and to 16% above ER'* of
350 GeV. A large fraction of this background component is coming from events where the
7 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 (¢ >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 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 Sec. and a lower cut on E¥* making the selection signal-region-like. Furthermore,
a veto on more than two jets applied, if not specified otherwiserf].

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
pr above 10 GeV, |n| < 2.5 and small impact parameters with respect to the primary vertex
(|z0| < 2 mm, |dp| < 1 mm). Furthermore, at least five hits in the tracker and x?/d.o.f. < 3
are required to ensure a sufficiently good quality of the track fitting.

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

e pr cone track: the sum of the transverse momenta of tracks in a cone around a

track of interest,
e pr cone calo: the same quantity, but constructed from calorimeter information,

e cone n: the number of tracks around the track of interest.

In addition, the same variables scaled by the pr 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, Y'Y is the momentum
threshold considered for the tracks (in GeV), and ZZ is either track to denote pr cone
track, calo for pr cone calo, and n for cone n.

Signal Efficiency and Background Rejection

The behaviour of the different variables are studied for the irreducible background Z(— vv)
as a proxy for a signal-like topology and then compared to all other electroweak background
processes. Fig. illustrates that tracks in signal-like Z(— v) events are much less isolated
than for the electroweak background samples. Fig. 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(— vv) for all studied isolation variables.

Efficiencies for both Z(— v7) and backgrounds are found to be higher for larger cone sizes
and pr-scaled variables. The ratio of signal(-like Z(— v7)) over background, S/B, is higher
for smaller cone sizes. If only tracks in the cone above a certain pt threshold are considered,
more Z(— vv) 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.

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[] While this is true for all of the studied

variables, cone n performs especially well as can be seen in Fig. [6.4]

4The number of vertices is counted from reconstructed vertices with at least one associated track.
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Figure 6.4: Average track isolation variable in data (period L3, 219 pb™'), as a function of
the number of primary vertices.

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

Choice of Cut Value

The distribution of the quantity cone40_3g_n for different backgrounds (Fig. 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.

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 Sec. and
above a certain EM® are compared before and after the track veto. Fig. 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 of EX'* and jet pp. Here and in
the following the term signal over background ratio (S/B) refers to the ratio of Z(— vv)
events over the sum of events from Z(— vv) and all other electroweak backgrounds. As seen
in Fig. , the efficiency of the track veto for Z(— v) events with Ems > 150 GeV 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/v*(— ptpu™), W(— uv),
W(— 7v) group around 70-75%, whereas the efficiencies for Z/v*(— 7t77) and W (— ev)
are even lower. The improvement of S/B is of the order of 7%.
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Figure 6.7: Efficiency (left) and S/B (right) in a signal region selection with EX5 > 150 GeV
(top) and with Ems > 350 GeV (bottom) .

Events with E2 > 350 GeV (Fig. behave similarly to the tested events with lower EMiss,
with efficiencies that are higher for Z(— vv) than for other backgrounds. The W (— 7v)
background rejection is not further improved, which can be understood, given that a high-pr
hadronically-decaying tau looks very similar to a “normal” jet. The improvement of S/B is
also similar to the one at lower E namely about 9%.

Systematic Effects

Since the electroweak backgrounds entering the SRs are estimated in W (— ¢v) and Z/v*(—
(7¢7) control regions (see Sec. , the veto efficiencies of these 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.
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of the distribution of the isolation variable (upper left) and the total efficiency of the track
veto (upper right), as well as the EM (lower left) and jet pr (lower right) dependence of
the track veto efficiencies.

Modelling of the Veto Efficiency in the SR Fig. [6.8 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 EX or jet pr.

Similarity of Signal and CR Events In order to successfully apply the transfer factor
method, the MC efficiency in Z(— vr) 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 Fig. and proves that
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Figure 6.9: A comparison is shown of Z(— vv), W(— pv) and Z/v*(— ptp~) events in
terms of the distribution of the isolation variable (upper left) and the total veto efficiency
(upper right), as well as the E2 (lower left) and jet pr (lower right) dependence of the
veto efficiencies. The lepton(s) are excluded from the track veto.

indeed the SR and CR events — apart from the lepton(s)

Z/y*(— €¢7¢7) and W(— fv) in terms of track isolation.

— look very similar in Z(— vv),

Modelling of non-leptonic part of control region events Fig.|6.10,compares MC and

data in the W(— uv) CR, excluding the muon 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 EX* or jet pr is observed. For completeness, the modelling was also
checked in the Z/v*(— p*p~) CR (Fig.6.11), which is cleaner than the W (— pv) CR. The

picture is similar, the veto efficiencies differ by 1.2%.
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Figure 6.10: The plots show the comparison of data and MC in the W(— pv) CR in terms
of the distribution of the isolation variable (upper left) and the total veto efficiency (upper
right), as well as the EZ (lower left) and jet pr (lower right) dependence of the veto
efficiencies. The lepton was excluded from the track veto.

Leptonic Part of the Event Fig.[6.12compares MC and data in the W (— pv) 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 EX or jet pr is observed. The modelling was also tested in the Z/v*(— utpu™)
CR (Fig. [6.12).
veto efficiencies differ by 2%.

The findings are in agreement with the ones from the W (— ur) CR, the

Due to the limited statistics in the available multijet MC
samples, the remaining QCD background in the signal regions is estimated from data (see
Sec. . 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

Tau leptons and Multijets

applied on the final QCD estimate done without applying the track veto. In order to probe
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Figure 6.11: The plots show the comparison of data and MC in the Z/v*(— p*p~) 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.

the modelling of tau leptons in particular a new control region was defined by lowering the
Emiss and restricting it to 100 GeV < Emiss < 150 GeV. 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. confirm a reasonable modelling
of the relevant quantities also in this region.
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between leading jet pr and Emiss,

6.3.4 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 (vector) and the D11 (scalar,
gluon) operator, since they lead to rather different E¥s 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. [154], is used:

e(t)
5 (6.1)

e(t) denotes the signal efficiency corresponding to a specific set of cuts t. The denominator,

Smin 18 given by:

2 2
Smin:%+%+a\/§+g\/b2+4a\/§+43. (6.2)
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(— vi)+jets, W(— lv)+jets, top and diboson
processes are considered as backgrounds, while contributions from multi-jet and Z/v*(—
(T07)+jets are neglected. A preselection is applied, leaving the number of jets unrestricted
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operator ‘ m,, |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
o5 100 152.9 196.8 224.1
400 202.8 276.1 327.6

Table 6.2: Significance measure €/S,,;, 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.

and not yet cutting on the A¢ between the jet(s) and ER. The leading jet pr and EMss

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

As can be seen in Fig. the signal is more asymmetric in E2 and jet multiplicity, while
in the Z(— vi) background the EX* 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 pr of
jets, as illustrated in Fig. [6.14] 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 radiation 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 A¢ between the sub-leading jet and
EXss which was already used in previous rounds of the analysis, is extended to all jets such
that the minimum A¢ between the EZ 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 Tab. , where €/S,,i, is listed for a number of signal points and different cuts
on the jet multiplicity. The cut on minimum A¢(jets, EX5) > 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 pr to EXS is expected
to be smaller in signal events, since there, as discussed above, leading jet pr and EX are
more asymmetric than for the backgrounds. Asymmetric cuts for leading jet pr and ER
are hence examined. Fig. shows the sensitivity measure as a function of the cut values
for leading jet pr and ER. For a given value of EM an increase in the leading jet pr cut
does not improve the sensitivity. For a chosen value of a cut on leading jet pr, the optimal

value of the B cut depends strongly on the operator and to a certain extent on the DM
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Figure 6.15: Sensitivity (€(t)/Smin) as a function of leading jet py and ER for D5 and D11
at three different DM mass points.

mass. In the end, the cut on the leading jet pr is set to 120 GeV and the inclusive EX*S cut
is increased in steps of 50 GeV, starting at 150 GeV.
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Selection criteria

Primary vertex
Emiss > 150 GeV

Pre- . .
locti Jet quality requirements
SCIECUON At least one jet with pp > 30 GeV and |n| < 4.5
Lepton and isolated track vetoes
. Leading jet pr > 120 GeV and |n| < 2.0
Monojet

: Leading jet pr/Ems > 0.5

selection A gb(jet?ﬁTmiss) ~10

Signal SR1 SR2 SR3 SR4 SR5 SR6 SR7 SRS SR9
regions Efrniss [GeV] >150 >200 >250 >300 >350 >400 >500 >600 > 700

Table 6.3: Event selection criteria for the monojet-like signal regions.

6.3.5 Signal Region Definition

Taking the findings on the veto on isolated tracks and from the DM signal optimisation, the
preselection described in Sec. is complemented by a cut on the number of isolated tracks
(Niracks (cone40_3g_n = 0) = 0) and by a requirement on the ratio of E& and leading jet
P (DT ety / Emiss > (.5). The different signal regions are then defined via increasing, inclusive
E5s thresholds from 150 GeV to 700 GeV. An overview of the selection is given in Tab. [6.3]

6.4 Background Estimation

The main backgrounds entering the signal selection come from electroweak processes. Z(—
vv) as being irreducible presents the largest fraction. W (— ¢v) events can pass the selection
in case the lepton rests unidentified or is outside of the acceptance. 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/~*(— €*¢7), top and diboson contributions are estimated from MC. The ¢t back-
ground prediction is validated using 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 Tab.

6.4.1 W /Z+jets Background

In order to constrain the background contribution from electroweak processes, dedicated
control regions are defined. They are orthogonal to the signal selection by explicitly requiring
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Background process Method Control sample

Z(— vi)+jets MC and control samples in data Z/y*(— £T¢7), W(— v) ({ = e, p)
W(— ev)+jets MC and control samples in data W(— ev) (loose)

W(— tv)+jets MC and control samples in data W(— ev) (loose)

W (— pv)+jets MC and control samples in data W(— pv)

Z[y* (= 00 ) +jets (0 =e, pu,T) MC only

tt, single top MC only

Diboson MC only

Multijets data-driven

Non-collision data-driven

Table 6.4: Summary of the techniques used to predict the relevant backgrounds in the SRs.

identified leptons. Otherwise, the selection requirements are kept identical. This allows to
significantly reduce the impact of theoretical and experimental systematic uncertainties.
The data in the control regions and MC-based correction factors are used to estimate the
electroweak background contributions from W+jets and Z(— vi)-+jets processes in each of

the nine signal regions.

(=pv)

The W (— pv)+jets background in a specific signal region, Ng‘;{ is estimated from the

W (— pv)+jets control region via:

w (N (t ) CR NW — / CR) W(— Vi
— v 4% — ), v), MC g
W(—puv),CR

Here, Né\ﬁc(w(%“ “) denotes the W (— uv)+jets contribution to the signal region predicted by

simulation, NS{?& J),CR N%((j ~,u),cr is the number of events in the W (— pv) control region
Nnon—W/Z
W(—uv),C

non-W/Z backgrounds entering the control region such as top-quark and diboson processes

in data and MC, respectively. The expression r includes the contribution from

(estimated from MC), and multijets (data-driven estimate). The correction factors &, &%,
and &, 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(— vv) estimate from the W (— pv) control region reads:

( x(/l[?(ta ),CR — NSSWW/ZCR)

Z(—vv —pr), v), MC(Z(—vp

NSPE—> ) MNMC (—pv) X Nap (Z(=vD) o €0 X Eirg - (6.4)
W (—pv),CR

Similar expressions are derived also for the other estimations. In addition, the shape of the
signal region distributions of EM 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.
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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 EX' requirement is increased from 150 GeV to 700 GeV. They account
for a mis-modelling of the pr of the W and Z bosons which led to the EX and leading jet
pr distributions being softer in data than in MC (around 30%, above EX5 = 600 GeV).

For each of the signal regions, four separate sets of such transfer factors are considered
to constrain the dominant Z(— vv)-+jets background contribution, namely from Z/~*(—
(707 )+jets and W (— fv)+jets control regions. The different Z(— vi)+jets background
estimates in each signal region are found to be consistent within uncertainties and are sta-
tistically combined using the BLUE (Best Linear Unbiased Estimate) [155] method, which
takes into account correlations of systematic uncertainties.

Muon control regions The EX 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.

The W (— pv) control sample is defined by requiring a muon with pr > 20 GeV. The so-called
transverse mass mr is determined by the lepton (¢) and neutrino (v) pr and direction as

my = /20545 (1 — cos(¢! — ¢¥)), where the (z,y) components of the neutrino momentum
are taken to be the same as the corresponding pf™° 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(— vr) and the W(— uv)
background entering in the SRs. Two muons with pr > 20 GeV and an invariant mass
close to the Z boson mass, in the range 66 GeV < m,, < 116 GeV, are required for the
Z/y*(— ptp~) control region. This region is used to estimate the Z(— vv) contribution to

the signal region backgrounds.

Since the 2 flavour used in this analysis only considers calorimeter information and hence
does not take into account the muon contribution, the EM* in signal and control region
correspond to each other. The most relevant kinematic distributions are shown in Fig.
for the W (— pv) region and in Fig. for the Z/v*(— p™p~) region. The MC processes
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 EZ and leading jet pr distributions are found to be softer in data, as
discussed above.

Electron Control Regions The electron control regions cannot rely on the ET trigger
and hence rely on single-electron triggers as described in Sec.



Chapter 6. Search for Dark Matter in Monojet-like Events 133

%104 L LA B BN B LN B >10"? T T T T T

8 ATLAS —e— Data 2012 8 E ATLAS —e— Data 2012

.\‘2 103 V5=8 TeV, 20.3 5! SM uncertainty E 103 £ V5=8 TeV, 20.3 5! SM uncertainty

§ W(= pv) CR, ET>150 GeV = W(f”)""ets § JE W(= pv) CR, E"™>150 GeV [ W‘f V)+iets

o] I t + single top w10 E I t + single top
- Di-boson = - Di-boson

3 z(- +jets

3 z(- y+jets

10

10°
% 15 . S BT ]
2o IR s g e e 7" : 21 ey gt +/¢W¢Wé
o 0.5EF T E o 0.0 * | El

100 200 300 400 500 600 700 800 900 1000 200 400 600 800 1000 1200
(1) transverse mass [GeV] ET** [GeV]

% T T T @ 106 ; T T T T T T
& ATLAS —e— Data 2012 § % ATLAS —e— Data 2012
_\g \5=8 TeV, 20.3 fb' 7] sm uncer.lainty ir] 105 (3-8 TeV, 203 6" ] sm uncer?aimy
5 W(o pv) CR, ET>150 GeV C0 Wi wpsiets E W(> v) CR, E"™>150 GeV 0 W ysiets
fim] - {f + single top 10* = 1f + single top

- Di-boson
3 z(> y+jets

- Di-boson
3 z(- y+jets

= 45E 3 = 45E | 3

n 19F E w 19E N 3

3 2 s 7 3 E @i g g LG =

£l e i 7

8 0.5E e S $ = A 05E 3
200 400 600 800 1000 1200 1 2 3 4 5 6 7 8 9 10 11

Leading jet p, [GeV] Jet multiplicity

Figure 6.16: Distribution of the transverse mass mr (top left), E¥s (top right), leading jet pr
(bottom left) and jet multiplicity (bottom right) in the W (— uv)+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.

The W (— ev)-+jets control sample that is used to estimate the Z(— vr) background requires
one single electron with pr > 25 GeV, a transverse mass in the range 40 GeV < mr <
100 GeV, and EXss > 25 GeV. The requirements are optimised to suppress events in which
jets are misidentified as electrons. To estimate the Z(— vv) background, the contributions
to the EXs 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(— ev)-+jets control
sample that is used to estimate the W(— er) and W(— 7v) backgrounds entering the
signal regions. It is collected with the EXS-based trigger, the electron pr is reduced to
pr > 20 GeV and no further cuts on electron isolation and mt are applied. The EMiss
calculation is not corrected for the contribution from the electron or tau leptons in the
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Figure 6.17: Distribution of the dilepton invariant mass (top left), M (top right), leading
jet pr (bottom left) and jet multiplicity (bottom right) in the Z/v*(— u™p~)+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.

final state, as they would contribute to the calorimeter-based E¥* calculation in the signal
regions as well.

In the Z/v*(— ete™)+jets control region, events are required to have exactly two electrons
with pr > 20 GeV and with a dilepton invariant mass around the Z boson mass: 66 GeV <
Mmee < 116 GeV. This region is used to estimate the Z(— vv) contribution to the signal

region background. Hence, the EMS is corrected for the contributions from the electrons in
the calorimeters.

Selected kinematic distributions are shown in Fig. for the W(— ev) region and in
Fig. for the Z/v*(— ete™) region. As for the muon CRs a reasonable agreement
between data and MC is observed after applying the global normalisation, apart from the

Emss and leading jet pr distributions which are found to be softer in data, as discussed
above.
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Figure 6.18: Distributions of the transverse mass mr (top left), EX (top right), leading
jet pr (bottom left) and jet multiplicity (bottom right) in the W (— ev)+jets control region
for the inclusive SR1 selection, compared to the background expectations. The global nor-
malisation factors are already applied. The error bands in the ratios of data to background
expectation include statistical and experimental uncertainties.

6.4.2 Multijet Background

Multijet events from QCD processes can pass the signal region selection with the tight Fiss
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. [I56].

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 EZ thresholds.
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Figure 6.19: Distributions of the dilepton invariant mass (top left), Em (top right), leading
jet pr (bottom left) and jet multiplicity (bottom right) in the Z/v*(— ete™)+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.

6.4.3 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 cosmic muon 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 [I52]. 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
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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 to estimate the non-collision background present in the signal
regions. It is assessed via:

Ntag

SR __ SR
Nxcg = Nz X N
t<—5

) (6-5)

where NP o denotes the number of events in the signal region with a leading jet outside
of the bunch-crossing time window —10 ns < ¢ < —5 ns, N2 . is the number of tagged
beam-induced background events with an out-of-time jet and N represents all identified

events in the signal region.

The non-collision background is confirmed to be negligible in all signal regions.

6.5 Systematic Uncertainties

6.5.1 Uncertainties on the Background Prediction

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

Tab. 6.5

The impact of the modelling of W/Z processes is estimated by varying the renormalisation,
factorisation, and parton-shower matching scales that are used within the simulation, as well
as by evaluating different PDF sets. Furthermore, NLO electroweak corrections, as described
in [I57H159], 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 PDFSs 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 validation region whose selection
is close to the signal regions but enhanced in top processes. It requires Ag(p™s, jet) > 0.5
and two b-tagged jets within || < 2.4. The observed difference between data and simulation
amounts to 20% for SR1 and up to 100% of the ¢t yield for SR7 and SR9. The uncertainty
on the amount of multijet background entering the signal regions is conservatively taken to
be 100% of the multijet yield. In addition, multijet and v-+jets events that may enter the
W (— ev)+jets control region, possibly affect the Z(— v) background estimate. This is

found to be only relevant for the highest- E signal region.
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Background

Jet energy scale and resolution 0.2-3%
Experimental ERiss reconstruction 0.2-1%

Lepton properties 1.4-2%

Trigger efficiency 0.1% (SR1)

W/Z modelling 1-3%
Theoretical Top modelling 0.7-4%

Diboson modelling 0.7-3%

Multijet estimate 2% (SR1), 0.7% (SR2)
Other Multijet and ~v+jets in W(— ev) CR 1% (SR9)

Signal
gﬁﬂ iS:Snergy scale a.nd resolution, 1-10%
T - reconstruction

Beam energy 3%
Acceptance x Efficiency Luminosity 2.8%

PDF choice 5-29%

Renormalisation/factorisation scales 3%

Parton matching scale 5%

Beam energy 2-9%

cross section

Renormalisation/factorisation scales

PDF choice

2-17% (D1, D5, D9),

40-46% (C5, D11)
19-70% (D1, D11, C5),
5-36% (D5, D9)
increasing with DM mass

Table 6.5: Systematic uncertainties on signal and background yields.

Combining these effects and also considering the statistical uncertainties in the control re-
gions 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.

6.5.2 Signal Systematic Uncertainties

For an accurate interpretation of the analysis results it is also important to evaluate the sys-
tematic uncertainties that affect the simulated signal scenarios. As for the backgrounds, the
uncertainties are computed separately for each signal region. The estimate includes experi-
mental 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 EX'* reconstruction are
considered as sources of experimental systematics alongside with the negligible (below 1%)
contributions related to the jet quality and the track veto selection. Furthermore, the un-
certainties on the beam energy, the integrated luminosity (2.8%) and the trigger efficiency
(1% in SR1) are taken into account.
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Theoretical uncertainties on the simulation details are estimated by varying the initial-
and final-state radiation parameters of the parton showering, i.e. via comparing simulated
samples with enhanced and suppressed parton emission (using os(2pr) and as(pr/2), respec-
tively) 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 simulation, as(mz), is evaluated: the
envelope of CT10, MRST2008LO and NNPDF21LO 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 in MADGRAPH. The matching scale between matrix-element calculation
and parton-shower modelling is varied in the same way. The choice of PDF set and renor-
malisation 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 (ay 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 Tab. [6.5]

6.6 Results

The event yield in data is found to agree with the background prediction in all signal region.
The largest deviation observed amounts to 1.70 and is seen in the signal region requiring
the highest FXs5 (SR9). The results are summarised in Tab. , distributions of selected
variables are compared between data and background expectation in Figs. [6.20] and [6.21}
While the most inclusive SR (SR1) sees over 360000 events, the tightest SR (SR9) observes
126 events.

6.7 Interpretation

6.7.1 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, ¢ x A x e. This is done following
the C'Ls modified frequentist approach [I60]. While a confidence level of 95% is common
for collider searches, direct Dark Matter detection experiments often quote limits at 90%
confidence level. Hence, both cases are considered. Their calculation includes the systematic
uncertainties described above.
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Signal Region SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8 SR9
Observed events 364378 123228 44715 18020 7988 3813 1028 318 126
SM expectation 372100 £ 9900 126000 £+ 2900 45300 + 1100 18000 £ 500 8300 £ 300 4000 + 160 1030 £60 310+ 30 97 + 14
Z(— vp) 217800 £ 3900 80000 £ 1700 30000 £+ 800 12800 &£ 410 6000 £ 240 3000 £ 150 740 £ 60 240 £30 71+ 13
W(—= 1v) 79300 £ 3300 24000 £ 1200 7700 £ 500 2800 £ 200 1200 £ 110 540 +£ 60 130 £ 20 34 £8 11+ 3
W(— ev) 23500 £ 1700 7100 £ 560 2400 +£ 200 880 + 80 370 £ 40 170 £ 20 437 9£3 3+1
W (— pv) 28300 £ 1600 8200 £ 500 2500 £ 200 850 £ 80 330 £ 40 140 £ 20 356 10 £2 2+1
Z/y* (= ptp) 530 £ 220 97 £+ 42 19 £ 8 TE3 4+2 31 2+1 1+1 1+1
Z/y (= 1rr7) 780 £ 320 190 + 80 45 + 19 14 £6 5+ 2 2+1 0+0 0£0 0£0
tt, single top 6900 £ 1400 2300 +£ 500 700 £+ 160 200 £ 70 80 + 40 30 + 20 TET 1+1 0£0
Dibosons 8000 £ 1700 3500 £ 800 1500 + 400 690 £ 200 350 £ 120 183 £ 70 65 + 35 23 £ 16 8§87
Multijets 6500 £ 6500 800 +£ 800 200 £ 200 44 + 44 15 £ 15 6 £6 1+1 0£0 0£0

Table 6.6: Observed event yield in data and background expectations in the signal regions. The errors on the background

140

expectations include statistical and systematic uncertainties. Since the uncertainties for the different background processes can
generally be correlated, the total uncertainty on the background prediction is not necessarily given by the sum of their squares.
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Figure 6.20: Distributions in data compared to the background expectation of the jet mul-
tiplicity (top left), EM (top right), leading jet pr (bottom left), and the ratio of leading
jet pr and ER (bottom right) in SR1. The normalisation obtained from the W (— uv)
control region is applied to the Z(— vv) background. The dashed error bands include both
the statistical and systematic uncertainties on the background prediction.

The signal-like selection efficiencies estimated via a Z(— vv) sample range from 88% for
SR1 and 83% for SR3 to 82% for SR7 and 81% for SR Visible cross sections above 599 fb
(726 fb) are excluded by SR1 at 90% CL (95% CL). SR limits 0 X A x € to be smaller than
2.9 tb (3.4 tb) at 90% CL (95% CL). The observed and expected model-independent limits
for all signal regions are summarised in Tab. [6.7]

>The 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(— v7) these numbers can be widely applied to many
signal models. Furthermore, it is straight-forward to compare a specific signal model to Z(— v7) and hence
determine the relevant signal efficiencies from the Z(— vv) values, if necessary.



142

Chapter 6. Search for Dark Matter in Monojet-like Events

o T T T T T T T T o 10* T T T T T T T T T
c 100 ATLAS —e— Data 2012 c E ATLAS —e— Data 2012 3
14 E SM uncertainty 2 F EZZ23 SM uncertainty 3
it] F Vs=8 TeV, 20.3 fb' ) Z(> vv)+jets i] o \s=8 TeV, 20.3 &' T Z(— vv)+iets B
EP5500 GeV =3 Bneer 107 EP5700 GeV 0 Wi Iv)iets =
@ i + single top £ ) Di-boson =
““““““““““ - ) Multijet [ {f + single top .
L 3 Z(— l)+jets 3 Z(- l)+jets .
1 D5 M 100GeV, Mx=670GeV g D5 M=100GeV, Ms=670GeV 3
““““““ M,=3TeV wovvee ADD =2, M, =3TeV E
G+u/gM TeV, M =10%ev o G+q/gMa ITeV M=10"ev
: = E” =
O 3 E 3
| AAAAAAE: |
E 4 :_ 7 ;
107 & E 3
20 10" & 7 -
10°g L L L L | 3 E I ! I I I 3
= 2F 4 = = 2.5 7 E|
% 1.5F Y 1 % P aa——— 77 72299 s E|
T 0 jr); L B © (BB LI Sy A E|
a -0 E ¥ / B O B L T A 3
1 2 3 4 5 6 7 8 10 ikl 1 2 3 4 5 6 7 8 9 10 "
Jet multiplicity Jet multiplicity
> T T T > e B —— T3
© 10" = ATLAS + Data 012 ] L ATLAS —e— Data 2012 —
(\5 E . 72 SM uncenalmy (\5 10" - § 222 SM uncertainty 5
5 .F Vs=8 TeV, 20.3 f5 :| ﬁ/ > v‘v +Je:s 2 E Vs=8 TeV, 20.3 fo T Z(— vv)+ets 3
5§ 100 ET™5500 GeV — R 5 10° ET*5700 GeV 3 Wi W)siets -
i F @ i + single top ] E Di-boson 3
12 3 Multijet 102 @ {f + single top ]
E = Z(> l)+jets E 0 Z(- )+ets E
E D5 M=100GeV, M,=670GeV E D5 M=100GeV, M.=670GeV
10 = ADD n=2, M =3TeV 10 e ADD n=2, M,=3TeV —-
E G+q/gM =1TeV, M =10"eV E G+0/g My |TeV Mg=10"eV 3
1 ; 1
e 101
S E
107 | B
. 3 102
0 - 7R
| . o 7 - Z 100 b= -
= 3 = 3
(2= —4— | . @ oF \
8 “f Py 4 X 8 < %;////;;;///}m ...... A *-
g 1 T ieSaatee s 1 Vi 7 el 00 A
8 of 8 ot Y o 0000000000007
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Leading jet P, [GeV] Leading jet P, [GeV]
- 106? — T T T T T T T T T XD‘1'2612' R - — T T T T T T T T T T T T Ithv2(v)12v T
° E ATLA —e— Jaa . S 10° ATLA —e— Daa
@ C S ) SM uncertainty S g S , ©ZZ23 SM uncertainty E
£ 10° Vs=8TeV,20.3 10 — ﬁﬁ V‘V)H_S:S = F  Vs=8TeV,20.3 b 0 Z(- vv)+jets 3
T Er-500Cev = Dot S 10tk EP5700 Gev = Wi )siets -
w z w E [ Di-boson E
104 & @ i + single top E e =
E ) Multi-jet s I tt+ smg!e top 3
F = Z(> l)+ets 10° 3 Z(> +jets =
10° & D5 M=100GeV, M4=670GeV E D5 M=100GeV, M;=670GeV 3
I R | ADD n=2, M_=3TeV N 2.~ D ADD n=2, M,=3TeV 1
E G+0/g My;=1TeV, M_=10"eV 10° G+q/gM iTev, M=10%eV S
102 ¢ E 3
E 10 =
10 E ;
F e =
1= E ;
= ‘ 107 =
104 b, . s I bl hddl el e dl,
= =
3 1o 3 ]
Jud r B £ 5F T ]
g 5t - P W w ] 8 3 e o 2 B
0 0.5 1 1.5 2 2.5 3 0 0.5 1 15 2 25 3

Leading jet p / ET*® Leading jet p_/ ET**

Figure 6.21: Distributions in data compared to the background expectation of (from top to
bottom) the jet multiplicity, ¥, leading jet pr, and the ratio of leading jet pp and ERiss
in SR7 (left) and SR9 (right). The normalisation obtained from the W(— uv) control region
is applied to the Z(— vv) background. The dashed error bands include both the statistical
and systematic uncertainties on the background prediction.
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Upper limits on o x A X € [fb]

Signal Region 90% CL 95% CL
Observed Expected Observed Expected

SR1 599 788 726 935
SR2 158 229 194 271
SR4 38 43 A5 51
SR6 10 14 19 17
SR7 6.0 6.0 72 79
SR8 3.2 3.0 3.8 3.6
SR9 2.9 1.5 3.4 1.8

Table 6.7: Model-independent limits on o x A x € at 90% CL and 95% CL.

6.7.2 Dark Matter Pair Production

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

model parameters.

Effective Field Theory Interpretation

Within the effective field theoretic approach the limit is put on the EFT cut-off scale A 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. [6.22]

The experimental uncertainties on the jet energy scale and resolution, as well as the one on
the B 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 B distribution and therefore the estimated signal acceptance are considered in the
calculation of the limits on A where those only affecting the overall normalisation by altering
the cross section determine the green and yellow error 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.
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Figure 6.22: 95% CL lower limits on the suppression scale A (here denoted as M,) are shown
as a function of the DM mass m, 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 A at which DM particles of the given mass would lead
to the current relic density as measured by WMAP [I61], 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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While the limits displayed in Fig. 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 Chapter [f] 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 Chapter |5|is adapted and allows
to judge the vulnerability of the limits to the validity problems. The condition that the
momentum transferred in the hard interaction, ();,, should be below the mediator particle
mass: Qi < Myeq, 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 A, leading, after sufficient iterations, to
the truncated limits presented in the limit plots in Fig. Where the truncated limit lines
are not drawn, no meaningful limit can be obtain when imposing the validity condition.

Assuming a thermal history (see Chapter 2| for details), the cross section bound can be related
to the measured DM relic density (taken from Ref. [48]). The values of A and mpy that
correspond to the correct cross section to reproduce the relic density are denoted as a green
line in Fig. [6.22] 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 Detection Within the effective field theory, the obtained collider
bounds can be converted into limits on the DM-nucleon scattering cross section, which is
probed by direct-detection (DD) experimentdﬂ. Details of this procedure are given in Sec. .
The results are presented in Fig. [6.23]

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 mpy;. 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 experiments, the spin-dependent case is experimentally more

SNote that the momentum transfer in DM-nucleon scatterings is very small (O(1 keV)) which leaves the
EFT approach fully applicable.
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Figure 6.23: 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 mass m, for different interaction operators. Results from direct-detection experiments
for the spin-independent [162HI68| and spin-dependent [I69HI73| cross section, and the CMS
(not rescaled according to EFT validity) results [I128] 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 ¢ and the relative DM velocity v, averaged over the velocity
distribution ((c v)) at 95% CL as a function of DM mass 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 [174, [I75] and the thermal
relic density annihilation rate [22] [I61] are displayed.

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.



Chapter 6. Search for Dark Matter in Monojet-like Events 147

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 Sec. [2.6]). The results for the vector and axial-
vector operators (D5 and D8) are compared to bounds from the gamma-ray telescopes Fermi-
LAT [I74] and HESS. [I75]. While the latter commonly assume Majorana DM, the EFT
models used for the interpretation of this analysis employed Dirac DM. Therefore, the lim-
its from the gamma-ray telescopes are scaled 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. 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.

Interpretation in terms of a Simplified Model

The problem of limited validity of the EFT models demands taking a step towards less general
but more concrete models: so-called Simplified Models. 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 Chapter [7]

The Z'-like Simplified Model corresponds to the effective vector operator D5. Whereas in
the EFT only the DM mass and the cut-off scale feature as model parameters, now the
DM mass, 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. For a fixed DM mass and mediator width, the observed 95%
CL limit on the cross section constrains the coupling product, /g, g,. This is translated into
an EFT-like cut-off scale via A = Meq/ /&, &y 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
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Figure 6.24: Observed 95% CL limits obtained on a simplified Z’-like model are translated
into limits on the suppression scale A (here denoted as M, ), shown as a function of the medi-
ator mass M eq (left). DM masses of 50 GeV and 400 GeV and mediator widths of Myeq/3
and M,.q/87 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 (,/g,g,) 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 (Myea versus m,) are shown in the right plot. Parameters providing agreement
with the measured relic abundance [I61] are indicated by the black solid line.

resonantly (700 GeV < Mp.q < 5 TeV) and over-optimistic in the off-shell regime, where
M nea < mpu.

Fig. [6.24] 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 (Myeq versus m, ). 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.

6.8 Conclusions

Monojet-like final states present a unique way to search for physics beyond the Standard
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~! 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
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Figure 6.25: Left: exclusion contours in the (mpy, Mueq) plane, obtained at 95% CL. The
solid (dashed) curve shows the median of the observed (expected) limit. The red dotted
band indicates the 10 theory uncertainty on the observed limit, the yellow band shows the
410 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. [170]

ratio of EX and leading jet pr. The background contributions from electroweak processes
— most importantly from the irreducible Z(— vv) background — are estimated from MC that
is normalised in dedicated control regions. The observation is then extrapolated to the signal
regions via a transfer factor, 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%.

The findings are interpreted in terms of an effective field theory approach to DM pair pro-
duction. The impact of its limited validity was explicitly included in the interpretation and
presented along with the resulting bound on the cut-off scale. These results are compared
to limits from direct and indirect detection experiments, revealing that, under the specified
assumptions, collider searches can especially restrict low DM masses. As a step beyond the
EFT, a Z'-like Simplified DM Model is studied 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 (mpy, Mpeq) plane for this Sim-
plified 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 Chapter [7] needs to follow.

In the meanwhile, this analysis was performed also on the first 3.2 fb™! of 13 TeV pp
collision data [I76]. A Simplified Model with an axial-vector mediator is considered in the
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interpretation (see Fig. . Also, with the rise of Simplified Models, the direct searches
for the mediator particles, such as the dijet resonance search is included in the DM picture.
Fig. shows the complementarity of such searches and the missing transverse energy
based mono-X approachesﬂ

Apart from additional statistics, the addition of shape information could improve the results
of the analysis further, especially for signals with lower E. 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 [177].
This might become also relevant for final states of DM and top quarks which are discussed
in detail in Chapter [8} 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.

"Note that the complementarity between dijet and mono-X searches depends strongly on the coupling choice:
increasing the mediator coupling to DM make mono-X searches more powerful, dijet searches become
stronger when the mediator coupling to quarks is enhanced.
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Figure 6.26: 95% CL exclusions by a selection of ATLAS Dark Matter searches on the (mpy,
Meq) 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 Simplified Model of a leptophobic axial-vector mediator is considered. The
exclusions are computed for a Dark Matter coupling g, = 1.5 and a quark coupling g, = 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. [178)].






Chapter 7

Constraints on Simplified Dark Matter
Models from Mono-X Searches

Collider searches for Dark Matter (DM) in events with large missing transverse energy (ER)
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, A, and the DM mass, m, [48]. 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 EF'T approach is no
longer valid and constraints can differ significantly from those of an associated high-energy
completion [47, 48| 179-181]. This has been discussed in detail in Chapter 5] In light of this
and similar studies [117, 118, 120, 123], 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 Standard Model
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 [182]
183]. 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, m,, the mass
of the mediator My,q, and the quark-mediator and DM-mediator coupling strengths, g,
and g, (or g, 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 Chapter [6] a first example towards the use of Simplified Models has been presented. The
search for new physics in events with large %5 and an energetic jet is interpreted in terms of

a Z'-like model, alongside with the EFT bounds. The motivation for the study presented in

153
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the following was to extend such limits to an enlarged parameter space of mediator and DM
masses and the relative strength of the couplings to the visible and dark sectors. Apart from
the Simplified Model studied in Chapter [6] 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 on the Simplified Model presented in Chapter[6] 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, reconstructed as a large-radius jet, is detected
in addition to large E¥5 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 [184].

After the introduction of the phenomenologically distinct set of Simplified Models chosen for
this study in Sec. the recast of the experimental searches is discussed in Sec. The
results are presented in Sec. , followed by concluding remarks (Sec. .

7.1 Simplified Models of Dark Matter Production

In the following, it is assumed that the DM particle, y, 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 particld}

The s-channel models chosen for this analysis are Z’-type models characterised by vector
(sV) or axial-vector (sA) couplings between the dark and Standard Model sector. The
mediator is an Standard Model-singlet vector particle, denoted £. Such models have been
also studied earlier [I86-197|. They are described by the following interaction Lagrangians:

LSV 2 £,LL

> g a+ gxm“x] , (7.1)

q

‘CsA > gu

> 90050 + gxxv"%x] : (7:2)
q

where the sum is taken over all quarks.

The t-channel model (abbreviated tS5) is motivated by analogy with a common supersymmet-
ric scenario in which neutralino DM interacts with the Standard Model sector via ¢-channel

exchange of a squark [198]. The mediator is a scalar particle which is necessarily charged

!Couplings between the mediator and Standard Model leptons or gluons are generally possible and have
been studied (e.g. [I79], [I85]) but are not considered here.
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and coloured (labelled as ¢). Such a model has been studied in the context of the LHC by
a number of groups [182), 195] 199H205]. 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 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 casd’}

The t-channel mediator is allowed to couple to either left or right-handed quarks, since
it could be an SU(2) doublet or singlet, respectively. Since the LHC is insensitive to the
chirality of the quarks, it is assumed for simplicity that ¢ 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 ¢;, with equal
masses and couplings are included. The interaction Lagrangian for this model is then given
by:

Lis D) g QiPréix +hec, (7.3)

where the sum is taken over the three quark doublets, g, is the DM—quark-mediator coupling
(equal for each generation), and Pg is the chiral projection operator.

7.1.1 Mono-X Signatures

Final states of large EM and one energetic object, commonly referred to as mono-X signa-
tures, 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 Figs. and [7.Ib] For the ¢S model,
radiation of a gluon or electroweak (EW) boson is permitted both from initial state partons

(Fig. [7.1¢) or from the charged mediator (Fig.|7.1d)).

The production of a jet in association with the invisible y 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 reconstruct leptonically-decaying mono-(Z — ¢*¢~) channel is
considered (abbreviated as mono-Z(lep)). Second, one can profit from the large branching

2Only in the validation of the mono-Z(lep) channel Majorana DM is considered, see Sec. m
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Figure 7.1: Representative Dark Matter pair-production processes with a gluon or W/Z
boson in the final state for the s-channel (a,b) and ¢-channel (c,d) models.

fraction of hadronic W/Z decays in the mono-(W/Z — jj) channel (abbreviated as mono-
W/Z(had)), reducing backgrounds via boson-tagging of large-radius jet§’} In both cases, the
large multi-jet background is efficiently reduced, and different experimental and theoretical

uncertainties make these an interesting alternative to the monojet channel.

7.1.2 Mass and Coupling Points

A representative set of DM and mediator masses, listed in Tab. are chosen for each
detection channel. All (m,, Myeq) combinations are allowed in the sV and sA models, while
in the ¢S model My,eq must be larger than m, to ensure the stability of the DM particle.
The couplings g, and g, are set to unity, while the DM-mediator coupling in the s-channel
models, g,, 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 (Mpeq = My ), On-

30ne of the first Run IT Dark Matter search results from ATLAS was from this channel [206], released during
the preparation of this study.



Chapter 7. Constraints on Simplified Dark Matter Models from Mono-X Searches 157

m, GeV] Myea [GeV] s-channel t-channel
Gq 9Ix 9ax
1, (3), 10, (30), | 1,2, 10, 20, 100, 1 0.2, 0.5, ]
100, (300), 1000 | 200, 1000, 2000 1,2,5

Table 7.1: 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
granularity. For the t-channel model, My,eq > m, is required to ensure stability of the DM
particle.

shell (Myea > 2m,) and off-shell (Mpea < 2m,). For the couplings g, and g, to remain
within the perturbative regime, they are required to satisfy g¢,, g, < 4w, though stronger

perturbativity requirements exist [117].

7.1.3 Mediator Width

When considering SiMs, it is important to ensure that the mediator width is treated appro-
priately, 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 Chapter [6)) mediators of fixed
width ranging from I' = M /87 to I' = M/3 have been commonly considered [49] [134], 207].
The smallest width, I' = M /8w, corresponds to a mediator which couples only to one helicity
and flavour of quarks with g, = 1 [49]. 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 maximally enhanced when I' is small [49]. 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 [208]:
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Note that the mediator may decay to other Standard Model or new-physics particles [193],

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 [208§].

7.1.4 Rescaling Procedure

For each point in the (m,, Myeq) plane, the model is constrained by placing a limit on the
couplings (\/m for the s-channel models and g,, for the ¢-channel model). This could
be done by adding a third dimension to the (m,, Mpyeq) 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 ¢S model in the monojet channel)
is demonstrated in Fig. The EMss distribution, as a proxy for the full selection in each
analysis, is plotted for the sV (representing both the sV and sA model) and ¢S model for
two DM mass points and a demonstrative set of couplings such that I' < Mpeq/2. The
Emiss 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) channe]F_f]. However, there
is a clear variation in the kinematic behaviour of the ¢-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 ERiss

distribution at approximately half the mediator mass.

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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Figure 7.2: The EX** distribution of the sV and ¢S models in the monojet and mono-Z(lep)
channels normalised to unity, for some exemplary masses. The line widths represent the
statistical uncertainties. The parameter u is defined as I'/M,eq, and is used to demonstrate
the impact of a changing width. The ¢S model in the monojet channel shows a clear width-

dependence.

If the kinematic distribution is independent of the width, 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:

gggi/r if Mmed > 2mx
995 if Mipea < 2m,,

in the sV and sA models [194], and:

4
O'O(qu

(7.7)
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in the tS model. 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 I'/Mp.q < 0.5 such that the rescaling relations can be
applied.

A full study of the tS model within the monojet channel, where altering the coupling can
lead to changed kinematic behaviour, has been performed elsewhere [202], and requires the

production of individual samples for each coupling point. It is not discussed further here.

7.2 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
Sec. with object pr smearing applied to approximate the detection efficiency, €, of the
ATLAS detector for which the DELPHES package [209] 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 criteria 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 [I31], 132, [34]7| The relevant analysis details are described in

Secs. [7.2.3], [7.2.4] and [7.2.5| respectively.

7.2.1 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 — xx + X , where X is
specifically one or two jets| a Z(— ¢+¢~) boson or a W/Z(— jj) boson, are first simulated
using MADGRAPH5 aMC@NLO [102] with the MSTW2008lo68cl set of parton distribution
functions (PDFs) [122]. The renormalisation and factorisation scales are set to the sum of
\/m? + p2 for all particles in the final state. Showering and hadronisation are then performed
by PYTHIA 8 [105] using the ATLAS underlying-event tune AU2-MSTW2008LO [210]. Jet
reconstruction is performed by FASTJET [211] using the anti-kr algorithm with a radius pa-
rameter of R = 0.4. Similarly, the reconstruction of large-radius jets for the mono-W/Z(had)

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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channel is performed using the Cambridge-Aachen algorithm with R = 1.2. The latter also
includes a mass-drop filtering procedure with mass drop p = Mgup—jet/Mjer = 0.67 and /y
= 0.4, where \/y = min(pr,,, pr,,)AR/mje is the momentum balance of the two leading
subjets (see Ref. [212] for further details). These requirements 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 approximated by applying Gaussian smearing factors to the
pr of all leptons and jets using DELPHES.

Parton Matching Scheme

In the ATLAS monojet analysis [134] described in Chapter [6] and Sec. [7.2.3] matching of
partons generated in MADGRAPH to jets generated in PYTHIA 8 is performed using the
MLM scheme [150], 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
pr per event to avoid double-counting. This treatment aims to mitigate the impact of the
matching scale on the shape of the pr and ER* distributions, 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 Sec. while being less complex

and computational expensive.

7.2.2 Limit Setting Strategy
Nominal Values

From each experimental analysis, the obtained model-independent upper limit on o x A X €
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,
Olim, 18 derived from the model-independent limits. Eq. is then used to convert oy, 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 g, and the ratio g, /g,, the relations are as follows:

o=

V999x gen X (Olim/Ogen)?  if Minea > 2m,, (s—channel)
nggxgen X (Ulim/o_gen)

where /g, Ixgen and oge, are the input couplings and signal cross sections (taken from PYTHIA

V9%t = (7.9)

=

if Mipeq < me

8), respectively. For each model point, the signal region providing the best expected limit is
chosen.
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nominal variations
MSTW2008l068cl + | NNPDF2.1LO + Monash tune,
AU2-MSTW2008LO | CTEQ6L1 + AU2-CTEQ6L1

x 1 x 0.5, x 2

PDF /tune

factorisation and
renormalisation scales
matching scale

. 80 GeV 40 GeV, 160 GeV
(monojet only)

Table 7.2: 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.

Uncertainty Estimation

As seen, both o4, and A x € 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 () 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 «, at matrix-element level is negligible when compared to the differences
between PDF sets, as demonstrated to be valid in Ref. [2I3]. The variation of oy in the
parton shower together with the change of PDF is realised by the use of specific tunes in
PYTHIA 8 to estimate the uncertainty on oge,. The nominal choices of PDF and MC tune
are varied to NNPDF2.1LO PDF + Monash tune[106], and to CTEQ6L1 PDF and ATLAS
UE AU2-CTEQG6L1 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 Tab. [[.2]

The average variation in the nominal value of oy, resulting from each systematic source is
added in quadrature and propagated to ,/g,g, 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 X € as suggested by the
Wald approximation [214], i.e. A X e = (A X €) — A(A X €).
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7.2.3 Monojet Channel

The ATLAS monojet analysis [134] was designed to set limits on several new physics sce-
narios, including the production of DM via a set of effective operators. The analysis also
includes a brief study of a Z’ DM model which is analogous to the sV model discussed here.
A detailed description of this analysis is given in Chapter [0}

At least one hard jet above p]fl > 120 GeV and within || < 2.0 is required in the signal
selection. Leading jet and EM have to satisfy pJTl/ Emiss > (.5 to ensure a monojet-like
topology (note that there is no upper limit placed on the number of jets per event). Events
must then fulfil |A¢(j, EXi)| > 1.0, where j is any jet with pr > 30 GeV and || < 4.5. This
criterion reduces the multijet background contribution for which the large EX* 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 pr > 7 GeV. They are estimated in background-enriched control regions. Further-
more, 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. This means that the signal efficiency is expected to be slightly higher and
the signal-to-background ratio is expected to be lower (around 10%) than in the ATLAS
analysis. Nine separate signal regions are defined by increasing lower thresholds on ERiss,

which range from 150 GeV to 700 GeV as shown in Tab. [7.3]

The ATLAS analysis 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, o x A x e. These are listed in Tab. [7.3]

Signal Region | B2 threshold [GeV] | 0 x A X € [fb] (obs) | 0 x A x € [fb] (exp)
SR1 150 726 935
SR2 200 194 271
SR3 250 90 106
SR4 300 45 o1
SRH 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

Table 7.3: The ATLAS monojet EM signal regions and corresponding observed and ex-
pected model-independent upper limits on o x A X € at 95% confidence level (adapted from
Ref. [134]).
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The signal simulation procedure outlined in Sec. and the implementation of the selec-
tion criteria discussed above were validated for the monojet channel via the reproduction of
the ATLAS limits on the EFT suppression scale, A = Mned/+/9q0y- for the Z' model.

A comparison of SR7 limitsﬂ for a representative sample of mediator masses with m, = 50
GeV, I' = M/8m and V949x = 1 is presented in Tab. 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 dis-
cussed in Sec introduces an additional uncertainty of approximately 25% for events
with ERis > 350 GeV when 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% CL estimation procedure (outlined in
Section used instead of a thorough statistical treatment (e.g with HistFitter [215]).
The results are consistently more conservative than those of the ATLAS analysis, so the
approach is considered acceptable.

Ager [ APRCL [GeV] | A%*CL [GeV] | Difference
[TeV] (ATLAS) (this work) (%]
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

Table 7.4: Comparison of the 95% CL upper limits on A from this work and from the ATLAS
monojet analysis [134]. The limits are for an s-channel vector mediator model with m, =
50 GeV and I" = M,;0q4/87, and for the process pp — xx + 1(2) jets with QCUT = 80 GeV.
Note that A" is the input suppression scale.

7.2.4 Mono-Z(lep) Channel

The ATLAS mono-Z(lep) analysis [131] was developed to constrain a set of EFT operators
of DM production. It also includes a brief study of a ¢-channel SiM similar to the ¢S model.

The selection criteria for this analysis can be summarised as follows (see the ATLAS publi-
cation [I31] for a full description). Electrons (muons) are required to have a pr > 20 GeV,
and |n| < 2.47 (2.5). Two opposite-sign, same-flavour leptons are selected, and required to

"This signal region is the only one for which the ATLAS analysis publicly provided the EFT limits.
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Signal Region | B2 threshold [GeV] | o x A x € [fb] (obs) | 0 x A x € [fb] (exp)
SR1 150 1.59 1.71
SR2 250 0.291 0.335

Table 7.5: The ATLAS mono-Z(lep) + EX signal regions and corresponding observed and
expected model-independent upper limits on o x A X € at 95% confidence level (adapted
from Ref. [131], using HistFitter).

have an invariant mass and pseudorapidity such that my € [76,106] GeV and |n| < 2.5.
The reconstructed Z boson should be approximately back-to-back and balanced against the
Ewmissensured with the selections Ag(E™ss p) > 25 and |p% — Ems| /p% < 0.5. Events
containing a jet with pp > 25 GeV and |n| < 2.5 are vetoed. Events are also vetoed if they
contain a third lepton with pr > 7 GeV. The signal regions are defined by increasing lower
Emiss thresholds of ERs > 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 o x A X € are not included in the published results, so the
numbers of expected and observed events, along with the associated uncertainties, are used
and converted into model-dependent upper limits with a simple implementation into the
HistFitter framework [2I5] using a frequentist calculator and a one-sided profile likelihood
test statistic. The results of this process are displayed in Tab. Note that only the
two signal regions with EX 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 E¥s 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 g,, for a t-channel
SiM analogous to the £S5 model. This model is used to validate 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 g;, are

set to zero while here universal couplings to all three quark generations are taken.

Tab. shows the 95% CL upper limits on g, that are calculated using the generation
procedure described above and the values in Tab. [7.5] compared with the limits from the
ATLAS analysis. Also shown is the difference as a percentage of the ATLAS limit. Rea-
sonable 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 differences in the generation procedure. As in
the case of the monojet validation, further differences are expected from the use of pr smear-
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My | Mmea ggi%CL ggi%CL Difference
[GeV] | [GeV] | (ATLAS) | (this work) (%]
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

Table 7.6: Comparison of the 95% CL upper limit on g,, from this work and from the
ATLAS mono-Z(lep) analysis [I31]. The limits are for a variant of the ¢-channel scalar
mediator model with Majorana Dark matter for the process pp — xx + Z(— ete” /utu™).

ing applied to the leptons (rather than a full detector simulation) and from the simplified
treatment of systematics, since o x A X € is obtained independently.

7.2.5 Mono-W/Z(had) Channel

The ATLAS mono-W/Z(had) search [132] 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 [216] have revealed this scenario to

violate gauge invariance and so it is not further discussed here.

The mono-W/Z(had) event selection is realised as follows. Large-radius (large-R) jets are
selected using a mass-drop filtering procedure (see Sec. to suppress non-W/Z processes.
Events are required to contain at least one large-R jet with pr > 250 GeV, |n| < 1.2 and
a mass, Mje, within a 30-40 GeV window of the W/Z mass (i.e. mjex € [50,120] GeV). In
order to reduce the ¢t and multijet backgrounds, a veto removes events containing a small-R
jet with Ag(jet, %) < 0.4, or containing more than one small-R jet with pr > 40 GeV,
In| < 4.5, and AR(small-R jet, large-R jet) > 0.9. Events containing electrons, muons
and photons are vetoed if their pr is larger than 10 GeV and if they are within |n| < 2.47
(electrons), 2.5 (muons), 2.37 (photons). Two signal regions were defined with EX > 350
GeV and EXss > 500 GeV.
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Signal Region | B2 threshold [GeV] | o x A x € [fb] (obs) | 0 x A x € [fb] (exp)
SR2 200 1.35 1.34

Table 7.7: The ATLAS mono-W/Z(had) E¥* signal region considered in this work and
corresponding observed and expected model-independent upper limits on ¢ x A x € at 95%
confidence level (adapted from Ref. [132], using HistFitter).

EFT operator | m, | A%%CL [GeV] | A%7CL [GeV] | Difference
[GeV] | (ATLAS) (this work) (%]
D9 1 2400 2221 7.4
D5 1 570 499 12.5

Table 7.8: Comparison of the 95% CL upper limits on A from this work and the 90% CL
upper limits on A from the ATLAS mono-W/Z(had) analysis [I32]. The limits are for the
process pp — xx + W/Z (— jj).

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 E¥ > 500
GeV signal region, the obtained limits are shown in Tab. [7.7] This signal region was found
to be optimal for most operators studied by the ATLAS analysis. The signal region with
EXiss > 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 EXS 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 A for the D5 and D9 effective operators with m, =
1 GeV. Agreement is found within 12.5% and 7.4% respectively, where the ATLAS limits
are consistently stronger, as shown in Tab. The relative sizes of the discrepancies are
expected given that only low-EX limits are available for the D5 operator while the high-
EXiss signal region is used in this recast. Note 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.
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7.3 Results and Discussion

7.3.1 Limits on the Couplings

The 95% CL upper limits on the coupling combination ,/g,g, of the sV and sA models,
and the ¢S model coupling g,,, obtained from each of the mono-X channels, are presented
in Figs. [[.347.8] They are evaluated as described in Sec. [7.2.2] 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, 4.
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 \/9a9x OF g Which fails to satisfy I' < Mypeq /2. When
9x/9q = 0.2, only the monojet channel produces sufficiently strong limits which survive this
requirement, and so these are shown separately in Fig. [7.7]

The following model-independent trends are observed. For the sV model, strong limits exist
in the regime where Myeq > 2m, as the mediator can go on-shell and the cross section is
enhanced. The sA model limits are generally similar to those for the sV model except in
the region corresponding to m, 2 VAT Myea/ g™ where g§" is the DM coupling used at
the generator level. This region is removed in the sA model to avoid violating perturbative
unitarity, which can lead to an unphysical enhancement of the cross section when m, is
much larger than My,eq [195, 196]. The upper limit on ,/g,g, is relatively constant across
different coupling ratios g, /gy, as is expected when the coupling (and hence the width) has
been demonstrated to have little effect on kinematic distributions (see Sec.[7.1.3), and using
the assumptions of Eq. . As the ratio of g, /g, increases, points in the region Myeq > my,
disappear as the initial value, g, = 1, leads to a failure of the width condition. However, by
choosing a smaller initial value of g, these points could in principle be recovered. The limits
in this region would be expected to be similar to those seen in the ¢, /g, = 0.2 and 0.5 cases.

The constraints on the coupling strength are weaker when m, or Myeq 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 DM masses with an off-shell mediator,
the EMss 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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Monojet Channel

The upper limits on the coupling combination ,/g,gy for the sV and sA models from the
monojet channel are displayed in the left-hand column of Figs. [7.3[{7.6] for g, /g, = 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 sA model). The g, /g, = 0.2 case is shown separately in Fig. ,
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. The weakest limits are obtained for large m, or large Myeq, where they might enter
the regime where I' > M,,.q/2 and the rescaling assumptions do not hold anymore. Although
the acceptance is considerably higher when both m, and M,,.q are large, the cross section is
sufficiently small so as to cancel any positive impact. Within the valid region (m, € [1, 100]
GeV and Myeq € [1,200] GeV), the limit on ,/g,g, generally ranges from 0.1 to 0.7, with
some on-shell masses reaching a limit of ~0.05 in the large ¢, /g, case. In the large g, /g,
scenario, limits for m, = 1000 GeV start to become valid: where ,/g,g, remains constant
but g, /g, increases, the value of g, is pushed downward and so the width, which is dominated
by decays to SM particles, decreases with respect to m,.

The uncertainties on the limits for both s-channel models are dominated by contributions

from the matching scale at acceptance-level, and generally range from about 5% to 46%.

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 sA models are shown in the central

column of Figs. While the behaviour of the limits as g, /g, is varied is similar to
that seen in the monojet channel, the mono-Z(lep) limits are overall weaker.

The total relative uncertainties on ,/g,0, for the s-channel models are generally within 10%,
but can range up to 80% in a few cases where m, and My,eq 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 ¢S
model is easily possible, due to the basically unchanged kinematic distributions when the
couplings are varied. Since this is not the case for the ¢S model in the monojet channel,
the strongest limits on ¢S in this study are obtained with the mono-Z(lep) analysis, and are
shown in the left-hand side of Fig.[7.8 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
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cross section and the inability of the mediator to go on-shell in this channel. Stronger limits
are found for smaller m, and M,,.q masses, where larger cross sections compensate for lower

acceptances. Overall, the statistical and systematic uncertainties contribute less than 10%.

Mono-W/Z(had) Channel

The limits on the couplings of the sV, sA and ¢S models, obtained within the mono-
W/Z(had) channel, are shown in the right-hand column of Figs. [7.3}{7.§ 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 indepen-
dent of the couplings, a single acceptance was determined for each (m,, Myeq) combination
and applied to each value of g¢,/g,. Second, complete systematic uncertainties were gener-
ated 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- B 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 the mono-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 contribute 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 m, and low M,.q tend to have

larger systematic uncertainties.

7.3.2 Comparison with Relic Density Constraints

In Figs. [7.3 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,
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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 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:
Qb = 2 x24x 10710 GeV‘Q. (7.10)

{(0V)ann

This is used with measurements of the DM abundance by Planck, Q%3 k% = 0.1199 4 0.0027
[22], to find (0v)amm =~ 4.0 x 1072 GeV~? for thermal relic DM. The above relation is
only approximately accurate, and so the micrOMEGAs code [217] 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. 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. [7.10]

7.3.3 Comparison with Direct Detection Constraints

In Figs. the intercept line where constraints from direct detection experiments are
equivalent to mono-X constraints are shown as well. 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. [218| has been used to convert the strongest available direct detection constraints
at the time of the study, which come from the LUX 2013 dataset [163], onto constraints on
the SiMs.

Compared to direct detection, the mono-X collider limits perform better for the sA model
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 tS model leads to a mix of both suppressed and unsuppressed operators.

The direct detection constraints assume that the DM candidate under consideration con-
tributes 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
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remain useful even in those regions of phase space where they are not as strong as those

from direct detection.

7.4 Conclusions

Simplified Models of DM production allow for an improved way 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 Simplified Models and their parameters. Rather than
setting limits in the My,eq —m, plane for a fixed value of the coupling strength, the coupling
strength is constrained as a function of both M,eq and m,.. 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) to
O(TeV) has been explored, and coupling ratios g, /g, 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 g,. 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 ER selection cut often not being
appropriate for the regarded Simplified Model. The width effects associated with the t-
channel exchange of an SU(2) doublet scalar mediator are observed to vanish in both the
mono-Z(lep) and mono-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 ¢-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 [219-222]. These have been used to study SiMs in,
for example, Refs. [189, [196, 202]. 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 the width is small and when
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the mediator coupling to quarks is stronger than the one to DM. Mono-X searches however
are advantageous for larger values of ¢, /g,, larger widths and smaller mediator masses.
With the use of Simplified Models, this aspect was significantly strengthened and within the
experimental collaborations much more attention is given to the possible interplay between

mono-X and mediator searches, manifesting itself e.g. in a joint summary plot, as was
discussed in Sec. [6.8]

Furthermore, this study revealed that selection optimisations in view of Simplified Models
would be especially beneficial for the low- EX'* regime of smaller My,eq and mpy: while EFT
models strongly suggested a focus on the high- B2 region, Simplified Models motivate to
also look at low- Bl 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 detection. Al-
though each search direction needs to make different assumptions, this demonstrates the
complementarity of the searches and the importance of Simplified Models as a tool for the
interpretation of collider DM searches.



Chapter 8

Search for New Physics in Final States
with Missing Transverse Energy and Top
Quarks in the One-Lepton Channel

The supersymmetric partner of the top quark, the stop, might be significantly lighter than
the other squarks, as was motivated in Chapter 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 #; and t,, the charginos X* and the lightest neutralino 5((1), and
other model parameters. The analysis presented in the following considers two possible stop
decay scenarios, illustrated in Fig. [8.1] 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

t b
+
p ) : P ) ; 4
th -0 3] =0
S ~ NZF
N ~o ~ S~ o Xl ~
t X1 t1 X1
p p -
t b

Figure 8.1: Schematic description of the direct pair production of #; particles and theii"
decays considered in this analysis, which are referred to as &, — t+ X1 (left) and £, — b+ X3
(right).

179



180  Chapter 8. Search for New Physics in Events with Missing Energy and Top Quarks
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Figure 8.2: Illustration of the production of Dark Matter particles in association with top
quarks.

the lightest neutralino: ¢, — t + X1 (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: #, — b+ % (bC). Furthermore, a mized decay scenario where both
decay channels are allowed with various branching ratio (BR) assumptions is considered in
the interpretation.

The pair production of Dark Matter (DM) particles in association with top quarks, illustrated
in Fig. is motivated by the assumption of (pseudo-)scalar mediators with Yukawa-like
quark-mass dependent couplings to the Standard Model sector [183] 208, 223]. Such a signal
presents the same final state as the tN stop decay scenario described above: in both cases a
tt pair is produced together with undetectable particles — the neutralinos or the DM particles
— that lead to missing transverse energy (EM5). 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 dileptonic 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 the W boson from the other top quark 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 [224], 225], 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 13.2fb~'. While
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previous searches for DM in association with heavy quarks were based on Effective Field
Theory (EFT) models [130], 226], this analysis considers a model with a (pseudo-) scalar
mediator [I83] 223]. 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™! of 2015 data [227].

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 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 Sec. 8.1} Sec. details the considered
dataset and simulated samples, including a discussion of the trigger strategy and perfor-
mance. The event selection and its optimisation is outlined in Sec. and the main dis-
criminating variables are introduced in Sec. The selection optimisation for Dark Matter
signals and the final signal region (SR) definitions are summarised in Sec. Subsequently,
Sec. elucidates the background estimation and presents the definitions of the control
and validation regions. Systematic uncertainties are discussed in Sec. In Sec. 8.8 the
measured event yields in data are presented together with the background expectation. The
results are interpreted in terms of limits on top squark and Dark Matter production in

Sec. 8.9 Finally, concluding remarks are given in Sec. [8.10]

8.1 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 tf 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 + Z(— v) 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 extrapolation of this normalisation from control to signal region is
verified in validation regions, kinematically situated between control and signal region. Via
an extrapolation in the transverse mass, the t¢ 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 ¢¢Z contribution,
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Process ME generator ME PS and UE cross section
PDF Hadronization tune order

tt POwWHEG-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

tt+W/Z MG5_aMC 2.2.2 NNPDF2.3 PyTHIA 8 Al4 NLO

tt+ MG5_ aMC 2.2.3 CTEQ6L1 PyTHIA 8 Al4 NLO

W+~ SHERPA 2.1.1 CT10 SHERPA Default LO

SUSY signal | MG5_aMC 2.2.2 NNPDF2.3 PyTHIA 8 Al4 NLO+NLL

DM signal MG5_aMC 2.2.2 NNPDF3.0 LO PyTHIA 8 Al4 LO

Table 8.1: Overview of the simulated samples.

a tty 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.

8.2 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 13.2fb™'. The uncertainty on this
value is determined following Refs. [135], [136] and amounts to 2.1% for the 2015 dataset of
3.2 fb™! and 3.7% for 2016 (10 fb™).

8.2.1 Monte Carlo Simulations

Monte Carlo (MC) simulated samples are used to develop selections that discriminate well
between signal and background by studying their different kinematic behaviours. The MC
samples are also used to study detector acceptance and reconstruction efficiencies for signal
and background processes and are needed in the background estimation.

Background Samples Different matrix element (ME) simulations are interfaced with
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
Tab. 8.1} All samples are normalised to the cross section calculated up to the highest order
in ag available. The cross sections of the tt, W +jets, and single top processes are only used
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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 samples, as well as the single top samples, are generated with POWHEG [112], in-
terfaced to PYTHIA 6 [104] for parton showering and hadronisation. They consider 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 EM** distribution, inclusive samples are combined with samples applying a
generator-level BT cut of 200 GeV.

The W+jets, Z+jets and diboson samples are generated with SHERPA [I03] at leading
order. They employ a simplification of the scale setting procedure in the multi-parton matrix
elements. This allows for faster event generation. The jet multiplicity distribution is then
reweighted at event level, where the correction factor is determined from an event generation

using the strict scale prescription.

MADGRAPH [102] interfaced to PYTHIA 8 [I48] is used to simulate processes of ttZ and
ttw.

Since a tty control region is used in the following to constrain the ¢tZ 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 ¢ty cross section
by 4%[[] The same NLO QCD k-factor is then applied to the tty process as used for the t£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
pr. The possible overlap between the tty sample and the ¢t 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 sample if their transverse momentum exceeds 80 GeV and are removed from the ¢ty
sample if the photon pr is below 80 GeVf]

SUSY Signal Samples The production of unpolarised stop pairs is generated at lead-
ing order (LO) using MADGRAPH [102] for the ME calculationf’] The result is interfaced

!The tty simulation fixes the factorisation and renormalisation scale to 2myop and does not assume extra
partons in the ME calculation. The ¢£Z sample on the other hand is simulated with up to two additional
partons and using Y mr as factorisation and renormalisation scale. To account for photon radiation from
the top decay products, the top decay is described by MADGRAPH for tty. The effect is of about 10% for
pr ~ 145 GeV [228].

2The value of 80 GeV is motivated by a generator-level filter on the photon pt applied in the generation of
the tty sample.

3The re-summation of soft gluon emission to next-to-leading-logarithmic (NLL) accuracy is considered in
the cross section.
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with PyTHIA 8 [I48] which also calculates the stop decays. Different stop decay and mass
configurations are considered.

First, a t; — t + X1 decay with a BR of 100% is assumed. Relevant samples are generated
in a grid across the plane of t; and X1 masse with a spacing of 50 GeV. The granularity is

increased towards the “diagonal” region where m;, approaches m; + myo.

Second, a t; — b+ Xi — WX decay is considered with a BR of 100%. Here, the
parameter space is three-dimensional, spanned by the #;, )~C1i, and X} 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 (mﬁc = 2mi?>ﬂ or the chargino
is taken to be slightly lighter than the stop, Mgt = Mf, — 10 GeV.

DM Signal Samples Samples of DM pair production are generated with MADGRAPH
(MG5_aMC) using a Simplified-Model implementation [183] 223] corresponding to the dia-
gram in Fig.[8.2] A scalar or pseudo-scalar mediator is assumed to profit from the enhance-
ment 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 the mediator to
the DM particles (g, ) is taken to be equal to the mediator coupling to the quarks (g,). For
the common coupling defined as g = ,/g,g, values between 0.1 and 3.5 are assumed. The
minimal width of the mediator is calculated and then assumed for each model point [I83].
The signal grid is defined in the plane of DM and mediator mass.

The detector response of ATLAS is simulated and applied to all generated samples. All
background samples, except for ¢t + ~, are processed with a full GEANT 4-based simula-
tion [229], where for the signals and the ¢ 4+~ sample a fast simulation [116] 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 reconstruction and identification efficiencies between

data and MC, the simulated samples are reweighted accordingly [80], 230].

4The X! is taken to be a pure bino.
5This choice is motivated from models that assume universal gaugino masses at the unification scale. Cal-
culating their evolution using the renormalisation group equations leads the condition Mg+ = 2m)2g1) [54].
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Figure 8.3: Trigger efficiency of different E* triggers in data taken 2016 (left: 0.3 fb™',
right: 3.5 fb™1).

8.2.2 Trigger Selection

Events used for this search are accepted for recording by a ERi*-based trigger logic, which
is purely based on calorimetric information. The trigger used for the 2015 dataset is
xe80_tc_lcw_L1XE50, with a F¥ 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 BT calculation. L1XE50 denotes the applied
Level-1 trigger, which requires trigger-level ER above 50 GeV. Due to the increase in lu-
minosity, the threshold for the lowest unprescaled ER trigger has been increased in 2016
and the trigger algorithm has changed: xe100_mht_L1XE50 was used in 2016. Here, mht
indicates that the B is calculated by summing over all anti-k; jets with a radius of 0.4,
calibrated at the electromagnetic scale.

The efficiencies of several ERi®-based triggers are compared in Fig. . Also the performance
of B 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. Fig. 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 lowest EM® cut applied in control regions of the analysis,
EXiss > 200 GeV. Hence, the modelling of the efficiency curve below the plateau of full
efficiency becomes important.

In Fig.[8.5], the data-MC agreement of the HLT_xe80_tc_lcw_L1XE50 efficiency 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 ¢) requiring at least one b-jet to
enrich the sample in tf. Good agreement is observed in the regime above ER > 200 GeV
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Figure 8.4: Comparison of efficiency of the HLT_xe80_tc_lcw_L1XE50 EMsS trigger between
2015 data and 2016 data in the electron (left) and muon (right) channel.

for both electron and muon channel. The same comparison is presented in Fig. for the
HLT_xe100_mht_L1XE50 trigger efficiency and 2016 data. Again, good agreement is found
in the regime above EX*s > 200 GeV.

The possibility of adding single-lepton triggers to the selection logic was investigated but
the gain in signal acceptance was found to be very small (below 1%). Since a combination
of EXs5 and lepton triggers would add complexity but no significant improvement to the
analysis, single-lepton triggers are only used for cross checks.

A data sample passing a single-photon trigger requiring a transverse momentum of pr >
140 GeV is used to estimate the t£Z background contribution in a ¢ty control region. This

trigger is found to be more than 99% efficient for the relevant control region selection.

8.3 Event Reconstruction and Selection

8.3.1 Object Definition

Events are required to have at least one reconstructed vertex with two or more associated
tracks above pr > 0.4 GeV. If more than one vertex is found, the one with the highest sum

of associated track pr’s is considered.

Leptons are defined in two categories. Leptons fulfilling basic quality and identification
requirements (“baseline” leptons) enter the ER 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.
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Figure 8.5: 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.

Baseline electrons are required to have pr > 7 GeV, |n| < 2.47, and to fulfil ‘VeryLoose’
likelihood identification criteria, described in Ref. [231]. Signal electrons have to pass the
baseline selection and satisfy pr > 25 GeV, as well as the ‘Loose’ likelihood identification

criteria. Their impact parameters with respect to the reconstructed primary vertex are
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Figure 8.6: 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.

constrained to |zpsinf| < 0.5mm and |dy|/04, < 5, where o4, denotes the uncertainty of dj.
Furthermore, signal electrons need to be isolated [83].

Baseline muons are selected via pr > 6 GeV, |n| < 2.6. They have to match the ‘Loose’
identification criteria described in Ref. [80]. Apart from passing the baseline requirements,

signal muons are required to have pr > 25 GeV. Requirements on their impact parameters
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are given by |zpsinf| < 0.5mm and |dy|/o4, < 3. As signal electrons, signal muons need to
be isolated.

An identified photon is required in the selection of the tf + v sample that is used in the
data-driven estimation of the tf + Z background. Photon candidates need to satisfy the
‘Tight’ identification criteria described in Ref. [232]. In addition, they are required to have
pr > 145 GeV and |n| < 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 < |n| < 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 B calculation, where “signal” jets are considered in the selection.
Baseline jets are required to have pr > 20 GeV, signal jets must have pr > 25 GeV and
In| < 2.5. Signal jets with pr < 60 GeV have to pass further cuts that aim at rejecting
jets originating from pileup [I51]. 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 [152], 233)].

Jets resulting from b-quarks (b-jets) are tagged using the MV2¢10 b-tagging algorithm, which
is based on quantities like impact parameters of associated tracks and reconstructed sec-

ondary vertices [89, 234]. A working point of 77% b-tagging efficiency is chosen.

Hadronically decaying tau leptons must fulfil the ‘Loose’ identification criteria described in
Refs. [91], ©2]. 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 pr > 20 GeV, and |n| < 2.5.

Apart from the identified (baseline) objects in the events, the soft-term enters the ERiss
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 [94], 235]. For the photon selection, the calibrated photon is directly included in the
EXiss 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-;
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 pr fraction of 5% [236].
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.
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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 re-
mowal procedure (OR), which was optimised for this analysis, is applied. A potential overlap
is considered depending on shared tracks, ghost-matching [237] or radial distance of the ob-
jects, AR.

Electron/Muon: Some “Loose muon” objects are reconstructed including calorimetric in-
formation 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 AR < 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 ppr = 500 MeV or if pfeem/ pgre "> 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%, up to a maximum radius of 0.4, the lepton is removed.

Taus and photons: Taus are only used in the computation of the m7., 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
tt + v 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.

8.4 Discriminating Variables

All processes containing a leptonically decaying W boson can be reduced effectively by
reconstructing the transverse mass of the common parent particle of the lepton and the

EXss if a cut is put above the W boson mass. The transverse mass mr is defined as follows:

mp = \/2 P B (1 — cos AD(L, Exss)). (8.1)

Here, p% is the lepton pr, and Agb(ﬁ_z E%liss) is the azimuthal angle between the lepton and
the ErTmSS direction. It is assumed that the lepton mass is negligible.

By this mean, single-leptonic ¢t and W-+jets processes are suppressed by about 90%. Events
originating from t¢ and W-jets can escape such a cut either due to the limited resolution of
the reconstructed mt or if an additional source of EM®* is present in the event. The latter is
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Figure 8.7: Sketch of the definition of the perpendicular EI variable.

true for signal events, but also for dileptonic ¢ events where one lepton is not identified or out
of acceptance. Also ¢t events in which one W decays leptonically and one into a hadronic tau
often have a larger mr. Hence, most of the analysis-specific variables, described in further
detail in Ref. [238|, aim at rejecting these background components.

A first strategy is to try to reconstruct the hadronic top candidate. Via a y-minimisation,
the three jets that are best compatible with originating from a top quark are selected,
according to their momenta and considering their momentum resolution. Their invariant
mass is defined to be m{,,. In the case of dileptonic ¢t 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 with a
lost lepton by the so-called topness variable [239]. Furthermore, the EM 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
ErijS is expected to be small for background events, where the EX from the neutrino is
aligned with the leptonic top, this variable is likely large for signal events (see Fig. [8.7).

A second strategy, based on the mt approach, is to reconstruct the different decay chains
and give an upper bound on the hypothetical parent mass. First, the so-called stransverse
mass, mrs [240] can be defined. It extends the transverse mass mr 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 p; = (E;, prs, P2i)
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and the sum of the unmeasured momenta is denoted ¢; = (F}, G, ¢z:). Then, m = E? —p;?
and m? = F? — g;>. The mr of the particles in branch i is given by:

2
mi; = <\/p?” +m2, + \/q%i + m§i> — (Pri + Gni)’ (8.2)

which, in the case of m,, = m,, = 0, is the same as the expression for mr given above. It
has an end point at the parent mass m 4. Now, mqps, is defined as a minimisation over the

allocation of p*s between ¢r, and Gr, of the maximum of the corresponding mr, or mmy:

mrz = min__ {max(mra, mmy)}- (8.3)

qra+qT=DT
An assumption of m,, and m,, must be made in the computation of my, and mg,. The
result of the above minimisation is the minimum parent mass m 4 consistent with the observed
kinematic distributions under the inputs m,, and mg,. The variants of myo described below
only differ in the considered measured particles, assumed unmeasured particles, and choices
for the input masses, m,, and my,.

The mq, is adapted to target dileptonic ¢ by accounting for missed leptons in the so-called
asymmetric mro (amrs) [241H244] (see Fig. [8.8). Here, decay branch a assumes a b-jet as
visible object and takes the lepton originating from the leptonically-decaying W boson as lost,
and so the lepton and the neutrino as unmeasured. Hence, m,, equals the W mass. Decay
branch b takes a b—jelﬂ 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

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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Selection | Comments
HLT_xe80_tc_lcw_L1XE5O0 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 > 200 GeV | start of the XE trigger plateau
mr > 30 GeV | control of QCD /multijets
|AG(j1.2, )| > 0.4 | control of QCD multijet backgrounds
m74 based T-veto (m7, > 80 GeV) | remove events with hadronic tau candidates

Table 8.2: Common preselection for the optimisation of the signal regions.

and the one resulting in the smaller amq, is taken. In such a dileptonic ¢t scenario, the am

is bounded from above by the top quark mass, while signals typically exceed this bound.

Similarly, the m7., variable is optimised for the case of a W boson that decays into a hadronic
tau (see Fig. . Decay branch a considers a reconstructed hadronic tau candidate as visible
object, the two neutrinos resulting from the W and the tau decay present the unmeasured
components. Decay branch b takes the lepton as visible and its neutrino as invisible object.
Both m,, and m,, are taken to be zero. This variable can be used as a tau veto for ¢ decays
into one lepton (electron or muon) and one hadronically-decaying tau lepton by removing
events in which the m7,, does not exceed 80 GeV, i.e. the W mass bound.

It proved useful to define H%issisg, the significance of a purely object-based missing transverse

jet energy, as:
7 miss
miss __ |HT | -M

Tsig — )
& Ulﬁ{rniss‘

(8.4)

where F[%liss is the negative sum of the jet and lepton momentum vectors. The denominator
gives the resolution of ﬁ%ﬂss and considers the 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 [245]. Based on optimisation studies it is
fixed at 100 GeV in this analysis.
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8.5 Signal Regions

8.5.1 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 ER 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 ¢y control region. In order to further reduce
the contribution from multijet events that feature a wrongly-identified lepton and fake EMmiss
due to jet energy mis-measurements, the transverse mass between the signal lepton and the
P has to be larger than 30 GeV. Furthermore, the angular separation between p&'s* and
each of the two leading jets has to exceed 0.4. Also the requirement of H%i:isg > 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 Tab. and selected
distributions are shown in Fig. 8.9 Data and Monte Carlo are in reasonable agreement in
the bulk of the distributions, while some deviations appears e.g. in the tail of amqpy. Further,
the data overshoots the Monte Carlo for very low values of E¥5 myp and Hr‘flflz’., where a
contribution from multijet backgrounds is expected. As discussed, after applying the above

requirements on mry and H%lissfé this contribution becomes negligible.

8.5.2 Dark Matter Optimisation

While the previous results on top-associated DM production were obtained from a reinter-
pretation of one of the stop signal regions, the selection was now optimised for sensitivity
to Dark Matter signals, taken from the DM Simplified Model introduced 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~! have been assumed. Small changes in the selections would
be expected if the optimisation was performed using the actual luminosity of 13 fb™*.

Optimisation Procedure

The above introduced preselection is assumed before the optimisation is performed (see
Tab. . The backgrounds were taken from MC without applying any normalisation factor.
A possible improvement of this procedure would be to apply approximate normalisation
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Figure 8.9: Comparison of data and simulation at pre-selection before the fit to data for E3ss

(top left), my (top right), amgs (bottom left) and HFES (bottom right). Only statistical

uncertainties are displayed. The last bin includes the overflow.

factors obtained in previous rounds of the analysis already here. For example, the ttZ
background is found to have a normalisation factor much above 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 approximate the final uncertainty expected to
be obtained. The standard object definitions listed in Sec. 8.3 are used.
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The following significance estimator was considered as a figure of merit:

o= Hsig : (8.5)
\/nbkg + 1+ oy,

where oy, denotes the absolute uncertainty on the background estimate. The results were
alternatively cross-checked using a binomial z-score [240] as an estimator as done for the
other SRs. The resulting selections were in good agreement.

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 multi-
plied 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.

Signal Benchmarks

For the optimisation, two different benchmark points of the DM Simplified Model have been
chosen:

e assume a natural coupling of g,, = 1 and a relatively light mediator of my = 100 GeV,

e assume a maximal coupling of g,, = 3.5 and a heavier mediator of mg = 350 GeV.

The DM particle, is taken to be light (m, = 1 GeV). Going to higher DM masses 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, (mg, My, gqy) = (100 GeV, 1 GeV, 1) and (350 GeV, 1 GeV, 3.5), are

studied both for scalar and pseudo-scalar mediators.

Results

The optimisation revealed that a SR targeting the (mg, my, g, ) = (350 GeV, 1 GeV, 3.5)
benchmark performs almost as well for a wide range of mediator masses (300-450 GeV)
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Variable DM low DM high
Number of jets >4 >4
Leading jet pr > 60 GeV > 50 GeV
Second jet pr > 60 GeV > 50 GeV
Third jet pr > 40 GeV > 50 GeV
Emiss > 300 GeV > 330 GeV
Hys > 14 > 9.5
mr > 120 GeV > 220 GeV
ammrs > 140 GeV > 170 GeV
Ag(pi™, () > 0.8 -
min(Ag (P, jet;)) > 1.4 > 0.8
number of b-tags >1 >1

Table 8.3: Overview of the event selections defining the two DM signal regions. The common
event preselection as defined in Tab. is applied in all cases.

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 GeV
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”),
and one targeting higher mediator masses and larger couplings (“DM _high”). In Tab.
the resulting cuts for the two DM SRs are given.

In Fig.[8.10] 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 in the plot shows where the
cut on this distribution would be applied. The distributions are shown for all relevant MC
processes and different DM signal samples. Analogously, Fig. shows the distributions
for the DM _high selection.

Expected Performance

Fig. shows the background composition and expected fraction of signal events in the
two DM regions. In DM low, dileptonic ¢t makes up over 30% of the background, as well
as W+jets, while ttZ presents the third-largest background contribution. Almost 40% of
the events in this region would be expected to come from a signal from a scalar mediator
and (Mg, My, o) = (100 GeV, 1 GeV, 1). DM _high would see around 65% of its events
coming from a signal from a scalar mediator and (mg, m,, g,,) = (350 GeV, 1 GeV, 3.5).
Here, dileptonic ¢t and ttZ contribute most to the expected background, both at the level
of 30%.

Fig. shows the expected discovery significance as a function of the integrated luminosity
for the two benchmark points for a scalar mediator, (mg, m,y, g,,) = (100 GeV, 1 GeV, 1)
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Figure 8.10: The EX (top left), min(A@(piss, jet,)) (top right), second leading jet pr
(bottom left) and A¢ between the EM 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 distribution is shown by the vertical line. The overview of the
selection is given in Tab. [8.3]

and (mg, My, gqy) = (350 GeV, 1 GeV, 3.5). For the signal (mg, my, gq ) = (100 GeV,
1 GeV, 1) in DM _low the significance does not reach 30 even for 20 fb~'. However, signal
points with slightly increased coupling strengths could be observed at the 3¢ level with
approximately 10 fb™". For the signal (mg, m,, g,,) = (350 GeV, 1 GeV, 3.5) in DM _high
a significance over 3¢ is expected to be reached for a dataset between 4 and 5 fb .

8.5.3 Signal Region Overview

After the preselection detailed above, tt 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 pi™s. Furthermore, if a hadronic tau candidate is found in the event, the variable
mk., is required to be larger than the W boson mass to reject t¢ events where one W boson
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Common event selection

Trigger
Lepton

Jets

Hadronic 7 veto

Elfliss trigger

exactly one signal lepton (e, u), no additional baseline lep-
tons

at least two signal jets, and |A¢(jet;, PR)| > 0.4 for i €
1,2}

veto events with a hadronic tau candidate and mp, <
80 GeV

Variable SR1 tN__high
Number of (jets, b-tags) (>4,>1) (>4,>1)
Jet pr > [GeV | (80 50 40 40) (120 80 50 25)
B [GeV | > 260 > 450
EPRs [GeV | — > 180
Hps > 14 > 22
mr [GeV | > 170 > 210
ampa |GeV | > 175 > 175
topness > 6.5 -
miop [ GeV | <270 -
AR(b, ) < 3.0 <24
Leading large-R jet pr [GeV | - > 290
Leading large-R jet mass [GeV | - > 70
Ap(piss 28arge-R jet) - > 0.6
Variable bC _diag bC_med bCbv
Number of (jets, b-tags) (>4,>2) (>4,>2) (>2,=0)
Jet pr > [GeV | (70 60 55 25) (170 110 25 25) (120 80)
b-tagged jet pr > [GeV | (25 25) (105 100) -
Emiss [GeV | > 230 > 210 > 360
%Hsslsg > 14 > 7 > 16
mr |GeV | > 170 > 140 > 200
ampy [GeV | > 170 > 210 -
|Ag(jet;, pRiss)|(i = 1) > 1.2 > 1.0 > 2.0
|Ag(jet;, piss)|(i = 2) > 0.8 > 0.8 > 0.8
Leading large-R jet mass [GeV | - - [70, 100]
Ap(pRiss ¢) —~ —~ > 1.2
Variable DM low DM high
Number of (jets, b-tags) (>4,>1) (>4,>1)
Jet pr > [GeV | (60 60 40 25) (50 50 50 25)
Emiss [GeV | > 300 > 330
bl > 14 > 9.5
mr |GeV | > 120 > 220
ampy [GeV | > 140 > 170
min(Ag (P, jet;)) (i € {1 —4}) > 1.4 > 0.8
Ap(pRiss () > 0.8 -

Table 8.4: 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.
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Figure 8.11: The EX* (top left), mr (top right), amry (bottom left) and min(A@(p'ss, jet,))
(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 Tab. .

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 [227], 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 mg+ = 2mgo with small and medium mass differences between stop and chargino,
respectively. Their selection relies on high-pr 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 Tab. 8.4 Note that the selections are not orthogonal
and the overlap between the different SRs can be significant.
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Figure 8.12: Composition of the DM low (left) and DM high (right) signal regions. The
benchmark scalar mediator signals in DM _low (left): (mg, my, gqy) = (100 GeV, 1 GeV,
1) and DM _ high (right): (mg, my, gq) = (350 GeV, 1 GeV, 3.5) are included as well as
the different background contributions.
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Figure 8.13: Expected discovery significance as function of luminosity for the benchmark
scalar mediator signals in DM _low (left): (mg, my, g4,) = (100 GeV, 1 GeV, 1) and
DM _high (right): (mg, my, gqx) = (350 GeV, 1 GeV, 3.5). Flat uncertainties on the
background event yield of o, = 10%, 20%, 30% are considered.

8.6 Background Estimation

The dominant contributions to the background entering the signal selections stem from #t,
single top Wt, tt+ Z(— vi), and W+jets processes. Since the semi-leptonic component of ¢
can be efficiently reduced, mostly dileptonic ¢ events where one lepton is out of acceptance
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or not identified and hence escaping the veto, as well as tt events featuring one lepton
and one hadronic tau in the final state, remain in the SRs. Small backgrounds come from
diboson, ttW and Z+jets events. As discussed above, the multijet background is found to
be negligible after preselection.

In order to estimate the major backgrounds, B = {t¢, W+jets, single-top, ttZ}, dedicated
control regions enriched in the respective background processes, are defined: CR = {TCR,
WCR, STCR, TZR}, respectively. They are designed to be kinematically 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 n; for any major background ¢ is defined as follows:

__ artdata i, MC
n; = Nap® NG, (8.6)
with:
i,data data J,MC k,MC
N¢g, = Nog; — E : n; - Nogp, — E :NCRZ- . (8.7)
Jj#i,j€B keb

Here, Né%c denotes the Monte Carlo event yield for the background 7 in control region in
question, and NZ® denotes the total number of data events observed in this control region.
All normalisation factors are determined in a simultaneous likelihood fit [215] 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 t; for each background :

i, MC j n7i,MC
ti= Ngr [/N¢r, - (8.8)
The total number of expected events in a SR is then given by:

st 7 st j,MC k,MC
NSR:,usig'N Q+ZNSR:Nsig'N Q+ZNj'tj'Néij +ZNSR . (89)
i€B,b jeB keb

The signal strength fi4, is used to vary or constrain the assumed signal contribution. 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¢, single top, Wjets, and tt+W/Z are affected by systematic
uncertainties, which are treated as Gaussian nuisance parameters in the fit.

The resulting background modelling is verified in validation regions. An overview of the
control and validation regions considered is given in Fig.|8.14] The definitions of the control
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Figure 8.14: 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 ¢,
single top, tt + Z, and W jets, respectively.

and validation regions for the DM SRs is given in Tab. 8.5 For the other SRs such an
overview can be found in Appendix [C]

8.6.1 Control Regions

Control regions for the t¢ and W +jets backgrounds are defined for all SRs by lowering the
mr requirement to 30 GeV < mp < 90GeV. For the W+jets control region (WCR), a
b-jet veto is applied as well. For the t¢ control region (TCR) an upper cut on amgs 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 tt
purity between 51% and 91% is achieved, the W+jets purity in the WCRs is around 75%.

For the single top background, the definition of a control region is not straight-forward,
since tt events may easily enter the selection due to the similar characteristics of ¢t 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 amps > 200 GeV is effective in reducing the ¢ contamination. The remaining t¢ can
evade this cut if a c-quark from the W decay gets b-tagged and represents one of the two
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Common event selection for DM

Trigger EEFiSS trigger

Lepton exactly one signal lepton (e, u), no additional baseline
leptons

Jets at least two signal jets, and |Ag¢(jet;, ps5)| > 0.4 for
ie{1,2}

Hadronic 7 veto veto events with a hadronic tau decay and mp, < 80 GeV

Variable DM low TCR / WCR STCR

>4 jets with pp > [GeV | (60 60 40 25) (60 60 40 25) (60 60 40 25)

Emiss [ GeV | > 300 > 200 / > 230 > 200

HPSS > 14 > 8 > 8

mr | GeV | > 120 [30,90] [30,120]

amrpy | GeV | > 140 [100,200] / > 100 > 200

min(A¢(pEss, jet;)) (i € {1 —4}) > 1.4 > 1.4 > 1.4

Ap(pRiss ¢) > 0.8 > 0.8 -

AR(bl, bg) — — > 1.8

Number of b-tags >1 >1/=0 > 2

Variable DM high TCR / WCR STCR

>4 jets with pp > |GeV | (50 50 50 25) (50 50 50 25) (50 50 50 25)

Emiss [GeV | > 330 > 300 / > 330 > 250

HEs >9.5 >9.5 >5

mr [GeV | > 220 [30,90] [30,120]

amrs [GeV | > 170 [100,200] / > 100 > 200

min(A¢(pHEss, jet;)) (i € {1 —4}) > 0.8 > 0.8 > 0.8

AR(bl, bg) - — > 1.2

Number of b-tags >1 >1/=0 >2

Table 8.5: Overview of the event selections for DM signal regions and the associated ¢t
(TCR), W-jets (WCR), and Wt (STCR) control regions. Round brackets are used to

describe lists of values and square brackets denote intervals.

b-jets entering the amps calculation. In this case, the radial distance between these “b-jets”
is typically smaller than in real Wt events. Hence, a cut on AR(by, by) > 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 tt + Z(— vv) background constitutes a significant fraction of the total background,
especially in the SRs relying on tight Em 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
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Figure 8.15: Distributions of F¥** (top left for TCR, top right for WCR and bottom left for
STCR), and photon-corrected E2 (bottom right for TZCR) for events in the CRs associated
with DM low where each background (tt, W+jets, Wt, and ¢t + W/Z) is normalised by
normalisation factors obtained in a background-only fit. The uncertainty band includes
statistical and experimental systematic uncertainties. The last bin includes overflow.

region. A tty control region is designed instead to constrain the ¢£Z background from data.
There are two major differences between ttZ and tt~y 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 pr exceeds the Z boson mass. Since all SRs require high
EXss the Z boson — and the corresponding photon — must have high pr, 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 ¢ty events the photon is radiated off one of the top quarks. Also
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Figure 8.16: Distributions of EX (top left for TCR, top right for WCR and bottom left for
STCR), and photon-corrected E2 (bottom right for TZCR) for events in the CRs associated
with DM high where each background (tt, W-jets, Wt, and t¢ + W/Z) is normalised by
normalisation factors obtained in a background-only fit. The uncertainty band includes
statistical and experimental systematic uncertainties. The last bin includes overflow.

this difference is much smaller for high boson pr. It is taken into account in the simulations
and hence is also considered in the background estimate. For the control region selection,
a high-pr photon above 200 GeV is required in addition to the one-lepton selection. It is
treated as invisible for all variable calculations: the highest-pr photon is added vectorially
to P and this sum is used to construct E = [P + 51|, iy, and HPS. The jet
pr thresholds are kept identical 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 E¥*5 my and ‘Tnffg are applied. An upper
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cut of EXss < 200GeV forces this control region to be orthogonal to other regions. The
selection leads to a tty sample with over 90% purity, where the largest contamination comes
from W+ + 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 [227]. 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 E2 down to 50 GeV: when
requiring £ 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 available.

The E distribution for the CRs associated with DM _low are shown in Fig. and in
Fig. for DM __high. The distributions in data are found to be well modelled in all control

regions.

8.6.2 Validation Regions

The normalisation factors determined by the fit and the resulting background modelling 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 and W-jets background estimate, one VR for each process and SR
gets defined in the same way as the respective control region but within an mrt window of
90 GeV < mr < 120GeV. This strategy cannot be applied in the case of the single top
region, since there the mr cut needed to be 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 and W+jets validation regions of
DM _ low and DM _high is presented in Figs. |8.17 and [8.18| respectively. The distribu-
tions of EMs5 and mr are found to agree reasonably well, although a trend in the ratio is
observed for mr in the DM _low WVR, which slightly exceeds the uncertainty band in the

low-mT bin.

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
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Figure 8.17: Distributions of EX* (left) and mr (right) for the TVR (top) and WVR
(bottom) selection associated with DM _low. Each background (¢t, W+jets, Wt, and tt +
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.

normalisation factors are applied, since they do not coincide with any of the SRs targeted
by the control regions. As mentioned above, dileptonic tf generally presents the largest
background contribution after SR selection. In order to study this backgrounds in detail, a
region selecting two leptonsﬂ is defined via:

e dilepton trigger,

e quality cuts,

e exactly two signal leptons with different flavours (ep) to suppress contributions from

Z+jets,

"The mr is constructed using the leading lepton.
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Figure 8.18: Distributions of ER (left) and mr (right) for the TVR (top) and WVR
(bottom) selection associated with DM high. Each background (tt, W+jets, Wt, and t¢ +
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.

e the lepton pair has to be of opposite charge,
e > 4 jets with pp > 25 GeV.

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
jet multiplicity distribution in this region. As can be seen in Fig. [8.19 it is found to be
well-modelled for nje,s > 4. Also the my distribution agrees well between data and MC.

A similar approach, using ampo to enrich the sample in dileptonic ¢¢ with a missed lepton,
comes to the same conclusion.
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Figure 8.19: Distributions of mt and jet multiplicity for events passing the di-lepton valida-
tion region selection. The backgrounds are normalised to their cross section, no normalisation
factors are applied and the uncertainty band includes statistical uncertainties.

A similarly important component of the ¢f background features a lepton and a hadronic tau
in the final state. A validation region for such processes is defined by selecting:

e Four jets with pp > 80,50, 40,25 GeV,
Exiss > 200 GeV,

mr > 100 GeV,

At least one b-jet,

One loose hadronic tau candidate and one signal lepton.

The corresponding mr and amyrs distributions are shown in Fig [8.20] 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 mr distribution. Background events from tf or W -jets
can only enter this region due to the finite resolution of the reconstructed mr 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:

e Four jets with pr > 100, 80, 50, 25 GeV,

o Fss > 200 GeV,

e mt > 100 GeV,

e Exactly zero b-jets.
Fig. [8.21| shows the distribution of the mt and the ER* 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 amrs tail

is constructed in the following way:
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Figure 8.20: Distributions of mr and amqps for events passing the 1417 validation region
selection. The backgrounds are normalised to their cross sections, no normalisation factors
are applied and the uncertainty band includes statistical uncertainties.
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factors are applied and the uncertainty band includes statistical uncertainties.

Four jets with pr > 80, 60, 60,40 GeV,
Exiss > 200 GeV,

e 30 < mt < 90 GeV,

amry > 200 GeV,

H»is > 8,

T,sig
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Figure 8.22: Distributions of amzy and EX for events fulfilling the requirements of the
amrs-tail validation region. The backgrounds are normalised to their cross sections, no
normalisation factors are applied and the uncertainty band includes statistical uncertainties.

e Exactly 1 b-jet.

The data-MC agreement for distributions of ampy; and EXS is presented in Fig. [8.22l The
processes in this VR are found to be well-modelled with some discrepancy of 20-40% at very
high amys, but with large uncertainties.

8.7 Systematic Uncertainties

Since the MC background prediction is constrained from data in control regions, system-
atic 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 systematics are considered by the likelihood fits as
nuisance parameters with Gaussian constraints.

8.7.1 Experimental Uncertainties

Uncertainties on the jet energy scale and resolution, on the treatment of the ER* soft term
and on the b-tagging efficiencies for b, ¢ and light jets [247, 248] dominate in this analysis.



Chapter 8. Search for New Physics in Events with Missing Energy and Top Quarks 213

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 EXS soft-
term leads to 0-3% uncertainty.

Furthermore, uncertainties on lepton- and photon-related quantities (energy scales, resolu-
tions, reconstruction and identification efficiencies, isolation) are considered and found to be

negligible, as well as the uncertainty on the total integrated luminosity.

8.7.2 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 processes influence
the result. The uncertainties on the ¢t 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 [249]. Furthermore, different event generators, namely
PowHEG-BoX with Herwig++ and MG5_ aMC with Herwig++, have been tested. By
interfacing POWHEG-B0OX with different shower generators, namely PYTHIA 8 or Herwig+-+,
the effect from fragmentation and hadronisation modelling is estimated. An additional
uncertainty comes from interference between the ¢t and Wt processes at higher orders. This
effect is estimated by comparing an inclusive WWbb sample to the sum of the ¢t and Wt
samples [249]. The observed difference is taken as uncertainty on the interference terms and

is the dominant uncertainty on the Wt simulation. In summary, the extrapolation from
TCRs and STCRs to SRs is affected by 17-32% for t¢ and by 14-68% for Wt events.

For the estimation of the theoretical uncertainties on the W-jets background, a different
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. [250] are extrapolated
to higher jet multiplicities 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 tty control region is used to normalise the 7 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 ¢ty sample to mitigate the differences of

the details of the simulation used to generate the samples. The variation of renormalisation
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and factorisation scales affects ttZ and tty 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 [251]) 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 ¢+ control region to the ¢tZ 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 factorisation scales during
simulation, a total theoretical uncertainty of 20-30% is assumed.

Variations of renormalisation and factorisation scales as well 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.

8.8 Results

The measured event yield in data together with the estimated background prediction from
the likelihood fit to the CRs is presented in Tab. [8.6|for the SRs and in Fig. 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 Tab. [8.6] 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 CL;
prescription [I60]. The resulting probabilities of the background-only hypothesis appear as
p-values py in Tab. 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 N'mit ., in Tab. .

non—=S
In three SRs deviations larger than two standard deviations from the background prediction

are observed. The largest excess with a local significance of 3.3¢ is seen in the DM _low SR,

the excess in SR1 amounts to 2.20 (local) and bC2x _diag sees an excess of 2.60 (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
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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 | 38408 | 2243 1342 | 74418 1742 1542
tt 84419 [060+0.27| 65+1.5 | 43+1.0 [0.26+0.18| 42413 | 3.34+08
Wtjets 25+1.1 [0.15+0.38] 1.2+05 [063+0.29| 54+1.8 | 3.1+15 | 3.4+14
Single top 31415 [0.57+044| 53+18 | 51+1.6 [024+0.23| 19409 | 1.3+08
tt+V 79416 | 1.6+04 | 83+£1.7 | 27407 (0124003 64+14 | 55+1.1
Diboson 12404 [0.6140.26]0.45+0.17[0.4240.20| 1.1+04 | 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 4 0.20 | 0.16 + 0.14 |0.47 + 0.44
tt 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 tjets NF 0.76 4 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 4 0.32
tt + 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
po () 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)
Nlmit exp. (95% CL)| 12.9%55 | 55728 | 124751 | 90732 7.3755 | 115750 | 9.9755
Nlimit - obs. (95% CL) 26.0 7.2 275 9.9 7.2 28.3 15.6

Table 8.6: 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 (pgy) of the background-only hypothesis
given the observed result are shown as well.
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Figure 8.23: Summary of the observed event yields in data (n.s) compared to the predicted
background (nex,) 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 (o).

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.
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Figure 8.24: The E¥s (left) and my (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 Tab. 8.6l The uncertainty band includes statistical uncertainties. The last bin contains
the overflow. Benchmark signal models where a common coupling ¢ = g, = g, = 3.5 is
assumed are overlaid for comparison.

The distributions of E2 and m in the DM SRs and the SRs seeing an excess (SR1 and
bC2x diag) are presented in Figs. In all three deviating SRs the excess tends to
favour low values of mt and of ERss,

With the observation of an excess over 30 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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Figure 8.25: The EXs (left) and mr (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 Tab. 8.6} The uncertainty band includes statistical uncertainties. The last bin contains
the overflow. Benchmark signal models are overlaid for comparison.

8.9 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 CLj;
value, which represents the probability for the observation being compatible with the signal
plus background hypothesis.
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Figure 8.26: The observed upper limits on the combined coupling g,, for each signal grid
point is presented as numbers in the plane of my (ma) versus m, for the Simplified Model
describing Dark Matter 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.

Two types of CLg values are presented: the expected CL; 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 CLg value is obtained when the
observed data is considered in the SRs. For CL; values below 0.05 the given signal model is
excluded at 95% confidence level.

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 sectionf] The exclusion limits are derived at 95% CL. For each signal point
the SR providing the lowest CLg value is chosen. The exclusion contours are determined via
an interpolation on the calculated CLg values.

8.9.1 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. [8.26] as upper bounds
on the combined coupling g = g, = gy, 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

8For SUSY limits these are quoted as a band around the observed limit.
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Figure 8.27: Illustration of the best expected signal region per signal grid point in the plane
of my (my) versus m, for Dark Matter production associated production with top quarks
for a scalar mediator (left) and pseudo-scalar mediator (right).

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.

For many DM signal points another SR is found to perform slightly better than DM low
or DM high, which is shown in Fig. |[8.27) However, the expected limits obtained only
from the DM regions, presented in Fig. [8.28] are comparable to the one where the best
performing SR is chosen[’] 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.

8.9.2 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 X! in the tN scenario, where BR(t, — t+ )Z?) = 100% is assumed. The stop-
neutralino mass plane with the expected and observed exclusion limit contours is shown in
Fig. [8.29l Assuming a bC scenario with BR(f; — b -+ ﬁc) = 100% and fixing Mgz = 2myo,
stop masses up to 750 GeV are excluded with a 150 GeV neutralino, as can be seen in

Fig.[8.30 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, Mgx = My — 10 GeV,

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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Figure 8.28: The observed 95% CL upper limit on the couplings in the plane of m, (ma)
versus m, for DM associated production with top quarks for a scalar (pseudo-scalar) media-
tor. 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.

the exclusion in terms of the stop mass extends up to 750 GeV for a very light neutralino,
as shown in Fig. [8.30]

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 mized scenario both decays t;, — t+X1 and t, — b—|—>~<1i, under the assumption
of Mg+ = 2myp, are allowed. Branching ratios of 0, 25, 50, 75 and 100 % for ¢, — ¢ + X7 are
considered while BR (t, — b+ X1i) — 100% - BR (f, — t + X1). The resulting exclusion
contours are presented in Fig.
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Figure 8.29: Expected (black dashed) and observed (red solid) exclusion contours at 95%
CL in the plane of mj versus myo. Direct stop pair production is assumed, where the

t, —t+ X1 decay is fixed to have a branching ratio of 100%. While the limits from earlier
analyses [227, 238], indicated by the grey shaded area, assume mostly-right-handed stops,
the present results consider unpolarised stops.
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Figure 8.30: Expected (black dashed) and observed (red solid) exclusion contours at 95% CL

in the plane of m;, versus mgo. Direct stop pair production is assumed, where the t, — b+ X1
decay is fixed to have a branching ratio of 100%. A chargino mass of twice the neutralino
mass (left) or a small mass difference with respect to the stop, mg+ = my, — 10 GeV (right)

are considered. While the limits from earlier analyses [227, 238|, indicated by the grey shaded
area, assume mostly-left-handed stops, the present results consider unpolarised stops.

8.10 Conclusions

A dataset of 13.2fb™" of /s = 13 TeV proton-proton collisions, recorded by ATLAS, has been
analysed in search for new physics in events with EXS and top quarks for final states with
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Figure 8.31: Expected (dashed) and observed (solid) 95% excluded regions in the plane
of mj versus mg for direct stop pair production for different assumptions of z =

BR(i, = t+Xi) =1 —BR({, = b+ ﬁt) where the chargino mass is assumed to be twice
the neutralino mass, and z is scanned from 0% to 100% in steps of 25%. No points can be
excluded in data for the x = 50% scenario.

one lepton. Dedicated signal regions were designed to target stop decays to t, — t + X! and
t, — b—l—fﬁi, 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 ¢7,
Wtjets, Wt or tty (for the estimate of t£Z). This strategy allows to significantly reduce
the impact of systematic uncertainties on the result. The largest experimental source is
represented by the jet energy scale uncertainty and amounts to 4-15%, depending on the

signal region.

An excess of 3.30 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 ex-
pected, with a deviation above 20. 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
t, = t+ X1 and the t, — b+ Xi scenario, the exclusion bounds reach beyond precedent

results.
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For the first time within ATLAS, a Simplified Model 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 My,eq4-m, 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.






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 advancements, 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 Standard 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 several 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 overwhelming
experimental evidence from astrophysics for a non-luminous matter component named Dark

Matter, for which the Standard Model 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 inter-
pretations 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 procedure in the interpretation of its results. The thesis further presented this
analysis of 20.3 fb™! 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 Mat-
ter 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 backgrounds significantly, es-
pecially those containing tau leptons. The background estimation technique concentrates
on the large irreducible component from Z(— vr). By combining the information from
several one- and two-lepton control regions, the total uncertainty on the background pre-
diction 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
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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 reinterpretation of this and two other ATLAS searches for Dark Matter was pre-
sented 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 Simplified Models, especially in the regime of smaller missing 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 mediator
would favour final states with heavy quarks: if Higgs-like Yukawa 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™* of 13 TeV pp col-
lision data. The main backgrounds from processes involving tops of W 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 3.30. It is found towards lower values of transverse mass and miss-
ing 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 a model was used in the Dark Matter 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. The Monojet Analysis
analysis, traditionally the most important general Dark Matter 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 Simpli-

fied Models for interpretation. The latter change led to a wider paradigm shift concerning
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general Dark Matter searches: although the LHC has potential to constrain Dark Matter
production in mono-X searches — and does so —, constraints on the mediator itself via reso-
nance 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 exam-
ple 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 disci-
pline of physics alone can hope to pin down its properties, which makes it both challenging
and interesting.
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Appendix A

Additional Aspects of Dark Matter and
its Properties

A.1 Dark Matter Halo Density Profiles

As discussed in Chapter [2] the question of how the Dark Matter 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 [252]):

1+ <;)2] 1. (A.1)

Here, p denotes the Dark Matter density as a function of the cluster radius r, where pg is the

p(r) = po

finite central density and r. 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 [253]:

pcritéc
2
(£) (1+%)

where p...; = 3H?/87G is the critical density, d. is the so-called characteristic density, a

p(r) = (A.2)

dimension-free parameter, and r, 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 halo masses, remarkably well while the enclosed mass still diverges. It is
common to estimate the mass of the Dark Matter halo by taking the mass that corresponds to

251
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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 NF'W profile,
using a so-called Einasto profile [254] 255]:

p@):pﬁm)ldn(<£>i—l>]. (A.3)

Here, n denotes the additional parameter with d,, being a simple function of n, ensuring that
pe 1s 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) [256]. 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 = Hyd (A.4)

where H, denotes the Hubble constant, i.e. the expansion rate of the universe, and has a
value of Hy = 67.3 km s™! Mpc™! [7]. Since neither the velocity v nor the distance d of far
galaxies can be measured 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:

o )\observed - )\emitted (A5)

)\emitted

The so-called scale factor a(t) can be defined as follows:
d=a(t)z, (A.6)

where x denotes the present distance, hence today’s scale factor is by definition ay = 1.

Clearly, Hy and a are closely related, namely via:

d = ax, (A.7)

H(a) = g (A.8)
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Figure 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 ACDM cosmol-
ogy for a fixed Hy = 70 km s~! Mpc~! is shown as the black line. Residuals from the best-fit
ACDMcosmology as a function of redshift are shown in the lower panel. The weighted av-
erage of the residuals in logarithmic redshift bins of width Az/z ~ 0.24 are shown as black
dots. Figure from Ref. [257].

The expansion velocity can then be described as:
b= gd — Hyd. (A.9)
It can also be linked to the above-defined redshift via:
a(tem) = (14 2(tem)) ™", (A.10)

where t.,, is the age of the universe at the time the photons were emitted.

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
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presents the strongest hint for the presence of an early inflationary 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 Chapter [2 shape the so-called Standard Model of Cosmology, or ACDM
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 structures 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. 1t is based on three major assumptions, motivated by observations: the cosmological
principle, which says that the universe is homogeneous and isotropic, the accelerated expan-
sion 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:

87TGN

ct

1
R — z9uwR+Ag = — T (A.11)

2

Resulting from the requirement of invariance under general coordinate transformations 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 g, on the left-hand side, with the energy
content in form of the energy-momentum tensor 7),,. R, is the so-called Ricci tensor, R
the Ricci scalar, connected to the Riemann curvature. Gy denotes Newton’s constant and
A 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, Lemaitre,
Robertson and Walker and is therefore called FLRW metric. It reads:

2

1—Fkr?

ds* = —c2dt* + a(t)* ( + r2dQ2> . (A.12)
The parameter a(t) is called the scale factor and k/a? gives the spatial curvature, where k
can take the values of 0,+1. For & = 0, the Minkowski metric, describing a flat space, is

recovered.
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Friedmann equation

Using the FLRW metric, the components of the Einstein equation leads to the Friedmann

. 2
a k 87G
(—) LN, (A.13)

a a? 3

equations:

Gy is Newton’s constant, a is again the scale factor and a its proper time derivative. p;u
denotes the total energy density of the universe. One can now again formulate the Hubble

parameter as:

H(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)):
3H?

B 87TGN'

The abundance of a specific component of the universe can then be expressed relative to this

Pe (A.15)

critical density:

Pi
Q; =—. A.16
n (A16)

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/p. (A.17)

Here, w is a dimensionless parameter, p denotes the pressure of the system and p its energy
density. When using the FLRW metric, p is related to the scale factor a in the following
way:

p oc a3+, (A.18)

The different components of the universe behave differently in terms of their EoS. Ordinary
non-relativistic matter, like cold dust, satisfies p < p, leading to w = 0. Consequently,

Pm < a2, (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 = 1/3p,

and hence w = 1/3. The energy density here decreases more quickly than the volume
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expansion, because the momentum contribution to the total energy is non-negligible and the

wavelength gets red-shifted by the expansion. This results in:
Prad X a . (A.20)

Dark Energy, in the simplest case of a cosmological constant A, obeys w = —1, leading to a
constant energy density with a described via a o< et. Using these relations, the Friedmann

equation can be rewritten as:

H(a) = g = Ho/Qma3 + Qraga™ + Q4. (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:

Qurm + Qo + Qa = 1.000 = 0.004. (A.22)

Therefore, ACDM postulates 2 = 1.

A.3.1 Open Questions

Despite the success of the particle DM approach within the ACDM model, there remain
several unsolved problems, for example the so-called cusp vs. core problem. It relates to
the distribution of DM in galaxies, discussed in App. [A.I] 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 simulations, 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 simulations incor-
porating 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 [258]. 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
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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 [259].
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Differential Cross-sections for Additional

Effective Operators

As discussed in Chapter [f] the cross sections of Dark Matter pair production were derived for

several effective operators in dependence on the momentum transfer (), in order to evaluate

the validity of the effective-field-theory approach. Below, the operators not presented in that
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Appendix C

Auxiliary Material for the Stop Analysis

C.1 Overview of Additional Signal Regions

While the DM signal regions (SRs) along with their control regions (CRs) and validation
regions (VRs) were already defined and discussed in Chapter , the other signal regions

considered in the analysis are listed here in the following for completeness.
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Common event selection for tN
Trigger Efl?iss trigger
Lepton exactly one signal lepton (e, u), no additional baseline
leptons
Jets at least two signal jets, and |Ag¢(jet;, pis5)| > 0.4 for
ie{1,2}
Hadronic 7 veto* veto events with a hadronic 7 decay and mp, < 80 GeV
Variable SR1 TCR / WCR STCR
>4 jets with pp > [GeV | (80 50 40 40) (80 50 40 40) (80 50 40 40)
Emiss [GeV | > 260 > 200 > 200
HES > 14 >5 >5
mr |GeV | > 170 [30,90] [30,120]
ampy [GeV | > 175 [100,200] / > 100 > 200
topness > 6.5 > 6.5 > 6.5
mi‘op [GeV | < 270 < 270 < 270
AR(b, ) < 3.0 — -
AR(bl, bg) - — > 1.2
Number of b-tags >1 >1/=0 > 2
Variable tN_high TCR / WCR STCR
>4 jets with pp > [GeV | (120 80 50 25) (120 80 50 25) (120 80 50 25)
ERss [GeV | > 450 > 300 > 250
EPRS [GeV | > 180 > 160 > 160
HPS > 22 > 15 > 10
mr [GeV | > 210 [30,90] [30,120]
amrpy | GeV | > 175 [100,200] / > 100 > 200
AR(b, ) <24 - —
AR(bl, bg) — — > 1.2
Number of b-tags >1 >1/=0 > 2
Leading large-R jet pr [GeV | > 290 > 290 > 290
Leading large-R jet mass [GeV | > 70 > 70 > 70
Ap(piss 20dlarge-R jet) > 0.6 > 0.6 > 0.6

Table C.1: Overview of the event selections for tN SRs and the associated t¢ (TCR), W-+jets
(WCR), and Wt (STCR) control regions. Round brackets are used to describe lists of values
and square brackets denote intervals.
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Common event selection for bC

Trigger
Lepton

Jets

Hadronic 7 veto™

E%ﬁss trigger

exactly one signal lepton (e, p), no additional baseline

leptons

at least two signal jets, and |A¢(jet

ie{1,2}

, PIss)| > 0.4 for

veto events with a hadronic 7 decay and mp, < 80 GeV

Variable bC2x _diag TCR / WCR STCR
>4 jets with pp > [GeV | (70 60 55 25) (70 60 55 25) (70 60 55 25)
>2 b-tagged jets with pp > [GeV | (25 25) (25 25) / — (25 25)
EIiss [GeV | > 230 > 230 > 230
s > 14 > 14 >5
mr [GeV | > 170 [30,90] [30,120]
ampe |[GeV | > 170 [100,200] / > 170 > 200
|Ag(jet;, pRiss)|(i = 1) > 1.2 > 1.2 > 1.2
|Ap(jet,, priss)|(i = 2) > 0.8 > 0.8 > 0.8
AR(b1, bg) - — > 1.4
Number of b-tags > 2 >2/=0 >2
Variable bC2x med TCR / WCR STCR
>4 jets with pp > [GeV | (170 110 25 25) (170 110 25 25) (170 110 25 25)
>2 b-tagged jets with pp > [GeV | (105 100) (105 100) / - (105 100)
EIiss [GeV | > 210 > 210 > 210
HEs >7 > 7 > 7
mr [GeV | > 140 [30,90] [30,120]
ampe |GeV | > 210 [100,210] / > 210 > 210
|Ag(jet;, piss)|(i = 1) > 1.0 > 1.0 > 1.0
|Ad(jet,, priss)|(i = 2) > 0.8 > 0.8 > 0.8
AR(bl, bg) — — > 1.2
Number of b-tags > 2 >2/=0 >2
Variable bCbv TCR WCR
>2 jets with pp > [GeV | (120 80) (120 80) (120 80)
ERss [GeV | > 360 > 360 > 360
HPS > 16 > 16 > 16
mr [GeV | > 200 [30,90] [30,90]
Lepton pr [GeV | > 60 > 60 > 60
|Ap(jet,, priss)|(i = 1) > 2.0 > 2.0 > 2.0
|Ag(jet;, piss)|(i = 2) > 0.8 > 0.8 > 0.8
Number of b-tags =0 >1 =
Leading large-R jet mass [GeV | [70, 100] (70, 100] (70, 100]
Ag(piss, 0) > 1.2 - -

Table C.2: Overview of the event selections for bC SRs and the associated ¢t (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 bChv SR,
since the tt background is negligible.
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C.2 Full List of Preselection Plots
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Figure 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 ER 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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Figure 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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Figure 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 ER distribution (top left), the variable used in the tau veto (mZ,, top right),
and the jet (lower left) and b-jet multiplicity (lower right).
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Figure 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 distri-
butions of lepton pseudo-rapidity (top left), ¢ (top right) and pr (bottom) in the electron
channel.
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Figure 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 dis-
tributions of lepton pseudo-rapidity (top left), ¢ (top right) and pr (bottom) in the muon
channel.
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Figure 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 dis-
tributions of lepton pseudo-rapidity (top left), ¢ (top right) and pr (bottom) (electron and
muon channel combined).



270 Appendix C. Auxiliary Material for the Stop Analysis

C.3 Full List of Control Region Plots

C.3.1 DM low

T T T T H S A S I T
% E—\F— 1 --Data  X:Total SM %) 5= 4 --Data XTotal SM
g 80E s=13TeV, 13.2fb Wi Dz+jets g s=13TeV, 13.2fb mi D z+jets
-  70F Cw+ets  [tt+ — W+ets [t+V
@ 2 Ewt ' @
I 5
> 50 >
Q C Q
40
30
20 -
10 —
S B L e
gO 40 50 60 70 80 90
Q Q
= =
s E
© ©
[a} [a}
> L A R 0 AR RN RN RN RN AN A RN R
(3} (5= 13 Tev. 13.2 fo -«-Data X Total SM E S /S =13 Tev. 13.2 fot --Data X Total SM
O s=13Tev, 13. m Dz+ets 4 2 s=13Tev, 13. mi Dz+ets
Te) ) o ] * ) N
3¢ N [JW+jets [tt+V ] £ [JWw+jets [@tt+V
> Owt [Diboson © COwt [ Diboson
12 ] > N
c - [} \
o E
4 ]
) =
o e ey ey ;
100 150 200 250 300
lepton P, [GeV]
o 2 R e o
S 15 3 >
s ; E
8 05 E 8
0

0 I W W NS N W W N e N

Figure C.7: Distributions in the top control region of DM low: transverse mass (top left),
asymmetric stransverse mass amyps (top right), lepton pr and n (bottom left and right). Each
background (tt, W-tjets, Wt, and tt + 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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Figure C.8: Distributions in the top control region of DM low: A¢ between EX* and
lepton (top left), minimum A® between EF™ and any signal jet (top right), Hf (bottom
left) and leading jet pr (bottom right). Each background (¢t, W-jets, Wt, and tt + 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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Figure C.9: Distributions in the top control region of DM _low: jet (left) and b-jet multiplic-
ity (right). Each background (¢, W-jets, Wt, and ¢t +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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Figure C.10: Distributions in the W+ jets control region of DM low: transverse mass (top
left), asymmetric stransverse mass ampy (top right), lepton pr and n (bottom left and
right). Each background (tt, W-jets, Wt, and tt + 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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Figure C.11: Distributions in the W+jets control region of DM _low: A¢ between EX5 and
lepton (top left), minimum A® between EF™ and any signal jet (top right), Hf' (bottom
left) and leading jet pr (bottom right). Each background (tt, W-+jets, Wt, and tt + 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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Figure C.12: Distributions in the W +jets control region of DM _low: jet multiplicity. Each
background (tt, W+jets, Wt, and tt+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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Figure C.13: Distributions in the single-top control region of DM low: transverse mass
(top left), asymmetric stransverse mass ampo (top right), lepton pr and 1 (bottom left and
right). Each background (¢, W-jets, Wt, and tt + 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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Figure C.14: Distributions in the single-top control region of DM _low: A¢ between FEIiss

and lepton (top left), minimum A® between ET and any signal jet (top right),

miss
T,sig

(bottom left) and leading jet pr (bottom right). Each background (t¢, W+jets, Wt, and
tt + 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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Figure C.15: Distributions in the single-top control region of DM low: jet (left) and b-
jet multiplicity (right). Each background (¢t, W+jets, Wt, and tt + 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.

o T S AQF T T
g 120*(_ L --Data x:Total SM ] () F 5= 13TeV 132 fo --Data ¥3TotalSM
1% [Vs=13TeV, 13.2 Cw+y [ty ] 8 35157 eV, 1o Ow+y ity E
S 100~ mt Oztets Y F mt O z+ets E
P L [w+ets  [tE+V ] & 30 = [Cw+ets  [ti+V E
80F Owt Epiboson ] g 25E Dwt [Mpiboson
4 > c 7
4 [} [l i
] 15 =
40 = 105 ]
20 3 2 E
OSE —— L mn 0: == — b ShA

10 15 20 25 30 0 100 200 300 40 500 600
ﬁrlss significance I’T’IT = m; with photon added [GeV]
o 2T Ty o 25‘,,,_HWHHWHWHHMTVE
S 15 = S 156 1 | 3
S , | E S i Lot + | l | | E
E - * ¥ I T S A S e R h
a 05¢ E o 05 E
Y R R B P P I AR I AL 3

Figure C.16: Distributions in the t#y control region of DM _low: A¢ between EM and
lepton (top left), minimum A® between Ef™ and any signal jet (top right), Hy' (bottom
left) and leading jet pr (bottom right). Each background (tt, W-+jets, Wt, and tt + 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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Figure C.17: Distributions in the top control region of DM high: transverse mass (top left),
asymmetric stransverse mass amyp (top right), lepton pr and n (bottom left and right). Each
background (tt, W+jets, Wt, and tt+ W /Z) is normalised by normalisation factors obtained

by background-only fits.

systematic uncertainties. The last bin includes overflow.

The uncertainty band includes statistical and all experimental
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Figure C.18: Distributions in the top control region of DM high: minimum A® between
EF™ and any signal jet (top left), HFS (top right) and leading jet pr (bottom). Each
background (tt, W-jets, Wt, and tt + 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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Figure C.19: Distributions in the top control region of DM high: jet (left) and b-jet multi-
plicity (right). Each background (tt, W-jets, Wt, and tt + 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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Figure C.20: Distributions in the W +jets control region of DM high: transverse mass
(top left), asymmetric stransverse mass ampo (top right), lepton pr and 1 (bottom left and
right). Each background (¢, W-jets, Wt, and tt + 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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Figure C.21: Distributions in the W-jets control region of DM _high: minimum A® between
E}™ and any signal jet (top left), Hf' (top right), jet multiplicity (bottom left) and leading
jet pr (bottom right). Each background (tt, W+jets, Wt, and tt + 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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Figure C.22: Distributions in the W +-jets control region of DM high: jet multiplicity. Each
background (tt, Wjets, Wt, and tt+ 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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Figure C.23: Distributions in the single-top control region of DM high: transverse mass
(top left), asymmetric stransverse mass ampo (top right), lepton pr and 7 (bottom left and
right). Each background (tt, W-jets, Wt, and tt + 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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Figure C.24: Distributions in the single-top control region of DM high: minimum A®
between Ef™ and any signal jet (top right), HF'SS (bottom left) and leading jet pr (bottom
right). Each background (¢, W-jets, Wt, and tt + 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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Figure C.25: Distributions in the single-top control region of DM high: jet (left) and b-
jet multiplicity (right). Each background (tt, W+jets, Wt, and tt + 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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Figure C.26: Distributions in the ¢ty control region of DM high: A¢ between EX and
lepton (top left), minimum A® between EF™ and any signal jet (top right), Hf (bottom
left) and leading jet pr (bottom right). Each background (¢t, W-jets, Wt, and tt + 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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Figure C.27: Distributions in the top validation region of DM low: transverse mass (top
left), asymmetric stransverse mass ampy (top right), lepton pr and n (bottom left and
right). Each background (¢, W-jets, Wt, and tt + 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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Figure C.28: Distributions in the top validation region of DM _low: A¢ between ER and
lepton (top left), minimum A® between EF™ and any signal jet (top right), Hf (bottom
left) and leading jet pr (bottom right). Each background (¢t, W-jets, Wt, and tt + 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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Figure C.29: Distributions in the top validation region of DM low: jet (left) and b-jet
multiplicity (right). Each background (t¢, W-jets, Wt, and ¢t + W/Z) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes sta-
tistical and all experimental systematic uncertainties. The last bin includes overflow.
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Figure C.30: Distributions in the W-jets validation region of DM low: transverse mass
(top left), asymmetric stransverse mass ampy (top right), lepton pr and 7 (bottom left and
right). Each background (tt, W-jets, Wt, and tt + 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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Figure C.31: Distributions in the T +jets validation region of DM _low: A¢ between Eiss
and lepton (top left), minimum A® between EF™ and any signal jet (top right), HPSS
(bottom left) and leading jet pr (bottom right). Each background (t¢, W+jets, Wt, and
tt + 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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Figure C.32: Distributions in the W-jets validation region of DM low: jet multiplicity.
Each background (tt, W-jets, Wt, and ¢t + W/Z) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experi-
mental systematic uncertainties. The last bin includes overflow.
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Figure C.33: Distributions in the top validation region of DM high: transverse mass (top
left), asymmetric stransverse mass ampy (top right), lepton pr and n (bottom left and
right). Each background (tf, W+jets, Wt, and tt + 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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Figure C.34: Distributions in the top validation region of DM _high: minimum A® between

EXss and any signal jet (top left),
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(top right) and leading jet pr (bottom). Each

background (tt, W-jets, Wt, and tt+ W/Z) is normalised by normalisation factors obtained
The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow.

by background-only fits.
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Figure C.35: Distributions in the top validation region of DM high: jet (left) and b-jet
multiplicity (right). Each background (t¢, W+jets, Wt, and tt + W/Z) is normalised by
normalisation factors obtained by background-only fits. The uncertainty band includes sta-
tistical and all experimental systematic uncertainties. The last bin includes overflow.
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Figure C.36: Distributions in the W-jets validation region of DM _high: transverse mass
(top left), asymmetric stransverse mass ampo (top right), lepton pr and 7 (bottom left and
right). Each background (tt, W-jets, Wt, and tt + 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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Figure C.37: Distributions in the Wjets validation region of DM high: minimum A®
between Ef** and any signal jet (top left), HFSS (top right), jet multiplicity (bottom left)
and leading jet pr (bottom right). Each background (tf, W+jets, Wt, and tt + 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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Figure C.38: Distributions in the W-jets validation region of DM high: jet multiplicity.
Each background (tt, W-jets, Wt, and ¢t + W/Z) is normalised by normalisation factors
obtained by background-only fits. The uncertainty band includes statistical and all experi-
mental systematic uncertainties. The last bin includes overflow.
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C.5 Full List of Signal Region Plots

C.5.1 DM low
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Figure C.39: Distributions in the DM low signal region: transverse mass (top left), asym-
metric stransverse mass ampo (top right), lepton pr and n (bottom left and right). Each
background (tt, W-tjets, Wt, and tt + 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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Figure C.40: Distributions in the DM _low signal region: A¢ between ER and lepton (top
left), minimum A® between Ef'™ and any signal jet (top right), Hf's3 (bottom left) and
leading jet pr (bottom right). Each background (¢, W+jets, Wt, and tt+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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Figure C.41: Distributions in the DM _low signal region: jet (left) and b-jet multiplicity
(right). Each background (¢, W+jets, Wt, and tt + 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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Figure C.42: Distributions in the DM _high signal region: transverse mass (top left), asym-
metric stransverse mass amry (top right), lepton pr and n (bottom left and right). Each
background (tt, W+jets, Wt, and tt+ 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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Figure C.43: Distributions in the DM _high signal region: minimum A® between Fiss
and any signal jet (top left), HS> (top right) and leading jet pr (bottom). Each back-
ground (tt, W+jets, Wt, and tt + 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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by background-only fits. The uncertainty band includes statistical and all experimental
systematic uncertainties. The last bin includes overflow.






Appendix D

Investigation of the Data Excess

With the observation of an excess over 30 many additional cross-checks were performed 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

As a first approach to understand whether an experimental problem led to the observed
excess of data events over the Standard Model background prediction, general properties
of the selected events and the excess are reviewed. Neither the event displays (an example
is shown in Fig. 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 ER is selected by the signal region

requirements.

As discussed in Chapter , the excess tends to be located towards low mr, low EXS 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 AR. Exemplarily, the distance between leading and sub-leading or third-leading jet
in the transverse plane is shown in Fig. in the DM __low signal region and its tf control

region.

Also the overlap between the signal regions that see an excess was mentioned in Chapter [§
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
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ATLAS 2015-10-27 07:00:54 CET source:DM_low.283429 2810040550.JiveXML run:283429 ev:2810040550 Atlantis

10

Y (m)
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-10 1] X (m) 10 -20 ] Z (m) 20

Figure 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
EX5ss in the event.

such as ttZ, while in tf 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.

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 pr of the
reconstructed hadronic top and the tf system (Fig. . 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 background was found to
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Figure D.2: Distribution of A¢ between leading and sub-leading (left) or third-leading jet
(right) in the top control region (top) and the DM low signal region (bottom).

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 (tttt, tZ, ttWW, tZW). 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 ER* that is applied in
the analysis.

Remarkably, a normalisation factor of roughly 1.5 was observed for the ¢tZ background. This
could be due to a missing background in the ¢ty control region. Indeed, W + 7 processes
account for about 10% of the events in the ¢+ control region. Including this background in
the determination of the normalisation factor led to a slightly smaller normalisation factor
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Figure D.3: Distribution of ¢t pr (left) and hadronic top pr (right) in the top control region
(top) and the DM _low signal region (bottom).

for ttZ. The high normalisation factor was further scrutinised in a tri-lepton ¢£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.

D.3 Object Reconstruction

Since the analysis relies heavily on BT special emphasis was given to the validation of its
performance. Fig. shows the distribution of the different components of EX in the top
control region, Fig. in the DM _low signal region.
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Figure D.4: Distribution of the different components of the EXs: 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).

It was also verified that no regions in the n—¢ 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.

Furthermore it was confirmed that there is no significant difference observed between electron
and muon 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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Figure D.5: Distribution of the different components of the EXs: electron (top left), muon
(top right), jet (bottom left) and soft term (bottom right) in the DM low signal region
(bottom).

The excess of DM _low prefers 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. Fig. [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.



Appendix D. Investigation of the Data Excess 313

-e-Data

%_, -e-Data N Total SM 5 % D = Total SM 5
o 9Es = 13 Tev, 13.2 fb™ mt CIW+ets 3 o 95 (s =13 Tev, 13.2 b mt CIW+ets
o 8 lectrdn channel [Single top [@Diboson 3 o 8 [Single top [@Diboson 3
Q @i+ 3 N Wi+ E
a 3 2 7 E
& 6 4 & 6 3
> E > E
o 5 = o 5 —
A 3 4 E
3 = 3 E
2 E 2 E
0 [T AT A IR 3 0 E
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
lepton P, [GeV] lepton P, [GeV]
2 1.5;.!!vvv|[vvv{vvv{vv||||||v]vv||||||||||||||||JE E 1.5;.!vvvvl[vvvvvv|{vvvv—r|l:||rrrl|rrrr|rrrl|rrraz
@ F ] @ F ]
T I m g Ir 1
© = 9 © = 3
(=) C . [a) C ]
0.5 AR I Ll 1 1 1 [ 0.5k M | e PPN BT P
A AR R 1 DA g e I B e LI S VA TP T o
I} [ -»-Data X Total SM r) [ - Data  Total SM
q>) [ mmtt CIWH+ets q>) - mmtt CIWHjets
Q[ Single top EDiboson 20— Single top [ Diboson
L mt+V [ mt+Vv
15i 15}
101 10}
5 5
0: ““““ | | | G:‘ ol | l | | l
0 1 2 3 4 5 0 1 2 3 4 5 6
(LooseTrackOnly+Loose+Gradient+GradientLoose) (LooseTrackOnly+Loose+Gradient+GradientLoose+Tight)
2 1.5;.!vv{vvvv[vvvv{vvvv{vvvv{vvvv{vvvv{vvvv{vvvv{vvv.l; 2 1.5:_vvvv{vvvv{vvvvIvvvv]vvvv{vvvv_:
@ C ] 0 F ]
g Ir m g Ir
© = E © = E
a L 3] a L 1
05t b e b b b by b by O v v 1 v v e e

Figure D.6: Left: electron pr (top) and quality (bottom). Right: muon pr (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 (u < 15) and a high-pile-up (1 > 15) sample. No significant differences
were observed. Exemplarily, Fig. shows the EXs distribution under both conditions.
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Figure 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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