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ABSTRACT

Despite the multiple astrophysical and cosmological compelling evidences for Dark
Matter, its true nature remains unknown. A motivation to dark matter searches at
the Large Hadron Collider (LHC), and in particular in the ATLAS experiment, is
the especially promising possibility that interactions between ordinary matter and
dark matter are mediated by new spin-0 particles. Such particles would extend
the Standard Model with a potential dark sector, to which dark matter particles
belong. Similarly to the Higgs boson, these new mediators interact strongest with the
heaviest particles via Yukawa-type couplings, making them more prone to associated
production with heavy-flavour quarks. This thesis presents the results of the statistical
combination of two searches targeting dark matter associated production with a top
quark pair and a single top quark, targeting two charged leptons in the final state.
These two channels present in fact complementary properties and a combination
could enhance significantly the sensitivity to dark matter signals. This combination is
carried out using 139 fb−1 of pp collision data produced at centre-of-mass of 13 TeV
recorded by the ATLAS detector at the LHC. A special focus is brought to the estimation
of objects wrongly misidentified as leptons, known as fakes and non-prompt leptons,
as they represent an important source of contamination in both searches. The results
of the combination are interpreted in terms of simplified dark matter models with a
spin-0 scalar or pseudoscalar mediator particle. The statistical combination extends
the exclusion at 95% Confidence Level (CL) of masses up to 350 GeV for both scalar
and pseudoscalar mediators. The observed upper limits on the cross-section are
improved up by 20%(30%) for scalar(pseudoscalar) mediator with respect to the best
of the individual channel. These results are also compared to the ones obtained by
direct detection experiments on the spin-independent dark matter-nucleon scattering
cross-section limits at 90% CL, providing a significant coverage of the low dark matter
mass region.
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ZUSAMMENFASSUNG

Trotz der zahlreichen astrophysikalisch und kosmologisch überzeugenden Beweise
für Dunkle Materie bleibt ihre wahre Natur unbekannt. Eine Motivation für die
Suche nach Dunkler Materie am Large Hadron Collider (LHC) und insbesondere
mit dem ATLAS-Experiment ist die besonders vielversprechende Möglichkeit, dass
Wechselwirkungen zwischen gewöhnlicher Materie und Dunkler Materie durch neue
Spin-0-Teilchen vermittelt werden. Solche Teilchen würden das Standardmodell um
einen potentiellen Dunklen Sektor erweitern, zu dem die Teilchen der Dunklen Ma-
terie gehören. ähnlich wie das Higgs-Boson interagieren diese neuen Mediatoren am
stärksten mit den schwersten Teilchen über Kopplungen vom Yukawa-Typ, wodurch
sie empfänglicher für die damit verbundene Produktion durch Quarks mit schwerem
Flavour werden. Diese Dissertation präsentiert die Ergebnisse der statistischen Kom-
bination von zwei Suchen, die auf die mit Dunkler Materie verbundene Produktion
von einem Top-Quark-Paar oder einem einzelnen Top-Quark, jeweils zwei gelade-
nen Leptonen im Endzustand, abzielen. Diese beiden Kanäle weisen komplementäre
Eigenschaften auf, und eine Kombination kann die Empfindlichkeit gegenüber Dunkle-
Materie-Signalen erheblich verbessern. Diese Kombination wird unter Verwendung
von 139 fb−1 pp-Kollisionsdaten durchgeführt, die bei einer Schwerpunktsenergie
von 13 TeV erzeugt und vom ATLAS-Detektor am LHC aufgezeichnet wurden. Ein
besonderer Fokus wird dabei auf die Abschätzung von Untergründen durch Objekte,
die falsch als Leptonen identifiziert wurden und solche, die nicht aus der primären
Kollision stammen, gelegt, da diese bei beiden Analysen eine nicht vernachlässigbare
Untergrundquelle darstellen. Die Ergebnisse der Kombination werden in Bezug auf
vereinfachte Modelle für Dunklen Materie mit einem skalaren oder pseudoskalaren
Spin-0-Mediator interpretiert. Die statistische Kombination weitet die bei einem
Konfidenzniveau von 95% ausgeschlossenen Massen auf bis zu 350 GeV sowohl für
skalare als auch für pseudoskalare Mediatoren aus. Die beobachteten Ausschlußgren-
zen des Wirkungsquerschnitts werden für den skalaren (pseudoskalaren) Mediator
um 20% (30%) gegenüber dem Besten des einzelnen Kanals verbessert. Diese Ergeb-
nisse werden auch mit denen verglichen, die durch Direktdetektionsexperimente an
den spinunabhängigen Querschnittsobergrenzen der Streuung von Dunkler Materie
und Nukleonen bei 90% Konfidenzniveau erhalten wurden, was eine signifikante
Abdeckung des Bereichs von Dunkler Materie mit geringer Masse aufzeigt.
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INTRODUCTION

In the last decades particle physics have made a dramatic leap forward in the com-
prehension of our universe. In particular, the Standard Model (SM) [1–4] managed
to provide throughout time a solid theory describing all known elementary particles
and their quantum interactions (strong, electroweak, electromagnetic). Precision
measurements confirmed and constrained its theoretical predictions [5, 6] and the
discovery of the Higgs boson in 2012 [7, 8] at the Large Hadron Collider (LHC) [9]
is the capstone of this ambitious theory. Nevertheless, the Standard Model has its
limitations and leaves many questions unanswered. One in particular has to do with
our current knowledge of what the universe is actually made of. It has been observed
in fact, that ordinary matter only accounts for nearly 5% of the mass-energy of the
universe. What remains are what is called dark energy and dark matter, which ac-
count for nearly 70% and 25% of the universe mass-energy, respectively. Dark energy
modifies the metric of space, while dark matter only interacts via gravity. While the
former has been proven responsible for the accelerating expansion of the universe,
the existence of dark matter has been implied by several astrophysical observations
[10–13]. Despite those strong pieces of evidence, the nature and properties of dark
matter remain largely unknown in the context of the SM.

Many theories Beyond the Standard Model (BSM) [14] are envisaged to include
dark matter in the SM. A well-motivated candidate for dark matter is the Weakly
Interacting Massive Particle, or WIMP. This candidate is extensively studied in high-
energy physics experiments by the means of complementary approaches. One of
them is to produce dark matter particles pairs directly in colliders such as the LHC,
the world most powerful proton-proton (pp) collider to this day.

One type of model that could account for WIMPs in the SM are the so-called
simplified models [15], which assume the existence of a spin-0 mediator particle
coupling both to the SM and the dark sectors. The mediator is considered colour-
neutral and can be either scalar (φ) or pseudo-scalar (a). In these models, the dark
matter candidate is assumed to be a Dirac fermion, noted χ. The mediator on the
other hand follows Yukawa-type couplings, which is possible thanks to the Minimal
Flavour Violation [16] hypothesis. This relaxes the strong constrains set by precision
flavour measurements, meaning that any spin-0 colour-neutral particle coupling
would be proportional to the fermion masses. In this configuration, dark matter
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particle pairs produced in association with the heaviest SM particle, the top quark,
are the processes expected to dominate.

In this thesis, two specific signatures featuring top quarks are considered: dark
matter with associated production of top quark pairs (DM+t t̄) and with associated
production of a single top quark.The former signature has been extensively studied
within the ATLAS and CMS experiments [17–24], as the topology of dark matter
processes with top quark pairs allows for large cross-sections in particular for low-
mediator masses. On the other hand, the single top associated production of dark
matter is getting more and more attention. Indeed, despite lower cross-section values,
this process offers a wider range of production modes and kinematics [25]. This leads
to rates overall comparable to the top quark pair production mode and particularly
for high mediator masses. Combining statistically the two production modes would
logically improve the sensitivity to dark matter signal through a wider coverage of the
mediator mass range. Several production modes exist for the single top associated
process. The single top quark can either be produced through a t-channel or s-
channel, or in associated production with a W boson. A novel dark matter search
with a single top quark was carried out in the specific two Higgs doublet model
involving a pseudoscalar mediator (or 2HDM+a) and, in the absence of evidence
for dark matter discovery, provided new exclusion limits for the various parameters
defining this model [26].

The aim of this thesis is to statistically combine two dark matter searches targeting
a top quark pair [23] and a single top quark produced in association with a W
boson [26] in the simplified model to improve the sensitivity to dark matter signals.
This is done using the pp collisions data collected by the ATLAS experiment from
2015 to 2018. The combination focuses on the channels with two leptons in the final
state. In the top quark pair search this channel is the most sensitive, while being
strongly sensitive in the tW search. Moreover, processes with two leptons in the final
state present similar experimental signatures for both processes. This leads to similar
dominating backgrounds and hence, a similar approach in backgrounds estimation
which simplifies the combination strategy.

This thesis is structured as follows: Chapter 1 will provide a theoretical introduc-
tion of the SM and its current limitations and how the WIMP candidate hypothesis
could fit in the SM scenario. This will be followed by the current situation of dark
matter production at the LHC and the simplified models with heavy flavour quarks
phenomenology. Chapter 2 and 3 will be dedicated to the experimental apparatus of
the LHC and the ATLAS detector, as well as the different techniques used for event
reconstruction. Chapters 4 will present the combination strategy, the definition of
the signal and the backgrounds estimation for both top quark pairs and single top
quark dark matter analyses before describing the regions definition for the combined
analysis. In chapter 5, a particular focus will be brought to the estimation of non-
prompt leptons or objects falsely reconstructed as leptons in the single top analysis
that was carried out in this thesis. The systematic uncertainties and their impact on
the combined analysis will be described then. Finally, Chapter 6 will be dedicated
to the final results obtained thanks to the statistical combination and compared to
existing results in other high-energy physics experiments.
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CHAPTER

THE STANDARD MODEL

AND BEYOND 1
The Standard Model is an ambitious theory whose validity and precision have

been proven more than once. However, open questions still remain, in particular

regarding the true nature of the so-called Dark Matter, which accounts for nearly

25% of the Universe composition. This chapter provides an introduction to the

Standard Model and the open questions before focusing on Dark Matter, the

evidences of its existence, the hypotheses on its nature and how experiments

attempt to detect it, in particular at the Large Hadron Collider. The last part of

this chapter focuses on the targeted Dark Matter models and the specific case of

the simplified Dark Matter models with associated production of top quarks.

1.1 The Standard Model and its limitations

The theories and discoveries of thousands of physicists in the last two centuries have
resulted in a remarkable insight into the fundamental structure of matter: everything
in the universe is found to be made from a few basic building blocks called elementary
particles, governed by four fundamental forces, namely electromagnetic (EM), weak,
strong and gravitational, each working over different ranges and strengths. Gravity is
the weakest but has infinite range. The EM force also has infinite range but is much
stronger than gravity. The weak force, responsible for the radioactive decay of atoms,
is much stronger than gravity but is the weakest of the three other forces, while the
strong force is indeed the strongest of all four fundamental interactions. Contrary to
gravity and the EM interaction, both weak and strong interactions are effective only
over a very short range at the subatomic level.

To this day, the best understanding of how these particles and three of the forces
are related to each other is encapsulated in the Standard Model [1, 2, 29, 30].
Developed throughout the second half of the 20th century and finalised in the early
70s, this theory describes three fundamental forces (electromagnetic, weak and strong
interactions) mediating the dynamics of the known subatomic particles. The Standard
Model (SM) of particle physics is one of the most successful physics theories achieved
so far along with General Relativity [31]. It has provided excellent experimental
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predictions and established itself as a well-tested physics theory over time through
the validation of several experimental results.

The SM encapsulates three generations of elementary particles and three fun-
damental forces illustrated in figure 1.1 with their associated properties. These
particles called fermions (and anti-fermions) are divided in quarks and leptons. Each
subgroups are composed of six particles related in pairs, or ‘generations’. These three
generations are ordered by their mass. The first generation makes up the lightest
particles and form the stable matter in the universe, while the second and third
generations consist of the heaviest and least stable particles. They usually decay
sequentially in the lighter families. Fermions are characterised by the electric charge
and the weak isospin for electroweak interaction, and the ‘colour’ charge, which is
only specific to quarks. The three generations of quarks are paired from lightest to
heaviest in up and down quarks (u,d), charm and strange quarks (c,s) and top and
beauty/bottom quarks (t,b). The six leptons are also arranged in three generations of
a charged particles with sizeable mass, namely the electron e−, the muon µ− and the
tau τ−. Each of them are paired with an electrically neutral, light particle: electron
with electron neutrino νe, muon with muon neutrino νµ and tau with tau neutrino
ντ. Similarly to the quarks, leptons have their corresponding antiparticle, e+, µ+, τ+,
and ν̄e/µ/τ.

Together with these particles families, the SM also describes three of the funda-
mental forces as the result of the exchange of force-carrier particles named bosons.
Particles composing matter transfer discrete amounts of energy by exchanging bosons
with each other. Each fundamental force has its own corresponding boson. The
strong force is carried by the gluons g, the EM force by the photon γ, while the W±

and Z bosons are responsible for the weak interactions. The graviton should be the
hypothetical corresponding force-carrying particle of gravity, although no evidence
was found til this date.

In the mathematical description, the Standard Model consists of a gauge symmetry
group [32]

SU(3)C ⊗ SU(2)L ⊗ U(1)Y (1.1)

with associated gauge boson to each generator of the group algebra:
– Eight spin-one particles corresponding to the gluons Gα

µ
(x) (α = 1, . . . , 8) asso-

ciated with SU(3)C and corresponding to the strong interaction,
– Three spin-one particles W a

µ
(x) (a = 1, 2, 3) associated with the SU(2)L gauge

field tensor corresponding to the weak interaction,
– One spin-one particle Bµ(x) associated with the U(1)Y weak hypercharge cor-

responding to the EM interaction.
The subscript C corresponds to the colour charge and the associated force is known
as the strong interaction. Quantum Chromodynamics (QCD) is the theory describing
the strong interaction. Particles interacting with this gauge group factor and coupling
to gluons are said to be coloured or carry colour. The subscript L is associated to the
weak isospin T3 and the chirality property of fermions which can either be left- and
right-handed, and indicates that only left-handed fermions carry this quantum number.
Finally, the subscript Y corresponds to the weak hypercharge, to be distinguished
from the group associated with the ordinary electric charge Q = T3 +

1
2 Y . As listed

above, the SM symmetry group SU(3)C ⊗ SU(2)L ⊗ U(1)Y has 8+ 3+ 1= 12 gauge

5
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bosons, and if the symmetry is unbroken, these gauge bosons are massless. In fact, any
particle mass terms in the SM Lagrangian is forbidden by the gauge symmetry [33–
35]. These massless gauge bosons mediate the fundamental forces: the gluons are the
carriers of the strong force while the gauge bosons W a

µ
and Bµ are the mediators of

the weak and EM interactions respectively. In the 60s, Glashow, Salam and Weinberg
(GSW) developed a theory [1, 2, 30] which unifies the weak and EM interactions
into a single electroweak (EW) gauge theory or GSW theory which is invariant under
SU(2)L ⊗ U(1)Y transformation.

However, while the massless gluons can be directly identified with the strong
interaction, the same cannot be done with the massless W a

µ
and the massive mediators

of the weak force, W± and Z , experimentally observed. This is solved by the Brout-
Englert-Higgs (BEH) mechanism [33–35], which spontaneously breaks SU(2)L ⊗
U(1)Y to the electromagnetic group U(1)em with the introduction of scalar fields
called Higgs fields. This mechanism of spontaneous symmetry breaking (SSB) in
the SM is experimentally verified in 2012 with the discovery of a particle consistent
with a Higgs boson with mass mH ' 125 GeV [7, 8]. This procedure leads to a
massless gauge boson Aµ identified with the photon γ, a massive gauge boson Z as
the mediator of the neutral currents of the weak force, and two charged massive
vector bosons W±. The mass eigenstates of these resulting bosons can be described
by

W± =
1
p

2
(W 1 ∓W 2),

�

Z
A

�

=
�

cosθW − sinθW

sinθW cosθW

��

W 3

B

�

, (1.2)

Where θW is the Weinberg angle or mixing angle defined by sinθW =
e
g2

with e the
electric charge and g2 the gauge coupling constant for SU(2)L.

In addition, the fermions also acquire mass through the Higgs field by including
new Yukawa interactions [1] which obey SU(2)⊗U(1). Given their ‘coloured’ nature,
quarks transform under SU(3)C while leptons only have weak isospin and electric
charge. Fermions are divided into left and right handed chirality eigenstates. Left
handed fermions transform as doublets under weak interaction SU(2)L while right
handed fermions only as singlets. This is summarised by

�

u
d

�

L

�
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s

�

L
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t
b

�

L

�

νe

e

�

L

�

νµ
µ

�

L

�
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τ

�

L
uR, dR cR, sR tR, bR eR µR τR

(1.3)

In the SM are thus assumed to be purely left-handed and massless, however
experimental results [36, 37] showed that neutrinos do have a mass, although very
small. They are also found only left-handed while the anti-neutrinos are right-
handed. Other hypotheses exist to account for this asymmetry, such as Majorana
fermions, where neutrinos are their own antiparticle, however no observation of such
mechanism has been observed so far. Figure 1.2 illustrates the symmetry breaking
mechanism, starting with a set of massless elementary particles, to the massive set
of fermions and gauge bosons associated to the weak interactions through Higgs
mechanism, together with the massless gluons and photon associated respectively to
the strong and EM interactions.

The well-known Lagrangian invariant under local weak isospin and hypercharge
gauge transformations, described using the SU(2) ⊗ U(1) group, can be written

6



1.1. The Standard Model and its limitations

Figure 1.2: Standard Model of Particle Physics. The diagram shows the elementary particles
of the Standard Model (the Higgs boson, the three generations of quarks and leptons, and the
gauge bosons), including their names, masses, spins, charges, chiralities, and interactions with
the strong, weak and electromagnetic forces. It also depicts the crucial role of the Higgs boson
in electroweak symmetry breaking, and shows how the properties of the various particles
differ in the (high-energy) symmetric phase (top) and the (low-energy) broken-symmetry
phase (bottom). From [38].
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1– THE STANDARD MODEL AND BEYOND

as [39]

L =−
1
4

Fa
µν

Faµν

+ iψ̄i /Dψi + h.c.

+ iψ̄i yi jψyφ + h.c.

+ |Dµφ|2−V (φ)

(1.4)

The first line of the equation contains the kinetic terms for the gauge sector of the
theory with a running over all the gauge fields. Associated with the three gauge
groups, there are three coupling g1,2,3. The second line describes the interactions
between the matter field (fermions) ψ and the boson gauge fields. The third line
is the Yukawa sector and incorporates the interactions between the fermions and
the Higgs field φ, responsible for giving fermions their masses via SSB. The last line
describes the Higgs sector kinetic term and potential term V (φ) defined as

V (φ) = −µ2|φ|2+λ|φ|4, µ,λ > 0. (1.5)

Despite its predictive power and the successful theoretical and experimental
achievements, the SM remains incomplete, as it does not address several unsolved
phenomena.

First of all, the so-called hierarchy problem sheds light on the humongous en-
ergy scale difference observed between the electroweak symmetry breaking scale
O (100 GeV) and the electroweak and strong forces unification scale O (1016 TeV)
or the Planck scale O (1019 TeV) at which gravity effects become important. The
hierarchy problem questions the naturalness of the Standard Model, as some of its
parameters are characterised by large quantum loop corrections which require precise
fine-tuned constants to fit experimental observations. An example is the corrections
to the Higgs mass. The Higgs mass was measured to be mh = 125.25±0.17 GeV [28],
which is of same order than the electroweak symmetry breaking scale. A naive, yet
rightful question one could ask is why the Higgs carries such a ‘low’ mass, in the
O (100) GeV scale, while the Planck mass is 17 orders of magnitude higher. The
measured mass of the Higgs can be written as

m2
h = 2µ2 +δm2

h (1.6)

where
p

2µ2 is the ‘bare’ Higgs mass and δm2
h accounts for quantum loop corrections

for each particle interaction with the Higgs sector. These corrections are proportional
to the energy squared, meaning that they would diverge very rapidly, unless a strong
fine-tuning or correction from new physics to suppress the divergent correction loops
are considered.

Another unsolved question is the fourth fundamental interaction, gravity, which
has yet to be fitted in the theory.

In addition, the SM cannot explain the matter over anti-matter asymmetry in
the Universe. The SM predicts that matter and antimatter should have been created
in equal amounts, yet only a negligible amount of antimatter exists in the universe,
which is not explained by any SM mechanism.

Furthermore, cosmological and astrophysical observations have shown that all
visible matter accounts only for about 5% of the mass-energy of the Universe. The

8



1.2. Dark Matter

non-baryonic content (where baryon refers to particles made of three quarks such as
the protons or neutrons) of the universe, that is dark energy and Dark Matter, make up
respectively 68% and 27% of the universe composition. Evidence for Dark Matter was
provided through several astronomical observations and calculations of gravitational
effects, such as the rotation speed of galaxies and the so-called gravitational lensing.
However, the nature of Dark Matter still remain unknown, and several hypotheses are
actively explored. One of the most popular is a weakly interacting massive particle
(WIMP) candidate, currently investigated by the High Energy Physics community and
in particular at the Large Hadron Collider (LHC).

1.2 Dark Matter

This section details the multiple evidences for Dark Matter (DM) despite its unknown
nature. A description of the existing hypotheses follows, before focusing on the
WIMPs case and the dedicated detection methods exploited to observe them. Specific
emphasis will be brought to the detection at colliders, where several models with
diverse phenomenology are considered.

1.2.1 Evidences for Dark Matter

Although its nature still remains a mystery til this day, the presence of DM has been
confirmed by several cosmological and astrophysical observations spanning over large
energy scales, showing the effects of this unknown non luminous matter (that is, non
interacting via EM or strong forces) across the universe. First evidences of DM go
back to the 30s, during which several studies on the galaxies rotation velocities [40]
were carried out. In particular in 1933, the Swiss astronomer Fritz Zwicky [10]
inferred the dynamical mass of the Coma cluster. Using the virial theorem to compute
the cluster’s mass, he found out that the derived mass was 400 times larger than the
mass inferred from the observed luminosity. He then inferred that the missing mass
of the cluster was coming from unseen matter that he called Dunkler Materie, i.e.
Dark Matter.

Nearly 40 years later, additional detection techniques provided even clearer
evidence of the influence of some unknown matter on astrophysical objects via the
study of the rotation curves of galaxies, performed by Vera Rubin and collaborators [41,
42]. By observing the Doppler shift of the 21 cm spectral line of the hydrogen, the
rotation curves can be measured. Assuming that the orbit of starts within a galaxy has
similar behaviour than the rotation of planets within a solar system, then according
to Newton laws the rotation speed of an object at a radius r from the galaxy center is
expressed via

v(r) =

√

√GM(r)
r

(1.7)

where G is the gravitational constant, M(r) = 4π
∫

ρ(r)r2dr, the mass of the galaxy
within radius r, with ρ(r) the mass density function. According to 1.7, v(r)∝ 1/

p
r,

meaning that the rotation velocity should decrease going further away from the
galaxy centre. What is observed by Rubin however, is a ‘flat’, asymptotic behaviour
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1– THE STANDARD MODEL AND BEYOND

Figure 1.3: Measured rotational velocities of the galaxy NGC3198 [43] (red points) compared
to the rotation curve predicted by ‘Keplerian’ theory (dashed curve).

at large distances, as illustrated in figure 1.3. The velocity remains constant until
the visible galaxy edge. Rubin inferred the presence of additional mass to prevent
the galaxy to fall apart, suggesting the presence of a halo of non-luminous matter
surrounding the galaxy.

Another evidence of DM came from the observation of the collision of two galaxy
clusters known as the Bullet Cluster. During the collision, the clusters stars and
galaxies pass each other without interaction. What interacts however is the hot
gas surrounding the galaxies, which gets compressed and shock heated during the
collision, leading to a large amount of X-ray radiation emissions. Such emissions were
observed at the NASA’s Chandra X-Ray Observatory in 2006 [44] and are illustrated in
figure 1.4. The blue region is derived from gravitational lensing (that is, the bending
of light passing by a significant amount of matter such as galaxy clusters), and marks
where the highest mass concentration is found, while the red region corresponds
to the hot gas X-ray emissions, that is, baryonic matter. What was observed is that
baryonic matter is clearly shifted with respect to the centre of the mass distribution of
the Bullet Cluster. The much stronger force arising from gravitational lensing seems
to reveal that most of the cluster’s mass is made out of non-baryonic matter, that is
Dark Matter.

Another striking proof of the existence of DM in the cosmological scale was
found in the Cosmic Microwave Background (CMB) [47–49]. The CMB is a remnant
electromagnetic radiation emitted around 380,000 years after the Big-Bang, when
the universe expanded enough for protons and electrons to cool down and be able
to bind and form atoms. Photons also decoupled and cool down, reaching today’s
temperature universe of 2.7 K and propagating freely across space. The expansion of
the universe led the photons frequency to be shifted as well, reaching the microwave
wavelength invisible by the human eye. These remnant microwave photons form the
CMB. This ‘relic radiation’ shows tiny temperature fluctuations that correspond to
regions of slightly different densities at the scale of the µK2. Several experiments
measured these anisotropies in the CMB, gaining increased precision over time [12,
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1.2. Dark Matter

Figure 1.4: Composite image showing the galaxy cluster 1E 0657-56, better known as bullet
cluster. The image in background showing the visible spectrum of light stems from Magellan
and Hubble Space Telescope images. The pink overlay shows the x-ray emission (recorded by
Chandra Telescope) of the colliding clusters, the blue one represents the mass distribution of
the clusters calculated from gravitational lens effects [45].

Figure 1.5: The anisotropies of the cosmic microwave background, or CMB, as observed
by ESAs Planck mission. This image is based on data from the Planck Legacy release, the
missions final data release, published in July 2018 [46].
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Figure 1.6: Planck 2018 temperature power spectrum. Red dots correspond to the Planck
data, while the blue curve corresponds to the fit [54].

13, 50–52]. The latest CMB map is provided by the Planck survey of 2018 [12] and
is shown in figure 1.5.

The spatial temperature fluctuations of the CMB are measured as an angular
power spectrum, which can be expanded in terms of spherical harmonics [53]:

δT
T
(θ ,φ) =

+∞
∑

l=2

+l
∑

−l

almYlm(θ ,φ) (1.8)

The resulting power spectrum contains detailed information on the structure of the
universe

Cl ≡ 〈|alm|2〉 ≡
1

2l + 1

l
∑

m=−l

|alm|2 (1.9)

Figure 1.6 shows the power spectrum computed with the 2018 Planck data [54]. This
power spectrum provide multiple pieces of information on the universe composition.
The first peak position, since the size of the acoustic oscillations is well known, gives
precise measurement of the total quantity of matter in the universe and therefore its
curvature. The ratio of other peaks height provides information on matter and baryon
density, and distinguish ordinary matter from the non electromagnetic interacting
one. Thus, from the CMB angular power spectrum, the composition of the universe
can be inferred. The Planck 2018 survey derived precise total and baryonic matter
densities [54]

Ωmh2 = 0.3111± 0.0056 Ωbh2 = 0.02242± 0.00014, (1.10)
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1.2. Dark Matter

where Ωmh2 is the total matter density, Ωbh2 is the baryonic matter density, and
h≡ H0/100kms−1Mpc−1 is the reduced Hubble constant, with H0 the Hubble constant
today. This clearly shows that baryonic matter is not the only form of matter in the
universe. The current amount of DM density Ωch

2 was also derived assuming the
Lambda Cold Dark Matter (ΛCDM) model

Ωch
2 = 0.11933± 0.00014. (1.11)

with the ΛCDM model being a specific DM scenario in which the universe is composed
of Dark Energy (represented by the cosmological constant Λ), the cold Dark Matter
CDM (see next section) and the ordinary matter. This result means that the baryonic
matter only accounts for 4.9% of the total universe composition, while DM for nearly
26.8%.

1.2.2 Dark Matter models

The unknown nature of DM leads to a significant number of possible candidates and
models that are summarised in figure 1.7 from Ref. [55].

A first model idea is to consider that Dark Matter actually corresponds to macro-
scopic effects of baryonic matter strongly clumped together in MAssive Compact
Halos Objects (MACHOs) [56], such as primordial black holes, neutron stars or black
dwarfs. They would be sufficiently heavy, stable and weakly interacting with other
ordinary matter to represent good DM candidates. However searches for gravitational
microlensing [57, 58] strongly challenge this hypothesis, as MACHOs could account
for only a very small percentage of the total non luminous mass in our galaxy.

Another hypothesis is to assume that the current formulation of General Relativity
does not describe properly the effects of DM. The MOdified Newtonian Dynam-
ics (MOND) [59] partly solve ‘DM mysteries’ such as the anomalous behaviour of
galaxy rotation curves, however results from measurements such as the Bullet Cluster
seriously challenge this hypothesis.

Given the experimental observations described earlier in this section, the most
popular hypothesis is to consider DM as non-baryonic matter which formed in the
early universe [12]. The common properties of all considered DM candidates is
to be electrically neutral, only observed via gravitational interactions, and weakly
interacting with ordinary matter.

Different DM scenarios can be envisaged, based on the DM particle relativity,
namely hot, warm and cold DM. Hot DM would stand in the eV range, hot enough
such that even the universe expansion could not cool them down. Neutrino could be
a potential hot matter candidate, however it could not account all by itself for the
measured DM densities in galaxies [60]. Warm DM particles would lay in the keV-MeV
range. They would become non-relativistic during baryonic-DM decoupling while
the universe was expanding. A hypothetical particle called sterile neutrino could
be a good candidate for warm DM, and would be present with sufficient amount to
account for all DM [61]. Cold DM particles would stand in the GeV range, accounting
for the scenario where DM was already non-relativistic during the formation of stars
and galaxies.
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Figure 1.7: Visualisation of the possible solutions to the dark-matter problem in the form of
a mind-map diagram. The label ‘little Higgs’ refers to dark-matter candidates that arise in
the framework of little Higgs models and ‘extra dimensions’ indicates candidates related to
theories with extra space dimensions. TeVeS, tensorvectorscalar theory; MOND, modified
Newtonian dynamics; MaCHOs, massive compact halo objects [55].
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1.2. Dark Matter

So far the cold matter scenario is the most favoured one, providing the best
consistency with the aforementioned experimental evidences for DM. One of the most
popular candidates is the so-called Weakly Interacting Massive Particle (WIMP) [62]
with mass comprised in the range M ∼ 0.1− 1 TeV, arising naturally in many BSM
theories, such as in Supersymmetry as the lightest supersymmetric particle (LSP) [63].
A strong experimental motivation for WIMPs is that their thermal production at the
weak scale would account for the correct DM abundance in the universe. This is
known as the ‘WIMP miracle’ and will be further detailed in the next section.

In the rest of the thesis, Dark Matter will solely refer to WIMPs.

The WIMP miracle

Many scenarios are considered to explain the amount of DM observed today. The
freeze out scenario is one of the most popular. In this scenario, DM existed in large
amount in the early universe, decreasing to the amount observed today. When
the temperature of the universe was much higher than the DM mass, the DM χ
was in thermal equilibrium with the particles bath f . This means, that production-
annihilation of DM with those particles was happening at equal rates

χχ *) f f , (1.12)

leading the amount of DM to remain unchanged overall [64].
As the universe expands, its temperature decreases as particles interact less. The

temperature of the particle bath thus also decreases, and so does the energy scale.
When the temperature gets to the order of the DM mass, the production reaction
f f → χχ becomes kinematically forbidden, because the initial particle bath does not
have enough energy to produce DM. The annihilation process however can still occur
when DM interact with itself χχ → f f . As the universe cools down DM production
slowly decrease and eventually stops.

The particles continue to annihilate until they decouple due to expansion of the
universe, leading to a constant number. As a consequence, DM particles become
more and more separated from each other, making it harder for them to interact
and annihilate. This leads DM annihilation to eventually cease. The relic density of
WIMPs in thermal equilibrium can be derived through the Boltzmann equation [40]

dn
d t
= −3H0n− 〈σv〉(n2 − n2

eq), (1.13)

where 〈σv〉 is the thermal average of the effective annihilation cross-section times
the relative velocity (in other words, the annihilation rate of Dark Matter particles),
H0 is the Hubble constant today, n is the number density (i.e. number of particles per
unit volume) and neq the number density in thermal equilibrium. The term −3H0n
describes the decrease of the number density with the expansion of the Universe at
the Hubble rate H0, while the second term on the right hand side corresponds to the
annihilation term. The number density at equilibrium is given by

neq = g
�

mT
2π

�3/2

e−m/T (1.14)
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1– THE STANDARD MODEL AND BEYOND

Figure 1.8: Color-coded freeze out scenario. The solid line is the density of Dark Matter
that remains in thermal equilibrium as the universe expands. The dashed lines represent the
freeze out density. The red region corresponds to a time in the universe when the production
and annihilation rate are equal. The purple region; a time when the production rate is smaller
than the annihilation rate. The blue region; a time when the annihilation rate is overwhelmed
by the expansion of the universe. From [64] modified from [65].

in the non-relativistic limit. With some approximations, the Boltzmann equation can
be solved, giving the comoving number density, usually labelled Y , as function of the
mass-temperature ratio (since the universe cools down as it expands, it also represents
time evolution) in figure 1.8. The comoving Dark Matter density corresponds to the
number of DM particles inside an expanding volume and accounts for the expansion
of the universe. The solid black line is the comoving DM density which falls as the
production rate decreases as the universe expands. The dashed lines on the other
hand correspond to DM densities resulting from the cooling and expansion of the
universe. The curve flattens off as the universe expands faster than DM can annihilate
with itself. The colour-coding corresponds to the different stages of the freeze-out
scenario. The red region represents the hot early universe where the production and
annihilation rates are equal. In the purple region the universe begins to expand and
cool, transitioning to the blue region dominated by the expansion phase and where
the comoving density ‘freezes-out’. In this freeze-out period, equation 1.13 can be
solved, providing the following estimation of the relic density

Ωχh2 ≈
3× 10−27cm3s−1

〈σv〉
(1.15)

From this solution, one can see that if the cross-section is small (and thus so is the
rate), then the freeze-out temperature is reached earlier and vice versa. This is also
observed in figure 1.8 with the different dashed lines. The correct relic density of

Ωχh2 = 0.11425± 0.00311 (1.16)

derived from equations 1.10, can be obtained for 〈σv〉 ≈ 3 × 10−26cm3s−1. For
velocities v ≈ 0.1c one obtains an annihilation cross section of weak strength order
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Figure 1.9: Different detection mode of Dark Matter as function of the time axis.

∼ 10−36 cm2(= 1 pb) for a WIMP mass around the Fermi scale, that is in the GeV-TeV
scale. This coincidence is known as the WIMP miracle.

1.2.3 Dark Matter detection

According to the freeze-out scenario, DM particles cannot be produced in the universe
at the current temperature, however they can still interact with ordinary matter in
multiple ways, as illustrated in figure 1.9. The arrows represent the time direction.
DM particles can annihilate with each other and decay to other SM particles, and
the final product of the annihilation process can be detected. This is known as
Indirect Detection. WIMP candidates can also feebly interact with baryonic matter
through recoil. Detection of such interactions is defined as Direction Detection. Finally,
colliders with sufficient energy to reach the GeV-TeV scale can produce DM candidates
through collision of SM particles, like at the LHC. All three types of detection are
complementary to each other and their results need to be compared. In the following
section an overview of the different DM searches techniques is provided [28].

Direct detection

Direct detection of DM particles relies on a simple principle: if we assume that
the universe is filled of DM particles, then some of them should reach Earth and
interact with ordinary matter. These interactions could be detected as a nuclear
recoil. If we consider the Dark Matter density measured in the solar system, assuming
a mass of 100 GeV and a velocity of 200 km/s, then in one year, the Earth would
be crossed by nearly 1013 Dark Matter particles per cubic meter [66]. Dedicated
experiments thus require the use of a large amount of material to maximise the
chances of interaction. To avoid any contamination from strong backgrounds arising
from cosmic rays and natural radioactivity, the detectors are placed underground and
benefit from additional shielding.

Depending on the nature of the DM candidate, direct detection can be divided
in two main types of experiments. The first one targets spin-independent (SI) in-
teractions, where the scattering cross section is solely proportional to the mass of
the nuclei and thus motivates the usage of massive particles-based material as tar-
gets. The second category on the other hand is focused on spin-dependent (SD) DM
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1– THE STANDARD MODEL AND BEYOND

Figure 1.10: Illustration of Emiss
T as momentum imbalance in a physical process involving an

additional visible SM object.

particles, which couple preferentially to the nuclei spin, going in favour of detector
targets made of highly polarised material. Leading experiments are for instance
XENON1T [67], PandaX [68], DarkSide-50 [69] or IceCube [70].

Indirect detection

Indirect detection looks for decay products of SM particles resulting from DM anni-
hilation. Such processes are expected in regions of the universe where DM should
be present in a sizeable amount, such as galaxy centres for instance. Targeted an-
nihilation products include gamma rays, neutrinos and charged antiparticles such
as positrons or anti-protons, and should be observed in anomalous excess to be
accounted as signal. Indirect detection experiments can be either space-based such
as AMS [71] and Fermi-LAT [72] or relying on large telescope arrays like HESS [73].

Production at colliders

In the WIMP scenario, the DM mass scale lies in the GeV-TeV range, allowing for
the production of DM particles at collider experiments. Since DM particles travel
undetected through the detectors, targeted signatures are the products of the inelastic
collisions, such as particles or jets, which recoil against an invisible state and large
missing energy. The Large Hadron Collider experiments at CERN, in particular ATLAS
and CMS, are among the major experiments in DM seaches at colliders, and will be
the main focus of this thesis.

1.3 Dark Matter searches at the LHC

The absence of SM interactions of DM particles result in relatively weak couplings to
the SM particles. They would thus go undetected across collider detectors such as
ATLAS, as illustrated in left sketch of figure 1.10. What can be exploited instead is
the momentum conservation in the transverse plane of the proton-proton collision
beam, which implies that the sum of all particles transverse momentum in the final
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Figure 1.11: Schematics of the differences between EFTs, simplified models and complete
theories. The arrow indicates the increase in completeness and complexity of the model. The
supersymmetric Feynman diagram is taken from Ref. [74].

state should be equal to zero. Any momentum imbalance in an event bigger than
the measurement resolution may indicate the production of invisible particles, as
illustrated on the right sketch of figure 1.10. This momentum imbalance is defined
by the missing transverse momentum, with magnitude Emiss

T , whose derivation will
be further detailed in section 3.1.7.

The typical DM searches at the LHC looking for the recoil of missing transverse
momentum against SM particles are called Emiss

T + X searches. ‘X ’ corresponds to
any known detectable physics object emitted at initial or final state, such as light
quark jets, gluon, W/Z bosons, heavy quarks such as bottom (b) or top quarks or a
Higgs boson. These searches look for discrepancies between the predicted SM and
the observed data in the kinematic distribution of relevant variables, such as Emiss

T for
instance. Resonance-based DM searches are also studied at the LHC, looking for a
narrow peak in the invariant mass distribution of SM particles. They will however not
be discussed in this section as the analyses considered in this thesis are Emiss

T -based.
The simplest Emiss

T + X searches at the LHC target characteristic signatures with a
single final-state object recoiling against missing energy, called mono-X signatures, or
more complex signatures with final states involving DM and the associated production
of SM particles.

The result of those searches need to be interpreted in term of specific theoretical
models. These DM models span over a significantly extended ‘theory space’, depend-
ing on the complexity of the considered model [15]. Three distinct classes can be
distinguished, going from the most simple and general to the most complete and
detailed ones as illustrated in figure 1.11.

On one end of the theory spectrum lays the Effective Field Theories (EFTs), which
consist of the simplest case of DM models. In these theories, interactions between DM
and SM fields are reduced down to contact interactions at energy scale Λ, lowering the
constrains and the required parameters, prior that the mass of the particle mediating
the interaction is much heavier than the typical energy transfer. EFTs were extremely
useful during the first period of data acquisition of the LHC [75–82], allowing to set
limits on Dark Matter-nucleon scattering cross-section to be compared to the ones
obtained by direct and indirect detection experiments. With the LHC reaching higher
energy scales and coupling strengths however, EFTs assumptions cannot be fulfilled
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Figure 1.12: Sketches of the mediator couplings to SM and DM particles. gχ and gS M are
the mediator couplings to the dark sector and SM fermions, while Γχ/a is the mediator width.

anymore as parameters are missing to describe DM interactions.
On the other end of the theory scale come into play the UV-complete theoretical

approaches, also known as top-down approaches, which address a large number
of parameters and degrees of freedom while leaving little space for generalisation.
One of the most well known complete models is the Minimal Supersymmetric SM
(MSSM), where the neutralino is a weakly interactive massive particle fulfilling the
requirements as a DM candidate. Such theories are however very difficult to deal
with experimentally if we try to take into account all the different model parameters
involved.

An intermediate approach has been extensively considered at the LHC starting
the data acquisition period from 2015 to 2018 at centre-of-mass 13 TeV, where the
EFTs contact interaction are extended by introducing (an) intermediate particle(s)
mediating the interactions between the SM and the DM sectors. These so-called
simplified models are able to describe the full kinematics of Dark Matter production
at colliders for the simplest UV-complete models via the mediator(s) they contain.
This comes with an extension of the number of free parameters of the model to take
into account, which includes the mass of the mediator and the couplings to the dark
sector and SM. In the following section, a more detailed description of simplified
models and the associated phenomenology is provided, with a particular focus on
spin-0 scalar or pseudoscalar mediator DM production in association with heavy
particles such as top quarks.

1.3.1 Simplified models

Due to the rising threshold on energy scales, EFTs were ruled out during the second
run of the LHC in favour of simplified models [15, 83–85]. Simplified models provide
a rich phenomenology while correctly describing the full DM kinematics thanks to
their mediators, with restricted number of free parameters. Unlike EFTs, the related
predictions are model dependent and results must be interpreted for each model.
Simplified models involves a mediator decaying into Dirac fermions DM candidate
through s-channel or t-channel interactions, as illustrated on the in figure 1.12, but
also into SM particles as on right figure 1.12. The associated Lagrangian should
contain all terms renormalisable and consistent with Lorentz invariance, the SM
gauge symmetries and DM stability. Finally, simplified models should not violate
exact and approximate accidental global symmetries of the SM. If the former, such
as lepton and baryonic numbers, are conserved at the renormalisable level, it is not
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the case of flavour symmetry, which is already broken by Yukawa couplings. For new
physics to respect these symmetries, the new interactions should be constrained at
the weak level and/or new states should be heavy. The Minimal Flavour Violation
(MFV) ansatz should provide a solution to this challenge [15, 16]. One main feature
of the MFV assumption is that all flavour and CP-violating interactions are governed
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In other words, this means that
the coupling between the dark sector and SM particles should follow the same flavour
structure than in the SM. The mediator coupling to SM fermions should thus follow
a Yukawa-type coupling structure.

The choice of mediator for simplified models is not unique, and many candidates
are envisaged. The mediator can either be spin-1 (axial-)vector, typically denoted Z ′,
or spin-0 scalar (φ) or pseudoscalar (a). The former will not be covered here as the
searches considered in this thesis focus on spin-0 mediator simplified models.

One of the most common models are s-channel production involving a spin-0
scalar (φ) or pseudoscalar (a) mediator. Assuming that the DM candidate is a Dirac
fermion (χ), a general Lagrangian compatible with the MFV ansatz can be built for
scalar mediator

L ⊃ gqφ
∑

f =u,d,`

y f
p

2
f̄ f + gχφχ̄χ, (1.17)

and pseudoscalar mediator

L ⊃ gqa
∑

f =u,d,`

y f
p

2
f̄ γ5 f + gχaχ̄γ5χ. (1.18)

Where y f =
p

2m f /v, with v = 246 GeV the Higgs vaccum expectation value (vev),
is the normalised Yukawa coupling running over the three SM fermion families
q, mχ and mφ/a, are the masses of the DM candidate and the mediator, and gχ
and g f the couplings to the dark sector and the SM fermions. For simplicity, it is
common to assume an universal value for all fermion flavours gu = gd = g` = gq

and gq = gχ = 1 [86]. These simplified models are characterised under the MFV
assumption by mχ , mφ/a, gχ and gq together with the mediator width Γφ/a. The two
masses and the mediator width affect the shapes of the kinematic distributions, while
the couplings rescale the spectra [87]. To avoid nonphysical situations where the
total decay width of the mediator is smaller than the sum of the partial decay widths,
the number of free parameters is reduced under the assumption that the mediator
cannot decay to other light particles such as W/Z bosons or photons, for instance.
The mediator width can then be expressed as the sum of its partial decay widths into
DM, fermions and gluons

Γφ/a = Γφ/a→χχ̄ +
∑

q=u,d,`

Γφ/a→ f f̄ +Γφ/a→g g (1.19)

such that the mediator width depends only on the remaining four free parameters.
For Emiss

T + X signature searches, the mediator width has low impact on the kinematic
distributions of many models, as long as it remains smaller than the mediator mass
and that narrow mediators are sufficiently light [86].

From the MFV hypothesis, the mediator coupling to SM fermions is proportional
to the fermion mass, meaning in particular, that the coupling is strongest for third
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1– THE STANDARD MODEL AND BEYOND

Figure 1.13: Schematics of the partons interaction in a proton-proton collision. Each parton
carries a fraction x of the total momentum of the proton such that pparton i = x pp i. The
interaction between these partons will result in the physics processes studied at the LHC.
Figure adapted from [88].

generation fermions such as the top quark. Cross-section production of DM with top
quarks is therefore enhanced and is an actively studied signature in DM searches at
the LHC.

Proton-proton collisions at the LHC

Before entering the phenomenology of simplified models with heavy quarks, it is
important to explain first how production cross section of processes produced in pp
collisions at the LHC are derived and studied.

During the second run of the LHC, protons were collided at centre-of-mass energy
of 13 TeV. This energy scale is sufficiently high to probe the proton structure at its
constituents level, such that the constituent quarks and gluons (called partons) of
the protons collide and interact. An illustration of the partons interaction when two
protons collide is illustrated in figure 1.13. A proton is in fact a complex composite
bound states of two up and one down valence quarks, gluons, and a sea of quarks
and antiquarks constantly creating and annihilating each other due to quantum
fluctuations. Each parton carries a fraction x of the proton’s total momentum,
assuming that the partons momentum is collinear with direction of motion of the
proton.

A typical hard-scatter cross-section between colliding protons in an arbitrary final
state X , σ(pp→ X ), can be written as the convolution of the partonic cross section
of the hard scatter process σ̂ with the non-perturbative Parton Distribution Function

22



1.3. Dark Matter searches at the LHC

(PDF) fi,p of the partons in the proton.

σpp→X =
∑

i, j

∫

dx1dx2 fi,p(x1,µ2
F) f j,p(x1,µ2

F)σ̂i j→X

�

x1p1, x2p2,αs(µ
2
R),

Q2

µ2
R

,
Q2

µ2
F

�

.

(1.20)
The partonic scattering cross section σ̂i j→X describes the production of products
X at interaction energy scale Q for all possible initial state partons i and j with
momenta x1p1 and x2p2 for two colliding protons with momentum p1,2. It can be
calculated in perturbation theory at leading order (LO) , next-to-leading-order (NLO)
or next-to-next-to-leading-order (NNLO) and so on, as correction level increases.

The PDFs describe the number density of quarks inside a fast-moving proton that
carry a fraction x of its longitudinal momentum. They are estimated by a fit to data
using well-understood processes [89–92]. The PDFs can then be extrapolated from
an interaction energy to another via the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution equations [93–95].

The renormalisation scale µR describes the correction level in αs, the coupling
constant associated to the strong force, while the factorisation scale µF separates the
emissions modifying the parton’s momentum, and thus entering the PDFs, from the
fluctuations arising from the parton’s interaction with the other incoming partons.

At the LHC, experimental searches are carried out looking at the predicted pro-
duction cross section of a considered process (in the case of WIMPs for instance,
pp→ DM+X ) and comparing it with the measured one. In case where no significant
excess of signal is to be found, the results can be interpreted in terms of limits on the
production cross section for given processes of WIMP production. These exclusion
limits are usually expressed in term of the measured cross section σ over the pre-
dicted one σtheory as function of the considered model parameter(in the case of DM
searches, typically the mass of the mediator). All values below the line σ/σtheory = 1
are excluded for the considered model. A more detailed description on the deriva-
tion of such limits is given in section 4.2. These results on production cross section
can then be compared to direct and indirect detection experiments constraints on
DM-nucleon scattering and annihilation cross-sections respectively, following the
procedure described in Ref. [83]. Comparison of the results for the DM-nucleon scat-
tering cross-section as function of the DM particle mass is illustrated as an example
in figure 1.14. The filled area above the drawn curves correspond to the excluded
area for the considered parameter model. In this example are compared the results
of SI experiments to the ones obtained by the ATLAS experiment for simplified DM
models involving a scalar mediator or a vector mediator Z ′.

State-of-the-art for Dark Matter searches with top quarks

Due to the MFV assumption, the coupling of mediators in simplified DM models to
SM particles should follow the Yukawa coupling structure y f =

p
2m f /v. This means

in particular that the coupling strength is proportional to fermion masses, such that
the bottom (b) or the top (t) quark provide the highest production cross sections.
DM production with heavy flavour quarks are actively studied at ATLAS and CMS. In
particular, signatures involving the associated production of heavy flavour quark pairs,
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Figure 1.14: A comparison of the inferred limits with the constraints from direct detection
experiments on the spin-independent WIMP–nucleon scattering cross-section. The results
from ATLAS analyses, excluding the shaded regions, are compared with limits from direct
detection experiments. LHC limits are shown at 95% CL and direct detection limits at 90%
CL. The comparison is valid solely in the context of this model, assuming a mediator width
fixed by the Dark Matter mass and coupling values gq = 0.25, g` = 0 or gq = 0.1, g` = 0.01
for the neutral-mediator model and coupling gq = 0.33 for the baryon-charged mediator. The
coupling to the DM particle gχ , is set to unity in all cases. LHC searches and direct detection
experiments exclude the shaded areas. Exclusions of smaller scattering cross-sections do not
imply that larger scattering cross-sections are also excluded. The single dijet and Emiss

T + X
exclusion region represents the union of exclusions from all analyses of that type [96].
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Figure 1.15: Example of diagram for the associated production of Dark Matter involving a
spin-0 mediator with a bottom quark or a top quark pair.
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Figure 1.16: Summary plots of upper limits on the production cross section for scalar (a)
pseudoscalar (b) mediators for the considered parameter models [97].
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Figure 1.17: Cross sections for DM production in association with top quark pairs or single
top quarks as function of the scalar (left) or pseudoscalar (right) mediator mass. The black
dotted line correspond to the DM+t t̄ channel, while the solid grey one corresponds to the
DM+single top channel, splitted it self in three main production channels in s- (blue) and t-
(yellow) channels and tW channel red [25].

Emiss
T + bb̄/t t̄, as illustrated by the Feynman diagram in figure 1.15, have provided

significant improvement in constraining simplified DM models. Latest results on
the exclusion limits on the mediator masses assuming unitary coupling gχ = gq = 1
are reported in the summary plots in figure 1.16 for scalar (left) and pseudoscalar
(right) mediator. As explained in the previous section, this plot shows the observed
cross-section over the predicted one as function of the mediator mass and tells us that
all the area below σ/σtheory = 1 is excluded for the considered model parameters.

DM production in association with top quarks is widely exploited process in DM
searches in simplified models, as they they are extremely sensitive, in particular at
low-mediator masses [25]. This is illustrated in figure 1.17 by the plots of the DM
production cross section as function of scalar (left) and pseudoscalar (right) mediator
masses, where DM+t t̄ production cross section (dotted curve) is compared to the
ones of DM+t/ t̄ processes.

Latest analyses on DM+t t̄ channel at ATLAS targeted various final states, namely
fully hadronic [21], semi-leptonic [22] and fully leptonic [23] top quark pair decay. No
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Figure 1.18: Upper limits on the production cross section of the statistical combination of
searches for DM with top quark pairs with respect to the individual searches for scalar (a)
pseudoscalar (b) mediators for the considered parameter models [24].

excess was found in any of these analyses, and limits were set on the considered model.
The latter provides the best exclusion results, excluding masses up to 250(300) GeV
for scalar(pseudoscalar) mediators, while the semi-leptonic final state probed the
mediator mass region up to 200 GeV, both assuming gχ = gq = 1. The fully hadronic
analysis originally targeted DM searches with the supersymmetric partner of the
top quark. Due to the complexity in the kinematic parameters of UV-complete
and simplified models, this searches is more suited for DM searches with low Emiss

T
(< 250 GeV), which are regions not covered by the other two final states. Taking
advantage of their complementary approaches, the three analyses were a statistically
combined [24]. Despite no evidence for DM, the constraints on the considered
simplified DM models were further increased, extending the exclusion limits on
scalar(pseudoscalar) mediator masses by 100(30) GeV, with respect to the best of
the individual analyses, namely the dileptonic final state [23]. Exclusion limits of the
statistical combination with respect to the single analyses are shown in figure 1.18
for (a) scalar and (b) pseudoscalar mediators.

Other interesting DM production modes not fully probed until now are the ones
involving a single top quark t/ t̄. Example of production diagrams in the s-, t- and tW
channels for single top processes are illustrated respectively in figures 1.19a, 1.19b
and 1.19c-1.19d. The production of the single top can be obtained through t- or
s-channel exchange of a W boson, as in figure 1.19a and 1.19b for instance, or with
the association of a W boson as in figures 1.19c and 1.19d.

The increased interest in DM with single top quark production in spin-0 simplified
models arises from the apparent sizeable contribution to be accounted for in heavy
flavour searches [25]. Despite the lower cross-section with respect to top quark
pair associated production, the different production modes and kinematics of the
single top quark processes provide overall comparable rates, in particular at high
mediator masses. This can be seen in figure 1.17. The DM+t t̄ production cross section
decreases as the mediator mass increases, while the various channels contributing to
the single top processes (s-channel in blue, tW -channel in red, t-channel in yellow),
when combined (in grey), provide similar cross-sections to the top quark pair processes
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Figure 1.20: Representative diagrams of the dark-matter particle χ pair production from the
2HDM+a model considered in Ref. [26], two through t-channel (left), two through the tW
channel (right).

at high-mediator masses, if not better. The sensitivity of DM searches carried out
in ATLAS or CMS could be therefore significantly enhanced by this contribution
with respect to DM+t t̄ alone, probing a larger energy phase space to constrain the
considered model [25].

A novel DM+t/ t̄ search was recently published [26] with the intent to exploit
these promising properties in a different DM model based on an extended Higgs sector
involving a two-Higgs-doublet model and a pseudoscalar mediator (2HDM+a) [84,
98], using data recorded by ATLAS at 139 fb−1. The 2HDM+a model is a specific
simplified model extended to the simplest case of UV-complete theory. The represen-
tative Feynman diagrams for the associated processes are illustrated in figure 1.20.
This search exploited the contributing processes at leading order in QCD, namely
t-channel production, s-channel production and associated production with a W
boson (tW ), targeting final states with Emiss

T and jets (t j) and one or two leptons
for the tW channel. No significant excess was found and limits were set on the
considered model. Despite the different target, this search can still be useful to set
constraints on simplified models, which is the scope of this thesis.

A step forward in exploiting searches for Dark Matter including top quark in the
final states to constrain DM simplified models would be the combination of single
top and top quark pair dedicated searches, similarly to the DM+t t̄ combination in
Ref. [24]. The statistical combination of searches enriched in the signal of interest
could extend much more the sensitivity to the considered model, with respect to simply
adding signal contributions. Such combination was only performed until now by CMS
at 35.9 fb−1 [99] targeting DM signals with single top quark (t j or tW channels) and
top quark pairs in single lepton and all hadronic final states. No significant excess
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Figure 1.21: The expected and observed 95% CL limits on the DM production cross sections,
relative to the theory predictions, shown for the scalar (left) and pseudoscalar (right) models
in the CMS paper. The expected limit for the t/ t̄+DM signal alone is depicted by the blue
dash-dotted line, while the t t̄+DM limit alone is given by the red dash-dotted line. The
observed limit on the sum of both signals is shown by the black solid line, while the expected
value is shown by the black dashed line with the 68 and 95% CL uncertainty bands in green
and yellow, respectively. The solid horizontal line corresponds to σ/σth = 1 [99].

was found and exclusion limits were derived for the scalar(pseudoscalar) mediator
masses up to 290(300) GeV, as illustrated in figure 1.21b.

The goal of this thesis is to perform the same statistical combination for DM+t t̄
and DM+t/ t̄ signals in the simplified model, exploiting the analyses defined for the
top quark pair channel in Ref. [23] and the tW channel in Ref. [26], both targeting
missing transverse momentum and two leptons in the final state. Although the latter
is dedicated to different models, the analysis can be easily reinterpreted back to more
generic simplified models as the kinematics are similar and the same analysis strategy
can be applied.
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CHAPTER

THE LHC AND THE ATLAS

DETECTOR 2
This thesis uses data produced at CERN by the Large Hadron Collider (LHC) from

2015 to 2018 and collected by the ATLAS experiment. This chapter provides an

overview of the Large Hadron Collider accelerator design and key parameters,

together with a more detailed description of the ATLAS detector and its different

sub-detectors.

2.1 The Large Hadron Collider

The LHC [9] is the world’s largest and most powerful particle accelerator ever built,
located at CERN1 near Geneva, in Switzerland. The project was approved in De-
cember 1994 and the LHC was built in the tunnel originally designed for the Large
Electron Positron accelerator (LEP), the former CERN large accelerator, dismantled
in November 2000 precisely for the LHC.

The LHC is a 26.7 km circumference machine consisting of two rings of powerful
superconducting magnets connected to several accelerating structures,
boosting two separate beams of hadrons in opposite directions before colliding at
four interaction points (IP) where the two rings intersect. These interaction points
correspond to the four main experiments conceived for the LHC, namely ATLAS [100],
CMS [101], ALICE [102] and LHCb [103]:

– ATLAS (A Toroidal Lhc ApparatuS) is one of the two general-purpose detectors
of the LHC, targeting a broad range of physics from SM measurements, including
Higgs boson studies, to BSM physics such as DM searches for instance,

– CMS (Compact Muon Solenoid) is the other general-purpose detector along
with ATLAS, using different technical solutions and a different magnet system
design to reach the same scientific goals,

– ALICE (A Large Ion Collider Experiment) is a detector dedicated to heavy-ion
physics at the LHC, designed to study the physics of strongly interacting matter
at extreme energy densities,

1Conseil Européen pour la Recherche Nucléaire.
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– LHCb (Large Hadron Collider beauty) specialises in b- (quark) physics at low
luminosity.

The LHC was designed to accelerate and collide protons beams up to a centre-of-
mass energy of 14 TeV, with the goal to investigate some of the fundamental open
questions in physics, measure the properties of the SM particles and discover new
physics beyond the SM.

Protons were chosen instead of electrons (as at LEP) because they loose less
kinetic energy when accelerated due to their heavier mass. This allows to reach
higher energies while dealing with the environmental and technical constrains of the
LHC machine.

The LHC was designed to accelerate proton beams up to 7 TeV, bringing the centre-
of-mass energy at

p
s = 14 TeV. However, on 19 September 2008, nine days after

starting operating, an accident occurred in a connection between magnets, resulting
in mechanical damage and release of helium into the tunnel. A forced shutdown was
required for repairs and improvement of the safety conditions. The LHC was again
operative late 2009 with limited performances. A first period of data acquisition (Run
1) started in March 2010 until early 2013 with a centre-of-mass energy of

p
s = 7 TeV

from 2010 to 2011 and
p

s = 8 TeV from 2012 to 2013. The LHC proceeded then to
a planned shutdown of two years, facing repairs and upgrades, and started a new
data taking period (Run 2) from 2015 until 2018, reaching a centre-of-mass energy
of
p

s = 13 TeV, close to the nominal target energy. The data collected by the ATLAS
detector during Run 2 is exploited in this thesis.

One of the most important quantities at the LHC is the production rate of a given
process. This rate dNevent/d t is proportional to the luminosity of the beamL and the
cross section for a given event σevent, which depends on the centre-of-mass energy of
the collider

p
s:

dNevent

d t
=Lσevent(

p
s) (2.1)

The centre-of-mass energy
p

s provides the amount of energy available for collision.
As the production cross section for a certain process depends on this parameter, the
higher the energy, the larger the accessible phase space of final states for this process
and the masses of the particles produced.

The instantaneous luminosity L is the measurement of the number of collisions
that can be produced in a detector per unit of surface and time, typically cm−2s−1. The
higher the luminosity, the higher the number of collisions. The luminosity depends
on the beam parameters and, assuming the beam has a Gaussian distribution, can be
expressed using the following formula:

L =
N 2

b nb frevγr

4πεnβ∗
F (2.2)

where
– Nb is the number of particle per bunch, assuming that both bunches has the

same number of colliding particles,
– nb is the number of bunches per beam,
– frev is the revolution frequency, related to the LHC perimeter and the protons

speed,
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Figure 2.1: Cumulative luminosity versus day delivered to ATLAS during stable beams and
for high energy pp collisions [104].

– γr the Lorentz factor which takes into account the relativistic kinematics of the
beam particles that travel near the speed of light,

– εn the normalised transverse beam emittance, invariant under acceleration
and energy variation, which describes the average spread of the particle beam
perpendicularly to the beam trajectory. Keeping the emittance low is crucial as
it increases the probability of particle interactions and thus the luminosity,

– β∗ is usually defined as the distance from the IP at which the beam width is
twice as wide than at the IP. The smaller β , the smaller the distance needed to
the beam to be squeezed twice its size at the IP,

– while F is the geometric luminosity reduction factor due to the crossing angle
at the IP, voluntary set at the LHC to avoid unwanted collisions.

During Run 2, the LHC reached the peak instantaneous luminosity of L = 2 ×
1034 cm−2s−1, which is twice the nominal value originally aimed for the LHC. The total
number of events produced during a data taking period can be derived integrating
equation 2.1:

Nevent = σevent

∫

L dt= σevent × L (2.3)

L is the integrated luminosity and is usually expressed in terms of cross section units,
typically inverse barn (b−1). The integrated luminosity delivered by the LHC to the
ATLAS detector during full Run 1 and Run 2 is shown in figure 2.1. Given the high
instantaneous luminosity at the LHC, additional interactions from bunch crossing
may occur. The average number of additional interactions per bunch crossing 〈µ〉 is
known as pile-up.

This thesis uses the data collected by the ATLAS detector at Run 2, during pp
collisions at centre-of-mass energy of

p
s = 13 TeV from 2015 to 2018. The collision

conditions evolved considerably throughout the data taking period, going from an
instantaneous luminosity ofL = 5.1×1033 cm−2s−1 in 2015 toL = 2.1×1034 cm−2s−1
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Figure 2.2: (a) Luminosity-weighted distribution of the mean number of interactions per
crossing for the full Run 2 pp collision data at 13 TeV centre-of-mass energy. (b) Cumulative
luminosity versus time delivered to ATLAS (green), recorded by ATLAS (yellow), and certified
to be good quality data (blue) during stable beams for pp collisions at 13 TeV centre-of-mass
energy in 2018 [104].

in 2018. As a consequence, the average number 〈µ〉 of pp interactions per bunch
crossing varies from 〈µ〉 ≈ 14 (2015) to 〈µ〉 ≈ 38 (2017-2018) with a total average
of 〈µ〉 ≈ 34, going over the nominal 〈µ〉 ≈ 25. The mean number of interaction
per crossing for the full Run 2 is shown in figure 2.2a. Only events taken in stable
beam conditions and for which all relevant detector systems were operational are
considered. The resulting integrated luminosity after this cleaning procedure is
of 139 fb−1 with 1.7% uncertainty for the full Run 2. The integrated luminosity
delivered by the LHC and recorded by the ATLAS detector from 2015 to 2018 is
shown in figure 2.2b. The uncertainty was estimated from luminosity absolute
calibration through van de Meer scans [105] and luminosity measurements carried
out by the LUCID-2 ATLAS sub-detector [106].

Accelerator complex

The accelerator complex at CERN is a series of machines that accelerate particles to
increasingly higher energies. Each machine boosts the energy of a particles beam
before injecting it into the next machine in the sequence. In the LHC, which is the
last element in this chain, proton beams are accelerated up to the record energy of
6.5 TeV per beam.

The LHC is supplied with protons by a chain of four accelerators that boost the
particles and divide them into bunches. During Run 1, the bunches were spaced
by 50 ns, while during Run 2 the time spacing was reduced to 25 ns. Inside the
accelerator, two high-energy particle beams travel in opposite directions in separate
beam pipes kept at ultrahigh vacuum. The beams are guided around the ring by a
strong magnetic field of 8.33 T provided by superconducting electromagnets. These
are chilled at nearly 1.9 K using a liquid helium cryogenic system to maintain their
superconducting properties. Figure 2.3 illustrates the CERN accelerator complex and
how the LHC is located within.

The proton source comes from a bottle of hydrogen gas placed at the end of a
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2.1. The Large Hadron Collider

Figure 2.3: The CERN accelerator complex, layout in January 2022 [107]. The LHC is the
last ring (dark blue line) of this complex chain of particle accelerators. The smaller machines
are used in a chain to help boost the particles to their final energies and provide beams to a
whole set of smaller experiments. Most of the other smaller accelerators in the chain have
their own experimental halls where beams are used for experiments at lower energies.

Linear accelerator. Linear accelerators use radiofrequency cavities to charge cylin-
drical conductors. The protons pass through the conductors, alternately charged
positive or negative. The conductors behind them push the particles while being
pulled by the conductors ahead. This causes the particles to accelerate. The Linear
accelerator 2 (Linac2) has been the starting point for protons beams at CERN for 40
years, replaced in 2020 by Linac4, more powerful and with a different injection tech-
nique. The protons travel through the Linac4, reaching the energy of 50 MeV before
entering the Proton Synchrotron Booster (PSB). The protons are then accelerated to
2 GeV for injection into the Proton Synchrotron (PS) which pushes the beam up to
26 GeV. Protons are then sent to the Super Proton Synchrotron (SPS) where they
are accelerated up to 450 GeV. The protons are finally transferred to the two beam
pipes of the LHC. The beam in one pipe travels clockwise while the beam in the other
pipe circulates anticlockwise. The 1232 dipole magnets of the LHC bend the two
beams into their circular orbit, while 392 quadrupole magnets focus the beams near
the four interaction points (IP). It takes 4 minutes and 20 seconds to fill each LHC
ring and 20 minutes for the protons to reach their maximum energy of 6.5 TeV. The
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2– THE LHC AND THE ATLAS DETECTOR

Figure 2.4: Schematics of the ATLAS detector.

beams can circulate for more than ten hours in the rings before the beam bunches
are brought into collision inside the four detectors, ATLAS, CMS, ALICE and LHCb,
described previously. The total energy at each collision point is equal to 13 TeV.

Apart from the four main LHC experiments, five smaller experiments are placed
close to the main detectors and focus on the very forward regions (that is, regions close
to the beam line), namely TOTEM [108], LHCf [109], MoEDAL [110], FASER [111]
and SND [112].

The work presented in this thesis uses data collected by the ATLAS detector. In
the following section, a more detailed description of the ATLAS experiment and its
different sub-detectors is provided.

2.2 The ATLAS detector

The ATLAS detector [113, 114] is the largest of the LHC detectors, with a longitudinal
length of 44 m, a diameter of 25 m and a weight of around 7000 tonnes. It is installed
in a cavern 100 m below ground, near the main CERN site. The ATLAS detector is a
general-purpose detector, meaning that no specific process is targeted. Rather, it is
conceived to probe a broad energy phase space to increase chances of a discovery,
the Higgs boson representing the cornerstone.

To meet this purpose, the ATLAS detector was designed to withstand high lumi-
nosity and pile-up conditions. It must be capable of reconstructing and identifying
signals from a variety of particles, spanning from the GeV to the TeV scale, in a wide
space coverage and with high resolution measurement. The detector must also be
highly hermetic to correctly identify possible presence of neutrinos or non-interacting
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Figure 2.5: Coordinates system of the ATLAS detector. Modified figure from I. Neutelings.

BSM particles produced from collision events.
This is achieved by means of various sub-detectors composing the ATLAS ex-

periment. Figure 2.4 illustrates the ATLAS structure with its various sub-detectors.
Each sub-detector surround the collision beam like a ‘cylindrical onion’, making up a
layer of the detector and serving a specific role in the particles reconstruction and
identification. The inner detector is the closest to the beam, very compact and highly
sensitive. It is composed of three different systems, measuring the direction, the
momentum and charge of particles. The second layer corresponds to the calorimeter
system measuring the energy of the particles produced in the collision. The particles
are actually stopped and the total deposited energy is measured. The outermost
layer of the ATLAS detector is the muon spectrometer (MS), which identifies and
measures the momenta of the muons. Two sets of superconducting magnet systems,
solenoidal and toroidal, are used to bend the trajectories of the charged particles to
measure their momentum and charge. Finally, the ATLAS experiment is provided
with a trigger and data acquisition system which allow to select and record the most
interesting collision events for physics searches with optimal data-taking conditions.

2.2.1 Nomenclature

The ATLAS detector, given its geometry, relies on a cylindrical coordinate system as
illustrated in figure 2.5. The origin is at the nominal interaction point (IP) in the
centre of the detector, the z-axis along the beam pipe, while the x-y plane is the
plane transverse to the beam direction. The x-axis point from the IP to the centre
of the LHC ring, while the y-axis points upwards. The coordinates (r,φ) are used
in the transverse plane, with φ the azimuth angle measured around the z-axis. The
angle of a particle relative to the beam axis is measured using the pseudorapidity,
defined as

η= − ln
�

tan
�

θ

2

��

(2.4)
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where detector is less precise and thus measuring particles escaping through the space along
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with θ the polar angle measured from the beam axis. This variable has the noteworthy
property of being Lorentz invariant along the beam axis, contrary to θ . Figure 2.6
illustrates the relation between the pseudorapidity and the polar angle θ . Values of
η close to zero are perpendicular to the beam, whereas higher values correspond to
forward regions closer to the beam. The angular distance ∆R in the pseudorapidity-
azimuth angle space is defined as ∆R=

p

∆2η+∆2φ.
The detector, given its cylindrical geometry, can be divided in three main sections:
– A Barrel section, corresponding to the detector part enveloping the beam axis,

covering the ‘central’ pseudorapidity range.
– Two End-Cap sections, perpendicular to the beam, closing the sides of the

barrel, covering the ‘forward’ pseudorapidity range, partially overlaping with
the barrel coverage.

Another crucial variable for the precise measurement of particle properties is the
transverse momentum pT defined as the particle momentum component in the x − y
plane, pT =
q

p2
x + p2

y . This variable is extremely useful as in proton-proton collisions,
the initial momentum along the beamline is not known, due to the composite nature
of the protons made up of partons (quarks and gluons) which interact when the
two protons from both beams collide. What is known however, is that the overall
momentum on the plane perpendicular to the beamline is zero before the collision.
Therefore, the sum of all transverse momenta in a physics event is equal to zero. This
property is very important, in particular when trying to identify momentum imbalance
due to invisible particles going undetected, such as neutrinos or BSM particles, like
DM candidates. This is known as missing transverse momentum and will be further
described in chapter 3, along with the details of particles reconstruction.

2.2.2 Magnet System

The magnetic fields used in ATLAS allow the measurement of particle momentum
and charge by bending their trajectories. ATLAS relies on two types of superconduct-
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Figure 2.7: Magnetic system

ing magnets for this purpose: solenoidal and toroidal. The strong magnetic fields
provided by these magnet systems can be achieved by cooling them down to 4.5 K
(-268°C). Figure 2.7 those magnet systems along with the field lines of the generated
magnetic field.

The central solenoid magnet surrounds the ID, bending charged particles for
momentum measurement. Measuring 5.6 m long, 2.56 m diameter and weighting
over 5 tonnes, it provides a powerful magnetic field of 2 T in 4.5 cm thickness only.
This is possible thanks to over 9 km of niobium-titanium superconducting wires
embedded into pure aluminium strips to ensure minimal interaction between the
magnet and the particles.

The toroid magnets system is structured as a series of eight coils providing a
magnetic field up to 3.5 T. This magnetic field is used in particular to measure the
muons momentum. There are three toroid magnets: one barrel toroid surrounding
the detector centre and two end-cap toroids, covering respectively the pseudorapidity
region |η|< 1.4 and 1.6< |η|< 2.7. The end-cap toroids, each with 10.7 m diameter
and weighting 240 tonnes, extend the magnetic field to particles escaping the detector
in the forward region. In the transition region 1.4< |η|< 1.6, magnetic deflection
is provided by a combination of barrel and end-cap fields. With 25.3 m in length,
the central toroid is the largest toroidal magnet ever built. It relies on 56 km of
superconducting wire and weights nearly 830 tonnes.

2.2.3 The Inner Detector

The Inner Detector (ID) [115–117] is the innermost part of the ATLAS experiment,
contained within a cylinder of 6.2 m long and 2.1 m diameter with pseudorapidity
coverage of |η|< 2.5. Conceived to provide excellent spatial resolution, this detector
reconstructs the tracks of charged particles produced in each collision, measuring the
transverse momentum pT and charge of the particles, as well as reconstructing and
identifying their collision and decay vertices. The ID is divided itself in three sub-

37



2– THE LHC AND THE ATLAS DETECTOR

Figure 2.8: Schematics of the ATLAS Inner Detector cross-section of the barrel section
showing the pixel, SCT and TRT sub-detector.

detectors, immersed in a magnetic field of 2 T provided by the Central Solenoid, which
bends the tracks in the transverse plane for pT measurement. Each sub-detector relies
on different technologies to record and measure specific charged particle properties:
the pixel detector, the Semiconductor Tracker (SCT), both silicon sensor based, and
the Transition Radiation Tracker (TRT), which is drift-tube based. A schematic view
of the ID overall structure and barrel cross-section in shown in figure 2.8.

The Pixel Detector

The Pixel Detector [118] is the layer closest to the beam. It is structured as four
barrel-layers of 80 cm long and three end-cap-disks at each sides, with respectively
1456 and 288 sensor modules made of silicon pixels with size 50× 400 µm2 each.
Charged particles coming from collisions enter first the pixel detector, leaving a
small energy deposit along the way. These energy deposits are turned into signals,
measured with a precision of nearly 10 µm in transverse plane and 115 µm along
the beam axis to determine particle origin and momentum. The Pixel Detector was
originally structured in three layers: the B-Layer (5.05cm away from the beam line),
the Layer 1 (8.85 cm) and Layer 2 (12.25 cm). In May 2014 during the first long
shutdown of the LHC, an additional innermost pixel layer, the Insertable B-Layer
(IBL) [119, 120], was installed 3.3 cm away from the beam line between the existing
Pixel detector and the beam-pipe to improve the ATLAS tracking performances, with
smaller pixel size 50× 250 µm2 to improve the longitudinal resolution. In total the
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Pixel detector is composed of 92 million pixels, with a silicon area of around 1.9 m2.

The Semiconductor Tracker

Leaving the Pixel Detector, charged particles go through the Semiconductor Tracker
(SCT) [121]. The SCT is also aimed at measuring and reconstructing the tracks of
the particles. It consists of 4088 modules of over 6 million readout channels made of
silicon sensor micro-strips, distributed over four barrel layers and 18 planar end-cap
disks (nine disks for each side). The pseudorapidity coverage is of 1.1< |η|< 1.4 in
the barrel region while the end-caps region covers the region |η|< 2.5. The layout
is optimised such that each particle crosses at least four layers of silicon sensors.
The readout strips are placed every 80 µm on the silicon. This allows to record the
position of particle with an accuracy of 17 µm in the azimuthal direction and 580 µm
along the beam axis. The particle tracks can be measured with a precision of to
25 µm.

The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [122], is the outermost layer of the ID.
Contrary to the other two sub-detectors relying on silicon sensors, the TRT consists
of 300k thin-walled drift tubes called straws (50k in the barrel of 144 cm long, 250k
in both endcaps of 39 cm long) of 4 mm diameter each, with a 0.03 mm gold-plated
tungsten wire in its centre, with a total of 350k readout channels. The straws are
filled with a gas mixture of 70% Xe, 27% CO2, and 3% O2, such that charged particles
ionise the gas when travelling through the straws, creating an electric signal. This
signal is used for track reconstruction with a precision measurement of 17 µm. The
emitted transition radiations occurring when crossing the TRT depend on the ratio
of energy over the particle which can be measured to discriminate electrons against
pions.

2.2.4 The calorimeters

Surrounding the ID, the calorimeters [123, 124] measure the energy and coordinates
of photons, electrons and hadrons with high energy resolution. They are designed
to absorb most particles coming from collision and force them to deposit all their
energy and stop inside the detector. Only muons and neutrinos travel through the
calorimeters without being stopped. Calorimeters are designed to contain showers of
particles up to the TeV scale and limit punch-through into the muon system as it would
lower the energy resolution and spoil soft muon detection. An important part of their
design is thus the calorimeter depth, which translates into the physics quantity of a
material radiation (X0) and interaction (λ) lengths. The former is the mean length
(in cm) to reduce the energy of an electron by the factor 1/e, while the latter is the
mean distance travelled by a hadronic particle before undergoing an inelastic nuclear
interaction. The total thickness of the EM calorimeter is > 22X0 in the barrel and
> 24X0 in the end-caps, while the total hadronic calorimeter thickness is of 11 λ. The
calorimeters rely on a sampling strategy: they are structured in layers of absorbing
high-density material which stops the incoming particles, alternating with active
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Figure 2.9: Schematics of the ATLAS calorimeters.

sampling layers that measure the energy. Two different type of calorimeters were
designed to account for the different behaviour of the targeted physics objects and
are illustrated in figure 2.9. The high-granular liquid-argon (LAr) electromagnetic
(EM) calorimeter measures the electrons and photons energy, while the hadronic
calorimeter focuses on hadronic jets energy measurements using scintillator tiles in
the barrel section and LAr technology in the in Hadronic end-cap calorimeter (HEC).
The Forward Calorimeter (FCal) covers the region closest to the beam and provides
additional measurements of EM and hadronic interactions.

The Liquid Argon Electromagnetic Calorimeter

The EM calorimeter is a liquid-argon (LAr) calorimeter which surrounds the ATLAS ID.
It is divided in a barrel section of 6.4 m long and 53 cm thick (|η|< 1.475), and the two
EM end-caps (EMEC) with thickness 63.2 cm and 2.077 m radius (1.375< |η|< 3.2).
The barrel section consists of two half-barrels separated by a small gap of 4 mm
at z = 0. The EM calorimeter is structured with accordion shaped electrodes and
lead layers as absorbing material (figure 2.10), covering a pseudorapidity interval
|η|< 3.2. This characteristic geometry allows good energy and momentum resolution
as well as a complete φ symmetry coverage without azimuthal cracks2. The lead
plates thickness was optimised is a cost effective manner to provide full coverage and
high energy resolution. Incoming particles are absorbed by the lead plates, forcing
them to stop and create showers of new particles with lower energy. These new
particles ionise the liquid argon, creating a signal current drifted to the readout
channels. In the region |η|< 1.8, a presampler detector is used to account for energy

2Regions in η where detector performances are worse due to transition between different detector
components. In particular, at η= 0, 1.37< |η|< 1.52 and |η|= 2.5.
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losses from electrons and photons between the interaction point and the calorimeter.
The presampler consists of an active LAr layer of thickness 1.1 cm (0.5 cm) in the
barrel (end-cap) region.

The Hadronic Calorimeters

The hadronic tile calorimeter encompasses the EM calorimeter. It is made of a 5.6
m central barrel of 64 wedges, and two extended barrels with 64 wedges of 2.6
m long each. Each wedge is composed of layers of steel as absorbing medium and
plastic scintillating tiles as sampling medium. This choice of technology provides
maximum radial depth for the least cost for ATLAS. The barrel section covers the
region |η|< 1.0, while the two extended barrel the interval 0.8< |η|< 1.7.

When particles hit the layers of steel, they generate a shower of new particles
similarly to the LAr calorimeter, which then interact with the plastic scintillators. The
scintillators create photons that will be converted in electric signal whose current
intensity is proportional to the original particle energy. With a total of 420k plastic
scintillator tiles, this calorimeter is the heaviest part of the ATLAS detector, weighting
nearly 2900 tonnes.

The hadronic calorimetry is extended to larger η regions by the Hadronic End-cap
Calorimeter (HEC), a copper/LAr detector located directly behind the EMEC, which
consists of two independent wheels per end-cap, covering the region 1.5< |η|< 3.1.

Forward Calorimeter

Finally the Forward Calorimeter (FCal), another LAr based detector, provides an
additional pseudorapidity coverage of 3 < |η|< 4.9. It is an end-cap structure
containing three modules each: the first one is made out of copper and dedicated to
EM measurements, while the other two, tungsten based, focus on hadronic energy
measurements.

2.2.5 The Muon Spectrometer

To measure the muons momenta, the ATLAS detector is provided with 4000 individual
muon chambers which make up the Muon Spectrometer (MS). Figure 2.11 illustrates
the different parts of the MS. It is based on the magnetic deflection of muon tracks
in the large superconducting air-core toroid magnets, instrumented with dedicated
trigger subsystem and high-precision tracking chambers.

The MS is able to identify the position of a muon with an accuracy of nearly 0.1 mm.
This is possible thanks to the precision-tracking chambers divided in the Monitored
Drift Tubes (MDTs) and the Cathode Strip Chambers (CSCs). The MDTs provide
over most η range a precision measurement of the track coordinates in the principal
bending direction of the magnetic field. They consist of multiple stacked layers of
380k aluminium tubes of 3 cm wide each filled with a gas mixture which ionises
when muons go through the tubes. The electrons resulting from the ionisation drift
to a wire at the tube centre and is converted in signal current. The CSCs are placed
at the end of the ATLAS experiment, providing complementary information on the
muons position thanks to higher granularity, with measurements of the coordinates
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Figure 2.11: Schematics of the Muon Spectrometer components.

at the detector ends. They are composed of copper ion-collecting strips crossed with
arrays electron-collecting wires also immersed in a gas mixture.

In addition, the MS relies on fast-response detectors as a trigger system, able
to select interesting collision events for physics analysis within 2.5 µs. It covers
the pseudorapidity range |η|< 2.4. The Resistive Plate Chambers (RPCs) is the
last layer enclosing the ATLAS experiment, made of parallel plastic plates at an
electric potential difference, all separated by gas volume. They provide triggering
and additional coordinate measurement in the barrel region. In the end-cap regions
are placed the Thin Gap Chambers (TGCs), consisting of parallel 30 µm wires in a
gas mixture. Both chambers rely on gas ionisation to detect muons.

The trigger chambers for the MS provide complementary information on the
muon momentum and coordinate measurements. The combined results of the muon
momentum measurement provide enough information for ATLAS to decide whether
to keep the event or not.

2.2.6 Trigger and Data Acquisition

The ATLAS detector is designed to collect up to 1.7 billion pp collisions per second,
with a collision rate of circa 40 MHz. Only some events however are interesting
for research. To reduce the data flow to manageable levels, ATLAS relies on a
trigger and data acquisition system (TDAQ) [125] , which filters events by specific
distinguishable features for physics analysis at extremely high rates. In Run 2,
the higher instantaneous luminosity, centre-of-mass energy and pile-up resulted
in significantly increased amounts of radiation and event rates from interesting
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Figure 2.12: The ATLAS TDAQ system in Run 2 showing the components relevant for
triggering as well as the detector read-out and data flow [125].
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physics processes which the Run 1 TDAQ system cannot withstand. During the long
shutdown preparing the LHC Run 2, the trigger system thus benefited from a major
upgrade of its various components to cope with these challenging new data-taking
conditions.

The trigger system is structured in a hardware-based first level trigger (Level-1)
and software-based high level trigger (HLT). Figure 2.12 provides the schematics of
the trigger system.

The Level-1 (L1) trigger fully runs with custom electronics located directly on the
detector. Thanks to the upgrade of the trigger hardware and the detector readout for
the LHC Run 2, the L1 trigger acceptance rate increased from 70 kHz to 100 kHz. It
defines specific detector regions in η and φ, called regions of interest (RoIs), using
only information from the calorimeters (L1Calo trigger) and the Muon Spectrometer
(L1Muon trigger). The L1Calo trigger relies on the calorimeters coarse-granularity to
search for electrons, photons, muons taus and jets candidates and derive the missing
transverse energy, while the L1Muon trigger described earlier in the MS section
provides additional trigger information to the L1 trigger decision. The combination
of L1 trigger objects from the L1Calo and L1Muon triggers are taken as input for
the topological trigger (L1Topo). This trigger was upgraded for Run 2 to better deal
with the higher trigger rates while maintaining low energy thresholds. Based on the
information provided by the calorimeter and muon trigger objects, the L1Topo trigger
can make a decision based on quantities such as the total energy in the calorimeter,
kinematic thresholds, or topological variables such as the angular separation or the
invariant mass.

The L1 trigger decision is formed by the Central Trigger Processor (CPT) which
takes input from the L1Calo, L1Muon, L1Topo triggers and additionnal detector
subsystems. The decision to keep or discard an event is made less than 2.5 µs after
the event occurs. In this fraction of time, the event data is sent to ReadOut Drivers
(RODs) to be formatted as raw data before being kept in the ReadOut System (ROS)
for buffer storage, passing on to the second-level trigger if selected. The L1 trigger
reduces the event rate from the LHC bunch crossing rate from 40 MHz down to 100
kHz.

The filtered events are then passed on to the HLT, which relies on a large computing
farm of nearly 40,000 CPU cores. Starting from the RoIs defined by the L1 trigger,
each collision events are meticulously sorted. A reconstruction procedure starts first
using dedicated fast trigger algorithms for early event rejection. In a second step
more complex, computing demanding algorithms, similar to those used for offline
reconstruction, are applied. Within 200 µs a decision is formed. The HLT reduces
the L1 output rate to approximately 1.2 kHz on average. The selected data is then
sent to permanent storage at the CERN computing centre for offline analysis.

The Fast TracKer (FTK) [126] is a fast hardware-based tracking system initially
designed to provide high resolution tracks to the HLT at the L1 trigger level, in
particular to improve trigger selections requiring full-event tracking information,
such as b-jets or tau leptons, not feasible otherwise at HLT. Planned to start in 2015,
in the end the project was decommissioned during Run 2 and was not implemented
in the new ATLAS TDAQ.
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CHAPTER

OBJECT RECONSTRUCTION

AND SIMULATION 3
The particles produced in the pp collisions travel inside the ATLAS detector and

interact with the various layers of detector material. These interactions are

transcribed into electronic signals which need to be combined and treated in

order to identify the various particles going through the detector. This is commonly

referred to as event reconstruction. To validate the theoretical predictions from

SM and BSM physics and compare them to the observed data, simulations based

on Monte Carlo techniques are heavily relied on in particle physics. This chapter

describes the reconstruction, identification and simulation techniques of the

physics objects relevant for the analyses presented in this thesis.

3.1 Reconstruction

The ATLAS detector is structured in dedicated sub-detector systems designed to exploit
specific physics properties to discriminate between different particles (electrons,
muons, taus, photons), identify the result of quark or gluon decays (known as
jets). After measuring all objects we can measure the energy imbalance in an event
coming from invisible processes, characterised by the missing transverse momentum.
Figure 3.1 illustrates the behaviour of the common stable particles travelling through
the various ATLAS sub-detectors and therefore how they can be identified taking
advantage of their signatures.

3.1.1 Relevant concepts for this study

The analysis presented in this thesis relies on careful and precise reconstruction of
leptons and jets. Real leptons in data can either be ‘prompt’, that is coming from
collision events, or ‘non-prompt’, coming most of the time from heavy flavoured
hadron decay. Prompt leptons are characterised by little activity around the particle,
contrary to leptons arising from secondary decay processes. The objects of interest
of the analysis are referred to as signal leptons. They are selected with stringent
requirements, one of which is to be a prompt lepton. Being able to distinguish between
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Figure 3.1: How ATLAS detects particles: diagram of particle paths in the detector [127].

prompt and non-prompt leptons is not only important for event reconstruction, but
also to estimate backgrounds. Figure 3.2 sketches the different type of leptons
described here.

The missing transverse momentum is a crucial variable to search for invisible
particles such as Dark Matter at the LHC. As explained in section 1.2.3, weakly inter-
acting particles such as neutrinos or any potential BSM particles cannot be detected
directly in proton-proton collisions. What is exploited instead is the momentum
conservation in the transverse plane of the proton-proton collision beam giving that
the initial momentum is zero, which implies that the sum of all particles transverse
momentum in the final state should also be equal to zero. A momentum imbalance
in an event may indicate the production of invisible particles.The measurement of
the so-called missing transverse momentum is therefore crucial for DM searches. Its
definition however heavily relies on the measurement precision of the other objects.
Energy mismeasurement could falsify the transverse momentum sum, leading to
missing energy potentially misidentified as DM.

This chapter will present the reconstruction and identification procedures for
the physics objects considered in this analysis, namely electrons, muons, jets from
b-quarks, and missing transverse momentum1. The objects selected in this analysis
will also be detailed. A summary of the selected leptons and jets in this thesis is

1ATLAS takes care of taus and photons as well, however they are not relevant for this study. In the
rest of the thesis, the term leptons will only refer to electrons and muons.
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Figure 3.2: Example of prompt, non-prompt and misidentified (or fake) leptons in a single
process (here semileptonical t t̄ decay). Prompt and non-prompt leptons are real leptons,
the former is in the final state of the hard-scatter process, while the later comes from heavy
hadron decay and is surrounded by other decay particles. Misidentified leptons on the other
hand can be light jets wrongly identified as leptons. Modified figure from I. Neutelings.

reported in table 3.1 and will be fully detailed in the for each physics object.

3.1.2 Tracks and primary vertices

The charged particles trajectories, referred to as tracks, are reconstructed in the η <
2.5 region by exploiting the information coming from the Inner Detector [128]. Hits in
pixel detector and SCT layers are used as track seeds for the reconstruction algorithm.
Track candidates with incorrectly assigned hits are removed via an ambiguity solving
procedure, and an additional track scoring strategy is applied to discard the less
precise track candidates. The reconstructed silicon tracks are then combined with
the TRT measurements. This procedure is referred to as ‘inside-out’, and figure 3.3
illustrates the associated track pattern recognition. To reconstruct tracks coming from
photon conversion or secondary decay vertices, the algorithm can also be applied
backwards, starting from segments reconstructed in the TRT, then extended inwards
by adding silicon hits, which is known as ‘outside-in’ or back-tracking procedure.

The reconstructed tracks are then used as an input for the primary vertex iden-
tification algorithm [130]. Primary vertices (PVs) are defined as the point in space
where proton-proton interaction have occurred. It is a crucial parameter for event
reconstruction at the LHC, as proper event reconstruction relies on the accurate as-
signment of charged tracks to their hard-scatter vertex. It is also extremely important
for pile-up removal as pile-up produces additional PVs. PV reconstruction is divided
in two steps, namely vertex finding and vertex fitting. Vertex finding consists in
matching reconstructed tracks to the vertex candidates, while vertex fitting involves
reconstructing the actual vertex position and its covariance matrix. A seed position
is initially selected based on the beam spot in the transverse plane. Then, together
with the tracks, the best vertex position is estimated with an iterative fit procedure.
Tracks incompatible with the resulting vertex position are removed and used in the
determination of another vertex. The procedure is repeated with the remaining tracks
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Figure 3.3: Illustration of the track pattern recognition in a simplified model of the ID.
Triplets of the measured space points, shown in yellow, form seeds, indicated in blue. Track
candidates are represented by lines. The seed marked by the dashed blue curve illustrates a
case where two seeds correspond to the trajectory of the same charged particle. The seed
shown in green is rejected by the requirement that the seed must be consistent with a particle
from the nominal interaction point. The track candidate represented by the green dashed
line is rejected for the same reason. The red track candidate is a fully reconstructed silicon
track with no TRT extension while the black candidate correspond to a track reconstructed
using information from the three subdetectors. From Ref. [129].
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Table 3.1: Preselection parameters for electrons, muons and jets

Baseline Signal

Electron

pT > 4.5 GeV, η < 2.47 ET > 4.5 GeV, η < 2.47
|z0 sinθ |< 0.5 |z0 sinθ |< 0.5

– |d0/σ(d0)|< 5
LooseAndBLayerLLH identification MediumLLH identification

– Gradient isolation

Muon

pT > 4 GeV, η < 2.7 pT > 4 GeV, η < 2.7
|z0 sinθ |< 0.5 |z0 sinθ |< 0.5

– |d0/σ(d0)|< 3
Calo-Tagged (CT) muons combined (CB) muons

Medium identification Medium identification
– Loose_VarRad isolation

Jet

pT > 20 GeV, η < 2.8
JVT working point: Medium

b-tagged jet pT > 20 GeV
b-tagger MV2c10

in the event. All vertices with at least two associated tracks are retained as valid
primary vertex candidates. The reconstruction efficiency of hard-scatter primary
vertex highly depends on the pile-up contamination. The procedure for most physics
processes is to appoint as hard-scatter primary vertex the vertex with the highest
squared sum of tracks transverse momentum max

∑

p2
T, based on the assumption that

hard-scatter interactions have harder transverse momentum than pile-up interactions.
The overall PV reconstruction efficiency is above 99% for many physics processes
from hard-scatter interactions.

Candidates events are required to have at least one reconstructed interaction
vertex with a minimum of two associated tracks, each with pT > 500 MeV. The
primary vertex in the event is the vertex with the highest scalar sum of the squared
transverse momenta of associated tracks. A set of baseline quality criteria are applied
to reject events with non-collision backgrounds or detector noise [131].

3.1.3 Electrons

Electrons and photons have very similar signatures in the EM calorimeters, with the
difference that photons have no charged track reconstructed in the ID. As described
previously, photons are not selected by this analysis. The reconstruction procedure
is described here for electrons in the region |η|< 2.47 which corresponds to the
acceptance of the ID and the highly segmented EM calorimeter.

The typical behaviour of an electron in the detector layers can be observed in
figure 3.1. It is defined as a track in the ID and a shower in the EM calorimeter,
while nothing (or very few residuals) is deposited in the hadronic calorimeter. An
electron is identified with a narrow-shaped shower in the calorimeter, with a track
pointing in the direction of the shower and a large number of high threshold hits
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Figure 3.4: A schematic illustration of the path of an electron through the detector. The
red trajectory shows the hypothetical path of an electron, which first traverses the tracking
system (pixel detector, SCT then TRT) and then enters the EM calorimeter. The dashed red
trajectory indicates the path of a photon produced by the interaction of the electron with the
material in the tracking system [132].

to be matched with in the TRT. Going through the detector layers, the electrons
slow down due to interaction with matter and loose energy, which is converted into
photon radiation (bremsstrahlung). In the ID the electron trajectory is also bent by
the solenoid magnetic field which induces radiations as well. These effects need
to be correctly taken into account when reconstructing electron candidates. An
electron is constructed as a cluster built from energy deposits in the calorimeters
and one or multiple (if a photon is radiated for instance) matched tracks. Figure 3.4
sketches the trajectory of an electron through the detector including the path of a
photon produced from bremsstrahlung. The reconstruction workflow of electrons
with |η|< 2.5 is described below and is further detailed in Ref. [133]. To recon-
struct the electron cluster, an algorithm relying on dynamic, variable-size clusters
of calorimeter cells, called superclusters, is exploited in ATLAS in Run 2 [134]. The
reconstruction algorithms first select the clusters of energy deposits measured in topo-
logically connected EM calorimeter cells, referred to as topo-clusters. Topo-clusters
reconstruction algorithms proceed first by forming initial clusters in the EM and
hadronic calorimeters, called ‘proto-clusters’. This is done using a signal-to-noise
ratio ζEM

cell = EEM
cell/σ

EM
noise,cell. Calorimeter cells with |ζEM

cell|≥ 4 are defined as seed cells
to initiate the clustering process. The ‘good’ proto-clusters are then further extended
to account for neighbouring cells with significance |ζEM

cell|≥ 2. Proceeding by iteration,
each cell fulfilling this criterion becomes the seed cell, and the procedure is repeated
for each neighbouring cell. Finally, a crown of neighbouring cells is added to the
cluster independently of their energy. This procedure is commonly known as ‘4-2-0’
topo-cluster reconstruction. Electron proto-clusters coming from pile-up are rejected
with 60% efficiency when requesting the ratio of EM energy to the total cluster energy
to be greater than 0.5. This does not affect the electrons selection as most of their
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Figure 3.5: Comparison between data and simulation of the invariant mass distribution of
the two electrons in the selected Z → ee candidates, after the calibration and resolution
corrections are applied. The total number of events in the simulation is normalised to the
data. The uncertainty band of the bottom plot represents the impact of the uncertainties in
the calibration and resolution correction factors [133].

energy is deposited in the EM calorimeter.
In a subsequent step, electron tracks are reconstructed by exploiting the informa-

tion available from the ID, as described in section 3.1.2. The electrons candidates
are then fully reconstructed by matching the EM shower clusters to the associated
track(s) [134].

To calibrate the energy response of electron from the energy of a cells cluster in
the EM calorimeter, the following procedure, described in Ref. [135] is applied. The
energy resolution of the electron is optimised using a multivariate (MVA) regression
algorithm based on the properties of the shower development in the EM calorimeter,
while the adjustment of the absolute energy scale is performed using Z → ee processes,
along with the systematic uncertainties related to the pile-up and material effects.
A global scale extracted from the Z decay into electrons are applied to data while
a smearing correction is applied on simulated energies. In fact, the Z invariant
mass resolution is typically larger in data than in the Monte Carlo (MC) simulations
because not all experimental effects are taken into account in the simulation. The
resulting distribution of the invariant mass of the electrons coming from Z → ee
candidates after calibration and resolution corrections is illustrated in figure 3.5.
Data and corrected MC are shown. After applying all corrections, the di-electron
mass distributions in data and simulation agree at the level of 2% in the range
80 GeV< mee < 100 GeV.

The identification of prompt electrons relies on a likelihood (LH) discriminant
variables constructed from quantities measured in the ID, the calorimeter and the
ID and calorimeter combined [133]. These variables describe the shape of the EM
shower, track-cluster matching and the quality of the track and allow to discriminate
prompt electrons incoming from processes of interest from other objects with similar
properties, such as light-flavour jets or electrons coming from photon conversion
or B-hadrons decay. Three standard working points based on the minimisation of
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Figure 3.6: The electron identification efficiency in Z → ee events in data as a function of
ET (left) and as a function of η (right) for the Loose, Medium and Tight operating points.
The efficiencies are obtained by applying data-to-simulation efficiency ratios measured in
J/Ψ → ee and Z → ee events to Z → ee simulation. The inner uncertainties are statistical
and the total uncertainties are the statistical and systematic uncertainties in the data-to-
simulation efficiency ratio added in quadrature. For both plots, the bottom panel shows the
data-to-simulation ratios [133].

the likelihood are available in Run 2, namely Loose, Medium, Tight. These working
points correspond to the increasing tightness on the electron quality requirements.

The reconstruction and identification efficiencies are measured in Z → ee events
using the tag-and-probe method. This method proceeds as follow: if one leg of the
decay is an electron fulfilling stringent identification criteria and firing the trigger, then
this leg is tagged and the second leg is a probe which is used to compute the efficiencies.
This technique relies on the high purity and branching-ratio of the considered physics
processes, meaning that the selected probe is highly likely to be the targeted object
of interest. The tag-and-probe is crucial method for efficiency measurement, in
particular when estimating fake and non-prompt lepton backgrounds. The resulting
reconstruction and identification efficiencies as function of ET and η are shown
respectively in figures 3.6a and 3.6b. This technique is applied both on data and
MC simulation to derive the respective reconstruction and identification efficiencies.
From the ratio of these two numbers are then derived the scale factors which provide
correction on the simulation, taking into account the real detector behaviour.

Further requirements are applied to the electron candidates to suppress remaining
non-prompt electrons by exploiting their isolation properties. Two isolation sets are
available, namely calorimeter-based working points, looking at the deposits of energy
in the calorimeter, and track-based working points, exploiting the tracks of nearby
charged particles, both within a cone centred around the electron cluster or track,
respectively. The working points defined for the isolation requirements are Gradient,
HighPtCaloOnly, Loose and Tight. The former working point provides a variable
isolation efficiency of 90% at pT = 25 GeV and 99% at pT = 60 GeV, uniform in η,
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while the other three have fixed requirement on the calorimeter (track) isolation
variables, again with increasing thresholds [133].

One last point to take into account for the electron reconstruction is the proper
charge identification. Information from the track is exploited to measure the electron
charge, however the charge can be wrongly assigned, which is known as charge-flip.
This happens in particular when an electron irradiates a photon which converts
rapidly. One of the electrons from conversion pair can carry most of the momentum
and is wrongly reconstructed as the prompt electron, leading thus to a potential
wrong charge assignment. Charge-flip occurs in particular for electrons at high η,
since particles travel through a larger amount of detector material which enhances
the radiations. Muons are rarely prone to this phenomenon as they are not as much
affected by bremsstrahlung due to their heavier mass. Charge-flip is an important
parameter for fakes estimation as they represent a non negligible source of real
lepton contamination. They are usually subtracted using MC information from
Z → ee processes when estimating reconstruction and identification efficiencies.

Selected electrons

The leptons selected for analysis are classified as baseline or signal leptons. Baseline
leptons are selected with looser identification criteria (and can also be referred to
as loose leptons). They are used to derive the missing transverse momentum ~pmiss

T ,
resolving possible reconstruction ambiguities between the analysis objects in the
event, and to estimate the fake or non-prompt (FNP) lepton backgrounds. Signal (or
prompt) leptons are a subset of the baseline objects with tighter quality requirements
which are used for the final event selection.

Baseline electron candidates are reconstructed from three-dimensional energy
deposits in the electromagnetic calorimeter that are matched to charged-particle
tracks in the inner detector (ID) [132]. In the tW analysis, these electron candidates
are required to satisfy pT > 10 GeV, while in the t t̄ analysis, the threshold is set at ET

> 4.5 GeV. For the combination the looser requirement on the transverse momentum
is privileged as it allows for an unbiased selection of the lepton objects. Both analyses
demand to have pseudorapidity |η|< 2.47 and to pass the loose likelihood-based
identification requirement described in chapter 3, with an additional condition on the
number of hits in the innermost pixel layer (IBL) to discriminate between electrons
and converted photons. The longitudinal impact parameter z0 relative to the primary
vertex must satisfy |z0 sinθ |< 0.5 mm, where θ is the track’s polar angle.

For the signal electrons, the tW analysis requests a Tight likelihood-based identi-
fication and pT > 20 GeV while the t t̄ analysis demands for a Medium likelihood iden-
tification with the same loose transverse momentum requirement pT > 4.5 GeV. The
track associated with a signal electron is required to have a significance |d0/σ(d0)|< 5,
where d0 is the transverse impact parameter relative to the primary vertex and σ(d0)
is its uncertainty. Again for the combination the latter parameters selection is chosen.
For the isolation requirements, a Gradient working point is demanded for signal
electrons with pT < 200 GeV [133], while those with larger pT are required to pass
the FCHighPtCaloOnly isolation working point.
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3.1.4 Muons

Muons are characterised by a track going throughout the whole detector until they
reach the muon spectrometers, only affected by the magnetic field, leaving the energy
of minimum ionising particle in all detector layers. The muon reconstruction process
is fully detailed in Ref. [136]. Muon reconstruction relies on the information of the
ID and MS, while additional information is provided by the calorimeters in a minor
extent. The muon track reconstruction is performed separately in each sub-detectors
and the two individual tracks are then combined into a single muon candidate.

The combined ID-MS reconstruction is performed according to various algorithms
based on the information provided by the ID, MS and calorimeters. From this
combination, four different ‘types’ of muons are defined depending on which sub-
detector is used in the reconstruction:

Combined (CB) muons Based on fully reconstructed track in the MS matched to a
track in the ID. This type of muon is used in the single and combined analyses.

Segment-tagged (ST) muons A track in the ID is classified as muon if matched
to a local track in the MS. This selection is useful for muons with low pT or
entering regions with low MS acceptance and therefore do not have enough
momentum to go through the whole spectrometer.

Calorimeter-tagged (CT) muons A track in the ID is identified as muon if matched
to an energy deposit in the calorimeter compatible with a minimum-ionizing
particle. CT muons are identified usually in the region with |η|< 0.1 which
is not covered by the MS. This muon type defines the baseline muons in the
DMt t̄ analysis.

Extrapolated (ME) muons Muons trajectory is reconstructed based only on the
MS track with loose requirement on compatibility with originating from the IP.
These muons are used to extend the acceptance for muon reconstruction in the
region 2.5< |η|< 2.7 not covered by the ID.

After reconstruction muons are identified by applying quality criteria to suppress
the background, mainly pion and kaon decays, while selecting prompt muons with
high efficiency and/or robust momentum measurement. Several candidates offering
good discriminating power between prompt and background muons are evaluted in
simulated t t̄ events. Muons from W decay are categorised as signal, while muons
coming from the in-flight decay of light hadrons are targeted as background. For CB
and IO muons with an MS track, the variables used in muon identification are:

– q/p compatibility, defined as the absolute value of the difference between the
ratio of the charge and momentum of the muons measured in the ID and MS,
divided by the sum in quadrature of the corresponding uncertainties

q/p compatibility=
|q/pID − q/pMS|
p

σ2(q/pID)−σ2(q/pMS)
.

This quantity expresses how compatible muon track fragments measured in
the ID and the MS are,
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– ρ′ is another variable assessing the ID and MS tracks compatibility, defined
as the absolute value of the difference between the transverse momentum
measurements in the ID and MS divided by the pT of the combined track,

ρ′ =
|pT,ID − pT,MS|

pT,CB

– normalised χ2 of the combined track fit
Finally, additional requirements on the number of hits in the ID and MS are applied
to guarantee the robustness of the momentum measurement.

Similarly to the electron identification, four muon identi fication working points
are provided in ATLAS, namely Loose, Medium, Tight and High-pT, defined as well
with increasing tightness in the requirements.

Loose muons fulfil criteria designed to maximise the reconstruction efficiency while
providing good-quality muon tracks. All muon types are used and only the η
regions with poor efficiency in the MS are discarded.

Medium muons are set as the default selection in ATLAS and are built such that the
systematic uncertainties are minimised. Only CB and ME are used. A loose re-
quirement on the compatibility between ID and MS momentum measurements
is applied to suppress the contamination due to objects misidentified as muons.

Tight muons are selected to maximise the purity of muons at the cost of some
efficiency. Only Medium CB muons with hits in at least two stations of the MS
can be defined as tight.

High-pT muons are selected to maximise the momentum resolution of tracks with
pT > 100 GeV. CB muons also passing the medium selection and with at least
three hits in three MS stations are selected.

Additional isolation requirements are applied to increase the purity of the recon-
structed muons, exploiting the characteristics of prompt muons coming from heavy
particle decay such as W , Z or Higgs bosons, which are often produced isolated from
other particles. Two variables, track-based and calorimeter-based, are exploited to
assess muon isolation:

Track-based isolation variable, pvarcone30
T , defined as the scalar sum of the transverse

momenta of the tracks with pT > 1 GeV in a cone of size∆R =min (10 GeV/pµT , 0.3)
around the muon of transverse momentum pµT , excluding the muon track itself.
The cone size is chosen to be pT-dependent to improve the performance for
muons produced in the decay of particles with a large transverse momentum.

Calorimeter-based isolation variable, Etopocone20
T , is defined as the sum of the trans-

verse energy of topological clusters in a cone of size ∆R = 0.2 around the
muon, after subtracting the contribution from the energy deposit of the muon
itself and correcting for pile-up effect. Contributions from pile-up and the
underlying events are estimated using the ambient energy-density technique
and are corrected on an event-by-event basis [137].
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Figure 3.7: Muon reconstruction and identification efficiencies for the Loose, Medium, and
Tight criteria. The left plot shows the efficiencies measured in J/Ψ → µµ events as function
of pT. The right plot displays the efficiencies measured in Z → µµ events as a function of |η|,
for muons with pT > 10 GeV. The predicted efficiencies are depicted as open markers, while
filled markers illustrate the result of the measurement in collision data. When not negligible,
the statistical uncertainty in the efficiency measurement is indicated by the error bars. The
panel at the bottom shows the ratio of the measured to predicted efficiencies, with statistical
and systematic uncertainties [136].

The muon reconstruction and identification efficiencies in the region |η|< 2.5
are derived using the tag-and-probe method on very well known SM processes such
as Z → µ+µ− and J/Ψ → µ+µ−. Similarly to the electrons, scale factors are derived
from data and MC efficiencies and applied on simulation to account for detector
effects. Muon reconstruction and identification efficiencies for the Loose, Medium,
and Tight working points in J/Ψ → µ+µ− events as function of pT and Z → µ+µ−
events as function of η are illustrated in figures 3.7a and 3.7b.

Additionally, the muons momentum scale and resolution are studied using here
as well the reference processes Z → µµ and J/Ψ → µµ [138], comparing again the
behaviour of data against MC to provide energy smearing and correction factors to
the simulations. The result of those corrections are shown for the invariant masses of
the Z boson decay in figure 3.8.

Selected muons

Muon candidates are reconstructed from matching tracks in the ID and muon spec-
trometer (MS) which are compatible with a minimum-ionising particle (calo-tagged
muon). The baseline muons must lie in the pseudorapidity region |η|< 2.7 and the
associated tracks must have pT > 4 GeV and a |z0 sinθ |< 0.5 mm from the primary
vertex, while satisfying a Medium identification requirement [138]. Similarly to the
electrons, the signal muon transverse momentum and pseudorapidity remain un-
changed, while a transverse impact parameter significance |d0/σ(d0)|< 3 is required.
Finally, the Loose_VarRad isolation working point is applied.
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Figure 3.8: Dimuon invariant mass distribution of Z → µµ candidate events reconstructed
with CB muons. The upper panels show the invariant mass distribution for data and for the
signal simulation plus the background estimate. The points show the data. The continuous
line corresponds to the simulation with the MC momentum corrections applied while the
dashed lines show the simulation when no correction is applied. Background estimates are
added to the signal simulation. The band represents the effect of the systematic uncertainties
on the MC momentum corrections. The lower panels show the data to MC ratios. The MC
background samples are added to the signal sample according to their expected cross sections.
The sum of background and signal MC distributions is normalised to the data [138].
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Figure 3.9: Sketch of pp-collision and resulting collimated spray of particles, a jet.

3.1.5 Jets

Jets are collimated streams of particles depositing energy in the calorimeters, resulting
from the hadronisation of quarks and gluons due to colour confinement. Figure 3.9
sketches a representation of jet production. Jets are a powerful tool, representing
various underlying physical processes, which require dedicated definitions for better
reconstruction and identification. The resulting reconstructed jets must be calibrated
to account for any possible detector defect and correct for effects such as pile-up.
The jet originating particle can then be identified via dedicated tagging techniques.

Jet reconstruction

Jets reconstruction starts with the identification and reconstru ction of topo-clusters.
Calorimeter objects, in particular from the hadronic calorimeter, are reconstructed
starting from the topological clustering of the calorimeter cells following a ‘4-2-0’
topo-cluster reconstruction algorithm [139] similarly to the electrons and photons
reconstruction as described in section 3.1.3. If the resulting topo-clusters present
two or more maxima, they are split in smaller topo-clusters. The four-vector of the
topo-cluster is finally constructed, considered with zero-mass, using the direction
with respect to the primary vertex and the sum of the energy in the cells composing
the cluster. To complete the reconstruction of the topo-clusters that will constitute
the jet, ATLAS relies on the so-called ‘iterative algorithms’, in particular the anti-kt

algorithm [140, 141]. Iterative algorithms group entities (particles, pseudojets) based
on their respective distance, defined as

di j =min(k2p
Ti , k2p

T j )
∆2

i j

R2
, (3.1)
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and their distance to the beam (B) axis

diB = k2p
Ti , (3.2)

where ∆2
i j = (yi − y j)2+(φi −φ j)2 and kT,i, yi and φi are respectively the transverse

momentum, the rapidity and the azimuth angle of the entity i. R corresponds to
the ‘radius’ of the final reconstructed jet. The clustering algorithm proceeds by
identifying the smallest of the distances between di j and diB. If it is di j, entities i
and j are recombined, while if it is diB, i is labelled as jet and removed from the
list of entities. The distances are recalculated and the procedure repeated until no
entities are left within R. The index p and the radius parameter R are the constants
defining the type of algorithm. The traditional kt algorithm sets p = 1. The anti-kt

algorithm has p = −1. By looking at the inverse squared transverse momentum of
the particles, the algorithm first clusters high energy particles together, then high
energy with low energy particles. This procedure keeps jets with round, well defined
areas, providing a reconstruction efficiency of the jets topo-clusters of nearly 100%.
The kt and Cambridge-Aachen [142] algorithms are preferred for jet calibration and
flavour tagging. In this thesis, the radius parameter for the jets considered in the
single and combined analyses is set to R= 0.4.

To further remove events impacted by detector noise and non-collision back-
grounds, specific jet-quality requirements [131, 137] are applied, designed to pro-
vide an efficiency of selecting jets from pp collisions above 99.5% (99.9%) for
pT > 20(100) GeV.

Jet energy scale calibration

The hadronic showers arising from the parton generate various type of particles which
interact with the detector parts and respond differently. The jets are reconstructed
at the EM scale, which means that the energy deposited in the calorimeters by the
electromagnetic showers is used for the reconstruction, without accounting for the
type of the particles. This reconstructed jet energy does not represent the true
particle-level energy of the jet and requires additional corrections. A correction of
the hadronic showers simulations is necessary for a proper reconstruction of the jet
energy scale (JES). Is is important to note that, due to the particles entering inactive
material or detector defects soft objects can be missing in the reconstruction, meaning
that getting a true absolute calibration is not possible. This introduces an important
dependence on MC simulation to account for any missing information, and the need
to rely on truth jet information for the energy calibration. The calibration process for
the EM-scale jets is illustrated in figure 3.10. This procedure restores the jet energy
scale to the truth jet energy scale reconstructed at particle-level [143].

First, the origin of the jet is corrected to make it point to the primary vertex of the
interaction rather than the geometrical centre of the detector as originally constructed.
This improves the angular resolution and also correct by a small amount the jet
transverse momentum while not affecting its energy. Pile-up is then subtracted to
remove energy excess from in-time pile-up, the number of simultaneous pp-collision
in a beam crossing, and out-of-time pile-up, the remnant signals in calorimeters
from previous bunch crossings. Then, the absolute JES and η calibration corrects
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Figure 3.10: Calibration stages for the EM-scale jets, each applied to the four-momentum of
the jet [143].

the jet four-momentum to the particle-level energy scale, accounting for the non-
compensating behaviour of the calorimeters. This is done using truth information in
MC events reconstructed after the application of the origin and pile-up corrections.
The JES calibration is derived from the ratio of the reconstructed jet energy to the
truth jet energy in the MC simulations. This ratio is known as the response, and is
typically a Gaussian distribution. The mean of the Gaussian corresponds to the jet
energy scale, while the width corresponds to the jet energy resolution (JER).

To improve the later, global sequential calibration is applied, which exploits vari-
ous detector-related variables to suppress flavour dependencies and energy leakage
effects.

Finally, a residual in situ calibration is applied to correct jets in data using well-
measured reference objects, including photons, Z bosons, and calibrated jets. This
last stage of the jet calibration account for differences in the jet response between
data and MC simulation. Differences between data and MC simulation are quantified
by balancing the pT of a jet against other well-measured reference objects using
various in situ techniques. All of these techniques rely on having a well-calibrated
reference. The idea is to exploit well-balanced events (Z``+jet,γ+jet, multijets) each
dedicated to a specific pT region and compute their response. The data over to MC
responses ratio gives the calibration factor to be applied to the jet four-momentum.
The uncertainties are transferred from the reference object to the jet under study.

To remove higher energetic pile-up jets, a significant fraction of the tracks associ-
ated with each jet are required to have an origin compatible with the primary vertex
(PV). This is done using the a discriminant called the jet vertex tagger (JVT) [144], a
the multivariate combination of the jet vertex fraction variable [145] and the number
of reconstructed primary vertices NPV . The former is defined as the sum of the scalar
pT of the tracks that are associated with the jet and originated from the hard-scatter
vertex, divided by the scalar pT sum of all the tracks associated with the jet. Imposing
a lower limit on this variable rejects the majority of pile-up jets, but leads to hard-
scatter jet efficiencies depending on NPV . The JVT is constructed in such a way that
the resulting hard-scatter jet efficiency is stable as function of NPV . This requirement
on the jet tracks reduces the fraction of jets from pile-up to 1%, with an efficiency for
pure hard-scatter jets of about 90%.
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Figure 3.11: Diagram showing an example of B-hadron decay. Modified figure from I.
Neutelings.

b-tagging

The proper identification of jets originating from B-hadrons, also known as b-jets, is
a crucial aspect of this analysis, as our signal final states include top quarks decaying
into a W boson and a b quark. In ATLAS, various algorithms used to identify b-jets,
called b-tagging algorithms, exploit the long lifetime of B-hadrons (τ≈ 1.5 ps), which
leads the particle to travel some distance before decaying inside the calorimeters.
The resulting decay products are thus displaced from the primary hard-scatter vertex.
Another property exploited by the b-tagging algorithms is that the bottom quark is
much more massive than the other quarks (except for the top quark). The decay
products have therefore a higher pT, causing the b-jets to have a wider radius, higher
multiplicities and invariant masses compared to light jets. Figure 3.11 illustrates the
various features exploited to identify the b-jets.

The strategy to reconstruct the b-jets is divided in two main steps. In a first
step, low-level algorithms reconstruct the b-jet features based on complementary
approaches:

– Impact parameter-based algorithms [146] (IP2D, IP3D) take advantage of the
large impact parameters 2 of the tracks originating from the B-hadrons decay.
The former algorithm only considers the transverse impact parameter d0, while
the later also takes into account the longitudinal impact parameter z0,

– Secondary vertex finding algorithm [147] (SV1) attempts to reconstruct the

2The transverse impact parameter d0 is defined as the distance of closest approach in the transverse
plane between a track and the beamline. The longitudinal impact parameter z0 corresponds to the
z-coordinate distance between the point along the track at which the transverse impact parameter is
defined and the primary vertex.
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Figure 3.12: Distribution of the output discriminant of the MV2c10 algorithms for b-jets,
c-jets and light-flavour jets in the baseline t t̄ simulated events [146].

displaced secondary B- and C-hadron decay vertices inside a jet,
– Finally, the JETFITTER algorithm [148] exploits the topology of the B and C-

hadron decay inside the jet to reconstruct the complete PV → b → c decay
chain.

In a second step, the result of the low-level algorithms are combined using multi-
variate classifiers to better discriminate b-jets from light and c-jets. Two high-level
tagging algorithms have been developed for this purpose. The first one, MV2c10 [146],
is a multivariate algorithm based on a Boosted Decision Tree (BDT) discriminant,
while the second one, DL1 [146], is based on a deep feed-forward neural network
(NN). The MV2c10 algorithm is the default algorithm used in this analysis. The BDT
is trained over a simulated sample of t t̄ events, with b-jets defined as the signal and c-
and light-flavour jets ( which includes also gluons) the background. The background
composition in the training is set to 7% of c-jet and 93% of light-flavour jets, which
corresponds to the typical jet composition in t t̄ events. The output of the MV2c10
algorithm is a BDT score. Figure 3.12 illustrates the output score of the MV2c10
algorithm for signal and background jets after evaluation with the t t̄ MC sample.
The b-jet efficiency is defined as the ability to correctly tag jets coming from real
B-hadrons, while the mistag rate is the probability to accidentally identify c- and
light-flavour jets as b-jets.

Different working points are defined by a single cut value on the BDT score and
are chosen to provide a specific average b-jet efficiency on a t t̄ sample. In this
analysis, the operating point with 77% b-tagging efficiency is chosen.

The b-tagging performances can differ between data and MC simulations. The sim-
ulated events are therefore corrected via scale factor ratios between b-tag efficiencies
obtained in data and MC, derived as function of jet pT, η and truth flavour [149].
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Selected jets and b-jets

Jets are reconstructed from topological clusters of energy in the calorimeters using the
anti-kt jet clustering algorithm [140] with a radius parameter R= 0.4. Calibration
of the reconstructed jets is performed through the application of a jet energy scale
derived from 13 TeV data and simulation. Candidate jets are required to have pT

> 20 GeV and |η|< 2.8. To further reduce the effect of pile-up interactions, jets with
|η|≤ 2.5 and pT < 120 GeV are required to have a medium working point of the jet
vertex tagger (JVT), which rely on track information to identify jets originating from
the primary vertex [137, 141].

The jets containing b-hadrons and defined as b-(tagged) jets are identified using
the multivariate algorithm MV2c10 relying on features such as the impact parameters
d0 and |z0 sinθ | and the reconstruction of displaced secondary vertices and the flight
path of b- and c-hadrons inside the jets [150]. A continuous working point providing
77% efficiency for tagging b-jets in simulated t t̄ events is applied, with average
rejection factor of 4.9 and 110 for jets originating from c-hadrons and from light
quarks and gluons respectively.

3.1.6 Overlap Removal

The ATLAS approach is to reconstruct all objects individually. This approach can
induce an overlap of these objects. For instance, all electrons, photons and taus in
particular will be identified as jets. Another example is when a muon radiate a photon.
The resulting photon cluster combined with the muon track can mimic an electron
and be wrongly identified as such. To avoid reconstruction ambiguities and double
counting, an overlap removal procedure is applied, depending on the definition of the
objects involved. The following overlap removal procedure is applied to the baseline
leptons and jets:

1. First, calo-tagged muons are removed if sharing an ID track with electrons,

2. Next, all electrons sharing an ID track with a muon are removed,

3. Jets which are not b-tagged for a working point providing 85% b-tagging
efficiency and which lie in a cone of ∆R=

p

(∆y)2 + (∆φ)2 = 0.2 around an
electron candidate are removed.

4. All jets lying within ∆R = 0.2 of an electron are removed if the electron has
pT > 100 GeV.

5. Finally, any lepton candidate is removed in favour of a jet candidate if it lies a
distance ∆R<min(0.4, 0.04+ 10/pT(`)) from the jet, where pT(`) is the pT of
the lepton.

3.1.7 Missing Transverse Momentum

The missing transverse momentum (pmiss
T ), with magnitude Emiss

T , is defined as the neg-
ative vector sum of the transverse momenta of all fully reconstructed and calibrated

65



3– OBJECT RECONSTRUCTION AND SIMULATION

physics objects coming from hard-scatter processes, plus the soft term [151]. The
soft term corresponds to low-momentum tracks from the primary vertex (track-based
soft term) or signals in the calorimeters (calorimeter-based soft term) that are not
associated with any reconstructed analysis objects. The former are preferred for the
missing transverse momentum computation as more robust to pile-up contamination,
and are the ones used in this analysis. The missing transverse momentum vector
pmiss

T is derived using the component along the x and y axes:

Emiss
x(y) = −
∑

i∈reconstructed
particles

px(y),i −
∑

j∈soft term

px(y), j (3.3a)

Emiss
x(y) = Emiss,µ

x(y) + Emiss,e
x(y) + Emiss,jets

x(y) + Emiss,soft
x(y) , (3.3b)

In this analysis, taus are not explicitly reconstructed. The term for τ leptons decaying
hadronically is not computed in a separate term, as they are calibrated as jets instead.
Taus decaying leptonically on the other hand are selected via their leptonic decay as
prompt electron or muon. From eq. 3.3b, the following useful observables can be
derived as well:

Emiss
T = (Emiss

x , Emiss
y ) (3.4a)

Emiss
T = |Emiss

T |=
q

(Emiss
x )2 + (Emiss

y )2 (3.4b)

φmiss = arctan

�

Emiss
y

Emiss
x

�

(3.4c)

Emiss
T is the missing momentum vector with magnitude Emiss

T , while φmiss is the di-
rection in the transverse plane in terms of the azimuth angle [152]. In the rest of
the thesis, the missing transverse momentum will be referred to its magnitude Emiss

T .
An important aspect of Emiss

T which is detailed in section 4.3 is the Emiss
T significance,

which helps distinguish between actual missing energy and mismeasurement related
to detector effects.

3.2 Simulation

To probe the underlying SM processes occurring in our regions of interest and also
test our DM signal models, Monte Carlo (MC) simulations are extensively exploited.
This section first describes the simulation chain in ATLAS, then the simulated samples
used in this analysis.

3.2.1 Simulation chain

To probe the underlying SM processes occurring in our regions of interest and also
test our DM signal models, Monte Carlo (MC) simulations are extensively exploited.
The ATLAS experiment relies on its own simulation infrastructure [153] and the
GEANT4 [154] detector simulation toolkit. A simplified schematic of the ATLAS
simulation and reconstruction workflow is illustrated in figure 3.13. The simulation
chain can be decomposed as follows:
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Figure 3.13: Simplified flow of the ATLAS simulation infrastructure. First step is the event
generation from hard-scattered processes (also known as the truth level information), then
parton showers and underlying events are simulated, followed by the detector simulation.
Both MC events and LHC data undergo the same reconstruction process leading to the final
objects used for analysis. A more detailed workflow is available in Ref. [153].
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– First of all, the generation of the events originating from the hard-scatter of the
colliding partons and their immediate decay products, also known as truth-level.
The choice of parton distribution functions (PDFs)is crucial, as it provides all
the relevant parameters to compute the cross section production of the targeted
physics process.

– During the event generation, QCD processes and interactions coming from the
partons collision lead to multiple radiation cascades called parton showers.
Hadronisation follows where the quarks and gluons produced in those showers
recombine to form new hadrons (or underlying events) which will eventually
decay as well.

– Then, the generated particles enter the detector and interact with its com-
ponents. Those interactions are simulated via the GEANT4 toolkit which re-
produces the full ATLAS detector, from its geometry to its realistic response,
including misalignment and distortions. Single hard-scatter processes are gen-
erated individually and then overlaid to simulate additional interactions coming
from bunch crossing (pile-up) effect. The energy deposited in the detector by
the particles is converted into voltage and currents which can then be compared
with the detector readouts. This is known as digitisation.

– Finally, the simulated events are identified as reconstructed by the detector. This
is also known as reco(nstruction)-level. The same reconstruction procedure
described in the previous sections is applied both to MC events and data, which
lead to the same output for both simulated and real observed events.

To obtain the simulated samples specific to a certain physics process, many genera-
tors are available and are dedicated to a specific step of the simulation chain (i.e.,
matrix element, parton showering, hadronisation, cross section computation used to
normalise the event yields. . . ).

3.2.2 Simulated samples

For the combination, the SM backgrounds most relevant for these studies and the
DM signals were generated following the set of generators and their parameters
chosen initially for the DMt t̄ analysis. Table 3.2 summarises the matrix element and
parton shower generators used for the SM processes and signal samples, along with
the relevant PDF sets, the configuration of the underlying events and hadronisation
parameter (tunes), and the accuracy of the theoretical cross-sections applied for the
normalisation of the different samples.

The DM+t t̄ and DM+tW signal samples were generated from leading-order
(LO) matrix elements using respectively MADGRAPH5_aMC@NLO 2.6.7 and 2.8.1
interfaced to PYTHIA 8.244 with A14 tune [155] for the modelling of the parton
showering (PS), hadronisation and description of the underlying events. Parton
luminosities are provided by the five-flavour scheme NNPDF3.0NLO [156] PDF set.
The top quark decay is simulated using MADSPIN [157]. Various signal samples are
generated by scanning over the mediator masses mφ/a at fixed DM mass mχ = 1 GeV.
Two sets are produced, assuming either a scalar or pseudoscalar mediator decaying
into a pair of DM particles.

In the DM samples generation the couplings of the scalar and pseudoscalar media-

68



3.2. Simulation

tors to the fermions and DM particles (gq and gχ) are set to one. The kinematics of the
mediator decay are not strongly dependent on the values of the couplings. However,
the particle kinematic distributions are sensitive to the nature of the mediator and to
the mediator and DM particle masses. The signal cross-sections for the DM+t t̄ signal
model were computed at NLO [158, 159] following the same method than the DMt t̄
analysis. This ensures that the cross-sections are computed at the highest accuracy.
For the DM+tW signal on the other hand the NLO calculations are not available and
the LO cross sections are therefore used instead.

Standard Model processes involving one or two top quarks in the final states
are generated using POWHEG-BOX [160] and normalised using NNLO+NNLL [161]
cross-sections. Processes involving the production of one (two) vector boson(s) are
generated using SHERPA 2.2.1 [162] – 2.2.2 and normalised at NNLO [163] (NLO)
cross-section accuracy. Finally, t t̄ + V (V = W, Z , h), tZ and tW Z processes are
generated using MADGRAPH5_aMC@NLO [164] and normalised at NLO cross-section
accuracy [164, 165].

Inelastic pp interactions were generated and overlaid onto the hard-scattering
process to simulate the effect of multiple proton–proton interactions occurring during
the same (in-time) or a nearby (out-of-time) bunch crossing. These were produced
using PYTHIA 8.186 [166] and EvtGen [167] with the NNPDF2.3LO set of PDFs [168]
and the A3 tune [169]. The MC samples were reweighted so that the distribution
of the average number of interactions per bunch crossing reproduces the observed
distribution in the data.

Additional samples are used to estimate the systematic uncertainties related to
modelling, as described in section 6.2.

Table 3.2: Simulated signal and background event samples with the corresponding matrix
element and parton shower (PS) generators, perturbative QCD highest-order accuracy used
to normalise the event yield, and the PDF sets used.
Physics process Generator Parton shower normalisation PDF (generator) PDF (PS)

DM Signals (t t̄ and tW ) MADGRAPH5_aMC@NLO PYTHIA 8.244 NLO [158, 159] NNPDF3.0NLO NNPDF3.0NLO

t t̄ POWHEG-BOX v2 [170–172] PYTHIA 8.230 NNLO+NNLL [161] NNPDF3.0NLO [156] NNPDF2.3LO
t t̄ + V (V =W, Z) MADGRAPH5_aMC@NLO PYTHIA 8.210 NLO [164, 173] NNPDF3.0NLO NNPDF2.3LO
Single top POWHEG-BOX v2 [170–172, 174, 175] PYTHIA 8.230 NLO+NNLL [176–180] NNPDF3.0NLO NNPDF2.3LO
Z(→ ``)+jets SHERPA 2.2.1 [162, 181] SHERPA 2.2.1 NNLO [182] NNPDF3.0NNLO [156] NNPDF3.0NNLO [156]
Diboson V V (V =W, Z) SHERPA 2.2.1 or 2.2.2 [162] SHERPA 2.2.1 or 2.2.2 NLO [183] NNPDF3.0NNLO NNPDF3.0NNLO
Triboson V V V (V =W, Z) SHERPA 2.2.2 SHERPA 2.2.2 NLO [162, 183] NNPDF3.0NNLO NNPDF3.0NNLO
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CHAPTER

DARK MATTER SEARCHES

WITH TOP QUARKS AND

THEIR COMBINATION 4
After introducing the theoretical context, the experimental apparatus and the

multiple reconstruction and identification techniques used for our objects of

interest, this chapter describes the strategy adopted for the combination studies.

The general analysis strategy used in the BSM searches targeted for the combina-

tion is first described, together with the statistical methods for hypothesis model

testing. The discriminating kinematic variables used in both analyses are then

introduced, before briefly introducing the individual analyses. Finally, the strategy

to statistically combine the analyses is detailed together with the event selection

and the treatment of the dominating backgrounds for the combination.

4.1 Analysis strategy

The aim of this analysis is to improve the current constraints on simplified DM model
via the statistical combination of two DM searches targeting events with a single top
quark and W boson [26] and top quark pair [23] in the two lepton final state, using
139 fb−1 of pp collisions data recorded by the ATLAS detector at the centre-of-mass
energy of

p
s = 13 TeV.

The strategy to estimate signal(s) and backgrounds in the individual analyses
is the same: dedicated regions, known as signal regions (SRs), are defined in such
a way as to be enriched in the signal of interest in each analysis. To estimate and
discriminate background(s) against the signal(s), many techniques are available and
can be divided in three main categories:

– data-driven methods
– MC simulations normalised to their cross section and the data luminosity
– constraining the MC processes through dedicated regions to improve their fit

to data
The former case is frequently adopted to estimate backgrounds typically corresponding
to incorrectly reconstructed processes due to detector effects, or QCD phenomenons
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ill-described by MC simulations. In both analyses, this technique is used to estimate
non-prompt leptons and objects improperly identified as leptons as described in
chapter 5. The second case is the most straightforward, as the MC backgrounds
are normalised as function of the process cross section, luminosity and additional
detector related corrections. This technique however suffer from higher systematic
uncertainties and is usually adopted for the estimation of minor backgrounds. The
later technique is extensively relied on to improve the estimation of the irreducible
backgrounds dominating in the SRs. Dedicated control regions (CRs) are designed
in such a way as to have high purity in the targeted dominating background, while
reducing signal contamination as much as possible. This is done by defining the
CRs close enough to the SR and changing one or more requirements on the defining
discriminating variables to make the regions orthogonal, meaning that no events
(or an infinitesimal percentage only) are shared between the multiple regions. The
resulting orthogonal regions are then exploited in a simultaneous likelihood fit to
adapt the background normalisation by fitting it to the data in the CR. They are
further used to test various model hypotheses, as it will be described in more details
in section 4.2.

For an individual analysis, the estimation of the dominant backgrounds proceeds
as follows. If we consider k dominant backgrounds in a SR, then k CRs needs to be
defined. This is done for all k CRs to determine the associated normalisation factor
µk. The normalisation factors derived from the fits of CRs are validated in dedicated
validation regions (VRs). These regions are defined in a phase space between the
CRs and SRs to show that the interpolation from CR to SR works (in other words,
that the MC distributions are well modelled and have same shape than data). They
are therefore orthogonal both to the CRs and the SRs. Similarly to the CRs, they
are designed to be close to the SR definition, while being enhanced in the targeted
background process while low in signal contamination. If the normalisation factors
are correctly derived in each CR, then the MC simulation should also describe the
data correctly after applying them in the dedicated VRs.

In the case of this combination study, we are dealing with two analyses with
respective SRs, CRs and VRs all orthogonal to each other within an individual analysis,
as illustrated in left scheme of figure 4.1, but not necessarily within both, and they may
thus overlap. To make the statistical combined fit possible, additional requirements
must be applied to make the SRs and CRs of both analyses orthogonal, as sketched
in the right scheme of figure 4.1. Since both analyses have already public results, the
VRs are not considered in the combination strategy, as the background estimation is
assumed to be optimized and validated already.
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Figure 4.1: Illustration of orthogonality between regions in one analysis as function of
discriminant variables (left) illustration of orthogonality between signal regions from two
analyses as function of discriminant variables (right).

4.2 Statistical interpretation

Once all the regions are defined and combined, the data we observe must be fitted
to our model. This model depends on the purpose we want to achieve: obtain the
normalisation factor to constrain the dominant backgrounds yields as explained in
the previous section, or perform a hypothesis test on signal models. In the case of
new physics searches, one defines the null hypothesis H0 as the SM background-only
hypothesis, which is tested against the alternative hypothesis H1, corresponding to
the combined background and signal (here DM candidate in the simplified model).

To fit our data, both individual analyses and the combination study relied on the
HISTFITTER software [185]. This tool takes histograms generated for the various
analysis SRs and CRs and from them, construct the parametric model describing the
data, while taking into account the variations related to systematic uncertainties.
The fit is performed in the CRs and SRs simultaneously. To determine the parametric
model that best describes our regions yields, we rely on a likelihood function relating
the product of Poisson distributions of yields in the various SRs, CRs and additional
functions which propagate the impact of the systematic uncertainties:

L(n,θ 0|µ, b,θ ) =PSR× PCR× Csyst

=P(nS|λS(µ, b,θ ))×
∏

i∈CR

P(ni|λi(µ,µi, b,θ ))× Csyst(θ
0,θ ). (4.1)

The first two terms correspond to the Poisson probability of observing nS and ni

events in the SR and CR i respectively, assuming the parameters λS and λi. These
parameters corresponds to the expected number of events depending on the signal
strength µ, the normalisation factors µi, the background yields b in SRs and CRs and
the nuisance parameters θ . The latter term includes the systematic uncertainties
in the fit through the probability density function (pdf) Csyst(θ 0,θ ), also known as
auxiliary or subsidiary measurement. θ 0 equals to the central values of the auxiliary
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measurement around which θ can be varied. In other words, nuisance parameters
can be estimated (but not necessarily) from auxiliary measurements. If the nuisance
parameters associated to given systematic uncertainties are independent from each
other, then Csyst is simply described by a product of the probability distributions,
typically a normalised Gaussian centred in θ 0 which is usually set to zero, and with
±1σ standard deviation, σ corresponding to the value of the associated systematic
uncertainty. When performing a statistical combination, the total likelihood is the
product of the individual analyses likelihoods (orthogonalised).

With this general likelihood function, one can find the parameters (µ, µi, θ)
optimising the fit. This is done by finding the values maximising the likelihood.

To test a hypothesis on µ, the following test statistic [186] is considered:

tµ = −2 lnλ(µ) (4.2)

with λ(µ) defined as the profile likelihood ratio:

λ(µ) =
L(µ, ˆ̂

θ )

L(µ̂, θ̂ )
(4.3)

where µ̂ and θ̂ maximise the likelihood function and are known as global maximum,

and ˆ̂
θ is the value of θ maximising the likelihood for the specified µ (and thus, L is

function of µ). This test interprets how well the data agrees with the tested value of
µ compared to the global maximum of the likelihood. The higher the observed value
of tµ, the more incompatible the data and the hypothesis. The level of disagreement
is quantified by the frequentist probability value, better known as p-value:

pµ =

∫ ∞

tµ,obs

f (tµ|µ)d tµ (4.4)

where f (tµ|µ) is the pdf of the test statistic tµ given the assumption on µ. Figure 4.2a
illustrates the relation between the test statistic tµ and the p-value. The p-value can
be converted into the significance Z , defined such that a Gaussian distributed variable
found Z standard deviations above its mean has an upper-tail probability equal to p,
that is

Z = Φ−1(1− p) (4.5)

where Φ−1 is the quantile (inverse of the cumulative distribution) of the standard
normal distribution. In other words, the significance Z translates how far the observed
value for a given variable is from the Gaussian mean. The further away, the less
likely it is to be associated with a random data fluctuation. Figure 4.2b illustrates the
relation between the p-value and the significance Z .

When the signal strength is set to zero (µ = 0), equation 4.2 will test the discovery
of a potential signal against the null-hypothesis H0 (in other words, the hypothesis
we want to reject). When µ = 1, then the signal expectation equals the nominal value
of the model under consideration. This scenario is generally considered in the case
where the background-only hypothesis cannot be rejected. Upper limits then need
to be set on µ to exclude models which expect more signal than µ. To account for a
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Figure 4.2: (a) Illustration of the relation between the p-value obtained from an observed
value of the test statistic tµ,obs and its pdf f (qsig|µ). (b) The standard normal distribution
ϕ(x) = (1/

p
2π)exp(−x2/2) showing the relation between the significance Z and the p-

value. Inspired plots from [186].

discovery such as, say, a DM candidate, the common procedure agreed by the physics
community is to reject background-only hypothesis H0 when finding a significance
of at least Z = 5, which corresponds to p = 2.87× 10−7. When excluding a signal
hypothesis however, p-values found above a threshold of 0.05 (corresponding to 95%
confidence level) are excluded, which corresponds to Z = 1.64.

In the case of low statistics in signal events or data downward fluctuation, there
is the risk of rejecting the alternative hypothesis H1 when deriving the p-value. To
avoid this issue, the following ratio of signal plus background over background only
confidence levels C Ls [187] is computed instead:

C Ls =
CLs+b

CLb
=

p1

1− p0
(4.6)

where p0 and p1 are the p-values derived for µ= 0 and µ= 1 respectively. A signal
model with µ = 1 is said to be excluded at 95% Confidence Level (CL) if C Ls ≤ 0.05.
Since no excess is found in both analyses, the C Ls method will be used mostly to set
limits on our model. As introduced earlier, different fit setups can be tested depending
on our hypothesis:

The background-only fit sets µ = 0, meaning that the signal contribution is turned
off and that the fit is performed assuming only SM background in the SR and
CRs. This fit is used to find the normalisation factors µi and validate their
accuracy in the dedicated VRs, as explained previously.

The model-independent fit, also known as discovery fit, is estimated similarly to
the background-only fit, setting µ= 0, with the difference that the hypothesis
assumes only background with an additional ‘dummy’ signal. This means, that
the number of events observed in the signal region is added as an input to the
fit. For discovery, the null hypothesis H0 is the SM background only, while the
alternative H1 corresponds to the combined background and signal. This fit
shows how good the background only hypothesis agrees with the background
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compared to the signal plus background hypothesis. Since the discovery fit
was already performed in the individual analyses and no significant excess was
found, this fit strategy is not considered for the combination.

The model-dependent fit, or exclusion fit, sets µ = 1 and is used to study a
specific signal model. In the absence of a significant event excess in the SR(s)
as confirmed by the background-only fit, exclusion limits can be set on the
signal models under study. In case of excess, it can also be used to probe specific
properties such as the signal strength. The signal samples are included in all
regions to account for potential signal contamination in the CRs. The signal
strength µsig is assigned as a normalisation factor of the associated signal sample.
This is the fit strategy we are interested in the case of the combination, since
we can add up multiple signal regions. In fact, if multiple SRs are sensitive to
the same signal model (in our case, DM+tW and DM+t t̄), a model-dependent
fit of the statistical combination should improve the exclusion limits of the
considered signal(s) as compared to the individual analyses. The results of the
exclusion fit for all the signal models scenario allow to construct an exclusion
plot for the considered model parameters. In the case of DM searches with top
quarks, the parameters considered are the masses of the mediator mφ/a and
the DM candidate mχ . One parameter is fixed while the other one is varied in
order to derive their respective exclusion limits. To perform the exclusion fit,
the signal model hypothesis in considered. Signal models which resulted in
p-values above a 0.05 threshold are rejected or in other words, can be rejected
at 95% CL.

4.3 Kinematic requirements and event variables of

both analyses

This section will first describe the kinematic variables chosen in both analyses in
order to select the respective signal topology.

Common discriminating variable: the stransverse mass

In the DM studies under consideration, the main common preselection variable to
discriminate signal against background is the so-called stransverse mass [188, 189],
whose name originates from its extensive use in Supersymmetry searches. This
kinematic variable is bound by the masses of a pair of particles, each decaying into a
lepton and an invisible particle:

mT2(pT,1,pT,2,pmiss
T ) = min

pmiss
T,1 +pmiss

T,2 =pmiss
T

[max(mT (pT,1,pmiss
T,1 ), mT (pT,2,pmiss

T,2 ))], (4.7)

where mT is the transverse mass1 , pT,1 and pT,2 indicate the transverse momentum
vectors of the two leptons and pmiss

T is the missing transverse momentum vector

1The transverse mass is defined by the equation mT =
Æ

2|pT,1||pT,2|(1− cos(∆φ)), where ∆φ is
the angle between the particles with transverse momenta pT,1 and pT,2 in the plane perpendicular to
the beam axis.
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Figure 4.3: Illustration of an example process to be used in the stransverse mass mT2
derivation [188, 189]. Modified figure from I. Neutelings

resulting from the two invisible particles missing transverse momentum pmiss
T,1 and

pmiss
T,2 . The minimisation is done over all the possible decomposition of pmiss

T . Figure 4.3
illustrates an example process from which the stransverse mass can be derived, with
all the associated variables used for the computation. If the two leptons are coming
from t t̄ or WW decays, the distribution of mT2 is bounded sharply from above by
the mass of the W boson. For the signal, the additional pmiss

T coming from the two
DM particles generates instead a tail at high mT2, which can be exploited to separate
the signal from the background.

Dedicated discriminating variables

Additional variables are then considered in the individual analyses according to the
specific topology of the signal they are looking for.

DMtW In the tW -channel, the variables used to discriminate the signal from the
SM background are the following:

• mmin
b` is the minimum invariant mass found by combining the leading b-jet

with each of the leptons, mmin
b` = min(mb1`1

, mb1`2
). An upper endpoint at

approximately 150 GeV or 160−170 GeV is expected for the events with one or
two leptonic top quark decays, respectively.

• To further reduce the background with two leptonic top quark decays, such as
t t̄ and t t̄V , mt

b`, an extended variation of mmin
b` , is used in the tW final state. It

is defined as:

mt

b` =min[max(m`1 b1
, m`2 b2

),max(m`1 b2
, m`2 b1

)] ,

where m`n jm is the invariant mass of lepton `n and jet jm and j1, j2 are the two
jets with highest b-tag discriminator value. If a b-jet is produced in a top-quark
decay, its invariant mass is bounded from above by

Æ

m2
t −m2

W ' 150 GeV.
Applying a requirement on mt

b` to be greater than this value strongly suppresses
t t̄ and t t̄V events where both tops decay leptonically, and keeps a large fraction
of events containing a single leptonic top decay. This kinematic variable turns
out to be crucial for the combination and the related strategy will be described
further below.

77



4– DARK MATTER SEARCHES WITH TOP QUARKS AND THEIR COMBINATION

• The minimum azimuth distance ∆φmin between the ~pmiss
T and the ~pT of each of

the four leading jets in the event is useful for rejecting events with mismeasured
jet energies leading to Emiss

T in the event, and is defined as:

∆φmin =mini≤4∆φ
�

~pmiss
T , ~pjet

T,i

�

,

where mini≤4 selects the jet that minimises ∆φ.

DM tt In the case of the DMt t̄ analysis, the dedicated discriminating variables are
listed below:

• ∆φboost corresponds to the azimuthal angular distance between the pmiss
T vector

and the p``T,boost = pmiss
T + p`1

T + p`2
T vector. The p``T,boost variable, with magnitude

p``T,boost, is the opposite of the vector sum of all the transverse hadronic activity
in the event. These variables are useful to select events where the non hadronic
component (e, µ, ν and χ) is collimated.

• Linked to the Emiss
T value is the ‘object-based Emiss

T significance’, called simply
‘Emiss

T significance’ in this thesis. This quantity measures the significance of
Emiss

T based upon the transverse momentum resolution of all objects used in the
calculation of the pmiss

T . It is defined as

Emiss
T significance=

|pmiss
T |
Æ

σ2
L(1−ρ

2
LT)

where σL is the longitudinal component of the total transverse momentum
resolution for all objects in the event parallel to the pmiss

T and the quantity ρLT is
the correlation factor between the parallel and perpendicular components of the
transverse momentum resolution for each object. On an event-by-event basis,
the Emiss

T significance evaluates the p-value that the observed Emiss
T is consistent

with the null hypothesis of zero real Emiss
T , as more detailed in Ref. [190]. In

other words, the Emiss
T significance assesses the likelihood that an observed Emiss

T
is consistent with a fluctuation from zero because of detector-related limitations
like finite measurement resolution, leading to reconstruction inaccuracies.

4.4 Description of the analysis channels

The original analysis for DM with single top quark targets events containing one
top-quark, two DM particles and either an additional jet or a W -boson, for t j- or
tW -channels, respectively. The analysis for DM with top quark pairs on the other
hand looks at DM particles in SUSY and DM models with two opposite-charge leptons,
jets and missing transverse momentum in the final state.

The statistical combination only focuses on the tW -channel and the t t̄-channel
where both the W bosons in the event decay leptonically, as they represent the most
sensitive channel for both production modes. In the rest of the thesis, the individual
analyses will be referred to as (DM)tW analysis and (DM)t t̄ analysis, while the
targeted signals will be referred to as DM+tW and DM+t t̄ signals. The two channels
give their name to the dedicated SRs (tW -SRs and t t̄-SRs).
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Figure 4.4: Example of Feynman diagrams of DM production processes with top quark pair
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Figure 4.5: Example of t t̄ in leptonic final state (left) and t t̄ Z with invisible decay of the Z
boson (right).

The single top quark and top quark pair analyses define SRs enriched in DM+tW
and DM+t t̄ signal, respectively. As it can be seen in figure 4.4, the topology of those
signatures is extremely close, thus the signal selection requirements in each analysis
are also similar:

– both require two prompt opposite sign leptons (e or µ) passing the dilepton
trigger,

– request at least one b-jet,
– Z → `` processes with same flavour leptons in the Z peak are suppressed to

reduce Z boson-related backgrounds,
– a stringent selection is also required on the Emiss

T to enhance invisible decays
while suppress SM contamination (e.g. neutrinos) or detector effects.

The similar signature topology also leads to the same potential contamination sources
in the signal selection, namely t t̄ and t t̄ Z . The analyses may select t t̄ processes
where both the top quarks decay leptonically and t t̄ Z processes with invisible Z
boson decay, illustrated by the Feynman diagrams in figure 4.5. Both processes are
normalised in CR for both analyses. The tW analysis defines in addition a CR for
dibosons (W Z) processes to improve the estimation of t t̄ Z events in the dedicated
CR. Apart from that, the background estimation strategy in both searches is similar
as well.

As explained in section 4.1, the aim of the CRs targeting k dominating backgrounds
in the SR(s) is to normalise the MC yields of those processes using normalisation
factors µk obtained after a background-only fit. Those regions are defined such as
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to have high purity in the SM process they are targeting, while minimising contami-
nation from signal. In the case of DM+tW and DM+t t̄ signals in two leptons final
state. In the DMtW analysis, the diboson background W Z is also estimated through
normalisation factors.

For the CRs, the normalised yields of each process k is written similarly to the SR:

Nk(SR, fitted) = µk · N MC
k (SR,µk = 1),

Nk(CR, fitted) = µk · N MC
k (CR,µk = 1)

(4.8)

where µk is estimated from the fit to data in the dedicated CR and µk = 1 corresponds
to the CR yield before the fit. The total number of events observed, according
to the definition of a CR, should be equal to the number of estimated event after
normalisation.

For the combination setup, the SRs from both analyses are ensured to be orthog-
onalised, thus statistically independent from each other. The number of observed
events in the regions can then simply be summed up:

Ndata/bkg(SR(tW+t t̄)) = Ndata/bkg(SRtW ) + Ndata/bkg(SRt t̄) (4.9)

The same reasoning occurs for the k CRs of both analyses if they are orthogonalised
as well:

Nk(CR(tW+t t̄)
k ) = Nk(CRtW

k ) + Nk(CRt t̄
k ) (4.10)

The combination strategy also depends on the choice of normalisation factor in
each CR. It is in fact crucial to chose the one estimating best the MC yields in both
analyses setups.

This section introduces the definition of the individual analyses regions and the
result of the SM background and signal events estimation. The strategy to combine
the regions of interest of both analyses is then described.

4.4.1 The tW analysis

The analysis in Ref. [26] presents a dedicated search for single top quarks produced
in association with DM candidates, in the context of 2HDM+a models. The tW -
channel of this search targets events with exactly two oppositely charged leptons
(electron or muon) first selected for the SR if they also contain at least one signal
jet, at least one of which must be b-tagged with pT > 50 GeV. The dominant SM
background contributions in the channel after these selections are from the t t̄, t t̄ Z ,
and tW Z processes, followed by that of diboson events. The contribution from fake
or non-prompt (FNP) lepton backgrounds, whose estimation is further described in
chapter 5.1, is found to be negligible in the signal region.

Discriminating variables, mmin
b` , mt

b`, mT2 and ∆φmin as defined in Section 4.3, are
used to define the final signal region as shown in Table 4.1.

The contributions from the t t̄, t t̄V (with V = W or Z boson) and diboson
background processes are estimated from MC simulation and dedicated CRs. The
remaining sources of background, including the irreducible tW Z process, which is
dominated by the Z → νν component, single top quark production, t t̄h production
and other rarer processes such as t t̄ t t̄ and t t̄WW , are estimated from simulation.
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Table 4.1: Summary of signal, control and validation region definitions used in the tW
analysis channel. The ‘–’ entries represent an inclusive selection with no requirements. In the
final states with three leptons, the corrected Emiss

T,corr, min mcorr
b` and mcorr

T2 variables are used
instead as described in the main text. The selection requirement on the corrected min mcorr

b`
in the VR(3`) region varies according to the jet and b-jet multiplicity as described in the main
text. Events with additional baseline leptons are vetoed.

Variable SR CR(t t̄)tW CR(t t̄ Z)tW CR(W Z)tW

nsignal
`

= 2 = 2 = 3 = 3
(OS) (OS) (≥ 1 SFOS) (≥ 1 SFOS)

pT(`3) [GeV] – – > 20 > 20
mee/µµ [GeV] /∈ [71,111] /∈ [71,111] ∈ [71,111] ∈ [71,111]

njet ≥ 1 ≥ 1 ≥ 3 ∈ [1,3]
nb-jet ≥ 1 ≥ 1 ≥ 1 = 1

– – (≥ 2 if njet = 3) –

mmin
b` [GeV] < 170 < 170 < 170 > 170

mt
b` [GeV] > 150 < 150 – –

Emiss
T [GeV] > 200

mT2 [GeV] > 130 ∈ [40,80] > 90 > 90
∆φmin [rad] > 1.1 > 1.1 – –

The acceptance for t t̄ events is increased in CRtW
t t̄ by requiring a low value of m``

T2
and inverting the SR selection criteria on mt

b`.
The t t̄V contribution is dominated by the t t̄ Z component (about 80% of t t̄V in

the SR), especially where Z → νν. A dedicated control region, CRtW
t t̄Z , is thus defined.

The natural control region for this background would be a four leptons CR,
as the four leptons final state would match closely the analysis signature. The
two leptons coming from the Z decay could be then identified and added to the
missing transverse momentum pmiss

T . Such final state however is rather rare (B(Z →
`+`−`+`− = 4.55± 0.17)× 10−6) [28]) and would result in limited statistical power.
A three leptons (3L) CR is defined instead for the t t̄ Z CR by selecting three signal
leptons, two coming from the leptonic decay of the Z boson (`+`−) and one from the
top quarks. The requirement on mT2 is also relaxed to improve the statistical power.
This allows to increase the statistics by approximately a factor 8 with respect to the
nominal four lepton channel.

Three charged leptons are requested, out of which at least one same flavour
opposite sign (SFOS) pair having an invariant mass consistent with the one of the
Z boson (|m`` − mZ |< 20 GeV). In case more than one lepton pair satisfies this
condition, the pair yielding the mass nearest to the nominal Z mass is taken. t t̄ Z
events including one leptonic top decay in addition to a leptonic Z contain two b-jets
and two light jets from the hadronic decay of the W in the final state. The purity of
t t̄ Z events is further increased by requiring at least three jets with at least two of them
b-tagged. This rejects diboson backgrounds which usually has no b-tagged jets. To
select t t̄ Z processes whose kinematics are closest to the original targeted background
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Figure 4.6: Kinematic distribution of the mT2 and Emiss
T,corr variables in the CR(t t̄)tW and

CR(t t̄ Z)tW , respectively. Only statistical uncertainties are shown.

in the SRs, the momenta of the leptons compatible with the Z decay (p(`Z
1),p(`

Z
2))

are added vectorially to the pmiss
T , treating them effectively like the neutrino pair

from the Z boson decay. A new variable, Emiss
T,corr =
�

�

�

pmiss
T + p(`Z

1) + p(`Z
2)
�

T

�

�, is hence
defined. This modification is extended to all relevant discriminating variables relying
on Emiss

T . In particular, mcorr
T2

and min mcorr
b` , which is defined as the invariant mass of

the leading b-jet with the lepton not compatible with the Z .
Due to the presence of three leptons in this region, the background contribution

from misidentified or non-prompt leptons becomes non-negligible and is estimated
using a data-driven matrix method (MM) as described in Refs. [191, 192] and which
is further detailed in Section 5.1.

To improve the estimation of the dominant background from the W Z process in the
CR(t t̄ Z)tW , a dedicated W Z CR, CR(W Z)tW , is defined by inverting the CR(t t̄ Z)tW

selection requirements on the jet multiplicity and the corrected mmin
b` . This CR is also

used to aid in the estimation of all diboson processes in the SR.
The definitions of the three tW CRs are also provided in table 4.1.
Figure 4.6 illustrates the kinematic distribution of the discriminating variables

used to define the CR(t t̄)tW and CR(t t̄ Z)tW before applying the intended require-
ments.

The resulting background-only fit for the tW analysis CRs are reported in table 4.2.
Normalisation factors derived in the original search µt t̄ , µt t̄V and µDiboson are found
to be 1.00± 0.03, 0.76± 0.26 and 0.80± 0.16 after the background-only fit for the
t t̄, t t̄V and diboson processes, respectively. The number of events in the tW signal
region are reported in table 4.3.

4.4.2 The tt analysis

The selection in Ref. [23] targets the DM signal model that assumes the production
of a pair of dark-matter particles through the exchange of a spin-0 mediator, in
association with a pair of top quarks. It is also used for a search for top squarks
decaying into an on-shell top and neutralino.
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Table 4.2: Fit results in the control regions for the tW -channel. The results are obtained
from the control regions using the background-only fit. The category “Others” includes
contributions from Wh production and Z + jets. The errors shown are the statistical plus
systematic uncertainties. Uncertainties in the fitted yields are symmetric by construction,
where the negative error is truncated when reaching zero event yield.

CR(t t̄)tW CR(t t̄ Z)tW CR(W Z)tW

Observed events 1407 80 48

Total (post fit) SM events 1407± 38 79.9± 8.9 48.1± 6.9

Post-fit, t t̄ 1297± 39 – –
Post-fit, t t̄V 7.6± 1.6 56± 11 7.8± 2.2
Post-fit, Dibosons 2.9± 1.0 6.6± 2.4 28.6± 9.6
W t 94± 12 3.3± 0.5 0.78± 0.08
t t̄H 2.4± 0.2 1.5± 0.1 0.19± 0.02
tW Z 0.26± 0.05 5.8± 0.8 3.3± 0.4
FNP leptons – 6.5± 4.7 7.4± 5.3

Table 4.3: Background-only fit results for the tW signal region. The backgrounds which
contribute only a small amount (rare processes such as triboson, t t̄ t t̄, t t̄ WW and Higgs
boson production processes, and non-prompt or misidentified leptons background) are
grouped and labelled as ‘Others’. The quoted uncertainties of the fitted SM background
include both the statistical and systematic uncertainties.

SRtW

Observed events 12

Fitted SM bkg events 5.9± 1.2

Post-fit, t t̄ 1.2± 0.9
Post-fit, t t̄V 2.9± 0.7
Post-fit, Diboson 0.5± 0.2
Single top 0.26+0.27

−0.26
tW Z 0.8± 0.1
Others 0.16± 0.08

For each event, the leading lepton, `1, is required to have pT(`1) > 25 GeV,
while for the sub-leading lepton, `2, the requirement is pT(`2)> 20 GeV. The event
selection also requires at least one reconstructed b-jet, ∆φboost lower than 1.5 and
Emiss

T significance greater than 12, and finally mT2 greater than 110 GeV. Following
the classification of the events, two sets of signal regions (SRs) are defined: a set
of exclusive SRs binned in the mT2 variable, to maximise model-dependent search
sensitivity, and a set of inclusive SRs, to be used for model-independent results. For the
binned SRs, events are separated according to the lepton flavours, different flavour
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Table 4.4: Definition of the different bins in the SRt t̄ in the exclusion fit.

mT2 [GeV] [110-120) [120-140) [140-160) [160-180) [180-220) [220,∞)

Same Flavour Events SR-SFt t̄
[110,120) SR-SFt t̄

[120,140) SR-SFt t̄
[140,160) SR-SFt t̄

[160,180) SR-SFt t̄
[180,220) SR-SFt t̄

[220,∞)
Different Flavour Events SR-DFt t̄

[110,120) SR-DFt t̄
[120,140) SR-DFt t̄

[140,160) SR-DFt t̄
[160,180) SR-DFt t̄

[180,220) SR-DFt t̄
[220,∞)

(DF) or same flavour (SF), and by the range [x , y) of the mT2 interval: SR−DFt t̄
[x ,y) or

SR− SFt t̄
[x ,y). For the inclusive signal regions, referred to as SRt t̄

[x ,∞) with x being the
lower bound placed on the mT2 variable, DF and SF events are combined. Table 4.4
reports the binning definition of SRt t̄ . The common definition of these two sets of
signal regions is shown in Table 4.5.

As in the DMtW analysis, the main background sources for the two-body selection
are t t̄ and t t̄ Z with invisible decay of the Z boson. These processes are normalised
to data in dedicated CRs: CR(t t̄)t t̄ and CR(t t̄ Z)t t̄ . The t t̄ normalisation factor is
extracted from different-flavour dilepton events. In order to test the reliability of the t t̄
background prediction, two validation regions VRt t̄,DF and VRt t̄,SF are defined. The t t̄ Z
production events with invisible decay of the Z boson are expected to dominate the tail
of the mT2 distribution in the SRs and are normalised in the dedicated control region
CR(t t̄ Z)t t̄ . The same strategy of the tW analysis based on a three-lepton final state
is adopted, targeting the t t̄ Z production with the Z boson decaying into two leptons
and t t̄ decaying in the semileptonic channel. Events are selected if characterised by
three charged leptons including at least one pair of SFOS leptons having invariant
mass consistent with that of the Z boson (|m`` −mZ |< 20 GeV). If more than one
pair is identified, the one with m`` closest to the Z boson mass is chosen. Events are
further required to have a jet multiplicity, njet, greater than or equal to three with at
least two b-tagged jets. In order to select t t̄ Z events whose kinematics, regardless of
subsequent t t̄ and Z decays, emulate the kinematics of t t̄ Zνν processes in the SRs,
the momenta of the two leptons of the SFOS pair (p(`Z

1),p(`
Z
2)) are vectorially added

to the pmiss
T , effectively treating them like the neutrino pair from the Z boson decay. A

variable called Emiss
T,corr =
�

�

�

pmiss
T + p(`Z

1) + p(`Z
2)
�

T

�

� is constructed. Events characterised
by high mT2 in the SRs are emulated by requiring high Emiss

T,corr values in CR(t t̄ Z)t t̄ .
In order to check the t t̄ Z background estimation, the validation region VRt t̄ Z was
defined. For this region, events with four leptons are selected and required to have
at least one pair of SFOS leptons compatible with the Z boson decay. A variant of the
mT2 variable called m4`

T2 is defined from the pcorr
T =
�

pmiss
T + p(`Z

1) + p(`Z
2)
�

T
and the

momenta of the remaining two leptons. The definition of the control regions used
in the single t t̄ analysis selection is summarised in Table 4.5. Figure 4.7 illustrates
the kinematic distribution of the discriminating variables used to define the CRt t̄ and
CR(t t̄ Z)t t̄ before applying the intended requirements.

The expected signal contamination in the CRs is generally below ∼ 1%. The
signal contamination in the VRs is less than 15% (7%) for a DM signal model with
scalar (pseudoscalar) mediator mass of 100 GeV and DM mass of 1 GeV.

The results of the background-only fit are reported in Tables 4.6, 4.7 and 4.7a for
the single t t̄ analysis CRs and SRs.The normalisation factors for fitted backgrounds
are found to be consistent with the theoretical predictions when uncertainties are
considered. The normalisation factors obtained from the fit for t t̄ and t t̄ Z are
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Figure 4.7: Kinematic distribution of the∆φboost and m`` variables in the CRt t̄and CR(t t̄ Z)t t̄ ,
respectively.

Table 4.5: Signal and Control regions definition in the single t t̄ analysis.

SRt t̄ CR(t t̄)t t̄ CR(t t̄ Z)t t̄

Lepton multiplicity 2 2 3
Lepton flavour DF SF DF ≥ 1 SFOS
pT(`1) [GeV] > 25 > 25 > 25
pT(`2) [GeV] > 20 > 20 > 20
pT(`3) [GeV] – – > 20
m`` > 20 > 20 –

|m`` −mZ | [GeV] – > 20 – < 20 for ≥ 1 SFOS
nb-jet ≥ 1 ≥ 1 ≥ 2 with njet ≥ 3
∆φboost [rad] < 1.5 ≥ 1.5 –
Emiss

T significance > 12 > 8 –
Emiss

T,corr [GeV] – – > 140

mT2 [GeV] > 110 –

0.88± 0.08 and 1.07± 0.14, respectively.
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Table 4.6: Background fit results for CR(t t̄)t t̄and CR(t t̄ Z)t t̄ . “Others” includes contributions
from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ processes. Combined statistical
and systematic uncertainties are given. Entries marked ‘–’ indicate a negligible background
contribution (less than 0.001 events). The individual uncertainties can be correlated, and do
not necessarily add up in quadrature to the total background uncertainty.

CR(t t̄)t t̄ CR(t t̄ Z)t t̄

Observed events 230 247

Total (post-fit) SM events 230± 15 246± 16

Post-fit, t t̄ 196± 17 –
Post-fit, t t̄ Z 0.49± 0.23 170± 22
W t 31± 7 –
Diboson 1.0± 0.6 17± 4
Others 1.1± 0.5 44± 12
FNP leptons 0.0+0.5

−0.0 16± 8

Pre-fit, t t̄ 222 –
Pre-fit, t t̄ Z 0.46 162

Table 4.7: Background fit results for the different-flavour (top) and same-flavour (bottom)
leptons binned SRs for the former DM+t t̄ analysis. The ‘Others’ category contains the
contributions from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ . Combined statistical
and systematic uncertainties are given. Entries marked ‘–’ indicate a negligible background
contribution (less than 0.001 events). The individual uncertainties can be correlated, and do
not necessarily add up in quadrature to the total background uncertainty.

SR-DFt t̄
[110,120) SR-DFt t̄

[120,140) SR-DFt t̄
[140,160) SR-DFt t̄

[160,180) SR-DFt t̄
[180,220) SR-DFt t̄

[220,∞)

Observed events 19 13 5 1 1 3

Fitted bkg. events 22± 4 16.3± 3.2 5.1± 0.8 2.83± 0.45 3.25± 0.45 3.11± 0.67

Post-fit, t t̄ 17± 4 10.0± 3.2 0.7± 0.5 0.01+0.10
−0.01 0.13± 0.11 –

Post-fit, t t̄ + Z 2.3± 0.5 3.5± 0.7 2.7± 0.7 2.0± 0.4 1.9± 0.4 1.7± 0.6
W t 0.47± 0.27 0.05+0.33

−0.05 0.025± 0.012 – 0.033± 0.013 –
Z/γ∗ + jets – – – – – –
Diboson 0.67± 0.27 0.61± 0.24 0.49± 0.16 0.05+0.07

−0.05 0.19± 0.13 0.14± 0.07
Others 0.97± 0.19 1.48± 0.28 1.19± 0.16 0.78± 0.12 0.68± 0.13 0.67± 0.11
Fake and non-prompt 0.0+0.5

−0.0 0.6± 0.6 0.0+0.5
−0.0 0.0+0.5

−0.0 0.37± 0.23 0.6± 0.4

SR-SFt t̄
[110,120) SR-SFt t̄

[120,140) SR-SFt t̄
[140,160) SR-SFt t̄

[160,180) SR-SFt t̄
[180,220) SR-SFt t̄

[220,∞)

Observed events 17 19 9 3 4 5

Fitted bkg. events 18.8± 3.5 14.4± 2.9 5.1± 0.9 3.7± 0.6 4.4± 0.7 5± 1

Post-fit, t t̄ 15.7± 3.4 7.6± 2.3 0.6± 0.4 0.007+0.020
−0.007 0.10± 0.08 0.16+0.18

−0.16
Post-fit, t t̄ + Z 1.65± 0.35 3.5± 0.7 2.2± 0.5 2.1± 0.4 2.18± 0.45 1.9± 0.6
W t 0.5± 0.5 0.8± 0.8 0.10± 0.04 0.018+0.019

−0.018 0.12± 0.06 0.71± 0.29
Z/γ∗ + jets 0.020± 0.014 0.044± 0.003 0.07+0.17

−0.07 0.38± 0.13 0.60± 0.33 0.4± 0.4
Diboson 0.27± 0.20 1.0± 0.6 0.65± 0.24 0.6± 0.4 0.59± 0.28 0.9± 0.5
Others 0.69± 0.13 1.37± 0.21 0.99± 0.16 0.63± 0.11 0.67± 0.14 0.64± 0.10
Fake and non-prompt 0.0+0.4

−0.0 0.0+0.4
−0.0 0.56± 0.06 0.0+0.7

−0.0 0.15± 0.12 0.28± 0.21
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4.5 Combination strategy

In both analyses, no significant excess was found, thus limits were drawn on the
parameters of the considered simplified DM models. The statistical combination aims
to combine the regions of the individual analyses to enhance those limits. The specific
strategy to select the analysis objects, to combine the signal regions and estimate
their backgrounds is presented in the following sections.

4.5.1 Object selection

Prior to the regions definition, data objects fulfilling the signal signature requirements
need to be selected. Both analyses have their specific selection criteria, depending
on the objects and kinematics of interest in their dedicated channel final state. To
combine the analyses, a ‘harmonisation’ of the selections is required, as we need to
be certain that the same objects are considered when selecting the signal events. In
particular, the kinematic, isolation and object identification criteria are needed to be
the same. Given the similar topology of the respective signal signatures, only minor
changes were applied. The final object selection in the one described in the object
reconstruction chapter in table 3.1.

4.5.2 Orthogonalisation and SRs definition

Initially, the mt
b` variable is only used in the DMtW analysis in order to suppress

additional t t̄ and t t̄ Z backgrounds, but also DM+t t̄ signal that could reduce the
sensitivity to the DM+tW search. Applying the inverted requirement on mt

b` < 150
GeV in the SRt t̄ orthogonalises the two analyses, while not loosing too much of
the statistical power of the DMt t̄ analysis, as illustrated by the mt

b` distribution for
different DM+t t̄ and DM+tW signals in figure 4.8.

When applying this requirement, the region mt
b` > 150 GeV is not covered any-

more by the SRt t̄ . Moreover, SRtW and SRt t̄require a mT2 lower threshold of 130
and 110 GeV respectively, meaning that the region mT2 ∈ [110,130] GeV is also
not covered by the SRtW . This [mT2, mt

b`] phase space not covered by any of the
analyses definition could benefit the combination with enhanced statistical power.
An additional SR covering the region mT2 ∈ [110, 130] GeV, named SRtW

low mT2
, is thus

defined in order to include more events and thus, potentially improve the resulting
upper limits. Figure 4.9 schematises the final coverage of the analyses SRs as function
of the variables mt

b` and m``
T2.

Depending on the type of study, the t t̄ analysis splits the signal region (SR) in two
sets as described in section 4.4.2: one set of exclusive SRs binned in the mT2 variable
for model-dependent fits dedicated to sensitivity searches, and a set of inclusive SRs
used for model-independent fits dedicated to signal discovery. In the case of this
combination study, only the former set of SRs is considered, as we are solely aiming
to improve the sensitivity on the current exclusion limits.

A summary of the final signal selections in the two channels for the combination
setup is shown in table 4.8.
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Figure 4.8: mt
b` variable distribution in SRt t̄ for DM+t t̄ and DM+tW signal models with

scalar mediator mass of 150 GeV. As the mt
b` is defined for events with at least two jets, the

events with exactly one jet are included in the overflow bin. The mt
b` < 150 GeV requirement

is requested in the SRt t̄ for orthogonalisation (red arrow). Only statistical uncertainties are
shown.

Table 4.8: Final signal region definition in the tW - and the t t̄-channels including the
requirements applied for orthogonalisation.

SRtW
low mT2

SRtW SRt t̄(orthogonalised)

Signal leptons 2 (OS) 2 (OS)
Leptons flavour – DF SF
m`` [GeV] ≥ 40 > 20
|m`` −mZ | [GeV] > 20 – > 20

njet ≥ 1 –
nb-jet ≥ 1 ≥ 1

∆φmin [rad] > 1.1 –
∆φboost [rad] – < 1.5
Emiss

T [GeV] > 200 –
Emiss

T significance – > 12
mmin

b` [GeV] < 170 –

mt
b` [GeV] > 150 < 150

mT2 [GeV] [110,130] > 130 > 110
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tW-SR

tt-SR 
orthogonalized

extra tW-SR 
“low mT2”

Figure 4.9: Sketch illustrating the orthogonalisation of SRt t̄ , SRtW and SRtW
low mT2

in the mt
b`

and mT2 plane.

4.5.3 Background estimation

When estimating the backgrounds, the same orthogonality issue arise for the CRs
and is studied in this section. Different approaches have been considered in this
procedure and the most optimal solution is reported here.

Control Region for tt background

The production of t t̄ is the second most important background for the two leptons
analysis. This process has a similar final state to the signal, except for the absence of
additional missing energy coming from potential DM particles.

In the tW -channel, the strategy chosen to define the CR for t t̄ is to invert the
requirement on mt

b` while loosening the mT2 requirement. With this definition the
presence of DM+t t̄ signal in the region remains non-negligible. The CR(t t̄)tW is
defined by inverting both the SR requirements on mT2 and mt

b`, asking for mT2 ∈
[40,80] GeV and mt

b` < 150 GeV.
For the t t̄-channel, CR(t t̄)t t̄ is defined by inverting the SR requirements of the

respective analysis. Events with different flavour (DF) leptons are selected for CRt t̄ .
The orthogonality of this control region with respect to the SRs is assured using a
different mT2 selection (mT2 ∈ [100,120] GeV) and using ∆φboost > 1.5. Given the
requirement on mT2, both regions are already orthogonal to each other, meaning
that they could potentially be combined to improve the t t̄ estimation. Although the
regions differ in yields by a ratio of six, the resulting normalisation factors computed
with the harmonised dataset are actually very close µtW

t t̄ ' µ
t t̄
t t̄ ' 0.88. This means,

that a single CR could actually be sufficient to estimate the top pair processes. The
choice was set on the CR(t t̄)t t̄ definition and the CR(t t̄)tW is removed. Looking
at the SRtW

low mT2
and CR(t t̄)t t̄ definitions in table 4.8 and 4.5, a potential overlap

may occur due to the respective mT2 definition. It turns out however that the event
contamination in the SR is negligible.
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Control region for ttZ background

To estimate t t̄ Z processes, the strategy adopted by both analyses is identical. The
production of t t̄ associated with a Z-boson, where the Z decays into neutrinos, is
the dominant irreducible background for the two leptons analysis. It has the same
final state as the signal, except for the additional b-jet from the decay of the second
top quark for the tW -channel, and should dominate the tail of mT2 distribution
in the SRs. The main difference between CR(t t̄ Z)tW and CR(t t̄ Z)t t̄are the more
stringent requirement on Emiss

T,corr in the tW analysis and the additional requirements
on mcorr

T2
> 90 GeV and min mcorr

b` < 170 GeV, while no additional requirement is
applied in the CR(t t̄ Z)t t̄ .

The region definition in each analysis have nearly identical selections, meaning
that for the combination, only one CR could be used for the statistical likelihood
fit. The region definition chosen in the t t̄ analysis is more inclusive and therefore,
allows for more statistics. As a result, it was decided to adopt this CR definition for
the estimation of the t t̄ Z events in the combination setup.

The W Z CR defined in the tW analysis strategy was not kept for the combination,
as it was checked that its introduction in the looser CR(t t̄ Z)t t̄ did not improve the
background estimation, nor the statistical fit.

Finally, the three lepton CR is prone to misidentified and non-prompt leptons,
whose estimation is performed in both individual analyses and the respective strategy
is detailed in the next chapter.

The results of the final background-only fit will be presented in chapter 6.
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CHAPTER

FAKE AND NON-PROMPT

LEPTON BACKGROUNDS 5
This chapter describes the details of the fake and non-prompt lepton background

estimation in the DMtW and DMtt analyses using each different data-driven

methods: the Matrix Method and the Fake Factor method. The choice of method

for the combination will be given in the last section.

Misidentified and non-prompt lepton backgrounds are a subtle and complex back-
ground that affects multilepton searches, as they can alter the event lepton multiplicity
and thus contaminate analysis regions. The former may come from pions or hadronic
jets wrongly reconstructed as leptons, while the latter may arise from heavy-flavour
hadrons decay in jets or from photon conversion. Fake and non-prompt (FNP) lepton
backgrounds are ill-described by MC simulations, as it involves non-perturbative QCD
effects and/or particles interacting with the detector material. These are difficult to
model as they would require a precise understanding of the detector response and the
underlying hadronisation processes. Moreover, the probability to obtain FNP leptons
is extremely low, meaning that an accurate description would demand the generation
of MC samples with incredibly large event yields but very low FNP leptons selection
rates. Extensive computational power and storage capacities would be needed to
satisfy all these requirements.

Alternative methods not solely relying on MC are therefore required to estimate
the FNP lepton backgrounds. Several techniques are commonly used in ATLAS, for
instance ABCD methods [193], which extrapolate the shape of the background of
interest from three control regions to propagate it to the signal region, or the MC
template method [193], which rely on a good MC simulation of the distribution and
apply additional correction from data. In the case of the DMtW , the choice was set on
a data-driven method called Matrix Method [194], while the Fake-Factor method was
adopted by the DMt t̄ analysis. Both methods solely rely on data, and the decision to
use them is justified by the respective analyses needs.
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5.1 Background estimation in the tW analysis

In the DMtW analysis targeting the 2HDM+a model [195], the tW -channel focuses on
the final states with one and two leptons, as described previously in section 4.4. The
channel selects two leptons in the final state, hence FNP leptons will be a background
that must be evaluated. One of the control regions even selects three leptons, hence
not only the FNP leptons need to be evaluated, but they are expected to be larger
due to the phase space choice. The relaxed requirement makes this selection more
sensible to non-prompt leptons or objects misidentified as leptons. To estimate the
FNP lepton background, the choice was set on the Matrix Method, which allows to
predict the rate of events with FNP leptons using the probability of identification for
real and FNP leptons, measured from data in dedicated control regions.

5.1.1 The Matrix Method

The Matrix Method (MM) builds a matrix of equations relating in data the fraction of
fake (F) and real (R) leptons contributing in a loose (L) and tight (T) lepton selection.
The loose leptons are defined as leptons passing relaxed selection requirements,
while the tight leptons are a subset of loose leptons which fulfil the analysis selection
requirements defined in section 4.5.1. The intent of this method is to estimate
directly in data the number of FNP leptons in the tight sample, that is, the number
of objects misidentified as prompt leptons. This technique can be applied for any
number of FNP leptons, the most complex case considered in this thesis being the
CR(t t̄ Z)tW with 3 leptons as potential FNP leptons in a single event. For the sake of
simplicity, the method is explained here for the two leptons (2L) case, as the overall
concept remains the same. Depending on whether the two leptons pass the loose
and tight requirements, four different combinations are possible: loose-loose (LL),
loose-tight (LT), tight-loose (T L) and tight-tight (T T). Similarly, those events can be
divided in four different cases depending on the true nature of the leptons: real-real
(RR), real-fake (RF), fake-real (FR) and fake-fake (F F). A matrix composed of the
probabilities of the leptons to belong to these categories relates the two yields sets:







NT T

NT L

NLT

NLL






= M







NRR

NRF

N FR

N F F






(5.1)

with Ni j the type of selection (T or L) the first i and second j lepton pass, N kl the
fraction of first k and second l leptons being fake (F) or real (R), and

M =







r1r2 r1 f2 f1r2 f1 f2

r1(1− r2) r1(1− f2) f1(1− r2) f1(1− f2)
(1− r1)r2 (1− r1) f2 (1− f1)r2 (1− f1) f2

(1− r1)(1− r2) (1− r1)(1− f2) (1− f1)(1− r2) (1− f1)(1− f2)






(5.2)
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where ri and fi correspond respectively to the real and fake efficiencies, that is the
probability for a real or fake loose lepton to pass the tight selection:

ri =
N t i ght

R

N loose
R

fi =
N t i ght

F

N loose
F

(5.3)

Indices i = 1, 2 run over the leptons in the event. Equation 5.1 can be translated as
the loose and tight leptons estimation in a single event based on the probability of
each lepton to be real or fake, as configured by the matrix. Since we know from data
the number of leptons in a single event passing the loose and tight selections, the
matrix can be inverted to derive instead the probability for the leptons in a single
event to correspond to any of the real-fake categories, namely both real, at least one
fake, both fake. To estimate the number of tight FNP leptons in our region of interest,
we are want to know the number signal events which contain at least one fake. In
the 2L case, this can be translated as relating the number of events with two prompt
leptons NT T to the number of events with at least one fake in the lepton pair, NRF ,
N FR and N F F . We can then obtain the probability to have at least one FNP lepton
lepton that also pass the tight requirements in each event:

w= r1 f2 · pr f + f1r2 · p f r + f1 f2 · p f f (5.4)

With pr f , p f r , p f f the probabilities to belong to any of the corresponding categories.
This probability w is used to estimate the FNP leptons contribution to each region
of our analysis directly from a corresponding sample in data where we select loose
leptons. By applying w as a weight to the loose data, the number of FNP leptons
present in each region can be extracted an counted as background. For the 3L case,
the matrix dimensions would be extended to 3× 3 to account for all the possible
combinations and the same reasoning to obtain the ‘fake weight’ would be applied.

One of the most important parts in the implementation of the method is the
estimate of the real and fake efficiencies to construct the matrix. This takes place in
dedicated control regions, defined such that the samples used for the derivation will
be enriched in real or FNP loose leptons, depending on the efficiencies of interest.
The efficiencies depend on the kinematic properties of the leptons in the events and
are therefore estimated as function of the leptons pT and η.

5.1.2 Real efficiencies measurement

The real efficiencies are computed using an enriched MC sample of real loose leptons.
A MC sample containing t t̄ Z(``) processes is chosen to stay as close as possible to the
analysis. The truth real efficiency rt ruth is derived using the MC truth information of
the t t̄ Z sample events, selecting for electrons lepton pairs coming from the Z boson
decay via a tag-and-probe method while for muons simply selecting true leptons
from Z to identify the proper leptons to calculate the efficiency with. Scale factors of
data over MC efficiencies SF= rdata/rMC are then applied to account for efficiencies
differences between data and MC:

rcor r = rt ruth ×
SFt i ght

SFloose
= rt ruth × SFt i ght/loose (5.5)
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where rt ruth =
N t i ght

real

N loose
real
=

N t i ght
MC

N loose
MC

and SFt i ght/loose denotes the scale factors derived for tight

and loose electrons or muons real efficiencies.

The results are shown in figures 5.1 and 5.2 for the electron and the muon cases,
respectively. The obtained efficiencies span in the (pT,|η|) plane between 75 and 95%
efficiency for electrons and 66 and 99% efficiency for muons. The efficiencies show
lower performances at low pT ranges compared to the ones obtained with Z → ``
events due to the dense environment of the t t̄ Z phenomenology. This makes it more
difficult to identify real leptons given the additional contamination of non-prompt
and fake leptons, especially at low pT.
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Figure 5.1: Real efficiencies for electrons as function of pT (left) and |η| (right). The ratio
plot corresponds to the real efficiencies used for the MM.
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Figure 5.2: Real efficiencies for muons as function of pT (left) and |η| (right). The ratio plot
corresponds to the real efficiencies used for the MM.
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5.1.3 Fake efficiencies estimation

For the reason explained at the beginning of this chapter, the fake efficiencies need to
be estimated in data and require the definition of a dedicated FNP leptons enriched
region. For the DMtW analysis this region was defined to select events with same
sign (SS) leptons as they represent a highly rare and unlikely signature for SM
processes. Many of the non-prompt leptons are not correlated (via a Z decay for
instance), the charge of both selected leptons can then also be SS with almost same
rate than OS pairs without significant signal contamination. Hadronic FNP leptons
on the other hand can be correlated, in a W decaying hadronically for instance
where one of the quark is assigned as a lepton. Regions with same sign same-flavour
e±e±/µ±µ± (SFSS) or opposite-flavour (OFSS) e±µ± events are viable regions for the
fake efficiencies estimation, thus one region is used for this purpose while the other
would be exploited as cross-check region for composition studies and estimation
of systematic uncertainties. Given the close statistical power of both regions, the
choice was arbitrarily set on the SFSS region for the efficiencies derivation and OFSS
for the cross-checks. The computation is performed in data using a tag-and-probe
techniqueon events selected in the SFSS region. For each event, strong selection
requirements are applied to one of the two leptons. This selection ensures that
if one lepton fulfils those requirements, then the other lepton candidate is highly
likely to be a FNP lepton given region defined. The lepton passing such stringent
requirements is denoted as tagged. The other lepton is then used as a probe to
evaluate the fake rate. The tagged lepton must be identified as a tight lepton, fulfil
strong isolation requirements with pT >30 GeV, and finally be the lepton that fired
the trigger. Events with real prompt leptons can still contaminate our FNP lepton
sample and need to be addressed. Although rare, events with SFSS leptons can still
occur and may be selected through the tag-and-probe method. Another source of
contamination may arise from real prompt leptons with wrongly assigned charge.
This phenomenon is also known as charge-flip. The real contamination is subtracted
using the truth information of the MC samples, which gives the following formula for
the fake efficiencies:

f =
N t i ght

f ake

N loose
f ake

=
N t i ght

data − N t i ght
MC

N loose
data − N loose

MC

(5.6)

The results for electron and muon channels are shown in figures 5.3 and 5.4 respec-
tively as function of pT and |η|. The efficiency values span between 4 and 38% for
electrons and 8 and 37% for muons.

5.1.4 Validation of the method

To validate the accuracy of the MM, a dedicated fake validation region VR(FNP) is
defined and the selection requirements are given in table 5.1. The region is similar to
the CR(t t̄ Z)tW except it vetoes all SFOS lepton pair coming from Z → `` processes.
Considering therefore the loose requirement on the missing transverse momentum,
the remaining events passing the region selection have a strong probability to be
FNP leptons. The results of the FNP lepton backgrounds estimation in VR(FNP) are
presented in section 5.1.7.
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Figure 5.3: Fake efficiencies for electrons as function of pT (left) and |η| (right). The real
contamination is extracted from MC and include prompt leptons and charged-flip electrons.
The ratio plot correspond to the fakes efficiencies used for the MM.
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Figure 5.4: Fake efficiencies for muons as function of pT (left) and |η| (right). The real
contamination is extracted from MC. The ratio plot correspond to the fake efficiencies used
for the MM.
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Table 5.1: Summary of requirements for the fakes validation region. nlep and nb-jet correspond
respectively to the lepton and b-jet multiplicity and m`` is the invariant mass of the lepton pair
with reconstructed value excluded from the Z boson mass window, while pT(`X ) correspond
to the pT of the three leptons in the region. Emiss

T is the transverse missing energy and mmin
b`

is the minimum invariant mass between the leading b-jet and one of the three leptons. All
variables were previously described in chapter 4.

Selection VR(FNP)

nlep 3

lepton request
no SFOS lepton pair fulfilling

m`` ∈ [71,111] GeV
pT(`1,`2,`3) [GeV] > 25,25, 25
nb-jet > 0
pT(b1) [GeV] ≥ 50
Emiss

T [GeV] > 50
mmin

b` [GeV] < 170

5.1.5 Composition studies

Complementary studies on the FNP leptons background were carried out to better
understand the FNP lepton estimation and whether the method is actually represen-
tative of the analysis FNP leptons. As explained at the beginning of this chapter, FNP
leptons can arise from multiple sources which can be divided in subcategories of
fakes processes:

Light flavour decay – Leptons coming from light flavoured (LF) hadrons decay
can be identified as prompt. The resulting jet resulting from the decay can also
be wrongly reconstructed as a lepton. Light hadrons correspond to mesons and
baryons containing up and down quarks (light) or strange quarks.

Heavy Flavour decay – Leptons arising from the decay of heavy flavour (HF)
hadrons can be identified as prompt leptons. HF hadrons correspond to mesons
or baryons containing bottom or charm quarks and are labeled as B- and C-
hadrons respectively.

Photon conversion – Electrons from prompt photon conversion γ∗ → e+e− con-
tribute as well to the FNP leptons.

Tau decay – Leptons coming from the hadronic decay of tau leptons are also counted
as FNP leptons candidates. Leptons coming from the conversion of a photon
emitted by a tau lepton also enter this category.

Electrons frommuons – Muons can also be reconstructed as electrons. The con-
tribution of such processes should be however very small if the overlap removal
between electrons and muons is correctly applied.

Other – Due to the availability of the simulation records, a small fraction of the
events cannot be assigned to any of the categories described above. Therefore
these processes are labelled as ‘unknowns’.
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These fakes processes strongly depend on the definition of the region of study and
the SM processes they originate from. This means that the composition of FNP
processes can be different from a region to another given the kinematic properties
of the given region. This is a crucial aspect to verify as a difference in the fakes
processes composition may result in different fake efficiencies and thus lead to a
wrongly estimated FNP leptons background. In other words, if the fake efficiencies
are derived in a region where the composition of fake processes is not representative
of the one in our analysis, then all the relevant fakes processes may not be taken
into account in the derived efficiencies, meaning that not all the FNP leptons in our
data will be properly estimated. This may be problematic in the case where the FNP
leptons composition differs between the derivation region used for the fake efficiencies
derivation (here the SFSS region), and the regions of study (CR(t t̄ Z)tW and VR(FNP)).
The fake processes composition in the SFSS region, the CR(t t̄ Z)tW and the VR(FNP)
were investigated and compared between each other to make sure their respective
FNP leptons composition were similar.

Dedicated software was developed within ATLAS to distinguish at truth level the
type and origin of particles (electrons, muons, taus and photons) and classify them as
isolated (prompt), non-isolated (coming from B or C hadrons decay) or background
(all the rest). This truth information is exploited in another dedicated software to
build the definition of the different categories of FNP leptons described earlier. To
estimate the FNP leptons composition of the SFSS region, both tools are used on
MC samples representing all SM processes selected by the SFSS region to identify
the associated fakes processes. For the derivation of the systematic efficiencies on
the FNP leptons estimate, four different variation in jet and b-jet multiplicity were
studied in the SFSS region as described in the previous section. For the composition
studies, only the nominal variation is considered.

Figures 5.5 show the fake processes kinematic distribution for respectively loose
and tight electron and muon channels in the SFSS region. It can be clearly observed
that the dominant processes in the SFSS region are the non-prompt leptons coming
from heavy and light flavor decays (HF, LF). Additional contribution also arises from
electrons resulting from photon conversion. Finally, a small fraction of events cannot
be categorised and are assigned as unknowns. Since the analysis regions only focus on
signal events, only the tight FNP leptons are considered for the composition studies. It
is also important to know which SM backgrounds contribute the most to the identified
dominant fakes processes. The relative contribution from each SM process to the
dominant fakes processes in the SFSS is reported in table 5.2 for electron, muon and
combined channels. The figures 5.6 show the SM processes distribution as function
of the FNP electron or muon pT for each dominant fakes process in the tight SFSS
region.

In both electron and muon channels, t t̄ processes are the main source of FNP
backgrounds. In a minor extent, single top processes are also a source of FNP leptons
in the SFSS region, in particular heavy flavour decays and fakes processes with
unidentified origin. For the FNP electron, W+jets processes is an additional source
of FNP leptons from heavy flavour and light flavour decay processes. The other SM
processes represent a negligible source of FNP leptons for both electron and muon
channels. From table 5.2 it can be quantitatively observed that fakes processes from

98



5.1. Background estimation in the tW analysis

210 310
 [GeV]

T
p

10

210

310

410

510

610

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

electron Loose

 1≥b-jet 1 and n≥jetSelection1: n

(a)

0 0.5 1 1.5 2 2.5
|η|

10

210

310

410

510

610

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

electron Loose

 1≥b-jet 1 and n≥jetSelection1: n

(b)

210 310
 [GeV]

T
p

10

210

310

410

510

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

electron Tight

 1≥b-jet 1 and n≥jetSelection1: n

(c)

0 0.5 1 1.5 2 2.5
|η|

10

210

310

410

510

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

electron Tight

 1≥b-jet 1 and n≥jetSelection1: n

(d)

210 310
 [GeV]

T
p

10

210

310

410

510

610

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

muon Loose

 1≥b-jet 1 and n≥jetSelection1: n

(e)

0 0.5 1 1.5 2 2.5
|η|

10

210

310

410

510

610

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

muon Loose

 1≥b-jet 1 and n≥jetSelection1: n

(f)

210 310
 [GeV]

T
p

10

210

310

410

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

muon Tight

 1≥b-jet 1 and n≥jetSelection1: n

(g)

0 0.5 1 1.5 2 2.5
|η|

10

210

310

410

E
ve

nt
s

Conversion LF

HF Unknown

Muon Tau

Total MC FNP leptons

-1 = 13 TeV , 139 fbs

muon Tight

 1≥b-jet 1 and n≥jetSelection1: n

(h)

Figure 5.5: Kinematic distribution of the fake processes occurring in the SFSS region as
function of the pT (left) and η (right) of the loose (a-b) and tight (c-d) electron and loose
(e-f) and tight (g-h) muon (bottom) selections.
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Figure 5.6: Kinematic distribution of the fakes processes as function of the pT (left) and η
(right) of the loose (a-b) and tight (c-d) electron and loose (e-f) and tight (g-h) muon probes
in the SFSS region.
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Table 5.2: SM backgrounds relative contribution to each dominating fakes process in the
SFSS region for electron, muon and combined channels. The percentages correspond to the
contribution of each SM process with respect to the total number of events for a specific
fakes process. The last line shows the total yields for each fakes processes and the relative
contribution to the total number of FNP lepton backgrounds.

all fakes [%] HF [%] LF [%] Unknown [%] Conversion [%]

SM processes electron muon total electron muon total electron muon total electron muon total electron total

t t̄ 77 86 80 78 87 82 69 66 69 86 91 87 94 94
W+jets 14 2.2 10 13 2.0 8.6 22 32 23 – – – – –
W t 6.7 9.9 7.7 7.2 9.8 8.2 4.4 – 4.3 13 7.8 12 5.6 5.6
Diboson 0.45 0.3 0.41 0.4 0.4 0.4 0.5 – 0.4 1.3 – 1.0 – –
t t̄V 0.29 0.3 0.28 0.2 0.2 0.2 0.4 1.4 0.5 0.5 1.4 0.7 0.2 0.2
Z+jets 1.7 0.9 1.5 1.3 1.0 1.2 3.5 – 3.4 – – – – –

Total
715 319 1034 446 299 745 178 3.7 182 51 15 66 36 36
[100%] [100%] [100%] [62%] [94%] [72.0%] [25%] [1.2%] [17.6%] [7.1%] [4.6%] [6.4%] [5%] [3.5%]
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Figure 5.7: FNP leading lepton pT distribution depending on whether the events contain
exactly one, two or three FNP leptons in the VR(FNP) (a) and in the CR(t t̄ Z)tW (b).

HF decay dominate in both channels. However a non negligible fraction of FNP
leptons arising from LF decay contribute in the electron channel as well. It is in fact
more likely for electrons to be a residual of light hadrons decay than muons, and light
hadrons jets can also be wrongly reconstructed as the decay product of an electron,
which is less likely for muons to happen.

The FNP leptons composition is then estimated in the CR(t t̄ Z)tW and VR(FNP).
Three leptons are considered in the regions definition and an arbitrary number of
those can be a FNP lepton. A more ‘step-by-step’ approach is therefore applied. To
start with, three subcategories are defined: events with exactly one, two or three
FNP leptons. Figure 5.7 here show the how the different cases are distributed in the
two regions as function of the leading FNP lepton pT and the corresponding relative
contribution of each SM background is given in table 5.3. The case with only one
FNP lepton in the selected events is clearly the dominant one in both regions and the
others cases can safely be neglected from now on.

To obtain the composition of fake processes in the VR(FNP) and CR(t t̄ Z)tW ,
the classification of each fake process is ‘manually’ recreated within our analysis
by exploiting the MC truth type and origin of the FNP leptons in each event. For
instance, MC events containing a background lepton coming from the decay of B or C
mesons or baryons would be classified as a HF process. Proceeding with this selection
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Table 5.3: Events containing exactly one FNP lepton (case 1), exactly two FNP leptons (case
2) or all signal FNP leptons (case 3) in the VR(FNP) and the CR(t t̄ Z)tW . The percentages
correspond to the contribution of each SM process with respect to the total number of events
for a specific fake process. The last line shows the total yields in the regions and for each
subcategories and the relative contribution to the total number of FNP lepton backgrounds.

total yields case 1=1L FNP case 2=2L FNP case 3=3L FNP

SM processes VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW

t t̄ 93% 49% 93% 48.9% 98% 71.3% – –
W t 3.5% 5.4% 3.6% 5.5% – – – –
Diboson 0.3% 2.1% 0.3% 1.7% 0.1% – 100% 100%
t t̄V 1.6% 19% 1.6% 19.1% 1.6% 27.2% – –
Z+jets 0.8% 21% 0.8% 21.3% 0.2% – – –
Others 0.5% 3.5% 0.5% 3.5% 0.4% 1.5% – –

Total 290 [100%] 4.7 [100%] 286 [98%] 4.7 [98%] 4.5 [1.6%] 0.06 [1.3%] 0.03 [0%] 0.02 [0.45%]

Table 5.4: Backgrounds contribution to each dominating fake process in the VR(FNP) and
CR(t t̄ Z)tW . The percentages correspond to the contribution of each physics process with
respect to the total number of events for a specific fake process.

Total fakes HF LF Conversion TauLep Unknown

SM processes VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW VR(FNP) CR(t t̄ Z)tW

t t̄ 267 [93.20%] 2.3 [48.7%] 96% 69.0% 92.0% 14.4% 82.9% 19.9% 92.3% 0.0% 86.4% 78.6%
W t 10 [3.64%] 0.3 [5.5%] 3.2% 0.6% 4.0% 0.0% 4.3% 16.8% 6.0% 0.0% 12.3% 0.0%
Diboson 0.7 [0.26%] 0.1 [1.6%] 0.0% 0.0% 0.4% 2.5% 1.2% 4.6% 0.0% 0.0% 0.0% 0.0%
t t̄V 4.7 [1.66%] 0.9 [19.4%] 0.4% 3.8% 2.6% 16.1% 6.3% 49.6% 1.6% 16.3% 0.8% 20.1%
Z+jets 2.3 [0.81%] 1.0 [21.2%] 0.1% 25.8% 0.6% 63.2% 3.9% 0.0% 0.0% 83.1% 0.0% 0.0%
Others 1.3 [0.45%] 0.2 [3.5%] 0.2% 0.7% 0.5% 3.9% 1.4% 9.0% 0.1% 0.6% 0.4% 1.4%

Total
286 4.7 207 2.7 19.9 0.4 51.8 1.4 2.8 0.03 4.3 0.1
[100%] [100%] [72.4%] [58.0%] [6.9%] [9.1%] [18.1%] [30.6%] [1.0%] [0.6%] [1.5%] [1.7%]

method, five fakes processes are identified in the CR(t t̄ Z)tW and VR(FNP), namely
HF, photon conversion, LF, leptons coming from tau decay and a fraction of fakes
processes with unidentified origin. Table 5.4 and figure 5.8 show respectively the
resulting yields and kinematic distribution of the dominant FNP leptons and physics
processes in the CR(t t̄ Z)tW and VR(FNP). The identified dominating fake processes
in the analysis regions are HF and LF FNP leptons and photon conversion processes.
FNP leptons whose origin couldn’t be identified also contribute in a minor extent.
As in the SFSS region, top pair processes are the main FNP leptons source. After
analyzing the fakes processes and their main sources in each region, the FNP leptons
composition of the three regions can finally be compared. To assess whether the
choice of derivation region was suitable, the composition of the SFSS region was also
studied for different jets and b-jets multiplicities, which are the same ones used to
derive the fake systematic uncertainties:

Selection 1 at least one jet and at least one b-jet
Selection 2 at least two jets and at least two b-jet
Selection 3 at least two jets and at least one b-jet
Selection 4 at least three jets and at least two b-jets

Similarly, the composition of the OFSS region is also used to compute the sys-
tematic uncertainties is estimated using the same variation definitions. The final
comparison of fake and SM processes relative compositions are shown in table 5.5
and 5.6 and illustrated in figures 5.9.

102
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Table 5.5: Fakes processes relative composition in the SFSS (top), OFSS (middle) for the four
different jets and b-jets selections, and 3L regions (bottom).

SFSS Selection 1 Selection 2 Selection 3 Selection 4

HF 72% 44% 71% 45%
LF 18% 30% 18% 29%
Unknown 6.3% 14% 6.8% 15%
Conversion 3.5% 10% 3.9% 11%
Tau 0.6% 0.9% 0.7% 0.6%

OFSS Selection 1 Selection 2 Selection 3 Selection 4

HF 71% 44% 71% 45%
LF 19% 32% 18% 31%
Unknown 6.6% 15% 6.8% 15%
Conversion 3.5% 8.4% 3.8% 8.6%
Tau 0.85% 1.0% 0.86% 0.88%
Muon 0.20% 0.22% 0.09% 0.23%

VR(FNP) CR(t t̄ Z)tW

HF 73% 58%
LF 6.9% 9.1%
Unknown 1.5% 1.7%
Conversion 18% 31%
Tau 0.96% 0.58%
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Table 5.6: SM processes relative composition in the SFSS (top), OFSS (middle) for the four
different jets and b-jets selections, and 3L regions (bottom).

SFSS Selection 1 Selection 2 Selection 3 Selection 4

t t̄ 80% 92% 86% 92%
W+jets 10% 2.5% 6.2% 2.4%
W t 7.7% 4.5% 6.2% 4.7%
Z+jets 1.5% – 1.3% –

OFSS Selection 1 Selection 2 Selection 3 Selection 4

t t̄ 85% 91% 85% 91%
W+jets 3.8% 3.1% 6.7% 2.8%
W t 8.7% 5.1% 6.7% 5.0%
Z+jets 1.5% – 1.2% –

VR(FNP) CR(t t̄ Z)tW

t t̄ 93% 49%
W t 3.6% 5.5%
Diboson – 1.7%
t t̄V 1.7% 19%
Z+jets – 21.2%
Others – 3.5%
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Figure 5.8: pT distribution of the dominating fakes (top) and SM (bottom) processes in the
VR(FNP) (a) and in the CR(t t̄ Z)tW (b).

The first thing that can be noted is how the requirement on b-jets selection changes
significantly the FNP leptons composition in the various selection regions, whereas
the requirements on the number of jets barely affect the yields. Given that top pairs
production is the dominant process, requesting at least one or two b-jets should
enhance the selection of events resulting from t t̄, and since HF decays come from b-
and c- mesons mostly, it is normal that the fraction of misidentified leptons arising
from this fakes process is enhanced in regions with tighter requirements on b-jets
while strongly reducing processing involving fewer or no b-jets. When comparing
the SFSS and OFSS regions, it turns out their compositions are similar for both fakes
and SM processes within a few percents fluctuation, as predicted.

Finally, the main point that needs to be addressed is the fakes and SM processes
composition in the three leptons VR(FNP) and CR(t t̄ Z)tW with respect to the SFSS
region. Given the low yields in the CR(t t̄ Z)tW which results in high composition
fluctuations, the focus will mainly be set on the VR(FNP). First of all, t t̄ processes are
the main source of FNP leptons in all regions, and HF processes are the dominating
fakes processes. The main differences can be seen for the additional fakes processes
composition. In fact, whereas in the SFSS region the second processes contributing the
most are the leptons coming from LF decays, in the VR(FNP) electrons from photon
conversion are the processes contributing the most in a second extent, followed by
the LF decays. The same goes for the CR(t t̄ Z)tW , again considering the statistical
fluctuations of the region. This composition difference however shouldn’t affect the
derivation of the fake efficiency if the systematic uncertainties related to the FNP
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5– FAKE AND NON-PROMPT LEPTON BACKGROUNDS

Figure 5.9: Composition of fakes (top) and SM background (bottom) processes in the SFSS
and OFSS regions used to derive the fake efficiencies, and in the VR(FNP) and CR(t t̄ Z)
regions of the tW analysis. Selections 1 to 4 correspond to the different requirements on the
jets and b-jets multiplicity for the SFSS and OFSS regions defined in the text.
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leptons background estimation are taken into account.

5.1.6 Systematic Uncertainties

The sources of systematic uncertainties assigned to the FNP leptons estimation in
each of the 3L regions are essentially related to the fake and real lepton efficiency, as
well as the MC closure test. The detail of those uncertainties is listed below:

Uncertainty on fake efficiency The sources of systematic variations impacting
the FNP lepton efficiencies are summarized below:

Jet variations The FNP lepton efficiencies are highly influenced by the pres-
ence of hadronic jets in the data events. It further modifies the real lepton
contributions from different physics processes which in turn alters the
measured fake efficiencies. Fake efficiencies are therefore studied on data
events allowing at least one jet and at least one b-jet, at least two jets
and at least one b-jet, at least two jets and at least two b-jets and at least
three jets and at least two b-jets.
The first jet variation corresponds to our nominal case, while the other
three are the variations to be used in the estimate of the systematic
uncertainties. The largest deviation from these variations with respect to
the nominal is added as a systematic effect.

Alternative control region The fake efficiencies are also measured in an
alternative control region, selecting events having a pair of same-sign
opposite-flavour (OFSS) leptons. The difference is added as a source of
systematic uncertainty on the fake lepton efficiency.

MC cross-section The real lepton contribution from different physics pro-
cesses such as W/Z+ jets, t t̄ are subtracted using the MC predictions.
The cross-sections of these MC samples are varied altogether by ±15 %
to study possible biases from MC real lepton subtraction. The deviations
in the measured fake efficiencies from the nominal are considered as a
source of uncertainty.

Statistical uncertainty The statistical uncertainties associated with the fake
efficiencies are also considered to account for any statistical biases on the
measurements.

Uncertainty on real lepton efficiency The statistical uncertainties on the real
lepton efficiencies are considered to account for the statistical biases coming
from the MC statistics.

Non-closure uncertainty To verify the MM performances, a closure test is con-
ducted on MC samples of t t̄ processes. Only this SM process is considered
for the closure test as it represents the main source of FNP leptons. The fake
efficiencies are estimated on the MC sample of t t̄ processes using the same
loose and tight requirements and the same selection method than on data.
The real efficiencies on the other hand are derived on MC samples of t t̄ Z(``)
processes. The MM is then applied on the loose t t̄ sample and the resulting
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FNP leptons estimate is compared to the MC prediction of FNP background
obtained from the truth information of the t t̄ MC sample. The derived values
are reported in table 5.7. The difference in the total yields in the VR (FNP) is
of 13% and is accounted as an uncertainty on the FNP leptons estimate.

Table 5.7: FNP lepton yields obtained from the closure test on the MC sample of t t̄ process
using the MM and the MC FNP leptons prediction. Only the statistical uncertainties are
included here.

Region Matrix Method prediction MC prediction

VR (FNP) 120.5±1.8 106.6±5.1

Table 5.8 summarises uncertainty on the FNP leptons estimations originating from
individual sources of the systematic variations discussed above in the CR
(t t̄ Z)tW and the VR(FNP). The assigned total systematic uncertainty is the quadrature
sum of the individual sources which are then symmetrised with the largest of the up
and down variations.

Table 5.8: All sources of systematic uncertainties on the FNP lepton background estimation
using the data-driven Matrix Method. The total up and down systematic uncertainties are the
quadrature sum of the individual sources listed above.

Sources of unc.
CR(t t̄ Z)tW VR (FNP)

Up var. [%] Down var. [%] Up var. [%] Down var. [%]

Jet variations 45.3 49.2
Alternative control region 18.2 20.2
MC cross-section 23.4 21.4 18.3 18.7
FNP electron efficiency (stat.) 49.1 28.2 17.3 10.9
FNP muon efficiency (stat.) 4.7 4.9 10.9 9.9
Real electron efficiency (stat.) 6.9 7.6 0.1 0
Real muon efficiency (stat.) 4.9 5.2 0.2 0.2

Non-closure 13

Total syst. 72.6 62.6 57.8 59.7

5.1.7 Results

After applying the MM, the resulting yields in the validation region and the CR(t t̄ Z)tW

are reported in table 5.9. Both yields breakdown show a good agreement between the
expected and predicted yields, although only the statistical uncertainties are provided
here. The total systematic uncertainties for the main analysis described more in
detail in section 6.2 goes indeed up to ±70% for the fakes background estimate
in the VR(FNP), thus accounting for the discrepancies observed between data and
MC yields. To illustrate the good agreement between the data and the FNP leptons
estimation using the MM also in terms of kinematic distributions, several analysis
observables distributions are presented in figure 5.10.
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Table 5.9: Background yields breakdown in the VR(FNP) including fakes estimated using
data-driven Matrix Method (MMFakes). Only statistical uncertainties are shown.

Process VR(FNP) CR(t t̄ Z)tW

data 495.0 ± 22.2 80.0 ±8.9

t t̄ 1.0 ± 0.5 –
t t̄V 118.1 ± 0.5 69.6 ±0.3
W t 1.8 ± 0.2 3.3 ±0.2
Dibosons 10.6 ± 0.2 8.7 ±0.2
Others 38.7 ± 0.2 7.1 ±0.2
FNP leptons 378.0 ±7.0 6.5 ±0.6

Total background 548.2 ±7.01 95.2 ±0.63
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Figure 5.10: Data/MC comparisons of kinematic distributions in the VR(FNP) for the trans-
verse momentum of the leading b-jet pT(b1) and the leading lepton pT(`1), the missing
transverse energy Emiss

T and the mmin
b` . The errors shown are statistical only.
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5.2 Fakes estimation in the tt analysis

In the individual DMt t̄ analysis, the background arising from fake and non-prompt
(FNP) leptons has non-negligible rates in the some of the regions considered. This
background is usually suppressed by appropriate lepton isolation requirements, but a
non-negligible contamination was expected for this analysis especially thanks to the
low energy of the involved leptons.

The fake factor (FF) method is used in this analysis to estimate the FNP background.
This method is one of several data-driven background estimation methods used in
ATLAS and CMS analyses [196–199]. Unlike the MM where loose/tight and real/FNP
leptons are related via a matrix constructed out of ‘real’ and ‘fake’ efficiencies, the FF
method derives an extrapolation factor (known as fake factor) from a background
enriched region to be applied in the regions of interest. The fake factor relates
events with FNP leptons satisfying one or two orthogonal lepton definitions, referred
to as ID and anti-ID. ID leptons are synonymous for signal leptons while anti-ID
leptons involve inverting one or more of the ID selections criteria. The underlying
assumption is that for a given type of FNP lepton its chance of satisfying the anti-ID
lepton identification requirements is proportional to the chance of satisfying the ID
requirements (that is, that FNP leptons can be misidentified as signal leptons). The
same proportional factor can be applied both in the CRs and the SRs. Focusing on
the simple case where all events have at most one FNP lepton, the number of events
with FNP ID leptons is proportional to the number with FNP anti-ID leptons:

N ID
FNP = f × N anti−ID

FNP (5.7)

The fake factor f is determined in a designated CR enriched in FNP leptons, assuming
that the ratio of ID and anti-ID events after removing the real events in the CR is
the same than in the SRs. The CR is partitioned into events with a FNP-tagged
lepton1 that is either ID or anti-ID (referred to as numerator and denominator regions
respectively given how they are used in calculating and applying the fake factor).
Solving Eq. 5.7 for the fake factor in the CR gives

f = NCR,ID
FNP /N

CR,anti−ID
FNP . (5.8)

This fake factor is then used to estimate the FNP events in the signal region. The
signal region is interpreted as a numerator region. Following Eq. 5.7, the fake factor
is applied to event yields in the corresponding denominator region to get the FNP
estimate:

N SR,ID
FNP = f × N SR,anti−ID

FNP (5.9)

In practice the method detailed above must be nuanced to account for kinematic
dependencies of the fake factor, for contamination in the CR from events without
FNP leptons, and for several other issues. The fake factor is therefore expressed in
terms of the pT and η of the FNP-tagged lepton:

NFNP,ID(pT,η) = f (pT,η)× NFNP,anti−ID(pT,η) (5.10)

1The method for tagging an ID or anti-ID FNP lepton depends on the underlying process(es)
dominating a given region
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This configured fake factor is then applied as an event weight to estimate fakes.
Another important dependency is on the composition of FNP leptons in regions

used for deriving and applying the fake factor. Different sources of FNP leptons
already listed in the composition study of the tW analysis in section 5.1.5 (e.g. heavy
flavour decays, photon conversion, hadrons) have different probabilities of passing
ID and anti-ID requirements. As a result, the fake factor derived in the CR may not
be as applicable in the SR. Insofar as the relative change in probabilities for ID and
anti-ID is similar, the resulting fake factors will also be similar (see equation 5.8).
This is a benefit of the fake factor method.

However, the use of this method in other analyses shows that deviations from
this ideal can still be a dominant source of systematic uncertainty [200]. Therefore
the measured fake factor is better described as a weighted average of the underlying
fake factors for each FNP process:

f =
FNP processes
∑

i

NCR, anti−ID
FNPi

NCR, anti−ID
FNP

fi (5.11)

While fi should be constant, if the relative composition of FNP processes is different
between the CR and SR, then f will be less applicable in the SR. This effect is mitigated
by picking a CR with similar fake composition to the SR. Remaining differences must
be assessed with a systematic uncertainty.

To account for contamination in the CR from events with no FNP leptons (i.e.
prompt events), the yields of these events must be estimated with MC and sub-
tracted off from data yields before calculating the fake factor in the numerator and
denominator CR,

NCR
FNP = NCR

data − NCR
MC, real , (5.12)

or applying it in the denominator SR

N SR, anti−ID
FNP = N SR, anti−ID

data − N SR, anti−ID
MC, real (5.13)

Any MC mismodeling increases the systematic uncertainty on the resulting fake factor
(see Sect. 5.2.3). Therefore, the anti-ID lepton definition and CR selections are
focused on reducing prompt lepton contributions.

When events with two fake leptons contribute significantly to FNP events, Eq. 5.9
must be modified as follows:

N SR(ID,ID)
FNP = f ×
�

N SR, (ID, anti−ID)
FNP − 2 f × N SR, (anti−ID, anti−ID)

FNP

�

+

f 2 × N SR, (anti−ID, anti−ID)
FNP

(5.14)

where N SR(ID,ID)
FNP , N SR, (ID, anti−ID)

FNP and N SR, (anti−ID, anti−ID)
FNP represent the yields of FNP

events with two, one, and zero ID leptons respectively. The first (second) term
of equation 5.14 represents the contribution from events with one (two) FNP lep-
tons. To avoid double counting events with two FNP leptons that also contribute
to N SR, (ID, anti−ID)

FNP , their contribution (i.e. 2 f × N SR, (anti−ID, anti−ID)
FNP ) is subtracted off

before applying the final fake factor in the first term.
This section presents the measurement of the fake factor, the checks performed

to validate the method and the systematic errors attached to its prediction in the
individual DMt t̄ analysis.
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5.2.1 Determining the fake factor

The fake factor is derived in a CR enriched with events containing a Z-boson produced
in association with jets (Z+jets CR) where at least one jet results in a FNP lepton. A
main motivation for this region is the large Z+jets cross section and the distinctive
signature of two isolated, same-flavor oppositely charged (SFOS) leptons with an
invariant mass near the Z-peak. Any additional leptons in events containing this
signature are therefore likely to be FNP leptons. Moreover, this allows the use of low
unprescaled lepton triggers matched to either lepton coming from the Z , removing
any trigger bias in the additional FNP leptons. The region definition is provided in
Table 5.10 while the definition of ID and anti-ID leptons is illustrated in Fig. 5.11.

Table 5.10: FNP selection. Detailed definition of the CRFNP region.

CRFNP

n` 3
|m`` −mZ | [GeV] < 10 for SFOS pair
pT(`Z

1 ) [GeV] > 25
pT(`Z

2 ) [GeV] > 20
pT(`probe) [GeV] > 4.5 (4.0) e (µ)

∆Rη(`probe, `i) > 0.2
mT(`probe, Emiss

T ) [GeV] < 40

Additional requirements
pT(`probe)< 16 GeV

or
Emiss

T < 50 GeV

Figure 5.11: Illustration (not to scale) of the ID and anti-ID lepton definitions for electrons
and muons. ID and anti-ID definitions differ in identification and/or isolation working
points selection for electrons and only in the isolation working point for muons. All other
requirements are the same as those for signal leptons.

To reduce the uncertainty resulting from low statistics or contamination from
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prompt lepton events, the anti-ID lepton is defined by inverting the isolation working
point and, in the case of electrons, the identification WP as well, both defined
in table 3.1 in chapter 3. The isolation and identification WPs are optimized for
distinguishing FNP and prompt leptons implying that an inversion of these selections
will lead to high purity of FNP leptons passing anti-ID selections. However, an anti-ID
lepton definition that is too loose (e.g. allowing calo-tagged muons) might result
in a significantly different fake composition in denominator events, increasing the
chances of composition differences between the FNP CR and the analysis regions.
Therefore, the identification WP is the same for anti-ID muons while anti-ID electrons
are still required to pass the LHLooseBLayer WP. The composition of fake processes
is still estimated in parallel similarly to the DMtW analysis, and the variation of the
fakes composition to correspond to the one in the CRFNP is accounted as a systematic
error, as listed in 5.2.3.

To select Z+jets events, a tag-and-probe approach is used that tags two ID leptons
as coming from the Z boson, allowing a FNP lepton candidate to be chosen from any
remaining leptons. The Z-tagged leptons for a given event are the two ID leptons
with an invariant mass, m``, closest to the Z-mass peak. For events with exactly three
ID leptons, the FNP-tagged lepton, `probe, is the additional non-Z-tagged ID lepton.
These events make up the numerator. The denominator includes events with exactly
two ID leptons and at least one anti-ID leptons. The FNP-tagged lepton is assumed
to be the highest pT anti-ID lepton.

The main background for prompt leptons is diboson processes, specifically W Z
where both bosons decay leptonically. A requirement is placed on the upper value
of the transverse mass of `probe and Emiss

T to reduce the W Z background. Z Z events
are reduced by identifying a second Z-tagged lepton pair from among the baseline
leptons not including the two leptons already Z-tagged. The invariant mass of this
second Z-tagged lepton pair is required to be outside the Z-mass peak.

A sufficiently high FNP purity is achieved in both numerator and denominator
events while also having a large number of events. The projections of the resulting
fake factor extracted from the Z+jets CR are shown in Figure 5.12.

5.2.2 Validation of the Fake Factor method

The contribution of the FNP leptons is minor for all the regions characterised by a
final state of 2 OS leptons, but is not at all negligible when a 3 leptons selection is
applied. As described in section 4.4, the DMt t̄ analysis, relies on a three leptons
CR for the normalisation of t t̄ Z background. For this reason, the FNP modelling is
evaluated in a three leptons (3L) final state, similarly defined as for the validation
of the Matrix Method, with at least one SFOS leptons pair, whose m`` is at least 20
GeV from the Z mass peak. The description of this FNP validation region (VRoffpeak

t t̄ Z )
is reported in Table 5.11, while the resulting yields are shown in Table 5.12. A good
FNP modelling is attested as shown in figures 5.13.
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5– FAKE AND NON-PROMPT LEPTON BACKGROUNDS

Figure 5.12: Projections of the fake factor in pT and |η| of the probe lepton. The left (right)
column shows the electron (muon) fake factor. The pT binning for electrons is [4.5, 7, 8, 15,
∞] GeV while the |η| binning is [0.0, 0.6, 0.8, 1.15, 1.37, 1.52, 1.81, 2.01, 2.37, 2.47]. The
pT binning for muons is [4, 4.5, 5, 6, 7, 8, 15,∞] GeV while the |η| binning is [0.0, 0.1,
1.05, 1.5, 2.0, 2.5, 2.7]. The MC fake factor is estimated using only MC events identified as
having two prompt and one FNP lepton using truth-level information. All uncertainties are
statistical.

Table 5.11: Definition criteria of VRoffpeak
t t̄ Z .

VRoffpeak
t t̄ Z

n` 3

lepton request
no SFOS lepton pair

fulfilling m`` ∈ [71,111] GeV
nb-jet > 1
Emiss

T,corr [GeV] >140

114



5.2. Fakes estimation in the tt analysis

Table 5.12: Expected and observed yields in VRoffpeak
t t̄ Z for an integrated luminosity of 139

fb−1. Systematics and statistical error are taken into account for all the SM background. For
FNP leptons the statistical error and the composition error are considered (see Section 5.2.3)

VRoffpeak
t t̄ Z

Observed events 311

Total SM events 359.10± 93.03

t t̄ Z 44.02± 1.26
Dibosons 28.09± 2.89
V V V (V =W, Z) 0.95± 0.10
t t̄W 41.48± 1.34
Others 43.77± 13.21
FNP leptons 200.76± 91.98
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Figure 5.13: Distributions of pT(`1) and∆φboost, Emiss
T significance and Emiss

T,corr in the VRoffpeak
t t̄ Z .

The contributions from all the dominant SM background are shown, with the band represent-
ing the statistical and FNP systematic uncertainty.
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5– FAKE AND NON-PROMPT LEPTON BACKGROUNDS

Table 5.13: Breakdown of the dominant systematic uncertainties on FNP leptons background
estimates in the VRoffpeak

t t̄ Z regions. The percentages show the size of the uncertainty relative
to the total expected background.

VRoffpeak
t t̄ Z for the FNP leptons

Total background expectation 200.76

Total background systematic ±91.98 [45.82%]

Fakes composition uncertainty ±91.49 [45.6%]
Statistical uncertainty ±9.42 [4.7%]

5.2.3 Fake Factor Systematics

The uncertainties, associated to the fake factor method and considered in these
analysis are:

the statistical error obtained propagating the statistical uncertainty in the ratio
used to compute the fake factor

the composition error evaluated for each of the analysis regions varying the FNP
composition of the Z+ jets CR (see 5.2.1) to match the one of the considered
analysis region.

In the DMt t̄ selection for all the regions, where no FNP events are expected, an
error was computed considering the fake factors associated to the average pT and
|η| of muons (< F Fµ >) and electrons (< F Fe >). To be more precise, this error was
obtained by multiplying the 66% CL upper-limit to observe 0 anti-ID events by the
fake factor, estimated weighting < F Fµ > and < F Fe > by the percentage of electrons
and muons in the specific region.

5.3 Estimation technique for the combination

Although the Matrix Method is a more advanced technique, this increased accuracy
results in lower leverage when extracting the FNP leptons in the Loose and Tight
selection due the low statistical power of the CR(t t̄ Z)tW and VR(Fakes). This results
in an overconstraint of the FNP leptons estimation. The choice of the Fake Factor
method estimation for the combination was therefore decided, as the CR(t t̄ Z)t t̄ was
already chosen to estimate the t t̄ Z events in the combined analyses. The increased
statistics of the region and the greater leverage allowed by the FF method would
result in a more generalised, less biased selection of the FNP in both analyses regions.
Moreover, in both SRs sets the FNP leptons are negligible, therefore the choice of
estimation method is not really relevant for the combination.
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CHAPTER

RESULTS AND

INTERPRETATION 6
After introducing the two searches exploited in this study and the strategy built

for the statistical combination, the final results of this analysis are presented in

this chapter. A description of the dominant systematic uncertainties and their

impact on the various regions is first provided, followed by the result of the

background-only fit on the region yields compared to the individual analysis

results. Finally, the newly derived exclusion limits are compared to the individual

analyses performances, as well as with other High Energy Physics experiments.

6.1 Summary of the combination setup

Before presenting the results, the final combined setup is summarised in this section.
Two individual analyses targeting DM production with top quarks in the spin-0
simplified models are statistically combined. The original tW analysis defined one
SR targeting DM+tW signal, while the t t̄ analysis defined a set of binned SRs in the
mT2 variable and lepton flavour for model-dependent fit. Both analyses estimated the
same dominating backgrounds, namely t t̄ and t t̄ Z processes, with dedicated CRs.

For the combination, the individual regions definition were modified to avoid
overlap and double counting of events. To make the SRs orthogonal, an inverted
requirement on the mt

b` variable is added to the t t̄-SRs definition. As an attempt to
further increase the statistical power and cover the largest available phase-space, the
region where mT2 ∈ [110,130] and mt

b` > 150 is covered by defining an additional
SR named SRtW

low mT2
. The final SRs definition are summarised in table 4.8.

For the CRs, the choice was set on the DMt t̄ definitions summarised in table 4.5.
The background-only fit is performed on CR(t t̄)t t̄and CR(t t̄ Z)t t̄and then extrapolated
to all the SRs defined for the combination.

The expected values in the CRs and SRs before fit are shown in tables 6.1.
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Table 6.1: Events yields for the CRs, tW - and t t̄-SRs before fit. The ‘Others’ category
contains the contributions from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ . Combined
statistical and systematic uncertainties are given. Entries marked ‘–’ indicate a negligible
background contribution (less than 0.001 events). The individual uncertainties can be
correlated, and do not necessarily add up in quadrature to the total background uncertainty.

CR(t t̄) CR(t t̄ Z)

Pre-fit total background 259± 9 246± 18

Pre-fit, t t̄ 226± 6 –
Pre-fit, t t̄ Z 0.47± 0.35 165± 1
W t 31.1± 5.3 –
Dibosons 1.1± 0.6 18.3± 4.7
Others 1.1± 0.4 44.4± 13.6
FNP leptons 0.01+0.12

−0.01 18.2± 9.6

SRtW
low mT2

SRtW

Pre-fit total background 7.87± 2.22 6.09± 1.16

Pre-fit, t t̄ 6.18± 2.07 0.97± 0.70
Pre-fit, t t̄ Z 0.85± 0.24 2.70± 0.54
tW 0.17+0.35

−0.17 0.25+0.53
−0.25

Dibosons 0.27± 0.06 0.61± 0.15
Others 0.41± 0.14 1.37± 0.43
FNP leptons – 0.18± 0.01

SR-DFt t̄
[110,120) SR-DFt t̄

[120,140) SR-DFt t̄
[140,160) SR-DFt t̄

[160,180) SR-DFt t̄
[180,220) SR-DFt t̄

[220,∞)

Pre-fit total background 12.97± 2.27 10.48± 2.06 3.19± 0.55 2.02± 0.47 1.54± 0.39 1.88± 0.55

Pre-fit, t t̄ 10.42± 2.17 5.96± 1.89 0.50± 0.36 0.01+0.04
−0.01 0.04± 0.03 –

Pre-fit, t t̄ Z 1.75± 0.36 2.58± 0.45 2.05± 0.43 1.51± 0.40 1.14± 0.35 1.09± 0.32
W t 0.10+0.36

−0.10 – – – – –
Dibosons 0.15± 0.15 0.15± 0.07 0.02+0.03

−0.02 0.03± 0.01 0.04± 0.03 0.01+0.02
−0.01

Others 0.52± 0.17 0.86± 0.28 0.62± 0.21 0.47± 0.18 0.32± 0.12 0.19± 0.07
FNP leptons 0.02+0.06

−0.02 0.92± 0.73 – – – 0.60± 0.43

SR-SFt t̄
[110,120) SR-SFt t̄

[120,140) SR-SFt t̄
[140,160) SR-SFt t̄

[160,180) SR-SFt t̄
[180,220) SR-SFt t̄

[220,∞)

Pre-fit total background 11.44± 2.06 8.36± 1.39 2.81± 0.59 1.92± 0.40 2.15± 0.43 1.29± 0.35

Pre-fit, t t̄ 9.61± 1.97 4.52± 1.34 0.45± 0.33 – 0.05± 0.04 –
Pre-fit, t t̄ Z 1.16± 0.29 2.63± 0.37 1.64± 0.43 1.41± 0.33 1.37± 0.30 0.92± 0.32
Dibosons 0.24± 0.15 0.44± 0.18 0.19± 0.10 0.15± 0.13 0.11+0.14

−0.11 0.13± 0.06
Others 0.43± 0.14 0.74± 0.23 0.53± 0.17 0.21± 0.08 0.34± 0.12 0.18± 0.06
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6.2. Systematic uncertainties

6.2 Systematic uncertainties

Apart from statistical uncertainties related to the number of observed events in
our signal regions, other uncertainties known as systematic uncertainties also need
to be addressed in our analysis. Systematic uncertainties can be defined as any
possible unknown variation in a measurement, or in a quantity derived from a set
of measurements, that does not randomly vary from data point to data point and is
correlated from one measurement to the next.

In collider physics, two main systematic uncertainties can be distinguished: exper-
imental uncertainties, which can arise from detector effects, measurements, objects
reconstruction and calibration, and theoretical uncertainties, related to the cross
section computation and modelling of the SM and signal processes by the MC simula-
tions. The uncertainty related to the statistics of the MC samples is also taken into
account. The systematic uncertainties are propagated in the likelihood fit through
the nuisance parameters as explained in section 4.2. Each of them are described by a
gaussian centred on the measured value and of width the systematic variation. These
systematic uncertainties are usually ‘normalised’ by putting the expected central value
to zero, while the variation in expressed in terms of error unit σ. For instance, ±1σ
corresponds to the ‘up’ and ‘down’ systematic variations of one σ. In the individual
DMtW and DMt t̄ searches, each analysis deals with their respective uncertainties.
Given the close topology of the signatures, it turns out that the uncertainties mainly
affecting the analysis regions are essentially the same and are described in this section.

Experimental uncertainties

The experimental uncertainties include all the effects relative to the object recon-
struction described in Chapter 3 and can affect both the normalisation and shape of
the kinematic distribution. The quality and ID of the reconstructed objects may be
altered and as a result, the number of event passing the analysis regions requirements
may also be altered. This can be accounted as uncertainties. The experimental
uncertainties affecting the combined analysis setup are described below:

Leptons The uncertainties relative to the reconstruction of the leptons arise from
the calibration of the electron (muon) energy (momentum) scale and resolu-
tion. The efficiencies for triggering as well as reconstruction, isolation and
identification of the leptons are also a source of uncertainty. They are derived
by varying the scale factors used to match the MC to the data [133, 138, 201].

Jets The uncertainties relative to both the jet energy energy scale (JES) and resolution
(JER) are derived as a function of the pT and η of the jet, as well as of the
pile-up conditions and the jet-flavour composition (light quark, b quark, or
gluon initiated jet) of the selected jet sample [202].

Additional uncertainty on the JER is derived by comparing the data to MC
simulation via the transverse momentum balance between a jet and a reference
object such as photon, a Z boson or a multi-jet system in data. The variation is
estimated by smearing all jets transverse momenta in the simulated events.
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An uncertainty on the jet vertex tagger (JVT) efficiency scale factors is also
considered.

Flavour tagging The modelling of the b-tagging algorithms efficiencies for b-jets,
c-jets and light-flavour jets is also a source of uncertainties. The b-tagging
efficiency can differ in MC simulations and data. The simulated events are
corrected via scale factors derived as the ratio of the efficiencies in data and
in MC. The scale factors derived to correct the differences between MC and
data efficiencies depend on the pT, η, and flavour of the jet. The related
uncertainties are derived by varying the scale factors within a range that
reflects the uncertainty in the measured tagging efficiency and mistag rates in
data [150].

Missing transverse momentum The uncertainties related to the reconstruction
of the Emiss

T in the simulation are estimated by propagating the uncertainties in
the energy and momentum scales of electrons, muons and jets, as well as the
uncertainties in the resolution and scale of the soft term [203].

Pile-up Pile-up is not perfectly reproduced by Monte Carlo simulation given the
complexity of such processes. A corrective weight must be applied to each
event to account for the pile-up mismodelling. A nominal average correction
factor of 1/1.03 is applied on MC, based on studies of the number of vertices
as well as the results from the measurement of inelastic cross-section. The
uncertainty related to the pile-up reweighting is evaluated by changing the
nominal value to 1 and to 1/1.18.

Integrated luminosity The uncertainty on the integrated luminosity can affect the
normalisation of the MC predictions. For the full Run 2 going from 2015 to
2018, an uncertainty of 1.7% is assigned on the integrated luminosity collected
by the ATLAS detector and was estimated using the LUCID2 detector [106].

Theoretical uncertainties

The theoretical uncertainties are related to the modelling of the MC simulations.
They are estimated for each SM and signal processes and can be divided into the
following subcategories:

Hard-scattering and parton showering The choice of generator to model the
hard scatter and parton shower processes (described in section 3.2) is based on
the resulting best agreement between data and MC predictions. The uncertainty
related to the choice of generator is derived by generating MC samples with a
different generator and take the observed difference.

Factorisation and renormalisation scales Production cross-sections are com-
puted with perturbation expansions as an approximation. This implies that the
cross section depends on the choice of factorisation and renormalisation scales
µF and µR, respectively. This is taken as an uncertainty by varying the default
scales using the nominal generator and taking the differences of the obtained
cross-section.
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6.2. Systematic uncertainties

Inital (ISR) and final state radiation (FSR) The related uncertainties were eval-
uated for all processes with dedicated samples generated with an additional
amount of ISR/FSR.

PDF choice The uncertainties in the PDF of the proton and its strong coupling
constant that may affect the description of the parton-level final states. They
are estimated by comparing the nominal PDF set with alternative ones.

Cross sections Cross-sections are used at the best accuracy available in the liter-
ature. Uncertainties associated to this calculations are also considered for
each SM and signal process in the analysis. For the normalised SM processes
however this uncertainty is absorbed through the transfer factors.

Modelling uncertainties are estimated for the SM processes occurring in our SRs,
namely t t̄, t t̄ Z , dibosons and single top processes.

For the t t̄ process, the renormalisation and factorisation scales are varied, as
well as the amount of initial and final state radiation (ISR and FSR respectively)
produced during the samples generation [204, 205]. Uncertainties on the choice of
MC generator is obtained by comparing the yields difference between POWHEG and
MADGRAPH5_aMC@NLO [204].

For the t t̄ Z process, the parameters that could have a significant impact on
the analysis are the QCD scale related uncertainties, evaluated using seven-point
variations of the factorisation and renormalisation scales [173]. Uncertainties on ISR
and FSR are evaluated through the comparison of the PYTHIA tune enhancing the
variation against the nominal sample [206].

For both t t̄ and t t̄ Z MC samples the uncertainties related to parton showering
and hadronisation phenomena are covered by comparing the samples obtained for
the different showering models in PYTHIA and HERWIG.

For the single top quark background, theoretical uncertainties mainly arise from
the interference between t t̄ and W t production coming from the inclusion of higher
order corrections in the W t process calculations. This is assigned through the com-
parison of the dedicated samples produced via PYTHIA and Powheg in the diagram
removal (DR) or diagram subtraction (DS) scheme [207]. The former removes all
diagrams with a t t̄ pair, while the latter subtracts locally the t t̄ contribution in the
NLO W t cross-section.

For the diboson samples, the modelling uncertainties are also estimated through
the sevent-point variations of the renormalisation and factorisation scales. Additional
uncertainties related to the resummation (QSF) and matching (CKKM) scales between
the matrix element generator and parton shower are derived by varying the scale
parameters in SHERPA.

The other minor backgrounds in the analysis, mainly t t̄W Z and t tW processes,
a conservative approach is considered by applying a 30% uncertainty driven by the
DR-DS difference for the t t̄W Z process [208].

As described in section 5.2, systematic uncertainties in the data-driven FNP
background arise due to potential differences in the FNP composition (heavy flavour,
light flavour or photon conversions) between the regions defined in Section 4.5.3
and the CRFNP used to extract the fake factor. A FNP systematic error is evaluated in
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6– RESULTS AND INTERPRETATION

each of the regions by varying the FNP composition in the CRFNP to match that of the
considered analysis region. The statistical error is also included by propagating the
statistical uncertainty in the ratio used to compute the fake factor.

The uncertainty in the DM production cross-section is derived from the scale
variations and the PDF choices, while the DM theory signal uncertainties are computed
from the variation of the radiation, renormalisation, factorisation and merging scales.

Resulting impact on the analysis

After the fit to data, the different ‘sub’-systematic uncertainties can be grouped into the
main sources of uncertainties listed above, in particular when their impact turns out
to be negligible in the considered analysis. For instance, the sources of uncertainties
taken into account for lepton reconstruction and identification can be grouped under
the label ‘Lepton modelling’ given their small impact on the combined analysis. The
same goes for the theoretical uncertainties which are grouped as function of the
most relevant SM processes in the analysis. Systematic uncertainties with the largest
impact on the analysis are explicitly mentioned, such as the JES and JER, for instance.

Given that the object selection was harmonised for all analyses, the experimental
uncertainties in the combination are correlated in all regions. On the other hand, all
modelling uncertainties for SM processes are treated as uncorrelated as the various
analyses regions in the combined setup cover different phase spaces. Signal modelling
uncertainties are correlated in the various analysis regions.

The impact of each systematic uncertainties category on the analysis regions is
summarised in figure 6.1 as a relative uncertainty in the total background yield for
each region. The detailed results for each uncertainty subcategory are gathered in
table 6.2 for the tW -SRs and tables 6.3 for the DF and SF t t̄-SRs.

An estimation of the uncertainties coming from the PDFs was carried out for all
the background samples and were found to be negligible [209].

The uncertainties related to the lepton reconstruction, Emiss
T mismodelling, flavour

tagging and pile-up reweighting and JVT are also found to be negligible.
The DM signals total systematic uncertainty, including experimental uncertainties,

is between 5% and 20% in the tW -SRs, and between 10% and 20% on the t t̄-SRs,
dominated by JER and signal theoretical uncertainties.

In the tW -SRs, the dominant sources of uncertainties are detector related and
are mainly due to JER with 19% and 12% relative uncertainty for SRtW

low mT2
and SRtW

respectively, followed by JES, which has more impact on the SRtW
low mT2

with 18% rela-
tive uncertainty compared to SRtW with 4.6% uncertainty. Given the respective most
dominating SM backgrounds in the SRtW

low mT2
and SRtW , the t t̄ and t t̄ Z normalisation

are the other major contribution to the total systematic uncertainties, followed by
MC statistical ones and the theoretical uncertainties arising from the background
modelling in the SRtW .

In the t t̄-SRs, JER uncertainties dominate in the mT2 region between 110 and
160 GeV, while theoretical uncertainties mainly arising from parton shower mismod-
elling in the t t̄ Z MC samples dominate in the SRs with mT2 > 160 GeV. Uncertainties
related to FNP leptons estimation appear to be < 1% for SRtW and negligible in
SRtW

low mT2
and SF t t̄-SRs. In the DF selection, the FNP leptons related uncertainties
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Figure 6.1: Relative uncertainties in the total background yield in each CR and SR for the
combined analysis, including the contribution from the different sources of uncertainty. The
‘Detector’ category contains all detector-related systematic uncertainties and is dominated by
the jet energy scale and resolution. The ‘Background normalisation’ represents the uncertainty
in the fitted normalisation factors, including the available event counts in the CRs. The ‘FNP
probabilities’ corresponds to the systematic uncertainties related the data-driven fake and
non-prompt leptons background estimation. Individual uncertainties can be correlated, and
do not necessarily add up in quadrature to the total background uncertainty.

are also negligible in the SRs with mT2 between 140 and 220 GeVand < 1% for mT2

between 110 and 120 GeV. A non-negligible impact of FNP leptons uncertainties is
however observed in the SR with mT2 between 120 and 140 GeVand in particular in
the SR with mT2 > 220 GeV, resulting in the only SR dominated by FNP leptons.
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Table 6.2: Sources of systematic uncertainty in the SM background estimates, after the
background fits, for the tW -SRs. The values are given as relative uncertainties in the total
expected background event yields in the SRs. Entries marked ‘–’ indicate no contribution. ‘MC
statistical uncertainty’ refers to the statistical uncertainty from the simulated event samples.
‘Other theoretical uncertainties’ represent the theoretical uncertainty coming from V V V , t t̄ t,
t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ contributions. The individual components can be
correlated and therefore do not necessarily add up in quadrature to the total systematic
uncertainty.

Signal region SRtW
low mT2

SRtW

Total background uncertainties 29% 18%

t t̄ theoretical uncertainties – 5.2%
t t̄ Z theoretical uncertainties 2.7% 6.5%
V V theoretical uncertainties – –
Other theoretical uncertainties 1.7% 6.7%

MC statistical uncertainties 6.4% 6.2%

t t̄ normalisation 7.0% 1.3%
t t̄ Z normalisation 1.9% 7.3%

Jet energy scale 18% 4.6%
Jet energy resolution 19% 12%
Emiss

T mismodelling 4.4% 3.1%
Lepton modelling 2.1% 2.2%
Flavour tagging 1.4% < 1%
Pile-up reweighting and JVT < 1% < 1%
Fake and non-prompt leptons – < 1%
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6.2. Systematic uncertainties

Table 6.3: Sources of systematic uncertainty in the SM background estimates, after the
background fits, for the DF (top) and SF (bottom) selections. The values are given as relative
uncertainties in the total expected background event yields in the SRs. Entries marked
‘–’ indicate no contribution. ‘MC statistical uncertainty’ refers to the statistical uncertainty
from the simulated event samples. ‘Other theoretical uncertainties’ represent the theoretical
uncertainty coming from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ contributions.
The individual components can be correlated and therefore do not necessarily add up in
quadrature to the total systematic uncertainty.

Signal region SR-DFt t̄
[110,120) SR-DFt t̄

[120,140) SR-DFt t̄
[140,160) SR-DFt t̄

[160,180) SR-DFt t̄
[180,220) SR-DFt t̄

[220,∞)

Total background uncertainties 18% 19% 18% 25% 26% 27%

t t̄ theoretical uncertainties 9.4% 11% 7.6% < 1% 1.7% –
t t̄ Z theoretical uncertainties 2.4% 3.7% 3.7% 16% 19% 15%
V V theoretical uncertainties < 1% < 1% < 1% < 1% < 1% < 1%
Other theoretical uncertainties 1.3% 2.6% 5.7% 6.7% 5.9% 2.9%

MC statistical uncertainties 5.2% 5.1% 8.0% 9.2% 13% 8.6%

t t̄ normalisation 7.2% 4.9% 1.3% < 1% < 1% –
t t̄ Z normalisation 2.4% 4.3% 10% 12% 12% 9.2%

Jet energy scale 9.5% 11% 2.8% 4.3% 3.6% 3.2%
Jet energy resolution 7.4% 3.2% 9.6% 12% 7.2% 3.1%
Emiss

T mismodelling 4.6% 3.8% 3.8% 1.2% 3.4% 2.3%
Lepton modelling 1.5% 1.6% 1.7% 1.8% 3.3% 1.9%
Flavour tagging < 1% < 1% 1.1% 1.5% 1.2% 1.0%
Pile-up reweighting and JVT < 1% < 1% < 1% < 1% < 1% < 1%
Fake and non-prompt leptons < 1% 7.3% – – – 22%

Signal region SR-SFt t̄
[110,120) SR-SFt t̄

[120,140) SR-SFt t̄
[140,160) SR-SFt t̄

[160,180) SR-SFt t̄
[180,220) SR-SFt t̄

[220,∞)

Total background uncertainties 19% 16% 21% 23% 21% 28%

t t̄ theoretical uncertainties 9.9% 10% 7.9% – 1.4% –
t t̄ Z theoretical uncertainties 1.9% 2.4% 13% 14% 8.2% 22.7%
V V theoretical uncertainties < 1% 1.9% 1.8% 2.3% 1.6% 3.9%
Other theoretical uncertainties 1.2% 2.8% 5.6% 3.1% 4.6% 3.9%

MC statistical uncertainties 5.5% 5.7% 8.7% 11% 16% 11.7%

t t̄ normalisation 7.6% 4.7% 1.3% – < 1% –
t t̄ Z normalisation 1.8% 5.4% 9.5% 12% 10% 11%

Jet energy scale 11% 8.1% 3.9% 3.7% 2.9% 4.7%
Jet energy resolution 7.2% 4.7% 6.9% 7.5% 6.6% 5.6%
Emiss

T mismodelling 1.6% 1.3% 5.0% 3.7% 1.8% 1.9%
Lepton modelling 1.6% 1.4% 2.5% 4.7% 1.7% 2.2%
Flavour tagging < 1% < 1% < 1% 1.5% 2.8% 1.2%
Pile-up reweighting and JVT < 1% < 1% < 1% < 1% < 1% < 1%
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6.3 Background-only fit results

Results of the background-only fit described in section 4.2 is presented in this section.
Background-only fit are performed on the CRs and extrapolated to the SRs. The

results are summarised in figure 6.2, where the significance of data excess computed
for each SR are also plotted. For the combination, the event yields for the CRs are
reported in the tables 6.4. The obtained normalisation factors for the t t̄ and t t̄ Z
processes are respectively µt t̄ = 0.89± 0.08 and µt t̄ Z = 1.05± 0.14 (compared to
µtW

t t̄ = 1.00± 0.03, µtW
t t̄Z = 0.76± 0.26 and µt t̄

t t̄ = 0.88± 0.08, µt t̄
t t̄ Z = 1.07± 0.14

in the individual DMtW and DMt t̄ analyses, respectively). The event yields for
the all SRs are reported in tables 6.5 and 6.6. Some chosen DM signal yields are
also shown for different scalar and pseudoscalar mediator masses in each SRs for
illustrative purposes, but are not used in the fit. Figures 6.3 and 6.4 show comparisons
between the observed data and the post-fit SM predictions for some relevant kinematic
distributions in the two analysis channels after applying all SR selection requirements
except the one on the quantity shown (apart from the Emiss

T variable in the SRtW where
all the events in the SR are shown). The expected distributions for representative
scenarios with different scalar and pseudoscalar mediator masses and DM signals
are shown for illustrative purposes. In the tW -SRs, SRtW

low mT2
is dominated by t t̄

processes, while SRtW is dominated by t t̄ Z processes. Additional contributions arise
from single top, dibosons, other minor SM processes, and in the SRtW also FNP leptons
in a negligible extent. In the t t̄-SRs both flavour selections are dominated by t t̄
in SRs at low mT2 (between 110 and 140 GeV) while SRs binned in higher mT2 are
dominated by t t̄ Z processes. In the SF selection, additional subdominant contribution
arise from diboson and Z+jets processes, while in the DF selection some SRs account
for a non-negligible contribution of FNP leptons.

Despite the fluctuations observed in some regions, the significance remains below
2σ, apart from the SR-DFt t̄

[120,140) where expected yields slightly exceed the observed
data and the significance is negative and clearly below 2σ. In SR-DFt t̄

[160,180), SR-
DFt t̄
[180,220) and SR-SFt t̄

[220,∞), no events are observed. This is due to the requirement
on mt

b` applied on the t t̄-SRs definition to orthogonalise both analyses SRs, which
reduced the yields in all t t̄-SRs and brought the observed yields to zero in regions
with already low yields.
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Figure 6.2: Expected and observed yields are shown. The upper panel shows the observed
number of events in each of the CRs and the combined analyses SRs, together with the
expected SM backgrounds obtained after the fit in the CRs and SRs. “Others” includes con-
tributions from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ processes. SR-DFt t̄

[160,180),

SR-DFt t̄
[180,220)and SR-SFt t̄

[220,∞)show no data point. The shaded band represents the total
uncertainty in the expected SM background. The lower panel shows the normalisation factors
µX (left two bins) extracted in the CRs for the t t̄ and t t̄ Z processes while, for the tW -SRs
and the inclusive t t̄-SRs the significance as defined in Ref. [210].
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Figure 6.3: Representative distributions of mt
b`, Emiss

T and mT2 in the tW channel. Observed
data are compared with the SM background predictions extrapolated from the background-
only fit. All SR selections except the one on the quantity shown are applied. The SR
requirement is indicated by the arrow. As the mt

b` is defined for events with at least two
jets, the events with exactly one jet are included in the overflow bin. “Others” includes
contributions from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ processes. The expected
distributions for representative scenarios with different scalar and pseudoscalar and mediator
masses for DM+t t̄ and DM+tW signatures are shown for illustrative purposes. The lower
panels show the ratio of data to the background prediction. The hatched error bands indicate
the statistical uncertainties only.
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6– RESULTS AND INTERPRETATION

Table 6.4: Yields in the CRt t̄ and CRt t̄ Z control after the background fit. The MC yields have
been normalised to an integrated luminosity of 139 fb−1. “Others” includes contributions
from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ processes. Combined statistical
and systematic uncertainties are given. Entries marked ‘–’ indicate a negligible background
contribution (less than 0.001 events). DM signal yields for different scalar and pseudoscalar
mediator masses are also shown for illustrative purposes. The individual uncertainties can be
correlated, and do not necessarily add up in quadrature to the total background uncertainty.

CR(t t̄) CR(t t̄ Z)

Observed events 234 254

Total (post fit) SM events 234± 16 254± 18

Post fit, t t̄ 200± 18 –
Post fit, t t̄ Z 0.49± 0.38 174± 27
W t 30.9± 5.6 –
Dibosons 1.1± 0.6 18.2± 4.8
Others 1.1± 0.4 44± 14
FNP leptons 0.01+0.12

−0.01 18.1± 9.5

Fit input, t t̄ 226± 6 –
Fit input, t t̄ Z 0.47± 0.35 165± 1

Table 6.5: Background fit results for the tW -SRs. The ‘Others’ category contains the con-
tributions from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H, and tZ . Combined statistical
and systematic uncertainties are given. Entries marked ‘–’ indicate a negligible background
contribution (less than 0.001 events). DM signal yields for different scalar and pseudoscalar
mediator masses are also shown for illustrative purposes. The individual uncertainties can be
correlated, and do not necessarily add up in quadrature to the total background uncertainty.

SRtW
low mT2

SRtW

Observed events 5 11

Total (post fit) SM events 7.22± 2.10 6.11± 1.11

Post-fit, t t̄ 5.48± 1.96 0.86± 0.63
Post-fit, t t̄ Z 0.90± 0.29 2.85± 0.74
W t 0.16+0.35

−0.16 0.25+0.53
−0.25

Dibosons 0.26± 0.06 0.61± 0.16
Others 0.40± 0.14 1.35± 0.43
FNP leptons – 0.18± 0.01

t t̄ +φ, (mφ, mχ) = (150,1) GeV 1.76± 0.28 5.22± 0.51
t t̄ + a, (ma, mχ) = (150,1) GeV 1.51± 0.26 6.42± 0.52
tW +φ, (mφ, mχ) = (150,1) GeV 0.70± 0.07 4.27± 0.27
tW + a, (ma, mχ) = (150,1) GeV 0.62± 0.07 4.05± 0.27
t t̄ +φ, (mφ, mχ) = (10,1) GeV 9.25± 1.98 12.32± 2.78
t t̄ + a, (ma, mχ) = (10,1) GeV 2.78± 0.36 9.59± 0.84
tW +φ, (mφ, mχ) = (10,1) GeV 0.97± 0.25 5.62± 1.07
tW + a, (ma, mχ) = (10,1) GeV 1.10± 0.13 5.12± 0.35
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Figure 6.4: Distributions of m``T2 in orthogonalised SRt t̄
110,∞ for different-flavour (left) and

same-flavour (right) events satisfying the selection criteria of the given SR, except the one for
the presented variable, after the background fit. The contributions from all SM backgrounds
are shown as a histogram stack. “Others” includes contributions from V V V , t t̄ t, t t̄ t t̄, t t̄W ,
t t̄WW , t t̄W Z , t t̄H, and tZ processes. The hatched bands represent the total statistical and
systematic uncertainty. The rightmost bin of each plot includes overflow events. Reference
dark-matter signal models are overlayed for comparison. Red arrows in the upper panels
indicate the signal region selection criteria. The bottom panels show the ratio of the observed
data to the total SM background prediction, with hatched bands representing the statistical
uncertainty only in the background prediction.
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Table 6.6: Background fit results for the different-flavour (top) and same-flavour (bottom)
leptons binned SRs after applying the orthogonalisation requirement for the combination. The
‘Others’ category contains the contributions from V V V , t t̄ t, t t̄ t t̄, t t̄W , t t̄WW , t t̄W Z , t t̄H,
and tZ . Yields for various DM+t t̄ and DM+tW signals are also shown. Combined statistical
and systematic uncertainties are given. Entries marked ‘–’ indicate a negligible background
contribution (less than 0.001 events). DM signal yields for different scalar and pseudoscalar
mediator masses are also shown for illustrative purposes. The individual uncertainties can be
correlated, and do not necessarily add up in quadrature to the total background uncertainty.

After orthogonalisation SR-DFt t̄
[110,120) SR-DFt t̄

[120,140) SR-DFt t̄
[140,160) SR-DFt t̄

[160,180) SR-DFt t̄
[180,220) SR-DFt t̄

[220,∞)

Observed events 9 3 4 0 0 2

Total (post fit) SM events 11.9± 2.2 9.9± 1.9 3.2± 0.6 2.1± 0.5 1.6± 0.4 1.9± 0.5

Post fit, t t̄ 9.3± 2.1 5.3± 1.7 0.44± 0.32 0.01+0.03
−0.01 0.04± 0.03 –

Post fit t t̄ Z 1.9± 0.5 2.7± 0.7 2.2± 0.6 1.6± 0.5 1.2± 0.4 1.2± 0.4
W t 0.10+0.36

−0.10 – – – – –
Dibosons 0.15± 0.15 0.15± 0.07 0.02+0.03

−0.02 0.03± 0.01 0.04± 0.03 0.01+0.02
−0.01

Others 0.51± 0.17 0.85± 0.28 0.61± 0.21 0.47± 0.18 0.31± 0.12 0.19± 0.07
FNP leptons 0.02+0.06

−0.02 0.91± 0.72 – – – 0.59± 0.43

t t̄ +φ, (mφ, mχ) = (150,1) GeV 2.82± 0.43 5.65± 0.61 3.58± 0.40 1.94± 0.28 2.16± 0.38 1.67± 0.26
t t̄ + a, (ma, mχ) = (150,1) GeV 2.02± 0.33 4.70± 0.41 3.57± 0.39 2.19± 0.29 2.67± 0.26 2.24± 0.26
tW +φ, (mφ, mχ) = (150,1) GeV 0.20± 0.03 0.42± 0.09 0.33± 0.06 0.23± 0.04 0.44± 0.07 0.33± 0.04
tW + a, (ma, mχ) = (150,1) GeV 0.21± 0.05 0.49± 0.09 0.42± 0.06 0.25± 0.07 0.27± 0.04 0.21± 0.04
t t̄ +φ, (mφ, mχ) = (10,1) GeV 13.86± 2.91 19.83± 3.69 11.74± 2.67 5.26± 1.53 4.18± 0.95 2.99± 1.18
t t̄ + a, (ma, mχ) = (10,1) GeV 5.32± 0.88 8.25± 0.85 6.69± 0.71 4.15± 0.59 5.69± 0.81 2.79± 0.46
tW +φ, (mφ, mχ) = (10,1) GeV 0.58± 0.15 0.64± 0.17 0.63± 0.18 0.22± 0.10 0.38± 0.11 0.22± 0.13
tW + a, (ma, mχ) = (10,1) GeV 0.45± 0.14 0.53± 0.11 0.45± 0.06 0.29± 0.06 0.41± 0.09 0.38± 0.07

After orthogonalisation SR-SFt t̄
[110,120) SR-SFt t̄

[120,140) SR-SFt t̄
[140,160) SR-SFt t̄

[160,180) SR-SFt t̄
[180,220) SR-SFt t̄

[220,∞)

Observed events 8 10 3 2 1 0

Total (post fit) SM events 10.4± 2.0 8.0± 1.3 2.8± 0.6 2.0± 0.5 2.2± 0.5 1.3± 0.4

Post fit, t t̄ 8.5± 1.9 4.0± 1.2 0.40± 0.29 – 0.04± 0.03 –
Post fit, t t̄ Z 1.2± 0.4 2.8± 0.6 1.7± 0.5 1.5± 0.4 1.5± 0.4 0.98± 0.37
W t – – – – – –
Z+jets – 0.03± 0.00 – 0.15± 0.11 0.28± 0.09 0.05± 0.02
Dibosons 0.23± 0.15 0.44± 0.18 0.18± 0.10 0.15± 0.13 0.11+0.14

−0.11 0.13± 0.06
Others 0.43± 0.14 0.73± 0.23 0.52± 0.17 0.21± 0.08 0.33± 0.12 0.17± 0.06

t t̄ +φ, (mφ, mχ) = (150,1) GeV 2.24± 0.38 3.60± 0.45 3.33± 0.47 1.56± 0.31 1.99± 0.30 1.24± 0.20
t t̄ + a, (ma, mχ) = (150, 1) GeV 1.92± 0.28 3.72± 0.35 3.37± 0.31 2.86± 0.40 2.52± 0.28 2.09± 0.23
tW +φ, (mφ, mχ) = (150,1) GeV 0.15± 0.03 0.42± 0.07 0.36± 0.06 0.22± 0.05 0.28± 0.05 0.29± 0.05
tW + a, (ma, mχ) = (150,1) GeV 0.17± 0.04 0.27± 0.05 0.27± 0.06 0.19± 0.04 0.32± 0.06 0.21± 0.04
t t̄ +φ, (mφ, mχ) = (10, 1) GeV 14.31± 2.93 14.19± 3.39 7.81± 2.83 6.08± 1.56 3.84± 0.84 1.38± 0.74
t t̄ + a, (ma, mχ) = (10, 1) GeV 3.53± 0.79 8.74± 0.87 5.61± 0.76 3.58± 0.50 3.98± 0.49 2.48± 0.33
tW +φ, (mφ, mχ) = (10, 1) GeV 0.29± 0.12 0.61± 0.14 0.42± 0.13 0.33± 0.08 0.42± 0.09 0.31± 0.09
tW + a, (ma, mχ) = (10, 1) GeV 0.26± 0.09 0.53± 0.10 0.46± 0.09 0.36± 0.09 0.27± 0.08 0.36± 0.06
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6.4 Model independent limits

Although no excess was observed in the data relative to the expected background
in both analyses, the results of the combination were still interpreted in terms of
model-independent upper limits on the visible cross-section (σvis) of new physics,
defined as the 95% confidence level (CL) upper limit on the number of signal events
(S95) divided by the integrated luminosity. They are compared to the ones obtained
by the individual analyses to observe any impact of the combination on the visible
cross-sections.

Table 6.7 summarises the observed (S95
obs) and expected (S95

exp) 95% CL upper limits
on the number of BSM events and on σvis for all SRs in the individual analyses and are
compared to the ones obtained in the combined SRs. The p0-values, which represent
the probability of the SM background to fluctuate to the observed number of events
or higher, are also provided and are capped at p0 = 0.5. The associated significance is
provided in parentheses when p0 < 0.5. No significant changes in the final p-values
is observed apart from the SRtW whose p-value increased from 0.02 to 0.04, reducing
the probability of a new signal rather than simple data fluctuation.

131



6– RESULTS AND INTERPRETATION

Table 6.7: The 95% CL upper limits on the visible cross section (〈εσ〉95
obs) and on the number

of signal events (S95
obs) reported by the original individual analyses and the combination. The

fifth column (S95
exp) shows the 95% CL upper limit on the number of signal events, given the

expected number (and ±1σ excursions on the expectation) of background events. The last
two columns indicate the C LB value (when provided), i.e. the confidence level observed
for the background-only hypothesis, and the discovery p-value (p(s = 0)). The p-value is
reported as 0.5 if the observed yield is smaller than that predicted. The associated significance
is provided in parentheses otherwise.

Analysis Signal Region σvis [fb] S95
obs S95

exp C LB p(s = 0) (Z)

DMtW SRtW 0.10 13.8 7.3+2.9
−1.1 0.97 0.02 (2.07)

DMt t̄

SRt t̄
[110,∞) 0.21 29.3 31+11

−8

–

0.5
SRt t̄
[120,∞) 0.15 21.4 21+8

−6 0.4
SRt t̄
[140,∞) 0.10 13.2 14+5

−4 0.5
SRt t̄
[160,∞) 0.06 8.2 11+5

−3.0 0.5
SRt t̄
[180,∞) 0.06 7.9 9.6+3.8

−2.8 0.5
SRt t̄
[200,∞) 0.06 7.6 8.4+3.6

−2.3 0.5
SRt t̄
[220,∞) 0.05 7.6 7.5+3.1

−2.0 0.5

Combined

SRtW 0.09 11.8 7.0+2.7
−2.2 0.94 0.04 (1.70)

SRtW
low mT2

0.04 5.8 7.3+2.8
−2.0 0.31 0.5

SRt t̄
[110,∞) 0.13 17.4 23.1+8.2

−5.9 0.16 0.5
SRt t̄
[120,∞) 0.09 12.4 16.3+6.6

−4.2 0.19 0.5
SRt t̄
[140,∞) 0.06 8.7 10.8+4.7

−2.3 0.17 0.5
SRt t̄
[160,∞) 0.04 6.1 9.3+3.3

−2.9 0.08 0.5
SRt t̄
[180,∞) 0.03 4.4 7.5+3.1

−1.8 0.06 0.5
SRt t̄
[200,∞) 0.03 4.4 6.6+2.5

−2.2 0.17 0.5
SRt t̄
[220,∞) 0.03 4.6 5.3+2.7

−1.0 0.28 0.5
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6.5 Constraints to Dark Matter models

Since no excess was found in the individual analyses, the combination performed
in this thesis attempts to extend the exclusion limits for dark matter simplified
models. Model-dependent limits are derived for various signal scenarios. To clarify
once again the labelling of the signals, analyses and SRs, the original individual
analyses (DM)t t̄ and (DM)tW were designed to target DM+t t̄ and DM+tW processes
respectively, giving their name to the dedicated SRs (tW -SRs and t t̄-SRs). Due to
the similar selections, topologies and final states, these signals cross-contaminate and
are combined in the individual and combined analyses to enhance the sensitivity to
DM simplified models.

To highlight the improvement achieved by the combination of the tW and t t̄
analyses, the upper limits on the combined signals are compared in each analysis
region definition (Only SRtW for the tW analysis and non-orthogonalised SRDFs and
SRSFs for the t t̄ analysis). In the following plots the results are shown for scalar and
pseudoscalar mediators. Summary plots for the individual signals in each analysis
definition are also available in appendix A.2. The impact of the orthogonalisation on
the DMt t̄ analysis can be observed in appendix A.1.

Figure 6.5 shows the final upper limits at 95% CL for the combined signals in
the combined analysis on the observed signal cross-section scaled to the theoretical
signal cross-section for a coupling g = gq = gχ = 1, denoted by σObs/σTh(g = 1.0).
Under these assumptions, scalar DM models are characterised by a higher cross
section with respect to pseudoscalar DM models at low mediator masses [211], while
the two models have very similar cross sections beyond the top decay threshold
(mφ/a ∼ 2 ·mt). A DM particle mass of 1 GeV is considered, although the results are
valid as long as the mass of the mediator is larger than twice the mass of the DM (i.e.,
the limits are independent of the DM mass as long as mφ/a > 2 ·mχ). These limits
are obtained as a function of the mediator mass. All the mass points below one are
excluded for the considered model assuming g = 1. The red dashed line correspond to
the expected upper limits, while the solid dashed line correspond the observed upper
limits. The yellow(green) bands correspond to the ±1σ(±2σ) uncertainty associated
to the expected upper limits on the mediator masses for the considered model. It
can be observed that the scalar and pseudoscalar mediator masses are excluded up
to 350 GeV. These new exclusion limits can be compared to the ones obtained in
the individual analyses to estimate the impact of the combination. Figures 6.6 show
the summary plot of the exclusion limits of the combined signals obtained in each
analysis setup (DMtW in blue, DMt t̄ in orange and combined analysis in green). The
solid (dashed) lines show the observed (expected) exclusion limits for each individual
analysis and their statistical combination.

The combined expected limits clearly show an improvement in the excluded
mediator mass range which is extended up to 50 GeV with respect to the best of
the individual analyses. The combination improves the expected cross section limits
by 3̃% and 5̃% for low-mass scalar and pseudoscalar DM mediators, respectively.
When only the associated production of DM and two top quarks is considered in the
interpretation of the results, the expected excluded scalar(pseudoscalar) mediator
mass range obtained from the combination is reduced by 100(30) GeV with respect
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to the sensitivity of the combined signals. As the associated production of DM
and single top quark processes mostly contributes for higher masses in the scalar
mediator models [25], the impact of this process for masses below 50 GeV is negligible.
For the pseudoscalar mediator models, the ratio between the single top quark and
top quark pair channel cross sections is instead relatively constant [25]. When
looking at the observed exclusion limits for combined signals in the DMtW analysis
definition are reduced, while they slightly improve in the DMt t̄ analysis definition.
This can be explained by the small excess of data observed in the tW -SR in figure 6.2,
which reduces the potentially excluded mediator mass range, while in the t t̄-SR,
some regions contained no data, which ‘artificially’ extended the excluded mediator
mass range. When proceeding to the statistical combination, the exclusion limit
goes even lower for small mediator masses while the behaviour observed for the
individual analyses partially cancels out at high mediator masses, probably due to
the contribution of the single top quark processes [25]. As a final result, the observed
upper limits on the cross-section are improved up by 20% and 30% for scalar and
pseudoscalar mediators with respect to the best of the individual channel, and the
exclusion limit in the combined dark matter searches with top quarks for the specific
spin-0 mediator model is improved up to 350 GeV for both the scalar and pseudo
scalar mediators.

Additional summary plots of the exclusion limits of the individual DM+tW signal,
DM+t t̄ signal obtained in each analysis setup (DMtW , DMt t̄ and combined analysis),
as well a summary plot showing the impact of the additional tW -SR are available in
appendix A.2.

6.5.1 Comparison with other experiments

For each DM and mediator mass pair, the exclusion limit on the production cross-
section of colour-neutral scalar mediator particles can be converted into a limit on
the spin-independent DM-nucleon scattering cross-section, following the procedure
described in Ref. [83]. The results can thus be compared to the ones obtained by
direct-detection experiments. Direct-detection experiments show limits at 90% CL,
contrary to the standard 95% CL of the colliders community. For a proper comparison,
the exclusion limits are presented at 90% CL in the mχ −σSI plane. The conversion
formula to DM-nucleon scattering cross section σSI for spin-0 mediator simplified
model is:

σSI ' 6.9× 10−41cm2 ·
� gq gDM

0.25

�2�1 TeV
Mmed

�4 � µnχ

1 GeV

�2

(6.1)

with µnχ = mnmDM/(mn +mDM) the DM-nucleon reduced mass with mn ' 0.939 GeV
the nucleon mass. The mass of the mediator Mmed corresponds to the highest excluded
mass (i.e. at σ/σth = 1) at 90% CL. Figure 6.7 shows the constraints from this
combined analysis expressed as exclusion limits at 90% CL in the plane defined by the
dark matter mass and the scattering cross-section. The thick blue (tW +φ signal),
orange (t t̄ +φ signal) and green (combined signals) lines indicate the exclusion
contour derived from the observed limits in figure 6.6 for scalar mediator masses
spanning from 10 to 400 GeV. Values inside the contours are excluded. DM searches
at the LHC also exclude the region where Mmed > 2mχ , meaning that for a given mχ
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value, two values of σSI are excluded. The solid line box zooms on the exclusion
contours for t t̄ +φ and combined signals between the DM mass range [1, 200] GeV.
The maximum value of the DM-nucleon scattering cross-section displayed corresponds
to the result obtained for a mediator mass of 380 GeV. This is translated by the
turnover behaviour of the curves. The results of this combination are compared with
the ones from the CRESST III [212], DarkSide-50 [213], LUX [214], PandaX [215]
and XENON1T [216] experiments. Results are also compared to the former exclusion
limits (thick grey line) derived at 36 fb−1 for dark matter processes with top quark
pairs and scalar mediator [20]. The comparison is model-dependent, meaning that
they are only valid for the simplified dark matter models considered in this thesis.
This plot shows nonetheless the remarkable coverage of the low dark matter mass
phase space with respect to the most sensitive direct detection experiments. These
new results improve in fact the exclusion limits from 10−42 to 10−45, and below 5 GeV
only ATLAS and collider experiments more generally can cover this mass region. An
increase in luminosity of the LHC, planned with the High-Luminosity LHC [217],
could push the sensitivity boundaries even further [218].
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Figure 6.5: Exclusion limits for the combined DM+tW and DM+t t̄ signals in the combined
analysis as a function of the (left) scalar and (right) pseudoscalar mediator mass for a dark
matter particle mass of m(χ) = 1 GeV. The limits are calculated at 95% CL and are expressed
in terms of the ratio of the excluded cross-section to the nominal cross-section for a coupling
assumption of g = gq = gχ = 1. The solid (dashed) lines shows the observed (expected)
exclusion limits.
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Figure 6.6: Exclusion limits for the combined DM+tW and DM+t t̄ signals in the individual
(blue and orange, respectively) and combined (green) analyses as a function of the (top)
scalar and (bottom) pseudoscalar mediator mass for a dark matter mass m(χ) = 1 GeV.
The limits are calculated at 95% CL and are expressed in terms of the ratio of the excluded
cross-section to the nominal cross-section for a coupling assumption of g = gq = gχ = 1. The
solid (dashed) lines show the observed (expected) exclusion limits for different analyses. The
±1σ uncertainty band for the expected exclusion limits are shown for the combined analysis.
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experiments.
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CHAPTER

CONCLUSION

In this thesis were presented the results of the statistical combination of two analyses
targeting DM production with top quarks to improve the current constrains on DM
simplified models involving a spin-0 mediator. This was done using the full Run 2
pp collision data produced at the LHC at

p
s = 13 TeV centre-of-mass energy and

collected by the ATLAS detector, corresponding to 139 fb−1 integrated luminosity.
The two analyses are dedicated respectively to the search for dark matter candi-

dates produced in association with a top quark pair or a single top quark and a W
boson. Both target a final state with two leptons, at least one b-jets and high missing
transverse momentum, meaning similar signal and background estimation strategy.
The statistical combination went through several steps, including the harmonisation
of the selected objects and the careful definitions of the kinematic requirements to
avoid the overlap of the events selected by each analysis.

The combined result of the two channels is the derivation of new exclusion limits,
providing an improvement of the observed upper limits on the cross-section up by 20%
and 30% of mass exclusion range for scalar and pseudoscalar mediator with respect to
the best of the individual channel, and the exclusion at 95% CL of mediator masses up
to 350 GeV both scalar and pseudoscalar nature. These results can also be compared
to the ones obtained by direct detection experiments on the spin-independent DM-
nucleon scattering cross-section limits at 90%, showing that they actually provide
a significant coverage of the low dark matter mass region and an improvement by
over two order of magnitude of the cross section limit for the considered model.
This shows that the statistical combination targeting multiple production mode of a
specific model is a great opportunity to fully exploit the available dataset and probe
with greater precision all the reachable phase space.

The next intended step would be the combination of all the existing searches in-
volving top quark pairs and single top quark, in particular the ones recently published
from the statistical combination of DM searches with top quark pairs in zero, one or
two lepton final states [24], which constrained the mediator mass up to 370 GeV.
The idea is to exploit the light lepton multiplicities arising from the decays of the top
quarks and associated W boson, as well as taking advantage of the complementary
properties of DM+t t̄ and DM+tW processes to push even further the sensitivity to
simplified dark matter models with spin-0 mediators.



CONCLUSION

The search for new physics beyond the Standard Model is however limited by
the constraints on reachable energy, statistical power, and detector performances.
The Run 3 of the LHC plans to increase the expected statistics by a factor 3 with
respect to Run 2 and should extend the threshold further, while also improving the
reconstruction of physics objects at even lower energies [217]. In parallel, the LHC is
preparing for the High-Luminosity (HL) LHC [217], aiming to increase the luminosity
up to 4000 fb−1 in the next couple of decades. Early simulations of the expected
performances of the HL-LHC has already shown a significant sensitivity extension to
DM simplified models with scalar mediators [218, 219].

To conclude, if dark matter is yet to be found, we can still know better where
not to look at. The quest for Dark Matter’s nature is still ongoing, the boundaries of
reachable phase space keep been pushed back with increasing precision, and this
thesis represents a humble contribution to the Big Picture.
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APPENDIX

ADDITIONAL UPPER LIMIT

PLOTS A
A.1 Impact of the DMtt SRs orthogonalisation

To understand the impact of the orthogonalisation on the DM+t t̄ analysis regions
definition, the exclusion limits for the individual DM+tW signal, DM+t t̄ signal and
combined signals were computed in the DM+t t̄ analysis setup with and without
the orthogonalisation requirement and reported respectively in figures A.1a, A.1b
and A.1c. The orange line correspond to the original definition while the blue line to
the orthogonalised setup. The dashed and solid lines correspond to the expected and
observed upper limits respectively, again assuming coupling g = gq = gχ = 1 and
DM mass mχ = 1 GeV. Considering first the expected upper limits on the mediator
mass. In the case of the DM+tW signal (figure A.1a), the orthogonalisation require-
ment clearly worsen the exclusion limit due to the requirement on the mt

b` variable
which significantly reduce the number of DM+tW signal events in the SRs. On the
contrary, the expected limits are improved for the DM+t t̄ signal (figure A.1b). When
combining the signals (figure A.1c) the effects of both signals is balanced out, but
still a proper improvement should be expected upper limits by the orthogonalisation
requirement.When looking at the observed upper limits however, the expected exclu-
sion limits are outperformed both for single and combined signals, in particular after
applying the orthogonalisation requirement. This can be explained by the absence
of observed data in some of the t t̄ SRs, which improves the exclusion since MC
‘artificially’ overestimate the presence of data in these regions. Overall, the exclusion
limits when applying the orthogonalisation requirement in the t t̄-SRs.

A.2 Summary plots for the individual signals

For the individual DM+tW signal, the expected limits show that the limit should be
better in the combined setup compared to the individual analyses. When we look at
the observed limits however, the DM-t t̄ analysis setup appears to provide a better
exclusion limit for the individual DM+tW signal. When looking at the individual
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(a)

(b)

(c)

Figure A.1: Impact of the orthogonalisation requirement on the exclusion limits for the single
DM+tW (a) and DM+t t̄ (b) and combined (c) signals in the DM+t t̄ analysis as a function of
the (left) scalar and (right) pseudoscalar mediator mass for a dark matter mass m(χ) = 1 GeV.
The limits are calculated at 95% CL and are expressed in terms of the ratio of the excluded
cross-section to the nominal cross-section for a coupling assumption of g = gq = gχ = 1. The
solid (dashed) lines show the observed (expected) exclusion limits for different analyses.
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A.2. Summary plots for the individual signals

(a)

(b)

Figure A.2: Exclusion limits for the individual DM+tW (a) and DM+t t̄ (b) signals in the
individual and combined analyses as a function of the (left) scalar and (right) pseudoscalar
mediator mass for a dark matter mass m(χ) = 1 GeV. The limits are calculated at 95% CL and
are expressed in terms of the ratio of the excluded cross-section to the nominal cross-section
for a coupling assumption of g = gq = gχ = 1. The solid (dashed) lines show the observed
(expected) exclusion limits for different analyses.

DM+t t̄ signal on the other hand, clearly the exclusion limits are improved in the
combined setup, in particular compared to the DM-t t̄ analysis.

Additional summary plots in figure A.3 show that the addition of SRtW
low mT2

to
the combined setup does not enhance, nor does it alter significantly the resulting
exclusion limits.
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Figure A.3: Exclusion limits for the combined DM+tW and DM+t t̄ signals in the individual
and combined analyses, including the the combined analysis without the low mT2 binned
tW -SR, as a function of the (left) scalar and (right) pseudoscalar mediator mass for a dark
matter mass m(χ) = 1 GeV. The limits are calculated at 95% CL and are expressed in terms of
the ratio of the excluded cross-section to the nominal cross-section for a coupling assumption
of g = gq = gχ = 1. The solid (dashed) lines show the observed (expected) exclusion limits
for different analyses.
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