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Università degli Studi di Pavia
Dottorato di Ricerca in Fisica - XXXIII Ciclo

Searches for Dark Matter production
in events with top quarks in the final

state with the ATLAS detector

at the LHC

Giulia Rovelli

Submitted to the Graduate School of Physics in partial fulfillment
of the requirements for the degree of

Dottore di Ricerca in Fisica

Doctor of Philosophy in Physics
at the

University of Pavia

Supervisor: Dott. Giacomo Polesello
Internal Supervisor: Prof. Daniela Rebuzzi



Cover: the ATLAS detector under construction in 2004. The eight barrel toroid
magnets can be clearly seen. Note the figure at bottom center for size comparison.
Searches for Dark Matter production in events with top quarks in the
final state with the ATLAS detector at the LHC
Giulia Rovelli

PhD thesis - University of Pavia
Pavia, Italy, April 2021



Contents

Introduction v

1 Dark Matter 1
1.1 Evidence for Dark Matter . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Dark Matter Models . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Dark Matter Particle Candidates . . . . . . . . . . . . . . . . . . 5
1.4 WIMP Miracle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 WIMP Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5.1 Direct Detection . . . . . . . . . . . . . . . . . . . . . . . 9
1.5.2 Indirect Detection . . . . . . . . . . . . . . . . . . . . . . . 10
1.5.3 Collider Production . . . . . . . . . . . . . . . . . . . . . . 11

2 The Two Higgs Doublet Model+Pseudoscalar Mediator 13
2.1 Simplified Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Two Higgs Doublets Model + Pseudoscalar Mediator . . . . . . . 15

2.2.1 Scalar Potential . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.2 Alignment/Decoupling Limit . . . . . . . . . . . . . . . . . 16
2.2.3 Yukawa Assignments . . . . . . . . . . . . . . . . . . . . . 17
2.2.4 Electroweak Precision Constraints . . . . . . . . . . . . . . 18
2.2.5 Bounded from Below Potential Constraints . . . . . . . . . 18
2.2.6 Recommended Parameter Choice . . . . . . . . . . . . . . 18

2.3 Experimental signatures . . . . . . . . . . . . . . . . . . . . . . . 19

3 The ATLAS Experiment 23
3.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1 Key Parameters . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 The ATLAS Detector . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3 Coordinate System and Useful Variables . . . . . . . . . . . . . . 28
3.4 Inner Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29



ii • Contents

3.5 Calorimeter System . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.6 Muon Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.7 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Event Simulation 39
4.1 Proton-Proton Collisions Overview . . . . . . . . . . . . . . . . . 39
4.2 Cross-Section Calculation . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Event Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4 Monte Carlo Generators . . . . . . . . . . . . . . . . . . . . . . . 44

4.4.1 Matrix Element Generators . . . . . . . . . . . . . . . . . 45
4.4.2 General Purpose Generators . . . . . . . . . . . . . . . . . 45

4.5 ATLAS Detector Simulation . . . . . . . . . . . . . . . . . . . . . 45

5 Event Reconstruction 47
5.1 Tracks and Primary Vertex . . . . . . . . . . . . . . . . . . . . . . 47
5.2 Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.3 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.4 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.5 b-jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.6 Missing Transverse Momentum . . . . . . . . . . . . . . . . . . . 57
5.7 Overlap Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6 Analysis Strategy 59
6.1 Analysis Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.1.1 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . 59
6.1.2 Background Estimation . . . . . . . . . . . . . . . . . . . 60
6.1.3 Statistical Treatment . . . . . . . . . . . . . . . . . . . . . 61

6.2 Background Processes . . . . . . . . . . . . . . . . . . . . . . . . 64
6.3 Discriminant Variables . . . . . . . . . . . . . . . . . . . . . . . . 68

6.3.1 Common Discriminant Variables . . . . . . . . . . . . . . . 69
6.3.2 One-Lepton Discriminant Variables . . . . . . . . . . . . . 69
6.3.3 Two-Lepton Discriminant Variables . . . . . . . . . . . . . 71

6.4 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . 73
6.4.1 Experimental Uncertainties . . . . . . . . . . . . . . . . . 73
6.4.2 Modelling Uncertainties . . . . . . . . . . . . . . . . . . . 74

7 Search for Dark Matter Produced in Association with a Top Pair 77
7.1 Signal Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.2 Phenomenology of DMtt̄ Production in the 2HDMa Model . . . . 79

7.2.1 Process Composition . . . . . . . . . . . . . . . . . . . . . 79
7.2.2 Dependency on tan β and sin θ . . . . . . . . . . . . . . . . 81



Contents • iii

7.3 ATLAS Searches for DM Produced in Association with a Top Pair
in the DMSIMP Model . . . . . . . . . . . . . . . . . . . . . . . . 84
7.3.1 One-Lepton Analysis . . . . . . . . . . . . . . . . . . . . . 85
7.3.2 Two-Lepton Analysis . . . . . . . . . . . . . . . . . . . . . 91

7.4 Recasting of ATLAS Results . . . . . . . . . . . . . . . . . . . . . 94
7.5 Results of Recasting in the Parameter Space of 2HDMa . . . . . . 105
7.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

8 Search for Dark Matter Produced in Association with a Single
Top Quark 113
8.1 Signal Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
8.2 Phenomenology of DMt Production in the 2HDMa Model . . . . 114

8.2.1 Process Composition . . . . . . . . . . . . . . . . . . . . . 114
8.2.2 Dependency on sin θ and tan β . . . . . . . . . . . . . . . . 116

8.3 Two-Lepton Search for DM Produced in Association with a Single
Top Quark in the 2HDMa Model . . . . . . . . . . . . . . . . . . 117
8.3.1 Object Selection . . . . . . . . . . . . . . . . . . . . . . . 117
8.3.2 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . 118
8.3.3 Background Estimation . . . . . . . . . . . . . . . . . . . 119
8.3.4 Fake and Non-Prompt Leptons . . . . . . . . . . . . . . . 129
8.3.5 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . 132
8.3.6 Background-Only Fit Results . . . . . . . . . . . . . . . . 133
8.3.7 Model Independent Limits . . . . . . . . . . . . . . . . . . 135

8.4 One-Lepton Search for DM Produced in Association with a Single
Top Quark in the 2HDMa Model . . . . . . . . . . . . . . . . . . 136
8.4.1 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . 136
8.4.2 Background Estimation . . . . . . . . . . . . . . . . . . . 137
8.4.3 Background-Only Fit Results . . . . . . . . . . . . . . . . 137
8.4.4 Model Independent Limits . . . . . . . . . . . . . . . . . . 138

8.5 Statistical Combination of One- and Two-Lepton Analyses . . . . 138
8.6 Contribution from DM Production in Association with a Top Pair 139
8.7 Model Dependent Limits . . . . . . . . . . . . . . . . . . . . . . . 142

Conclusions 147

Bibliography 149

Acknowledgements 159





Introduction

The Standard Model (SM) of high-energy physics provides a remarkably suc-
cessful description of presently known subatomic particles and their interactions
(strong, weak and electromagnetic). Its predictions have been broadly tested, and
the 2012 Higgs boson observation at the Large Hadron Collider (LHC) has com-
pleted the picture. Nevertheless, the SM is an incomplete theory, as it is unable to
provide an explanation to several phenomena, like gravity, the matter-antimatter
asymmetry, neutrino masses and the mass hierarchy and mixing origins. A prag-
matic approach to expand the SM is to consider the strongest piece of evidence
of physics beyond the SM: the existence of Dark Matter (DM), assessed from
cosmological studies, which accounts for around 26% of the Universe.

There is no scientific consensus on the nature of DM. A possibility which
has been explored at great length in literature is that is made of new particles
non-present in the SM. A general class of very promising particle DM candidates
are the so-called Weakly Interacting Massive Particles (WIMPs), particles that
do not interact with the SM particles with the known forces but only through
a new interaction, of the same magnitude of the weak one. There is a huge
number of models containing dark matter candidates in the form of a WIMP,
and this work will focus in particular on the so-called Two Higgs Doublets Model
+ Pseudoscalar Mediator (2HDMa), in which a pseudoscalar particle acting as
a “mediator” between SM and DM is introduced together with a second Higgs
doublet. After the breaking of the electroweak symmetry, the mediator and the
Higgs doublets give rise to six new bosons, either scalar, pseudoscalar or charged.
Thus the model presents many experimental signatures, usually involving missing
energy from undetected DM along with SM particles. These signatures can be
looked for also at particle colliders, like the LHC, since the high centre-of-mass
energy of the proton-proton collision allows for their production.

This thesis addresses two different searches for DM production in the context
of the 2HDMa model, performed using proton-proton collisions data recorded at
13 TeV by the ATLAS experiment at the Large Hadron Collider (LHC) between
2015 and 2018.

The first part of the work consisted in the study of the production of DM
in association with a pair of top quarks, trying to assess the sensitivity in the
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parameters space of 2HDMa of already existing ATLAS analyses. These analyses
were performed in the framework of a different model, similar to the 2HDMa
model since it included a pseudoscalar mediator. The production of DM in as-
sociation with a pair of top quarks was chosen because it is directly sensitive to
the nature of the mediator through the polarization of the two top quarks, which
can be reconstructed from their decays products. The model employed in the
existing analyses and the 2HDMa model were thus compared in detail, and after
that a recasting strategy to translate the existing results in the parameter space
of 2HDMa was developed and validated. The results of this work, for which the
author of this thesis was the main contributor, were included in the ATLAS DM
summary paper, published in 2019 [1].

The second part of the present study focused instead on a new search channel
for the 2HDMa model, never explored before, including the production of dark
matter associated with a single top quark. This signature was identified as the
only one sensitive to the production of charged Higgs bosons, and thus holds a key
role in the ATLAS research program dedicated to the 2HDMa model. Single top
production can be studied in different final states, explored in a publication by
the ATLAS Collaboration [2]. Being a new and challenging signature, dedicated
strategies were developed to maximise the sensitivity of the analyses focusing
on the different final states. In particular, the author of this thesis was the
main analyser of the two-lepton final state, in which the single top is produced
in association with a W -boson and they both decay leptonically, developing its
entire analysis strategy and handling the interpretation of the results.

This thesis is organised as follows. Chapter 1 provides an introduction to the
dark matter, presenting the evidence of it and analysing possible particle candi-
dates, focusing then on WIMPs. Chapter 2 presents the 2HDMa model in details,
together with an introduction on the DM models used before as a benchmark for
LHC searches, included the searches later reinterpreted in this work in the context
of the 2HDMa model. In Chapter 3 an overview of the LHC and the ATLAS de-
tector is given. Chapter 4 describes how both Standard Model processes and DM
production are simulated, which is a key step to compare theoretical prediction
with the data collected by ATLAS, while Chapter 5 presents the techniques used
for reconstructing the different physics objects starting from the signals recorded
in the detector after proton-proton collisions inside the LHC. Finally, Chapter 6
introduces the analysis techniques employed in the 2HDMa searches presented in
the subsequent Chapters. Chapter 7 describes the search for DM in association
with a pair of top quarks, obtained recasting the existing ATLAS analyses, while
Chapter 8 presents the novel search for dark matter produced in association with
a single top quark.



Chapter 1
Dark Matter

The existence of Dark Matter (DM), i.e. matter which is non-luminous and that
interacts only gravitationally with ordinary matter, is an accepted fact by the
scientific community. The investigation about its nature is one of the main chal-
lenges of contemporary physics, since about 26% of the Universe consists of DM,
while ordinary matter only composes 5% of it. In the following, the evidence for
DM will be discussed in details, focusing then on possible particle explanations.

1.1 Evidence for Dark Matter

The presence of DM in our Universe has been confirmed by many independent
observations on different astrophysical scales, even if its nature remains unknown.

The first and oldest evidence of DM, dating back to 1933, comes from the
study of the rotation curves of galaxies. The rotation curves represent the circular
velocities of stars and gas inside a galaxy as a function of their distance from the
galactic centre. They are obtained combining optical surface photometry with
observations of the 21-cm hydrogen line. Since from Newton laws the rotation
velocity is given by

v(r) =

√

GM(r)

r
, (1.1)

where M(r) = 4π
∫

ρ(r)r2dr, with ρ(r) being the mass density function, at dis-
tances greater than the radius of the optical disk, these rotation curves should
decrease as ∝ r−1/2. A characteristic flat behaviour at large distances is in-
stead observed [3], as shown in Fig. 1.1, suggesting the presence of a halo of
non-luminous matter with M(r) ∝ r and ρ(r) = r−2.

Another strong argument for dark matter comes from the observations of
the galaxy cluster 1E0657-56 [4], better know as Bullet Cluster. Fig. 1.2 shows
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Figure 1.1: Measured rotational velocities of galaxy NGC 3198 [3] compared to
an idealized Keplerian behavior.

a combination of images of it obtained with different techniques. The optical
image is superimposed with pink shading obtained from the study of hot gas X-
ray emission and highlighting the ordinary baryonic mass distribution. The blue
region is inferred from gravitational lensing and marks where the highest mass
concentration is found. It can be observed that the baryonic matter (pink) is
clearly shifted with respect to the centre of the mass distribution (blue), making
it possible to interprete the blue shading as the dark matter distribution. The
spatial offset of the centers of total and baryonic mass corresponds to an 8σ
significance [5], proving that the largest fraction of matter in the cluster is unseen.

Additional evidence for dark matter existence is given by distant galaxies mea-
surements, which show that they are subjected to weak gravitational lensing by
foreground structures not fully accounted for by the visible objects [6]. More-
over, also the velocity dispersions of dwarf spheroidal galaxies and spiral galaxy
satellites cannot be explained by visible matter only [7].

A further indirect proof of the existence of dark matter is derived from the
study of structure formation in the early Universe. The N-body simulations
performed to study this phenomenon show indeed that the formation of structures
cannot be modeled correctly without assuming the presence of dark matter. The
standard model of cosmology is thus called ΛCDM, since it contains both the
cosmological constant Λ and Cold Dark Matter (i.e. dark matter made up of
particles moving slowly compared to the speed of light, see Sec. 1.2) in order to
explain the evolution of the Universe to its present state.

The amount of DM in the present Universe is usually expressed in term of



Evidence for Dark Matter • 3

Figure 1.2: Combination of different images of galaxy cluster 1E0657-56 [4].

relic density Ω, which is defined as the density relative to the critical density ρc

Ω =
ρ

ρc
, (1.2)

where the critical density is the value of density at which the Universe is at balance
and the expansion rate goes asymptotically to zero. The relic density of DM
and baryonic matter can be measured from the analysis of the cosmic microwave
background (CMB), which is the background radiation from the propagation of
photons in the early universe, as soon as they were decoupled from matter. The
CMB exhibits the spectrum of a black body corresponding to a temperature of
2.726 K, with anisotropies at the 10−5 level [8] (Fig. 1.3). These anisotropies
originate from temperature and density fluctuations in the early Universe and
can be used to constrain the relative abundance of the different components in
it. In fact, the power spectrum of the fluctuations, which shows their strength
as a function of their angular scale, is very sensitive to the total amount of dark
matter in the Universe, as shown in Fig. 1.4. From Planck satellite measurements
of the anisotropies [8], it is then possible to obtain the relic density of dark matter
(Ωχ) and baryons (Ωb) in the Universe, resulting in:

Ωχh
2 = 0.1200(12), Ωbh

2 = 0.02237(15), (1.3)

where the number in parenthesis is the 1-sigma uncertainty in the last two digits
and h is the reduced Hubble constant h ≈ 0.674. This means that dark matter
constitutes 26.4% of the Universe, while baryonic matter only 4.9% of it.
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Figure 1.3: Map of the temperature fluctuations of cosmic microwave background
measured by the Planck satellite [8].

1.2 Dark Matter Models

There are several models trying to explain DM evidence. One of the most well-
known models assumes that DM is composed of ordinary matter clumped together
in MAssive Compact Halo Objects (MACHOs), which prevent it from interacting
with other baryonic matter. Some possible MACHOs candidates are (primordial)
black holes, neutron stars, and brown dwarfs. However, this hypothesis is severely
challenged by the hints of the non-baryonic nature of DM coming from the CMB
analysis and big-bang nucleosynthesis. Moreover, searches for MACHOs have
already excluded almost the entire mass range allowed for DM.

Another possibility is to suppose a modification of general relativity. Even
if there are some relativistic theories able to reproduce some of the observed
phenomena like galaxy rotation curves, other measurements, for example those
relating to properties of galaxy clusters, cannot be easily explained by such mod-
els. Besides, it is very hard to formulate a theory of modified gravity that can be
incorporated in any cosmological model.

Making the assumption that DM is made up of non-baryonic particles, all
observations previously presented can be easily explained. For the rest of this
thesis, particle DM is then assumed. From the different experimental observa-
tions, DM particles should have only gravitational interactions, with possible
small weak interactions in addition. Moreover, they have to be stable on cosmo-
logical time scales, otherwise they would have decayed by now. Finally, following
the ΛCDM model, DM is assumed to be non-relativistic when the formation of
galaxies started, which, as introduced in the previous section, is referred to as
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Figure 1.4: Temperature power spectrum of CMB for a dark matter density
varying between 0.11 and and 0.43 (blue lines). The dashed black line shows the
best fit to the Planck 2018 data [9].

cold dark matter - in contrast to hot relativistic or warm dark matter. Cold,
warm and hot dark matter differ with respect to their mass and hence their back-
ground velocity dispersion: hot dark matter particles have usually masses of a
few eV, warm ones of the order of keV-MeV, while cold dark matter particles can
reach hundreds of GeV. For the sake of completeness, it is worth noting the the
assumption of cold dark matter, although successfully describing the universe at
large scales, encounters problems in describing structures at small scales [10]. As
an example, the observed abundance of dwarf satellite in the Milky Way seems to
be order of magnitude smaller than what predicted by simulations of the ΛCDM
model.

1.3 Dark Matter Particle Candidates

In order to yield the observed relic density (Eq. 1.3), the particles composing
dark matter need to have the right mass and abundance. Within the Standard
Model, there is only one particle partially fulfilling the required DM properties:
the neutrino. However, since the upper limit on neutrino masses is ∼2 eV [11],
the neutrino is a candidate for hot dark matter, and in any case its abundance is
not large enough to account for the amount of dark matter. It is then necessary
to introduce new particles beyond the Standard Model.

The first possible candidates are sterile neutrinos [12]. Such particles should



6 • Dark Matter

be similar to SM neutrinos but right-handed, and this would prevent them from
taking part in the weak interaction. They could, however, mix with the SM
neutrinos, and this would allow them to decay into SM neutrinos and photons.
The study of the possible decays involving sterile neutrinos, together with the
analysis of their contribution to the total density, yields stringent constraints on
their mass, restricted to ∼1 keV-10 MeV [13], making them candidate for warm
dark matter. Nonetheless, the ranges of couplings and masses left open by these
constraints still allow sterile neutrinos with an abundance sufficient to account
for all the dark matter.

Another class of hypothetical DM candidates are axions, originally proposed
as a possible solution for the strong CP problem [14]. Data from laboratory
searches, stellar cooling and supernova 1987A illustrate that axion masses have
to be below 0.01 eV. Their interactions with SM particles are expected to be
very weak, implying they were not in thermal equilibrium in the early universe.
The assumptions made about their production mechanism strongly affect the
calculation of their relic density, yielding a large uncertainty on the prediction.
However, there exist ranges of model parameters such that axions may satisfy all
existing astrophysical constraints.

Both sterile neutrinos and axions are then viable candidates for dark matter
under certain conditions. However, they would be very difficult to detect due to
their almost non-existing interaction with SM particles. In particular, present
accelerator would not be able to produce them in a sizable quantity, limiting
the possibilities for discovery to other detection techniques. Since the purpose
of the present work is to study DM at the Large Hadron Collider (LHC), it is
necessary to study new candidates, with couplings to SM particles strong enough
to allow them to be produced at the LHC. Nonetheless, it is worth noting that
efforts are proposed or underway to search also for sterile neutrinos and axion
DM, like SHiP [15] for heavy neutrinos and haloscopes such as ADMX [16] and
HAYSTAC [17] for axions.

A general class of very promising cold DM candidates are the so-called Weakly
Interacting Massive Particles, WIMPs, particles with masses of the order of a few
GeV to TeV and with weak interactions with SM particles. Their appeal lies in
the so-called WIMP miracle, which calculates that a particle with such a mass
and weak coupling to the SM can match the observed relic density from CMB
analysis in a natural way (see next section). There is a huge number of models
for physics beyond the Standard Model that contain dark matter candidates in
the form of a WIMP. One of the most popular is R-conserving supersymmetry
(SUSY), in which the decay of the lightest super-symmetric particle (LSP) into
SM and SUSY particles is vetoed respectively by the conservation of a quantum
number and by kinematics, making the LSP a viable dark matter candidate if it
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is neutral.

1.4 WIMP Miracle

It is normally assumed that the DM observed today is a thermal relic of the
evolution of the Universe. In the early universe DM was in thermal equilibrium,
i.e. DM particles annihilated into SM at the same rate at which SM particles anni-
hilated into DM; when the interaction rate of DM decreased below the expansion
rate of the Universe, no more interaction took place and it decoupled. The de-
coupling time and temperature, known as freeze-out temperature, determine the
relic abundance of DM today, as explained in the following.

The starting point for deriving DM relic density is the Boltzmann equation

dn

dt
+ 3H0n = −〈σv〉(n2 − n2

eq), (1.4)

where 〈σv〉 is the thermal average of the DM annihilation cross-section multiplied
by its velocity, H0 is the Hubble constant, n is the number density (i.e. number of
particles per unit volume) and neq is 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 term on the right-hand side is
the annihilation term. In the non-relativistic limit, neq is given by

neq = g

(

mT

2π

)
3
2

e−
m
T , (1.5)

with g denoting the number of degrees of freedom, m the DM particle mass and
T the temperature.

The Boltzmann equation in Eq. 1.4 cannot be solved analytically. Numeri-
cal solutions can nonetheless be extracted, leading to the behaviour depicted in
Fig. 1.5, which shows the evolution of the comoving number density1 with time.
As long as thermal equilibrium is maintained, the DM density decreases following
Eq. 1.4. When the annihilation rate becomes smaller than the expansion rate of
the Universe, thermal equilibrium is lost and the DM density in the comoving
volume becomes approximately constant.

Solving Eq. 1.4 in the approximation of long time after the freeze-out, an
order-of-magnitude estimation for the relic density can be derived

Ωχh
2 ≈ 3× 10−27cm3s−1

〈σv〉 , (1.6)

1Since the universe is expanding, the density has to be considered w.r.t. to the “expanding
volume”.
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Figure 1.5: Illustration of the co-moving number density of DM Y (left) and
resulting thermal relic density (right) evolving through the process of thermal
freeze-out [18].

where h is the reduced Hubble constant h ≈ 0.674. This equation shows that
the present abundance of DM is determined by the annihilation cross-section
at the time of freeze-out: smaller cross-sections correspond to earlier freeze-out
temperatures and higher relic abundances and vice versa. This is also illustrated
in Fig. 1.5 by the different coloured bands.

From Eq. 1.6, the measured DM relic abundance of Eq. 1.3 can thus be ob-
tained assuming DM to be a WIMP, i.e. a particle with masses between 1 GeV
and 1 TeV and interactions with the Standard Model particles of the order of
the weak interaction, as explained above. It then looks like there is a connection
between the relic abundance of DM and weak scale parameters, and this is what
is usually called WIMP miracle.

1.5 WIMP Detection

If dark matter is made up of WIMPs, there are three different way to observe it,
illustrated in Fig. 1.6:

• Direct detection experiments, which look for evidence of the scattering of
dark matter particles off atomic nuclei within a detector

• Indirect detection, which search for the products of dark matter particle
annihilations or decays in the space

• Accelerator production, when DM particles are produced at experiments.
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Figure 1.6: The three different possible methods for DM searches.

The three approaches of DM searches are complementary to one another and
it is then important to combine them all in order to comprehensively investigate
the nature of DM. As anticipated, this thesis will focus in particular on the last
approach, studying DM production at the Large Hadron Collider.

1.5.1 Direct Detection

Direct detection searches for DM particles can probe a wide range of WIMP
masses. They are based on a simple principle: if the Universe is filled with
DM particles, some of them should reach Earth, where they would interact with
matter. The signal of such an interaction consists of a nuclear recoil and could be
detected at dedicated experiments. The expected event rate is proportional to

R ∝ N
ρχ
mχ

〈σχN〉, (1.7)

where N is the number of target nuclei, ρχ and mχ are DM density and mass and
〈σχN〉 denotes the average DM-nucleon scattering cross-section. Since this rate
has been calculated to be very small for WIMPs - below one event per year and
per kg of material - dedicated experiments usually make use of a large amount
of material. Furthermore, in order to reduce the background coming from cosmic
rays and natural radioactivity, detectors are built deep underground and employ
special detector shielding.

A possible DM signal observed in direct detection is expected to display two
main features, which will help in confirming the DM nature of the observation.
One is the annual modulation of the recoil rate, originating from the movement of
the Earth around the Sun, whereas the other is the change of the recoil direction
within the course of a day due to the changing direction of the Earth within the
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Figure 1.7: Excluded cross-sections at 90% C.L. for spin-independent coupling as
a function of DM mass [9]. The dashed line limiting the parameter space from
below represents the projection of the neutrino irreducible background.

DM cloud. The annual modulation is a ∼10% effect, so it would be possible
to study it in detail after a discovery with a subsequent generation of detectors,
while exploitation of directionality is considerably more challenging.

Direct detection experiments can be divided into two types, depending on
the nature of DM couplings to SM. The first category looks for spin-independent
(SI) interactions, where the cross-section depends only on the number of nu-
cleons squared and motivates the usage of massive target particles like germa-
nium or xenon. The other one hunts instead spin-dependent (SD) interactions,
where the coupling between the DM and the target SM particle depends on the
nuclear spin, motivating the usage of highly polarized target material such as
fluorine. Some of the leading SI experiments include CDMS-II [19], CRESST-
II [20], CoGeNT [21], DarkSide-50 [22], LUX [23], Xenon100 [24], XENON1T [25]
and PANDAX-II [26], while among SD experiments there are IceCube [27], PI-
CASSO [28], and SIMPLE [29]. The results of these experiments are normally
expressed as allowed/excluded areas in the plane defined by the DM mass and its
cross-section with nucleons, and the latest results are shown in Figs. 1.7 and 1.8.

1.5.2 Indirect Detection

Indirect detection experiments look for the decay products resulting from DM
annihilation. Since the annihilation rate of DM is proportional to its density,
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the searches are concentrated in regions where DM abundance is expected to
be sizeable, like galaxy centres or within heavy objects, such as the Sun or the
Earth. The latter act indeed as gravitational traps for DM particles, leading to
an increase DM local density.

The products of annihilation may be various, but the most studied are gamma
rays, neutrinos, positrons, anti-protons or anti-nuclei. A signal for the presence
of DM would consist of an excess of observations of these particles, not accounted
for by any other source.

Leading indirect detection experiments include space-based experiments, such
as AMS [30] and Fermi-LAT [31], or experiments using large telescope arrays,
such as HESS [32], which can be used to constrain DM annihilation rate through
measurements of the photon spectrum. Telescope experiments have shown to be
typically more sensitive than space-based experiments for high-mass DM particles.

1.5.3 Collider Production

WIMPs can also be directly produced at collider experiments, where the weakly
interacting DM particles escape the detector, leaving as signature particles or jets
recoiling against an invisible state and missing momentum. By searching for an
excess of such events, it is possible to place constraints on WIMP production
in association with other visible particles. The results can be translated into
limits on the cross-sections of DM-nucleon scattering and DM annihilation, mak-
ing the collider results comparable to direct and indirect detection experiments,
respectively.
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Figure 1.8: Excluded cross-sections at 90% C.L. for spin-dependent coupling as
a function of DM mass. Top: DM-proton interactions. Bottom: DM-neutron
interactions [9].



Chapter 2
The Two Higgs Doublet
Model+Pseudoscalar Mediator

In order to search for dark matter at the LHC, a model for the production of DM
in the collision of two quarks/gluons is needed. Any such model will have free
parameters, such as, for instance, the mass of the DM, its spin and its couplings
to SM particles, and any search will be sensitive to specific ranges of these pa-
rameters. Models of different level of complexity have been used as a template for
DM searches, starting from simple effective theories, to full fledged UV-complete
theories such as supersymmetry. The present thesis is focused on the Two Higgs
Doublets Model + Pseudoscalar Mediator (2HDMa), in which a pseudoscalar
particle acting as a “mediator” between SM and DM is introduced together with
a second Higgs doublet. This model will be presented in the second part of this
Chapter, while the first part will focus on the so-called simplified models, which
share some similarities with 2HDMa and were first used as benchmarks for LHC
searches.

2.1 Simplified Models

Due to the numerous theoretical models providing a WIMP candidate, it would be
desirable to study possible DM signatures in a model-independent way. During
LHC Run-1, this was done using effective field theories (EFTs), which assume
a contact interaction between the DM (made of a single particle) and the SM
particles that can be described by only two parameters, the effective scale Λ
and the DM mass mχ. However, the EFT approach is not applicable when the
effective scale is comparable to the momentum transferred during the partonic
interactions, as in the case of LHC Run-2, where it is of the order of few TeV.
To overcome this problem, a new class of simplified models has been developed.
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φp

q

q̄

χ̄

χ

Figure 2.1: Dark matter production in a simplified model with pseudoscalar me-
diator exchanged through s-channel.

The simplified models introduce a second particle beside the DM one, a mediator,
which is responsible for the interaction between the SM and the DM particles.

The majority of simplified models can be thought as the limit of a more
general scenario, where most of new particles are integrated out because they
have a mass larger than the energy reachable at the LHC or because they do not
participate in the interactions of DM and SM particles. With a similar reasoning,
the EFT framework can be recovered in the limit where the mass of the mediator
of simplified models is very large. Nonetheless, there are new DM models which
cannot be recast in terms of simplified models, due to more than one mediator
active at the same time or interfering with each other.

There are many possible choices of mediator in simplified models, and this
section will focus in particular on a pseudoscalar mediator exchanged through
s-channel (Fig. 2.1). A possible Lagrangian for such a model is given by [33]

L ⊃ gfma

∑

f

yf√
2
f̄γ5f + gχmφp

χ̄γ5χ, (2.1)

where mφp
is the mass of the pseudoscalar mediator with coupling gf and gχ to

SM fermions and dark matter and χ is a spin-1/2 DM particle.

The inclusion of two new particles in the SM lead to the addition of new
parameters, on which kinematic distributions depend in a non-trivial way. Sim-
plified models of this type are fully characterized by five parameters: the masses
of the two additional particles mχ and mφp

, the two couplings gf and gχ and the
width of the mediator Γ. However, keeping Γ as a free parameter may lead to
the unphysical situation where it is smaller than the sum of the partial widths of
the decays into DM and SM fermions, typically for large mφp

. In order to avoid
this, it is usually assumed that the mediator does not couple to any other light
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particle, so its width can be computed as:

Γ = Γχχ̄ +
∑

f

Γff̄ + Γgg. (2.2)

This ansatz is known as Minimal Width Assumption [33]. It removes one free
parameter of the model but, as a drawback, the dependence of the cross-sections
on the other parameters becomes more complex.

Another model assumption is Minimal Flavor Violation (MFV), which means
that the flavor structure of the couplings between Dark Matter and ordinary
particles follows the same structure of the Standard Model. This choice ensures
that simplified models do not violate flavor constraints coming from experimental
measurements. As a consequence, the pseudoscalar mediator must have couplings
to fermions proportional to the SM Higgs couplings, i.e. to the fermion masses.
This means that the couplings to third generation quarks is larger than the cou-
plings to the first two, providing an enhanced cross-section for DM production in
association with top quarks.

2.2 Two Higgs Doublets Model + Pseudoscalar

Mediator

Unfortunately, the operators in the Lagrangian of simplified models (Eq. 2.1)
violate gauge invariance, because the left- and right-handed SM fermions belong
to different representations of the SM gauge group. This leads to unitarity-
violating amplitudes. In order to overcome this issue, the model proposed in
[34] adds to the SM not only a pseudoscalar mediator and a dark matter particle,
but also a second Higgs doublet. This model is know as Two Higgs Doublets
Models + Pseudoscalar Mediator, shortened in 2HDMa, and it is the simplest
gauge-invariant and renormalisable extension of simplified pseudoscalar models.

2.2.1 Scalar Potential

The 2HDMa tree-level scalar potential for the two Higgs doublets is given by:

VH =µ1H
†
1H1 + µ2H

†
2H2 + (µ3H

†
1H2 + h.c.) + λ1(H

†
1H1)

2 + λ2(H
†
2H2)

2

+ λ3(H
†
1H1)(H

†
2H2) + λ4(H

†
1H2)(H

†
2H1) +

[

λ5(H
†
1H2)

2 + h.c.
]

.
(2.3)

The vacuum expectation values (VEVs) of the Higgs doublets are 〈Hi〉 = (0, vi/
√
2)T ,

with v = v21 + v22 ∼ 246 GeV and tan β = v2/v1. The mass-squared terms µj, the
quartic couplings λk and the VEVs are all real to avoid problems with electric
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dipole moments. The three physical neutral Higgs that emerge from VH are in
such a case both mass and CP eigenstates.

In order to couple fermionic DM to the SM through pseudoscalar exchange,
a CP-odd mediator P is mixed with the CP-odd Higgs arising from the scalar
potential with the interaction terms

VP =
1

2
m2

PP
2 + P (ibPH

†
1H2 + h.c.) + P 2(λP1H

†
1H1 + λP2H

†
2H2), (2.4)

with mP and bP having mass dimensions. These interactions mix the neutral CP-
even eigenstates with a mixing angle α. The portal coupling bP mixes instead the
two neutral CP-odd weak eigenstates, with θ representing the associated mixing
angle. The resulting CP-even mass eigenstates are denoted by h and H, while the
odd ones are called A and a and are responsible of the interaction between SM
particles and DM. The scalar spectrum also contains two charged mass eigenstates
H± of identical mass.

Diagonalizing the mass-squared matrices of the scalar states leads to relations
between the fundamental parameters entering VH and VP . These relations allow
the elimination of some of the parameters in favour of sines and cosines of mixing
angles, VEVs and the masses of the physical Higgses. The phenomenology of the
model is thus fully described by the angles α, β, θ, the EW VEV v, the quartic
couplings λ3, λP1, λP2 and the masses mh, mH , mA, mH± , ma.

2.2.2 Alignment/Decoupling Limit

After EW symmetry breaking, the Higgs kinetic terms give rise to interactions be-
tween the CP-even mass eigenstates h and H and the massive EW gauge bosons.
These interactions are of the form

L ⊃ (sin(β − α)h+ cos(β − α)H)

(

2M2
W

v
W+

µ W−µ +
M2

Z

v
ZµZ

µ

)

. (2.5)

It is usually assumed the well-motivated alignment/decoupling limit of the 2HDMa,
where α = β − π/2. In this case cos(β − α) = 0, meaning that the boson h has
SM-like EW gauge boson couplings. It can therefore be identified with the boson
of mass mh ≈ 125 GeV discovered at the LHC [35, 36] and the constraints from
the Run-1 combination of the ATLAS and CMS measurements are automatically
fulfilled.
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2.2.3 Yukawa Assignments

The Yukawa couplings are given by:

L = −
∑

i=1,2

(

Q̄Y i
uH̃iuR + Q̄Y i

dHidR + L̄Y i
# Hi*R + h.c.

)

, (2.6)

where Y i
f are Yukawa matrices, H̃i = εH∗

i , Q and L are the left-handed quark and
lepton doublets and uR, dR and *R are the right-handed up-type and down-type
quarks and charged lepton singlets. In order to satisfy the stringent experimental
limits on FCNCs (Flavour-Changing Neutral Currents), it is necessary to require
that no more than one of the Higgs doublets couples to fermions of a given
charge. This natural flavour conservation hypothesis can be satisfied with four
different choices of Yukawa matrices, assuming that up-type quarks couple to H2

by convention:

Y 1
u = Y 1

d = Y 1
# = 0 (type I),

Y 1
u = Y 2

d = Y 2
# = 0 (type II),

Y 1
u = Y 1

d = Y 2
# = 0 (type III),

Y 1
u = Y 2

d = Y 1
# = 0 (type IV).

(2.7)

In the alignment/decoupling limit, after EW symmetry breaking, the most rele-
vant fermion-boson interactions are given by

L ⊃− yt√
2
t̄
[

h+ ξMf H − iξMf (cos θA− sin θa)γ5
]

t

−
∑

f=b,τ

yf√
2
f̄
[

h+ ξMf H + iξMf (cos θA− sin θa)γ5
]

f

− yt√
2
Vtbξ

M
t H+t̄RbL +

yb√
2
Vtbξ

M
b H+t̄LbR + h.c.

− iyχ(sin θA+ cos θa)χ̄γ5χ,

(2.8)

where yf =
√
2mf/v denote the SM Yukawa couplings, yχ is the DM coupling

and Vij are the elements of the CKM matrix. The couplings ξMf contain the
dependence on the choice of Yukawa sector:

ξIt = ξIb = ξIτ = − cot β (type I),

ξIIt = − cot β, ξIIb = ξIIτ = tan β (type II),

ξIIIt = ξIIIb = − cot β, ξIIIτ = tan β (type III),

ξIVt = ξIVτ = − cot β, ξIVb = tan β (type IV).

(2.9)

In this thesis, the study of 2HDMa will be restricted to a Yukawa sector of type
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II. This choice is due to the fact that type II 2HDM are historically the most
studied, since others 2HDM models like supersymmetry and the Peccei-Quinn
model are all of type II.

2.2.4 Electroweak Precision Constraints

Electroweak precision measurements constrain the differences between the masses
of the additional bosons H, A, H± and a, because these new particles introduce
loop corrections to W and Z propagators. For mH = mH± and cos(β − α) = 0,
these corrections disappear thanks to a custodial symmetry in the potential of
Eq. 2.3. Also for mA = mH± and cos(β − α) = 0 this custodial symmetry is
present, but the interaction potential of Eq. 2.4 breaks such symmetry softly in
this case. This leads to stringent constraints on the pseudoscalar mixing angle
θ and the mass splitting between mH , mA and ma. Therefore, to keep sin θ and
ma as free parameters, it is usually assumed that the masses of H, A and H± are
equal, mH = mA = mH± .

2.2.5 Bounded from Below Potential Constraints

Requiring that the scalar potential of the 2HDMa is bounded from below (BFB)
imposes limits on the possible choices of the additional boson masses, mixing
angles and quartic couplings. Taking mH = mA = mH± , the BFB conditions can
be cast into two inequalities. The first one requires

λ3 > 2λ, (2.10)

where λ is the cubic SM Higgs self-coupling, λ ≈ 0.13. The second BFB condition
states instead

λ3 >
m2

H −m2
a

v2
sin2 θ − 2λ cot2(2β). (2.11)

This formula implies that large values of (m2
H −m2

a)/v
2 sin2 θ are only compatible

with BFB if the quartic coupling λ3 is sufficiently large. Since due to perturba-
tivity constraints λ3 < 4π, the choice λ3 = 3 is usually imposed. Moreover, in
order to keep the total widths of H and A small, λ3 = λP1 = λP2 is assumed.

2.2.6 Recommended Parameter Choice

Summarizing the discussion above, in this work the following parameter choices
are adopted:
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mH = mA = mH± , (2.12)

cos(β − α) = 0, (2.13)

λ3 = λP1 = λP2 = 3, (2.14)

Y 1
u = Y 2

d = Y 2
# = 0. (2.15)

In addition, the DM mass and coupling are set to

mχ = 10 GeV, yχ = 1. (2.16)

The h particle of the model is identified with the boson observed by the ATLAS
and CMS Collaborations, and its mass is set at 125 GeV [35] [36].

Under these assumptions, the free parameters of the model are only four:
mH = mA = mH± , ma, tan β and sin θ.

2.3 Experimental signatures

The experimental searches performed at the LHC aim to observe DM particles
mostly when they are produced in association with visible SM particles. Such
processes, which are observed as particles or jets recoiling against an invisible
state, give raise to the so-called Emiss

T +X signatures, where Emiss
T is the missing

transverse momentum observable in the detector due to DM production and X
can be a light quark or gluon, a W or Z boson, a b or t quark, a photon or a
Higgs boson [33]. In the 2HDMa model there are two different classes of Emiss

T +X
signatures: resonant and non-resonant.

In the first case, according to the Higgs sector’s mass hierarchy, one of the
heavy Higgs bosons (H,A,H±) introduced in the model can be produced on-shell
and subsequently decay to a SM particle and the pseudoscalar a, which then
decays to a pair of DM particles. Channels such as Emiss

T + h , Emiss
T + Z and

Emiss
T + tW are part of this class, as shown by the Feynman diagrams on the left-

hand side of Fig. 2.2. Thanks to the on-shell resonant production of a massive
particle, the cross-section of these signals can be greatly enhanced. The most
important channels in the non-resonant class are instead Emiss

T + tt̄, Emiss
T +bb̄ and

Emiss
T + j production, presented in Fig. 2.3.
In addition to Emiss

T +X signatures, also some visible final states can be used
to explore the parameter space of the 2HDMa model at the LHC. Within these
signatures, the most interesting is the four-top final state, presented in Fig. 2.4.
The possibility to observe 2HDMa realisations simultaneously in a number of
different channels, some of which are not limited by systematic errors and can be
improved by statistics, optimises the chances of discovery.

All the signatures introduced above, with the exception of Emiss
T + tW , were
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Figure 2.2: Example diagrams giving rise to Emiss
T + h (top), Emiss

T + Z (centre),
and Emiss

T + tW (bottom) signals in the 2HDMa model.
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Figure 2.4: Example diagrams giving rise to 4-top signal in the 2HDMa model.

investigated by the ATLAS Collaboration with the first 36.1 fb−1 Run-2 data
in different dark matter theoretical framework, and then reinterpreted in the
context of 2HDMa in a dedicated paper [1] (with the exception of j + Emiss

T ).
The Emiss

T + tW has been instead addressed in a dedicated analysis, which will be
described in detail in Chapter 8.

The Emiss
T + h signal has been looked for in the h → γγ [37] and h → bb̄ [38]

channels. Both searches use Emiss
T as main selection variable to discriminate the

signal from the background, with the Emiss
T + h(γγ) channel being more sensitive

to lower Emiss
T values than the Emiss

T +h(bb̄) one thanks to the presence of photons,
which can be exploited to select interesting events also at lower Emiss

T values. The
Emiss

T +h(bb̄) channel is instead more sensitive to smaller production cross-sections.
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The two channels are thus complementary: if the masses of A and a are similar,
the Emiss

T + h(γγ) channel sensitivity dominates, while 2HDMa realisations with
a larger mass hierarchy can be better probed via the Emiss

T + h(bb̄) final state.
The Emiss

T +Z searches have focused on both the leptonic [39] and hadronic [40]
channels, targeting events consistent with a boosted Z boson produced in the
direction opposite to the missing energy. The hadronic and leptonic signatures
are complementary, since hadronic decays of the Z boson are more frequent than
leptonic ones, but suffer from larger backgrounds.

The Emiss
T +tt̄ signal has been investigates in three different channels, according

to the decays of the W bosons from the top-quark decays and thus the number of
leptons in the final states [41, 42]. The characteristics of this signature and the
reinterpretation of existing results in the context of 2HDMa will be described in
detail in Chapter 7, since the author of this thesis is the main contributor of this
work. The reinterpretation strategy developed for the Emiss

T + tt̄ signal has also
been successfully applied to Emiss

T + bb̄ [41].
Finally, the four-top final state has been searched for in events characterised

by a single lepton and high jet multiplicity [43].
Since none of the existing analyses found any significant data excess com-

patible with a DM signal, their reinterpretation allowed to set exclusion limits
on the 2HDMa parameter space [1]. The exclusion power of existing analyses
have been investigated in four benchmark scenarios, consistent with bounds from
electroweak precision, flavour and Higgs observables, chosen by a dedicated LHC
Dark Matter Working Group [44]. As expected, the Emiss

T + Z and Emiss
T + h

channels proved to be the most constraining ones in the most part of the chosen
benchmarks, thanks to the resonant enhancement of their cross-section. In order
not to anticipate some of the main results of this thesis, the final exclusion limits
coming from the reinterpretation of existing analyses will be presented at the end
of Chapter 7, where the recast of the existing Emiss

T + tt̄ analyses is described in
detail.



Chapter 3
The ATLAS Experiment

The present study performs dark matter searches using proton-proton collisions
data collected between 2015 and 2018 by the ATLAS experiment, during the
so-called Run-2. ATLAS (A Toroidal LHC ApparatuS) is one of the four main
experiments at the Large Hadron Collider (LHC), the largest particle accelerator
in the world. This chapter will provide a brief overview of the LHC and present an
outline of the ATLAS experiment, paying particular attention to the subsystems
relevant for the analyses.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [45] is a 27-kilometre-long circular particle ac-
celerator and collider situated at CERN, on the border of Switzerland and France
near Geneva. It is capable of accelerating two beams of either protons or heavy
nuclei in opposite directions and makes them collide head-on at unprecedented
centre-of-mass-energies in four beam-crossing points. Up to now, the LHC deliv-
ered proton-proton (pp) collisions at centre-of-mass energies of 7, 8 and 13 TeV.
Besides, it has also collided heavy ions at centre-of-mass energies per nucleon of
2.76 TeV, 5.02 TeV (Pb− Pb), and 5.44 TeV (Xe−Xe), as well as p− Pb with
5.02 TeV and 8.16 TeV centre-of-mass energy per nucleon. The LHC first run,
Run-1, took place between 2009 and 2013, while the second one, Run-2, started
in 2015 and lasted until the end of 2018.

Before being injected into the LHC, protons (or heavy ions) need to be acceler-
ated. This pre-acceleration proceeds in several steps, represented in Fig. 3.1. The
acceleration cycle for proton collisions starts with the extraction of protons from
hydrogen atoms through ionization. The protons are first fed into a linear accel-
erator (LINAC2), where they reach an energy of 50 MeV, and are then inserted
into a chain of injectors: the Proton Synchrotron Booster (PSB), the Proton
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Figure 3.1: The CERN accelerator complex [46].

Synchrotron (PS), and the Super Proton Synchrotron (SPS). This complex accel-
erates the protons to 450 GeV before finally injecting them into the LHC ring via
two transfer lines. Inside the LHC, the protons are grouped in distinct bunches
25 ns apart, which are further accelerated in both directions in separate vacuum
pipes up to an energy of 6.5 TeV per beam. They are then brought to collide in
four interaction points, where the four LHC main experiments (ATLAS, CMS,
LHCb and ALICE) are situated. Heavy ions follow a slightly different path: they
are accelerated by the LINAC3 and by the Low Energy Ion Ring (LEIR) before
entering in the PS.

3.1.1 Key Parameters

The expected event rate of a certain process X is determined by the product of
its cross-section, which depends on the centre-of-mass energy of the collider

√
s,

and the so-called instantaneous luminosity L:

dNX

dt
= L ·σX(

√
s). (3.1)

The luminosity and the centre-of-mass energy are therefore the most important
parameters of a particle collider.

The instantaneous luminosity L indicates the number of collisions that can
be produced in a particle accelerator per cm2 and per second. It depends on the
number of protons per bunch, the number of bunches, and the configuration of
the magnets (quadrupoles) in the proximity of the experiments, which have to
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Figure 3.2: Peak instantaneous luminosity delivered to ATLAS for each LHC fill
during stable beams for pp collisions at 13 TeV as a function of time in 2018.

focus the beams into the interaction point. The instantaneous luminosity can be
approximated by:

L =
nbn2

pf

4πσ2
T

F, (3.2)

where nb denotes the number of bunches, f is the revolution frequency and np the
number of protons per bunch. The numerator gives hence the number of interac-
tions per time interval. In the denominator, σT indicates the beam transverse size
at the interaction point, while the factor F accounts for a possible beam crossing
angle.

The LHC was designed to reach peak instantaneous luminosities of L =
1034 cm−2 s−1, but during Run-2 the design luminosity was exceeded, reaching
peaks of about L = 2 · 1034 cm−2 s−1 (Fig. 3.2). The instantaneous luminosity at
LHC is so high that for each bunch crossing several pp interactions may occur.
This phenomenon is called pile-up and it requires the experiments to be able to
distinguish the different interaction vertices.

The amount of collisions produced over a certain time is given by the inte-
grated luminosity, L =

∫

L dt, measured in units of inverse cross-section. From
Eq. 3.1, the integrated luminosity is directly proportional to the number of events
NX of a certain process produced over a given period, NX = σX(

√
s)L, which

means the higher the integrated luminosity, the greater the discovery potential.
The integrated luminosity provided by LHC and recorded by the ATLAS exper-
iment for physics analyses during Run-2 is 139 fb−1 (3.2 fb−1 in 2015, 33.0 fb−1

in 2016, 44.3 fb−1 in 2017 and 58.5 fb−1 in 2018 - Fig. 3.3).
The centre-of-mass energy, which expresses the energy available in the colli-

sions, is the parameter that defines the phase-space accessible to the final state



26 • The ATLAS Experiment

Month in Year
Jan '15

Jul '15
Jan '16

Jul '16
Jan '17

Jul '17
Jan '18

Jul '18

-1
fb

T
o
ta

l I
n
te

g
ra

te
d
 L

u
m

in
o
si

ty
 

0

20

40

60

80

100

120

140

160
ATLAS
Preliminary

LHC Delivered

ATLAS Recorded

Good for Physics

 = 13 TeVs

-1 fbDelivered: 156
-1 fbRecorded: 147

-1 fbPhysics: 139

2
/1

9
 ca

lib
ra

tio
n

Figure 3.3: Integrated 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 2015-2018.

products of the interaction and the particles that can be created. As shown in
Fig. 3.4, the production cross-section of a process is a function of this parame-
ter. The maximum centre-of-mass energy reached by the LHC during Run-2 is
13 TeV, the highest one ever achieved in a particle collider, allowing to study rare
processes inaccessible before.

3.2 The ATLAS Detector

ATLAS [49, 48] is a general-purpose experiment located at the Interaction Point
1 on the LHC ring, designed to detect and record all the particles emerging from
the collisions inside the LHC. It is the largest particle detector ever built: it is
a 44-meter-long cylinder with a radius of about 12 meters, weighing more than
7000 tons. The two LHC beams collide in the centre of the detector, giving rise to
different particles with a broad range of energies. The design of the experiment
was driven by the necessity to precisely measure and identify as many of the
products of the interactions as possible, aiming at observing rare processes and
performing precision measurements.

The ATLAS structure consists of a series of concentrical layers with separate
functions surrounding the interaction point. The detector closest to the inter-
action point - known as Inner Detector (ID) - is a tracking detector, made to
measure with high precision the trajectory of charged particles and reconstruct
the interaction vertex. The ID is enclosed by a thin solenoid, which provides
an axial magnetic field of 2 T that bends the trajectory of charged particles, al-
lowing the precise measurement of their momenta. The solenoid is followed by
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Figure 3.5: Drawing of the ATLAS detector showing the different subdetectors
and the magnet systems [48].

the calorimeters, where the majority of particles are absorbed and their energy
measured. Finally, the muon system surrounds the calorimeters, reconstructing
muons tracks and measuring their momentum thanks to three huge air-core toroid
magnets. A cut-away view of the ATLAS detector layout is shown in Fig. 3.5.
The cylindrical part in the central region is called barrel, while the detectors at
both ends form the end-caps.

3.3 Coordinate System and Useful Variables

Given the intrinsic symmetry of the detector, the ATLAS experiment makes use of
a modified cylindrical coordinate system (φ, η, z) instead of the classical cartesian
one (x, y, z), where φ and η are defined in the following. The origin of the system
is set in the interaction point. The x-axis is pointed radially towards the centre
of the LHC ring, while the y-axis points upwards and the z-axis points along the
beam pipe, with direction defined by the requirement of a right-handed system.
The azimuthal angle φ is the angle in the x-y plane from the x-axis, while the
pseudo-rapidity η is defined as

η = − ln(tan
θ

2
), (3.3)
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Figure 3.6: Schematic view of the ATLAS inner detector. The IBL (not shown
here) is located between the beam pipe and the inner-most layer of the Pixel
detector [48].

where θ is the polar angle formed with the z-axis. The pseudo-rapidity η has been
chosen over θ because differences ∆θ are not Lorentz-invariant. A large absolute
value of η indicates a point close to the beam line, while a small value a point
near the x and y axes.

The angular distance between two particles is often measured in terms of ∆R,
which is defined as ∆R =

√

∆η2 +∆φ2. Another crucial quantity for each re-
constructed object is the transverse momentum measured in the x− y plane, i.e.
pT =

√

p2x + p2y. The importance of this variable comes from the fact that the col-
liding protons have momenta approximately parallel to the beam axis, setting the
total transverse momentum to be zero in the final state due to momentum con-
servation. This means that summing all objects transverse momenta it is possible
to reconstruct the momentum carried away by invisible particles like neutrinos
or BSM particles, and this is usually one of the most important discriminating
variables of analyses (the so-called missing transverse momentum Emiss

T ).

3.4 Inner Detector

The Inner Detector (ID) [48] is ATLAS innermost system. It is 6.2 m long and
has a diameter of 2.1 m, covering the pseudorapidity region with |η| < 2.5. The
ID offers a precise measurement of track impact parameters, with resolution down
to 80 µm along the z-axis and 20 µm in the transverse plane. It is made up of four
complementary sub-systems, located at different radii from the beam pipe: three
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high-resolution semiconductor detectors - the new Insertable B-Layer (IBL), the
Pixel Detector and the Semi-Conductor Tracker (SCT) - and a gaseous straw-
tube tracking device, the Transition Radiation Tracker (TRT). Each sub-detector
consists of cylindrical concentric barrel modules in the central region and disk-
shaped end-cap modules in the forward ones, as shown in Fig. 3.6. All these
systems are contained in the central superconducting solenoid, which provides
a magnetic field of 2 T that bends charged particles within the ID, allowing
transverse momentum measurement in the range 0.5–150 GeV within |η| < 2.5
and electron identification within |η| < 2.0.

Insertable B-Layer The Insertable B-Layer (IBL) [50, 51] is the tracking de-
tector closest to the beam pipe, at a radial distance of only 3.3 cm from the beam
axis. It was installed during the long shutdown between Run-1 and Run-2, due to
radiation damage to the innermost Pixel Detector Layer, which was expected to
spoil vertex reconstruction precision in Run-2 and 3. It is a very-high-resolution
semiconductor pixel detector, with a spatial hit resolution of 8 µm in the R − φ
plane and 40 µm along the z-axis, and covers the barrel region up to |η| < 2.9. The
installation of the IBL improved the track reconstruction, providing more precise
vertex and impact parameter measurements. The latter is extremely important
for efficient b-jet identification, the so-called b-tagging, to which the detector owes
its name.

Pixel Detector The IBL is surrounded by the Pixel Detector, consisting of
three concentric cylinders around the beam axis - at average radii of 5.05, 8.85
and 12.2 cm - and three discs in each end-cap between 9 and 15 cm from the
interaction point (Fig. 3.7).

The pixel sensors are made of oxygenated 250-µm-thick n-type wafers with
read-out pixels on the n+ implanted side of the detector. Each pixel has a size
of 50 × 400 µm2 - limited by the size of the corresponding read-out cell on the
read-out chip - which determines the intrinsic resolution of the detector. The
high granularity of the Pixel system is the crucial element to achieve a robust
pattern recognition in the challenging environment of ATLAS, dominated by high
occupancy and pile-up. Thanks to more than 80 million read-out channels, a
spatial resolution of 10 µm in the R− φ plane and 115 µm along z is obtained in
the barrel, and of 10 µm in the R− φ plane and 115 µm along z in the endcaps.

Semi-Conductor Tracker The Semi-Conductor Tracker (SCT) is the second
system of the Inner Detector. It consists of four concentric barrel layers positioned
between radii of 30 cm and 52 cm and nine disks in each end-cap, providing
coverage up to |η| < 2.5. Like the Pixel Detector, it uses semiconducting silicon
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Figure 3.7: Cut-away view of the ATLAS Inner Detector [48, 50, 51].

technology, but its sensors are segmented into strips with 80 µm pitch due to the
bigger area to cover. In the end-cap disks, the strip pitch ranges from 56.9 to
90.4 µm to accommodate the more complex geometry.

Each SCT module consists of two layers of strips with a relative rotation
(stereo angle) of 40 mrad, allowing for two-dimensional position measurements.
The SCT has around 6.3 million readout channels, reaching a resolution of 17 µm
in the azimuthal direction and 580 µm along the z-axis.

Transition Radiation Tracker The outermost element of the ID is the Tran-
sition Radiation Tracker (TRT). It is composed of straw tubes filled with a Xe-
based gas mixture and interleaved with transition radiation material - polypropy-
lene fibres in the barrel and foils in the end-caps. It enables electron identification
from the detection of transition radiation photons emitted during the passage of
the electrons in the transition radiation material.

The detector consists of a barrel region for |η| ≤ 0.8 and two end-caps sections,
made of multi-plane wheels, up to |η| < 2.0. The barrel has a total of 73 layers of
144 cm long straw tubes, parallel to the beam axis, extending from 56 to 107 cm
in the radial direction. The two end-caps consist of 18 wheels of radially oriented
straw tubes, positioned between 0.8 m and 2.7 m on the z-axis. The 14 nearest the
interaction point cover a radius between 64 and 102 cm, while the last four wheels
extend down to a radius of 48 cm to provide coverage of the full pseudorapidity
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Figure 3.8: Schematic illustration of the calorimeter system of the ATLAS detec-
tor [48].

range. The TRT detector provides typically 36 measurements per track (except in
the barrel-end-cap transition region, where this number decreases to a minimum
of 22 crossed straws) with a spatial resolution of 130 µm, compensating the lower
resolution compared to silicon detectors with a large number of hits per track.

3.5 Calorimeter System

The calorimeter system (Fig. 3.8) [48] is the second layer of the ATLAS detector,
dedicated to measuring the energy of electrons, photons and hadrons. It makes
use of different technologies across the different regions of pseudorapidity, guar-
anteeing a good energy resolution up to |η| = 4.9. There are two different types
of calorimeters: the Electromagnetic Calorimeter (ECAL), for electrons and pho-
tons, is placed right after the solenoid, while the Hadronic Calorimeter (HCAL),
for protons, neutrons, pions and kaons, surrounds the ECAL. Moreover, a three-
layer Forward Calorimeter (FCAL) is located on both sides at the highest values
of |η|, performing both electromagnetic and hadronic energy measurements.

All calorimeters are sampling calorimeters, which means that they alternate
layers of absorbing and active materials. Most of the energy of the particles
produced in the collisions is absorbed by high-density metals, while the energy
measurement is performed in the active material. In this way, the energy resolu-
tion is worsened with respect to a homogeneous device due to fluctuations in the
energy release processes, but it is possible to build more compact calorimeters,
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allowing also position measurements thanks to the segmentation.
In order to avoid particles escaping, which would spoil the energy resolution,

all the calorimeters are designed to contain showers of particles up to the TeV
scale. For this reason, the electromagnetic calorimeter thickness is greater than
22 radiation lengths1 (X0) for the Barrel and 24 for the End-caps, while the total
thickness of electromagnetic and hadronic calorimeter combined amounts to 11
interaction lengths2 (λ). This efficiently reduces punch-through into the muon
system and allows a good resolution for highly energetic jets, assuring a precise
measurement of the missing transverse energy, which has a pivotal role in many
searches for new physics.

Electromagnetic Calorimeter The Electromagnetic Calorimeter (ECAL) is
divided into a barrel part (|η| < 1.475) and two end-caps (1.375 < |η| < 3.2). The
barrel extends in radial direction from 2.8 m to 4 m and is made of 32 modules.
The end-caps are constituted by two coaxial wheels: the outer one covers the
region from |η| = 1.375 to |η| = 2.5, while the inner wheel extends the coverage
up to |η| = 3.2. In total, they extend over radii from about 0.3 m to 2.1 m, and
are segmented into eight wedge-shaped modules each.

The ECAL is composed of different layers of lead, used as absorber, interleaved
with liquid argon (LAr) as active material. LAr is chosen because of its intrinsic
radiation-resistant properties and its intrinsically linear response. It is held in a
liquid state at 89 K thanks to cryostats (one for the barrel and one for each end-
caps). The absorber plates and electrodes are arranged in an accordion geometry,
which allows a full azimuthal coverage without cracks and a good energy and space
resolution.

The ATLAS Electromagnetic Calorimeter is longitudinally segmented. In the
region |η| < 2.5, dedicated to precision physics, the calorimeter is divided into
three sections. The strip section, ∼ 6X0 thick (upstream material included), is
composed of narrow strips with a pitch of ∼ 4 mm in the η direction. This high
segmentation allows particle identification and precise position measurements in
η. The middle section extends up to 24X0 and is transversally segmented into
square towers of size ∆η × ∆φ = 0.025 × 0.025 (∼ 4 × 4 cm2 at η = 0). It is
designed to contain most of the energy of the showers created by photon and
electrons with energy up to 50 GeV. The back section has a granularity of 0.05
in η and a thickness varying between 2X0 and 12X0, and it is used to estimate
the energy leakage in the hadronic cells. Outside the precision physics region
(2.5 < |η| < 3.2) the calorimeter is segmented in only two longitudinal sections

1The radiation length is defined as the mean distance over which the energy of a high-energy
electron is reduced to 1/e of its initial energy by bremsstrahlung.

2The interaction length is the mean distance travelled by a hadron before undergoing an
inelastic nuclear interaction.
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and has a coarser granularity of 0.1 × 0.1 in ∆η×∆φ. Due to transitions between
different detector layouts, some regions of the ECAL have worst performances,
in particular for η = 0, between 1.37 and 1.52, and at |η| = 2.5.

In the region 0 < |η| < 1.8, a pre-sampler detector is placed inside the solenoid
in order to study the shower development before the calorimeter and estimate the
energy loss inside the ID. It consists of a liquid argon active layer of thickness
1.1 cm in the barrel region and 0.5 cm in the end-caps.

Hadronic Calorimeter The Hadronic Calorimeter (HCAL) measures hadronic
showers up to |η| = 3.2. It is composed of two different detectors: the Tile
Hadronic Calorimeter (TileCal) and the liquid-argon Hadronic End-cap Calorime-
ter (HEC).

The TileCal uses plastic polystyrene scintillator tiles as active material and
steel as absorber. It is divided into three parts: a barrel, covering the region up
to |η| < 1.0, and two extended barrels, which cover the region between |η| > 0.8
and |η| < 1.7. The TileCal has an inner radius of 2.28 m and an outer radius of
4.25 m, corresponding approximately to 7.4λ, and is longitudinally segmented in
three layers.

The HEC, which covers the region 1.5 < |η| < 3.2, is a copper-LAr sampling
calorimeter with a flat-plate design. It consists of two wheels per end-cap with
an outer radius of 2.03 m, each of them containing two longitudinal sections, for
a total of four layers per end-cap.

Forward Calorimeter The Forward Calorimeter (FCal) covers the 3.1 < |η| <
4.9 region. It is made of three calorimeter modules per end-cap, one electromag-
netic and two hadronic. All modules consist of a metal matrix containing the
electrode structures in longitudinal channels, with liquid argon as active medium.
The electromagnetic layer uses copper as absorber, whereas tungsten is used in
the hadronic ones.

The FCal was not designed for precision measurements, but only to provide
information for the reconstruction of missing transverse energy and very forward
jets. It has a high resistance to radiation, which is extremely important due to
the high particle flux in the forward region.

3.6 Muon Spectrometer

The Muon Spectrometer (MS) [48] is the outermost detector of the ATLAS ex-
periment. It is designed to trigger on high-pT muons and di-muon pairs and to
measure the muon transverse momentum with a resolution of 10% at pT = 1 TeV
up to |η| < 2.7.
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Figure 3.9: Layout of ATLAS Muon Spectrometer [48].

Since muons are minimum ionising particles, their energy loss in the calorime-
ters is negligible and they reach the MS almost unperturbed.

A magnetic field perpendicular to the muon tracks bends them in the R − z
plane and allows momenta measurement. The magnet system is composed of
three sets of eight flat superconducting coils: the large barrel toroid in the region
|η| < 1.4 and two end-cap toroids at 1.6 < |η| < 2.7, one on each side. The latter
are inserted into the central toroid with a rotation of 22.5◦, in order to optimise
the bending power in the transition region between the two systems. The system
provides a magnetic field of 0.5 T in the barrel and 1 T in the end-caps.

The layout of the MS is presented in Fig. 3.9. The barrel region is formed by
three concentric cylinders equipped with Monitor Drift Tube chambers (MDTs)
at radii of about 5, 8 and 10 meters. MDT chambers consist of six layers of
drift tubes in the middle and outer stations and eight layers in the inner one.
The middle and the outer stations also include Resistive Plate Chamber (RPC)
detectors for triggering purpose. In the end-cap regions, the MS consists of three
independent wheels per side, at a distance of 7.5, 14 and 22.5 meters from the
interaction point. The first wheel, called Small Wheel, makes use of Cathode Strip
Chambers (CSCs) close to the beam pipe and MDTs in the outer part for tracking
purpose, while Thin Gap Chambers (TGCs) provide trigger signals. The two
outermost wheels are instead equipped with MDTs only for track reconstruction,
with the central wheel, known as Big Wheel, including also two (TGCs) doublets
and one triplet for the trigger.
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Monitor Drift Tube Chambers Monitor Drift Tubes (MDTs) are 3-centimeter
cylindrical aluminum tubes, with a 30 µm tungsten-rhenium wire at a high elec-
tric potential placed in the centre. They are filled with Ar/CO2 (93:7) gas mixture
and are operated at 3 bar overpressure. The length of the tubes is between 0.9 m
and 6.2 m. Three or four layers of tubes form a multi-layer and two multi-layers
separated by aluminium spacers form a chamber. The average resolution of each
tube is 80 µm, providing a resolution of 35 µm per chamber. MDTs can be oper-
ated up to a rate of 150 Hz/cm2, making necessary the use of CSCs in the region
|η| > 2 of the innermost end-cap layer, where this rate is exceeded.

Cathode Strip Chambers Cathode Strip Chambers (CSCs) are multi-wire
proportional chambers made of four planes, which provide independent measure-
ments of η and φ. Each plane consists of a layer of anode wires placed between
two layers of cathode strips, one with strips parallel to the wires and the other
one perpendicular. The strip segmentation in η is finer than in φ, giving a reso-
lution of about 60 µm in the precise coordinate and 5 mm in the other one. An
Ar/CO2/CF4 gas mixture (30:50:20) is employed in the chambers.

Resistive Plate Chambers Resistive Plate Chambers (RPCs) are detectors
designed to provide trigger signal. A single module is composed of two parallel
plastic resistive plates, with a 2 mm gap filled with a freon-based gas mixture.
The signal is read out via capacitive coupling to metallic strips, which are placed
on the outer faces of the resistive plates.

A RPC trigger chamber is composed of two detectors, next to each others,
called units. Each of these units consists of two independent detector layers,
which are each read out by two perpendicular sets of strips.

Thin Gap Chambers Thin Gap Chambers (TGCs) are multi-wire propor-
tional chambers with a wire-to-cathode distance smaller than the one between
the wires (1.4 mm vs 1.8 mm). The signal read from the wires provides a po-
sition resolution in the η coordinate of a few mm, while copper strips provide
a measurement of the φ coordinate with a similar precision. The chambers are
operated in quasi-saturated mode, leading to a typical signal rising time of 5 ns.
The gas used is a mixture of 45% n-Pentane and 55% CO2.

3.7 Trigger

Taking into account a bunch-spacing of 25 ns and an average of 34 collisions per
bunch crossing, the collision rate inside the ATLAS detector is around 1.5 GHz.
Due to the limitations in data storage capacity and rates, only a small fraction
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of this data can be recorded. The ATLAS Trigger System has been designed to
perform run-time event selection, recognising and saving only events interesting
for the analyses. It has to reduce the number of events collected by the experiment
down to approximately 1 kHz.

The trigger system of Run-2 [52] consists of two different trigger levels: a
hardware-based level trigger (L1) and a software-based high-level trigger (HLT).

The L1 trigger makes use of the measurements from the calorimeters and muon
spectrometer to determine Regions-of-Interest (RoIs) in the detector, searching
for high energy leptons, photons, and jets. Electrons and photons are triggered
using energy deposits in the EM calorimeter, while jet candidates are constructed
from HCAL coarse calorimeter towers. Muons are instead triggered based on a
coincidence of hits among multiple layers of the Muon Spectrometer. The L1
trigger reduces the event rate down to 100 kHz.

The HLT consists of a Level 2 (L2) trigger and an event filter (EF), with an
output rate of 1 kHz. The L2 trigger is similar to the L1, but it uses a finer
granularity and includes measurements from the ID for the RoI. The EF, instead,
fully reconstructs offline the event, using the ATLAS Athena framework. The
majority of events that pass the EF selection requirement are directly written to
the main analysis stream, while events requiring longer processing time are saved
to a debug stream for later reprocessing.





Chapter 4
Event Simulation

In order to compare theoretical prediction with the data collected by ATLAS,
it is essential to have simulated events for both Standard Model processes and
DM production. The goal of these simulated events is to describe, as accurately
as possible, the characteristics of the different processes and how they appear in
the detector. The simulation includes several steps: first, the generation of the
final state particles produced during the pp collisions, then their passage through
the detector and finally the reconstruction, performed using the same algorithms
applied to recorded data.

4.1 Proton-Proton Collisions Overview

Since protons are composite objects, the description of what happens in proton-
proton collision is quite complicated [54]. Usually, there are mainly two partons
that interact in a hard scattering process, while the others give rise to softer inter-
actions. This is illustrated in Fig. 4.1, where the incoming protons are indicated
by a green ellipse with three green lines that represent the valence quarks, while
the hard process is depicted by the big red circle. Both before and after the hard
scattering interaction, partons may produce additional QCD radiation which is
called, respectively, initial state radiation (ISR) and final state radiation (FSR).
The products of the hard scattering (represented by the small red circles) then
keep emitting additional QCD radiation and a parton shower (PS) evolves, as
shown in red. The partons resulting from the parton shower are subsequently
combined into colourless hadrons thanks to a process called hadronisation, indi-
cated by the light green blobs. Finally, these hadrons decay into stable particles.
The lower half of Fig. 4.1 illustrates also a secondary interaction happening be-
tween the partons not involved in the hard scattering process (purple ellipse).
Also in this case a parton shower is produced (purple lines), which then hadro-
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Figure 4.1: Representation of a proton-proton collision event, containing all steps
of the event generation chain [53] See text for details.
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nises and decays into stable particles. Secondary interactions are usually softer
than the primary one and, together with the beam remnants (blue ellipses), con-
stitutes the underlying event. The yellow lines in Fig. 4.1 remind than in any
stage electromagnetic radiation can be emitted by charged particles.

The hard-scattering interaction between partons, which happen at high en-
ergy, can be calculated in perturbative Quantum Chromodynamics (QCD), while
the evolution of partons into stable hadrons cannot, since it takes place at lower
energy. For this reason, it is essential for simulation of pp collisions to adopt dif-
ferent approaches to simulate processes happening at different energy scales [55].

4.2 Cross-Section Calculation

Event simulation starts with the computation of the cross-section. The inclusive
cross-section for a pp → X process can be connected with the cross-section for
the hard scattering process σ̂ab→X thanks to the factorisation theorem [56]:

σpp→X =
∑

a,b

∫

dxadxbfa(xa, µ
2
F )fb(xb, µ

2
F )σ̂ab→X(xa, pa, xb, pb, µ

2
R, µ

2
F ), (4.1)

where the sum runs over the partons types a, b that can initiate the process.
The parton distribution functions (PDFs), fi(xi, µ2

F ), describe the momentum
distribution of partons within a proton. In particular, PDFs give the probability
density of finding a parton of type i at energy µF with a fraction of the proton’s
momentum xi. PDFs cannot be predicted from theory calculations due to the
non-perturbative nature of QCD at low energy. They are instead extrapolated
fitting experimental data coming from hadron colliders and deep inelastic scat-
tering experiments. The measurements are only feasible for certain energy scales
and needs to be extrapolated to the scale of interest. This is made possible thanks
to the DGLAP evolution equations [57, 58, 59], which describe the energy depen-
dence of the PDFs. Several collaborations constantly work to improve the PDF
fits using the most recent data, like NNPDF [60], CTEQ [61] and MSTW [62].

In Eq. 4.1, µR is the renormalisation scale for the strong running coupling
constant, while µF is the factorisation scale, which marks the boundary between
the kinematic region where emissions are treated as part of the hard scatter
and the region where emissions are included in the PDF. The real cross-section
should be independent of the choices of µR and µF , but this is true only if all
orders in perturbation theory are considered. Otherwise, they have to be fixed
to reasonable values, typically a scale characteristic for the process. Usually the
two scales are assumed equal.

The cross-section for the hard scattering process σ̂ab→X , where a, b are the
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interacting partons, is derived as a consequence of Fermi’s Golden Rule, which
states that the transition rate of a process is given by the absolute square of the
quantum mechanical amplitude M - also called Matrix Element - integrated over
the available phase space:

σ̂ab→X =
S

4
√

(pa · pb)2 − (mamb)2
× (4.2)

∫

|M|2(2π)4δ4(pa + pb − p1...− pn)×
n
∏

i=1

2πδ(p2i −m2
i )Θ(p0i )

d4pi
(2π)4

,

(4.3)

where 1...n indicate the outgoing particles and S is a factor correcting for double
counting if identical particles are present in the final state. The δ- and Θ-functions
ensure four-momentum conservation and that the outgoing particles are on mass
shell and with positive energy. The matrix elementM can be calculated using the
so-called Feynman rules. These rules are illustrated by Feynman diagrams, which
describe the process using lines for each particle and vertices for the couplings
between them. Each diagram corresponds to a specific term in the amplitude for
the depicted process and their sum gives the total amplitude, taking also into
account interference effects. The matrix element may be calculated at different
orders in perturbation theory. In particular, if only diagrams without loops or
ISR/FSR are considered, the calculation is called Leading Order (LO), while if
also diagrams with a single loop/emission are included it is referred to as Next
to Leading Order (NLO).

4.3 Event Simulation

As introduced in Sec. 4.1, a collision event includes several processes happening at
different energies, which can be simulated separately. All processes are simulated
through Monte Carlo (MC) techniques, which are based on repeated random
sampling process-specific variables with known probability distributions in order
to obtain a sample of predictions for that process.

Matrix Element The matrix element (ME) of the hard-scattering process can
be calculated in perturbation theory to some fixed order using Feynman rules, as
explained in the previous section. The PDF set to be used is chosen within the
available ones via the LHAPDF library. It is recommended to use a PDF of the
same perturbative order as the matrix element calculation. Usually, renormalisa-
tion and factorisation scales are fixed to a scale characteristic for the process, for
example the mass of the resonant particle in a s-channel resonance.



Event Simulation • 43

Parton Shower Parton shower (PS) algorithms describe the evolution from the
scale of the hard process down to hadronisation scale at which the partons become
confined in hadrons, typically ∼ 1 GeV. PS consists of the initial-state parton
shower or radiation and the final-state parton shower or radiation, describing
respectively emissions off the ingoing and outgoing partons, accounting for higher
order effects in perturbation theory not covered by the fixed order matrix element
calculation. The ME calculation cannot account for higher order effects due to
the fact that collinear and soft emissions give rise to divergencies in it, which
can be factorised and dealt with separately by the PS. Final-state parton shower
algorithms make use of a Markov chain, which adds probabilistically one emission
at a time, where the probability for the parton to evolve from a higher to a lower
scale without radiating a gluon or splitting is given by the so-called Sudakov
form factor. The description of the initial state parton shower follows instead
a backward evolution, dressing the incoming partons with further radiation, in
order to avoid wasting computing time simulating showers that ends with partons
unsuitable for the hard scattering due to low momentum or wrong flavour. Since
the evolution starts with the partons in the initial state of the hard scattering
and evolves them back to the constituent partons in the proton, PDFs have to be
taken into account in this case. A Markov chain based on Sudakov form factor
including PDFs and using DGLAP equations is then employed. PS algorithms are
applied iteratively until all particles reach the hadronisation scale, below which
the perturbative approach no longer applies.

Matching Matrix element calculation and parton shower describe different
types of processes: the ME describes processes with a given number of external
partons, accounting correctly for hard emissions, while PS describes events with
a variable number of additional particles, giving a correct treatment of soft and
collinear emissions. It is then fundamental to combine these two approaches in a
coherent way, avoiding possible double-counting of contributions and ensuring a
smooth transition between the two. The combination procedure is called match-
ing. Different matching schemes exist, like for example CKKW [63], CKKW-
L [64] and MLM [65], usually based on the definition of some matching scale that
separates the regimes treated by the ME and the PS.

Hadronisation Due to QCD confinement, the partons produced in the PS need
to be combined into colourless states, taking into account also the colour connec-
tions with the beam remnants. Since hadronisation happens at energies beyond
the perturbativity of QCD, it can be described only through phenomenological
models. These models introduce more free parameters than the previous steps,
but they can be tuned on one dataset and then be implemented in other simu-
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lations. Mainly two hadronisation models are used: the cluster model [66, 67],
in which the partons in a shower cluster together into colourless groups, and the
Lund [68, 69] string model, which treats quark-antiquark pairs as the ends of
a string, with a potential energy between the quarks that is proportional to its
length, such that when the distance increases it is energetically-favourable for
the string to break and form an additional quark-antiquark pair. Some of the
hadrons produced in the hadronisation process may decay before reaching the
detector. These decays are usually simulated implementing in the simulation the
decay tables from the Particle Data Group (PDG) [11].

Underlying Event During proton collisions, also particles not associated with
the leading hard scattering process may be produced, forming the underlying
event (UE). One of the most used model employed to simulate these additional
particles is the multiple parton interaction model, which assumes additional in-
teractions taking place between partons not participating in the hard scattering
process. The number of these additional interactions is usually small thanks to
the fact that most interactions would be too soft to resolve the hadrons internal
substructure. All the simulation steps presented above (ME, PS and hadronisa-
tion) also apply to additional interactions, and are performed in a similar way.
Different MC tunings to data are used to improve the modelling of the UE, like
the A14 tune [70] and the A3 tune [71].

Event Filter During simulation, the generated events can be filtered such that
only events fulfilling certain properties are saved. These cuts can be exploited
to obtain enough statistics in different regions of phase space without consuming
too much computing power.

4.4 Monte Carlo Generators

The software tools used to produce simulated events are generally referred to
as Monte Carlo (MC) generators. Generator can be divided in two categories:
general purpose generators, which can carry out all the steps of event simulation,
and generators specialised on a single simulation step, usually the matrix element
calculation. There are different generators available for LHC physics, and this
section will introduce the most relevant ones for the analyses presented in the
following Chapters.
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4.4.1 Matrix Element Generators

Madgraph5 aMC@NLO Madgraph5 aMC@NLO [72] is a generator that
automatically computes matrix elements at LO and NLO. The NLO calculation
uses the MC@NLO method to match the matrix element calculation with the
parton shower.

Powheg Powheg [73, 74, 75] is a NLO parton-level event generator that pro-
vides matrix element calculation in perturbative QCD for the majority of SM
processes, using the Powheg method to match the matrix element calculation
with the parton shower.

4.4.2 General Purpose Generators

Pythia Pythia [76] is a multi-purpose MC generator with more than 200 hard-
coded LO subprocesses, lacking of automated code generation for new processes.
It is used mainly interfaced with a ME generator for the parton shower, hadro-
nisation, and the underlying event modeling. For the hadronisation, it uses the
Lund string model.

Sherpa Sherpa [77] is a general-purpose generator, with automated generation
of LO matrix elements. It can be used to model all the steps of the simulation of
all SM processes. For hadronisation, it makes use of the cluster model.

Herwig++ Herwig++ [78, 79] is a multi-purpose MC generator with a li-
brary of hard-coded LO process, unable to automatic calculate matrix element
for new processes. For this reason, it is usually interfaced with ME generators for
the other steps of the simulation. Its PS includes colour coherence effects, with
special emphasis on the correct description of radiation from heavy particles. It
models the hadronisation based on the cluster model.

4.5 ATLAS Detector Simulation

In order to compare generated event samples with recorded data, a detailed simu-
lation of the detector is necessary. The simulation software of the ATLAS detector
is based on the Geant4 framework [80], which simulates the passage of particles
through matter. In Geant4, the geometry structure is based on three different
type of volumes: solids, basic shapes without a position in the detector, logical
volumes, solids with additional properties (e.g. material), and physical volumes,
individual placements of logical volumes.
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Any “stable” particle produced by MC generators which is expected to prop-
agate through a part of the detector is fed into the full ATLAS detector simu-
lation [81]. The energies deposited in the sensitive portions of the detector are
recorded as hits, saving the total energy deposition, position, and time. These
hits are then digitalised into electronic signals, which are used as input for the
reconstruction algorithm used also for recorded data (see next Chapter).

The detector simulation is highly CPU intensive. For example, the full detec-
tor simulation, called FullSim, of a single tt̄ event requires a time of the order
of 10 minutes. For this reason, a faster and less refined simulation, known as
AtlFast-II (AFII) [81], is available. The AFII simulation parametrises the
description of the particle showers in the calorimeters, which accounts for about
75% of the CPU time spent in the FullSim, making the simulation ten times
faster. Fully simulated samples are however usually preferred for the main back-
ground processes because they provide higher precision. For phenomenological
studies, the detector simulation can be also completely parameterised, applying
only some smearing and efficiency functions to generator outputs. Studies per-
formed in this way are usually referred to as TRUTH studies. It may also be
useful to perform some studies directly on the event generator output, without
applying any simulation of the detector. These studies can be carried out both
at “parton level”, if they use only the matrix element calculation output, or at
“particle level”, if they make use of the final stable particles.



Chapter 5
Event Reconstruction

Particles produced in the pp collisions inside ATLAS interact with the different
detectors of the experiment, giving rise to electronic signals. These signals have
to be processed, grouped and combined to reconstruct the physics objects of
each event, i.e. leptons, jets, photons and Emiss

T . The aim of this Chapter is to
describe the physical objects used in the analyses presented in this thesis, giving
an overview of the algorithms used for their definition and their identification
criteria.

5.1 Tracks and Primary Vertex

The reconstruction of charged particles trajectories [82, 83], usually called tracks,
is performed using the signals from the Inner Detector. Hits recorded by the
Pixel Detector are used as seeds for a reconstruction algorithm, which combines
them first with the information coming from the SCT and then with TRT mea-
surements, following either a Gaussian sum filter or a global χ2 fit. If no hit is
found inside the Pixel Detector, the reconstruction algorithm can also be applied
backwards, in order to reconstruct also tracks coming from photon conversion.
Tracks with pT < 400 MeV and |η| < 2.5 are discarded. Fake tracks coming from
instrumental effects or pile-up are rejected requiring a hit in the IBL or in the
innermost pixel layer and no missing hits in intermediate layers.

Reconstructed tracks are used as input in the vertex identification algorithm
[84, 85]. This algorithm uses an iterative χ2 procedure, starting with a seed
position selected using the mode of z-coordinates of tracks at their points of
closest approach to the reconstructed beam spot. This seed and all reconstructed
tracks are then used to estimate the best vertex position with a recursive fit,
which in each iteration down-weights less compatible tracks and recompute the
vertex position. After the vertex position is found, tracks incompatible with it are
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used to find another vertex, repeating this procedure until all tracks are assigned.
The position of the different vertices is then used to better reconstruct the tracks
assigned to them. Since interesting physics processes usually have multiple high-
pT tracks, the vertex with the highest sum of the squared-tracks-pT is chosen as
the primary one.

5.2 Electrons

Electrons are reconstructed in the region with |η| < 2.47 using information from
the ID and calorimeters, excluding the transition region (1.37 < |η| < 1.52)
between the barrel and the end-cap EM calorimeter. An electron usually has 12
silicon hits: one in the IBL pixel layer, three in the pixel detector and eight in the
double-sided silicon strips. In addition, it has approximately 35 TRT hits. After
the ID, the electron deposits the majority of its energy in the electromagnetic
calorimeter, leaving only about 2% to reach the hadronic calorimeter. An electron
is then defined as an object consisting of a cluster built from energy deposits in
the calorimeters and a matched track.

The first step in the reconstruction of an electron consists in building the
clusters from the calorimeter energy deposits. This was performed in two different
way during Run-2.

For early Run-2 searches [86], like the ones presented in Chapter 7, electron
reconstruction uses fixed-size clusters of size ∆η × ∆φ = 0.025 × 0.025, called
towers, which are assigned as energy the sum of the energy collected in the three
ECAL layers and in the presampler. Cluster candidates are seeded from localised
energy deposits using a sliding-window algorithm of size 3 × 5 towers. If the
transverse energy within this window is above 2.5 GeV, the region is marked as a
seed. Once the seed clusters are selected, they are attempted to be matched to ID
tracks, extrapolating the track to the second layer of the ECAL, using either the
measured track momentum or rescaling the latter to match the cluster energy.
The momentum rescaling is used to improve the matching for electrons that
loose a significant amount of energy in the ID due to bremsstrahlung radiation.
A track is considered to match a cluster if its extrapolation satisfies |∆η| < 0.05
and 0.10 < q(φtrack − φcluster) < 0.05 with either momentum magnitude, where q
is the charge reconstructed from the track. If matching is possible with a track
coming from the primary vertex, then the cluster is tagged as an electron. After
that, reconstructed electron clusters are built starting from the seed clusters using
an extended window of size 3× 7 in the barrel region and 5× 5 in the endcap by
simply expanding the cluster size on either side of the original seed cluster.

For full-statistics Run-2 searches [87], included the one presented in Chap-
ter 8, electron reconstruction makes use of dynamic, variable-size clusters, called
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Figure 5.1: Simplified representation of a topo-cluster. The numbers inside the
cells indicate the signal-to-noise ratio threshold.

superclusters, which are needed to recover energy loss due to bremsstrahlung
photons. The topo-cluster reconstruction algorithm [88] starts by forming proto-
clusters in the electromagnetic and hadronic calorimeters, using as seeds cells
with a signal-to-noise significance |ςEM

cell | ≥ 4, where

ςEM
cell =

EEM
cell

σEM
noise,cell

, (5.1)

and the expected cell noise includes the electronic noise and an estimate of the
pile-up noise for Run-2. Neighbouring cells with significance |ςEM

cell | ≥ 2 are then
added to the proto-cluster, followed by a ring of guard cells added independently
of their energy. This set of thresholds is commonly known as “4-2-0” topo-cluster
reconstruction, and is represented schematically in Fig. 5.1. Proto-clusters coming
from pile-up are rejected with a 60% efficiency asking the ratio of the energy
deposited in the ECAL with respect to the total cluster energy to be greater than
0.5. This cut does not affect the efficiency of true electron topo-clusters selection
because, as explained previously, electrons deposit the majority of their energy
in the ECAL. The topo-clusters selected in this way are matched to ID tracks in
the same way used for early Run-2 searches and, if the matching is successful,
superclusters construction starts. The previously selected topo-clusters are tested
as seed candidates for the superclusters, following a descending ET order. Topo-
clusters near the seed candidates are then identified as satellite cluster candidates,
which may form from electrons due to bremsstrahlung radiation, if they fall within
a window of ∆η ×∆φ = 0.075 × 0.125 around the seed cluster barycentre, or if
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they are within a window ∆η × ∆φ = 0.125 × 0.300 and their “best-matched”
track is the same of the seed cluster. The union of seed clusters with their
associate satellite clusters forms the superclusters, which, after an initial energy
calibration and position correction, are finally matched with tracks as explained
before, forming a candidate electron.

After the analysis-level candidate electrons are finally constructed, identifica-
tion algorithms are used to quantify the quality of reconstruction and remove po-
tential misidentified particles. A set of calorimeter- and track-based variables [87],
describing the shape of the electromagnetic shower, track-cluster matching and
the quality of the track, is employed to discriminate prompt electrons coming
from the pp hard interaction from other particles with similar properties, such as
charged pions or e+e− pairs coming from photon conversion. These variables are
used as input to a likelihood (LH) discriminant, developed to reject non-prompt
electrons. Four identification operating points are available to identify prompt
electrons, all using the same LH discriminant but with increasing thresholds:
VeryLoose, Loose, Medium, and Tight [87].

To further suppress the contribution from non-signal electrons, additional re-
quests on the isolation of the electron are used. In fact, in the case of prompt elec-
trons there is little activity surrounding the particle, contrary to what happens
in semileptonic decays of heavy-flavour quarks. Two sets of isolation variables
are defined [87], track-based and calorimeter-based, which evaluate how much
activity is contained within a cone around the direction of the electron. Using
these variables, nine electron isolation working points are defined [87], providing
different choices of efficiency and background rejection.

The efficiencies of reconstruction, identification and isolation algorithms are all
evaluated using the tag-and-probe method, which is a data-driven technique that
exploits the Z and J/ψ resonances as a source of electron-positron pairs [87]. In
particular, it selects events with a Z or J/ψ candidate using tighter requirements
on the so-called “tag” electron and looser requirements on the “probe” electron,
and calculates the efficiency of a given selection as the fraction of probe elec-
trons which pass it. In Fig. 5.2 the performance of the identification algorithms
are shown for the different working points, underlining the dependency of the
efficiency on η and ET .

Due to effects like energy losses in passive materials, electromagnetic shower
leakages and fluctuations in the energy deposited in the calorimeters, the detector
simulation is expected to only approximately reproduce the real efficiencies of
electron reconstruction. For this reason, the simulated samples are corrected to
reproduce the measured data efficiencies making use of scale factors [87], given by
the ratio of the efficiencies estimated in both data and simulation for well know
SM processes such as Z → e+e− and J/ψ → e+e−. The scale factors are provided
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Figure 5.2: Electron identification efficiency measured in Z → e+e− events as a
function of ET (left) and η (right) for different identification working points. The
bottom panels show the data-to-simulation ratios [87].

as function of both η and ET and they are usually close to unity. The agreement
between data and Monte Carlo simulations after the calibration is presented in
Fig. 5.3.

5.3 Muons

Muons are reconstructed from information provided by the Muon Spectrometer,
the Inner Detector and, in minor part, from the calorimeters. Each of the three
MDT layers provides from 6 to 8 hits for muons within |η| < 2.7. Signals from each
layer are combined to form local track segments, which are then combined to form
an overall MS track. The inner detector provides an independent measurement
of the muon trajectory near the interaction point for muons within |η| < 2.5. A
typical muon has one IBL hit, three pixel hits, eight SCT hits and, on average,
30 TRT hits.

Four different “types” of muons are available, depending on the reconstruction
algorithm used [89]:

• Combined (CB) muons, based on a fully reconstructed track in the MS
matched with an ID one

• Segment-Tagged (ST) muons, which are a combination of an ID track with a
Muon Spectrometer segment. They allow to recover low momentum muons
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Figure 5.3: Comparison between data and Monte Carlo simulation after cal-
ibration for the invariant mass distribution of the two electrons coming from
Z → e+e− event candidates [87].

that do not have enough momentum to traverse the whole spectrometer due
to energy loss in the calorimeter

• Calorimeter-Tagged (CaloTag) muons, which are a combination of an ID
track and a calorimeter energy deposit compatible with a minimum ionizing
particle, allowing to recover efficiency at η ≈ 0, uncovered by the Muon
Spectrometer

• Extrapolated muons (ME), reconstructed based only on MS measurements
with a loose requirement on compatibility with an origin from the primary
vertex.

Muon identification is necessary in order to distinguish prompt muons from
background events, in particular muons from pion and kaon decays. For CB
muons, which will be used in this thesis, specific requirements on the following
set of variables are used (cut-based identification):

• |q/p| significance, the absolute value of the difference between the measured
charge-to-momentum ratio in the ID and MS, divided by the quadratic sum
of the uncertainties on the measurements

• ρ′, the absolute value of the difference between the ratio of the transverse
momentum measurements in the ID and MS divided by the pT of the com-
bined track

• the normalized χ2 of the combined track fit.
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Figure 5.4: Muon identification efficiency measured in Z → µ+µ− events as a
function of and η for different identification working points. The bottom panels
show the data-to-simulation ratios [89].

In addition, a minimum number of hits in the ID and MS is requested in order to
guarantee a robust momentum measurement. Four muon identification working
points are available: Medium, Loose, Tight, and High-pT [89].

To improve the rejection of muons from heavy-flavor hadron semi-leptonic
decays, additional isolation requirements are imposed similar to the electrons,
using both track-based and calorimeter-based variables. Seven isolation working
points are provided [89], each optimized for different physics analyses.

Reconstruction, isolation, and identification efficiencies are measured also for
muons in data and simulation using the tag-and-probe method on Z → µ+µ−

and J/ψ → µ+µ− events [89]. Muon reconstruction efficiency for three different
identification working points is shown in Fig. 5.4. Scale factors to compensate for
differences between data and simulation performances are derived in the same way
of electrons, analysing Z → µ+µ− and J/ψ → µ+µ− processes. The comparison
of data with simulation before and after the application of scale factors is shown
in Fig. 5.5.

5.4 Jets

Quarks and gluons produced in the pp collisions are coloured particles which,
due to QCD colour confinement, cannot exist as free states. For this reason each
parton goes through the hadronisation process, which results in a collimated spray
of hadrons with null colour charge, approximately in the direction of the original
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Figure 5.5: Comparison between data and Monte Carlo simulation after calibra-
tion for the invariant mass distribution of the two muons coming from Z → µ+µ−

(left) and J/ψ → µ+µ− (right) event candidates [89].

parton. This highly-collimated collection of particles is called jet, and it is what
is observed in the detector. Jets are reconstructed from the energy deposits in
the calorimeters cells, aiming to produce physics objects with kinematics and
characteristics as close as possible to those of the initial partons.

Jet reconstruction starts with the identification of the clusters of energy de-
posited in the calorimeter by the particles in the jet. A “4-2-0” topo-cluster
reconstruction algorithm [88] similar to the one illustrated for electron recon-
struction for the full Run-2 statistics (Sec. 5.2) is used for this purpose. After
the initial clusters are built, local energy maxima are identified and if more than
one maximum is found in a cluster it is split. At this point, for each cluster a
four-vector with zero mass is built using the direction of the cluster with respect
to the centre of the detector and the sum of the energy in its cells.

After all clusters have been associated with a four-vector, a complex algorithm
is exploited to gather them in jets. In ATLAS, jet candidates are reconstructed
using the anti-kT jet clustering algorithm described in [90]. The first step of
this algorithm calculates the distance between each pair of clusters (dij) within a
distance R and the distance between each cluster and the beam (diB) as follows:

dij = min(p2nTi, p
2n
Tj)

∆R2
ij

R2
,

diB = p2nTi,
(5.2)

where ∆R2
ij = (yi − yj)2 + (φi − φj)2, with yi being the rapidity of the four-

momentum associated to the ith cluster, φi its azimuth angle and pT its transverse
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momentum. n is chosen to be -1 for the anti-kT algorithm. All searches presented
in the present work make use of jets reconstructed fixing R = 0.4 [91].

The algorithm proceeds then by identifying the smallest of the distances dij
and diB. If it is a distance between two clusters dij, the two clusters four-momenta
are replaced by a single four-vector combination and the distances of this new
object are calculated. Otherwise, if the smallest distance is a diB, the ith cluster
four-momentum is classified as a final jet and removed from the list of candidates.
This procedure is then repeated until all clusters are classified as jets. The choice
of n = −1 assures that all softer clusters are merged with the harder ones in order
of their closeness in terms of ∆R.

Once jets are clustered, they need to undergo an energy calibration [92], which
relates the jet energy measured within the ATLAS calorimeter to the true energy
of the corresponding initial parton. Calibration accounts for a number of detector
effects that affect the jet energy measurement. The Jet Energy Scale (JES) cali-
bration corrects for the non-compensating behaviour of the ATLAS calorimeters,
the energy losses in inactive material, noise and particle reconstruction efficiency.
This calibration is derived from the ratio of the true jet energy and the energy re-
constructed in Monte Carlo simulations, and it is a function of the reconstructed
jet pT and η.

Also the origin of the jets has to be corrected [93], making it pointing to the
hard-scatter rather than to the geometrical center of the detector as it is initially
constructed. This correction has a small effect on the jet pT , but it improves the
angular resolution.

Finally, jets arising from pile-up events are suppressed using the Jet Vertex
Tagger (JVT) discriminant [94]. The JVT uses information about the fraction
of the pT of a given jet that originate from the primary vertex, providing as
output the likelihood that the jet is from the hard scatter event. The efficiency
and the corresponding scale factors for JVT are derived from data and MC using
Z → µ+µ− events with an additional hard-scatter jet.

5.5 b-jets

The identification of jets originating from bottom quark fragmentation (b-jets) is
called b-tagging. It takes advantage of the relatively long lifetime of b-quark (of
the order of 1.5 ps) which, thanks to relativistic effects, results in an observable
displacement of the decay vertex of the b-quark from the primary vertex (2-3 mm
for hadrons with pT ≈ 30 GeV). This peculiarity is exploited by different types
of b-jet identification algorithms:

• the IP3D algorithm (Impact Parameter based algorithm) [95] uses both the
transverse and longitudinal impact parameter significances, considered in a
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Figure 5.6: Light-flavour jet (left) and c-jet (right) rejections versus the b-jet
tagging efficiency for different b-tagging algorithms, evaluated on simulated tt̄
events [99].

two-dimensional template to account for their correlation

• the SV1 algorithm (Secondary Vertex Finding algorithm) [96] tries to re-
construct the displaced secondary vertex of the jet testing all tracks for a
two-track vertex hypotesis

• the JetFitter algorithm (Decay Chain Multi-Vertex algorithm) [97] takes
advantage of the topological structure of b- and c-hadron decays inside the
jet to try to reconstruct the decay chain

• the MV2c10 algorithm (Multivariate algorithm) [98] combines the output of
the above algorithms in a Boosted Decision Tree (BDT) to achieve a better
discriminant power. The output of the BDT is the MV2c10 score, which is
trained using b-jets as signal and a mixture of 93% light-flavor jets and 7%
c-jets as background

• the DL1 algorithm (Deep Learning algorithm) [98] uses as input the results
of the first three algorithms above and feeds them in a deep feed-forward
neural network that provides an improved discrimination.

The performance of a b-tagging algorithm is given by its ability to correctly tag
jets coming from real b-quarks (b-tagging efficiency) compared to the probability
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of mistakenly identifying as a b-jet (mistag rate). Fig. 5.6 shows the light-flavour
jet rejection and c-jet rejection as a function of the b-tagging efficiency for the
different algorithms.

The b-tagging performance exhibits some difference in data and Monte Carlo
simulations. For this reason, simulated events need to be corrected with scale
factors derived from the ratio of the efficiency in data and in MC [99], obtained
as a function of jet pT , η and truth flavour in tt̄ events.

The b-tagging algorithm used in the analyses presented in this thesis is the
MV2c10 tagger. Four operating points are available [99], with different average
b-tagging efficiency and the one with 77% efficiency is chosen.

5.6 Missing Transverse Momentum

Since the colliding proton beams have zero transverse momenta, the sum of the
transverse momenta of the collision products should be zero in each event due
to momentum conservation. Any measured imbalance is known as missing trans-
verse momentum Emiss

T and allows to reconstruct the momentum carried away by
invisible particles like neutrinos or BSM particles.

The x and y component of Emiss
T are given by

Emiss
x(y) = Emiss,e

x(y) + Emiss,µ
x(y) + Emiss, jets

x(y) + Emiss, soft
x(y) , (5.3)

where each term is calculated as the negative vectorial sum of the momenta of
the respective particles in the x- and y-direction. The magnitude and direction
of Emiss

T can be calculated as

Emiss
T =

√

(Emiss
x )2 + (Emiss

y )2,

φmiss = arctan(Emiss
y /Emiss

x ).
(5.4)

The soft term in Eq. 5.3 includes all the energy deposits in detector not associated
with any final state object. These deposits can consist of tracks in the ID (track-
based soft term) or signals from the calorimeters (calorimeter-based soft term).
The track-based soft term is more robust in high pile-up environments, because
tracks can be matched to the primary vertex, and for this reason it is the default
choice for Emiss

T calculation in Run-2 [100, 101].

5.7 Overlap Removal

Different final state objects can be reconstructed using the same detector signals,
giving raise to some overlap between the objects. For this reason an overlap
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removal (OR) algorithm needs to be applied to remove such ambiguities. The
algorithm is performed on objects satisfying loose“baseline” identification criteria
and proceeds as follows:

• If two electrons share a track in the ID, the lower pT electron is rejected.

• If an electron shares an ID track with a muon, the electron is removed.

• Any non b-tagged jets within ∆R = 0.2 of an electron are rejected, or within
∆R = 0.2 of a muon if the jet has < 3 tracks or if the muon and jet are
ghost-associated.

• For the remaining jets, any electron or muon satisfying∆R < 0.4 is rejected.

Objects remaining after the overlap removal procedure and that pass the analysis-
level reconstruction criteria form the final analysis objects.



Chapter 6
Analysis Strategy

This Chapter aims to introduce the methods and tools employed in the searches
for dark matter presented in the subsequent Chapters. The analysis strategy used
in the searches is first presented, together with an overview of the statistical meth-
ods used to draw conclusions. The main SM background processes contributing
in analyses focusing on leptons+Emiss

T signatures are then introduced, followed by
a description of the key discriminant variables exploited to select candidate signal
events. Finally, an overview of systematic uncertainties and their evaluation is
given.

6.1 Analysis Strategy

6.1.1 Event Selection

In order to be able to observe a potential DM signal above the SM background,
it is necessary to identify a region of the phase-space where the signal over back-
ground ratio is enhanced. Despite the generally small cross-section of the DM
production, this is achievable exploiting selections over particular kinematic vari-
ables, called discriminant variables, which show different distributions for the
signal and the background. Fig. 6.1 shows an example of such a variable. Re-
quirements over many discriminant variables are set at the same time, and the
area of the phase-space selected in this way is called Signal Region (SR).

The optimisation of cuts over the discriminant variables is performed by max-
imising the statistical sensitivity of the analysis. Among the various definitions
in literature for such a quantity, the variable Z, defined as

Z =

√

2

(

n ln

(

n(b+ σ2)

b2 + nσ2

)

− b2

σ2
ln

(

1 +
σ2(n− b)

b(b+ σ2)

))

, (6.1)
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Figure 6.1: Example of a discriminant variable having different distribution for
the signal and the SM background.

was adopted, following the recommendations in [102]. In the equation, b is the
number of expected background events, σ is its uncertainty and n is the sum of
the expected background and signal events. The higher is Z, the better the SR
is able to discriminate the signal over the background.

Two different analysis techniques are employed in the next Chapters in the
definition of SRs, referred to as cut-and-count and shape-fit. The first one is based
on designing a SR optimised to maximise the discovery significance and counting
the events in it. The latter employs instead SRs split into multiple bins in a
specific discriminating kinematic variable. In this case the individual discovery
power of each SR is smaller than in the case of cut-and-count, but by utilising
different signal-to-background ratios in the various bins the search sensitivity is
enhanced.

6.1.2 Background Estimation

After defining the SR(s), it is necessary to estimate the SM backgrounds there
with as much accuracy as possible. This can be done with three different methods:

• Using simulated MC events

• Employing data-driven techniques

• Exploiting simulated MC events and constraining them with data in kine-
matic regions close to the SR.

The first method is usually employed for minor background processes, since it
provides estimates with high systematics uncertainties. The second one is instead



Analysis Strategy • 61

mainly used for backgrounds that would require a very large number of simulated
events to obtain a reliable prediction, like the contribution from non-prompt or
misidentified leptons. Finally, the third method is used for backgrounds with a
signature identical to the signal (called irreducible backgrounds), which give the
main contributions to the SR. This method is further explored in the following.

The SR may have a very different kinematic from the regions where the MC
simulations have been tuned and validated. The MC might thus poorly model
the data in the SR and lead to inaccurate predictions. In order to improve the
modelling and to reduce the related uncertainties, the MC events of a specific
process can be normalised to the data in a region of the phase space close to the
SR and enriched with the process considered, called Control Region (CR). The
normalisation factor obtained in this way can thus be extrapolated to the SR for
a better background estimate:

Np(SR, est) =
Np(CR, obs)

Np(CR, MC)
·Np(SR, MC), (6.2)

whereNp(SR, est) is the SR final estimate for the background process p, Np(CR, obs)
is the observed number of data events in the CR for p, and Np(SR, MC) and
Np(CR, MC) are the expected number of events of the process p given by MC
simulation in the SR and CR respectively. Thanks to presence of the ratio of MC
yields in the SR and CR, Eq. 6.2 also allows to absorb some systematics uncer-
tainties in the extrapolation and have a more precise estimate in the SR. CRs
are required to have high purity for the background process of interest in order
to prevent fluctuation of the normalisation factor, and very low signal contam-
ination to avoid over-estimating the background normalisation factor and hide
potential DM signals in the SR. Usually, multiple CRs are defined, one for each
main background in the SR, and they are all used in a simultaneous fit to obtain
the final estimates for each process in the SR.

The normalisation factors obtained in the CRs are validated in additional
regions of the phase space, called Validation Regions (VRs). VRs are defined in
a similar way of the CRs, with kinematic cuts closer to the ones of the SRs and
low signal contamination. VRs do not take part as contraints in the fit, they are
only used to check the validity of the extrapolation of the normalisation factors
from the CRs to other regions of the phase space and thus to the SR.

6.1.3 Statistical Treatment

The statistical analysis is one of the key step of each analysis, allowing to draw
conclusions about the viability of the model under study. For the searches pre-
sented in this thesis, the statistical analysis is performed using the HistFitter
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framework [103], a statistical framework developed by the ATLAS collaboration
that helps implementing the different analysis regions introduced above, while
taking care of the correct treatment of all statistical and systematic uncertain-
ties.

The results of the analyses are extracted using hypothesis tests based on a
likelihood function L, given by the product of the Poisson distributions of event
counts in the SR(s) and/or CR(s) and of additional distributions that implement
the constraints on systematic uncertainties. It can be written as [103]:

L(n, θ0|µsig, b, θ) = PSR × PCR × Csyst

= P (nS|λS(µsig, b, θ)×
∏

i∈CR

P (ni|λi(µsig, b, θ))× Csyst(θ
0, θ).

(6.3)

The first two factors represent the Poisson observation of nS and ni events in the
signal region and each control region i. The Poisson expectation values λi depend
on the expected number of background events b, the nuisance parameters that
model the systematic uncertainties θ, the normalisation factors for background
processes and also the signal strength parameter µsig. For µsig = 0 the signal
component is turned off, while for µsig = 1 the signal expectation is taken to be
equal to the expected value from the model considered. The systematic term Csyst

is defined as a product of Gaussian constraints, each representing a systematic
variation, with θ0 being the nominal values around which θ can be varied when
maximising the likelihood function.

From the likelihood it is possible to build a test statistic, which can be used
to quantify the agreement/disagreement between the observed data and the pre-
diction in a given region. The test statistic employed in this work is the profile
log likelihood ratio, defined as

q =







−2 log L(µsig,
ˆ̂θ)

L(µ̂sig,θ̂)
if µ̂sig ≥ µsig

0 if µ̂sig < µsig

(6.4)

where µ̂sig and θ̂ are the parameter choices that maximise the likelihood, while ˆ̂θ
maximises the likelihood for the specific signal strength under test.

Using the profile log likelihood ratio as test statistic, one can calculate the
p-value, which gives the probability of having a result at least as extreme as the
one observed given a certain hypothesis H0. The p-value is defined as

p-value =

∫ ∞

qobs

f(q|H0)dq, (6.5)
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where f is the probability density function of the test statistic given the hypothesis
H0 and qobs is the value of the test statistic obtained with the observed data. H0

is usually identified with the background-only hypothesis, i.e. the hypothesis that
only SM events are present in the SR. The hypothesis H0 can be considered
excluded if its observed p-value is below a specified threshold. The significance Z
corresponding to a given p-value is defined as the number of standard deviations
at which a normal distributed random variable, with mean zero, would give a
one-sided tail area equal to the p-value. The threshold for the rejection of the
background-only hypothesis is typically a significance of Z = 5, corresponding to
a p-value of 2.8 · 10−7. For the exclusion of a DM signal model, in Eq. 6.5 the
hypothesis H0 is substituted with H1, i.e. the hypothesis that the DM predicted
by the model is present in the SR, and the threshold p-value used is usually 0.05,
which corresponds to Z = 1.64.

Using the p-value to perform exclusion may lead to reject the hypothesis of
new physics H1 also in the case where the expected estimate of signal events
is very small or when there is a downwards fluctuation of data. To avoid this
problem, the modified confidence level CLs [104] is defined as:

CLs =
p1

1− p0
=

∫∞

qobs
f(q|H1)dq

1−
∫∞

qobs
f(q|H0)dq

, (6.6)

where the denominator is often referred to as CLb, which indicates the confidence
in the background-only hypothesis (values close to 1 indicate poor compatibility
with it). With the CLs method, the hypothesis of new physics is excluded at
95% C.L. if CLs< 0.05. The CLs method is the default procedure used in the
searches presented in the present study to decide on the exclusion of a DM signal
model.

Background-Only Fit

The background-only fit aims to estimate the total background in SR(s) and VRs,
extrapolating from the CRs the normalisation factors that need to be applied
to the background processes to improve the MC estimate. The extraction of
the normalisation factors is performed by maximising the probability that the
observed data in the CRs would agree with the MC expectations. The likelihood
function of Eq. 6.3 is employed, including only the CRs and neglecting any signal
contamination fixing µsig = 0.

Model Dependent Results

The results of the background-only fit in the SR(s) can be used to calculate the
p-value of Eq. 6.5 and check if there is a good agreement with the background-
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only hypothesis H0 or if there is an excess of observed events. In case of excess,
a model dependent fit is used to measure signal properties such as the signal
strength µsig, whereas in the absence of a significant excess limits are set on the
signal model under study. In particular, it is possible to assess which regions
of the parameter space of the model are not compatible with data and are thus
excluded using Eq. 6.6. The fit is performed using simultaneously the CRs and
SRs, evaluating background and signal in all regions in order to correctly account
for possible signal contamination in the CRs. The model dependent fit is repeated
for different signal points, obtained with different parameter choices, leading to
exclusion limits in the phase space of the model.

Model Independent Results

If no excess of data is observed in the SR(s), analyses searching for new physics
usually provide model independent upper limits on the number of possible Beyond
the Standard Model (BSM) events compatible with the observed data in each SR,
obtained from Eq. 6.6 fixing CLs = 0.05. In this way, it is possible to estimate for
any BSM model the number of signal events predicted in each SR and check if the
model is already excluded by the current measurements. The model independent
fit is performed including both SRs and CRs in the fit, similarly to the model
dependent fit. Signal contamination is not allowed in the CRs, but no other
assumptions are made for the signal model.

6.2 Background Processes

The analyses described in this thesis focus on two different types of final state
signatures, including one or two leptons together with b-tagged jets and Emiss

T ,
with the latter due to the production of DM. In analyses focusing on such sig-
natures, the main backgrounds come from the production of tt̄, W+jets (for the
one-lepton case) and tt̄V (for the two-lepton one). Sub-dominant contributions
come from single top, tt̄h, tWZ and diboson productions, while Z+jets events are
easily suppressed. This section aims to briefly describe these processes, together
with the event generators used for their simulation, based on ATLAS Physics and
Modeling Group recommendation [105].

tt̄ Top quarks pair production is the dominant production mechanism for top
quarks at the LHC. The process is mediated by the strong interaction, and it
can occur through quark-antiquark annihilation or through gluon-gluon fusion
(Fig. 6.2). The cross-section of tt̄ production is ∼832 pb, as calculated with
the Top++2.0 program to next-to-next-to-leading order in perturbative QCD,
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Figure 6.2: Representative Feynman diagrams contributing to tt̄ production.

including soft-gluon resummation to next-to-next-to-leading-log order [106], and
assuming a top-quark mass of 172.5 GeV. Due to its mass, the top quark decays
before hadronising in aW -boson and a b-quark (t → Wb). Roughly 33% of theW -
bosons decay leptonically (W → *ν#), while the remaining 67% decay hadronically
(W → qq′). According to the decay modes of the W -bosons produced in the top
decays, tt̄ events can thus result in three different final states, which consist of:

• no leptons, two b-jets and four additional jets from W decays

• one lepton and Emiss
T from the leptonic decay of only one of the W -boson,

two b-jets, two additional jets from the decay of the other W boson

• two leptons and Emiss
T from the leptonic decay of both W -bosons and two

b-jets.

The production of tt̄ events is modelled using the PowhegBox v2 generator
at NLO [73, 74, 75, 107]. The events are interfaced to Pythia8 [76] with parame-
ters set according to the A14 tune [70] to model the parton shower, hadronisation,
and underlying event.

tt̄V(V = Z/W) The associate productions of a top quark pair and a vector
boson, either a W or a Z, are quite rare processes. These processes are indeed
characterised by small cross-sections of ∼0.88 pb and ∼0.60 pb at 13 TeV for tt̄Z
and tt̄W , respectively, calculated at NLO [108]. Despite their small cross-section,
they represent one of the most important backgrounds for BSM searches, because
invisible decays of the Z-boson or W leptonic decays where the lepton gets lost
might mimic the signal. Representative Feynman diagrams contributing to tt̄V
production are shown in Fig. 6.3.

The production of tt̄V events is modelled using theMadGraph5 aMC@NLO
v2.3.3 generator [72] at NLO, interfaced to Pythia8 [76] using the A14 tune [70]
for parton shower, hadronisation, and underlying event simulation.
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Figure 6.3: Representative Feynman diagrams contributing to tt̄V production
with V = Z,W .
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Figure 6.4: Representative Feynman diagrams contributing to single top produc-
tion.

Single top Top quarks can be produced alone through electroweak processes.
The dominant production mode of single top is through t-channel (∼217 pb),
followed by the associate production with a W -boson (∼71.7 pb) and finally s-
channel production (∼10.3 pb). Another extremely rare production channel is
the associated production of a single top quark with a Z boson and a light quark
(∼0.6 pb). The cross-sections are calculated for a top quark mass of 172.5GeV at
next-to-leading order (NLO) in QCD with Hathor v2.1 [109, 110]. The Feynman
diagrams for the main production modes are shown in Fig. 6.4.

Single-top production in the Wt-channel, s-channel and t-channel is modelled
using the PowhegBox v2 generator [73, 74, 75, 111, 112, 113], which provides
matrix elements at next-to-leading order (NLO) in QCD. The events are inter-
faced with Pythia8 [76] for parton shower, hadronisation, and underlying event
using the A14 tune [70]. Some of the NLO diagrams contributing to Wt asso-
ciate production include the same final state as the tt̄ process, namely WWbb.
Considering the two processes separately leads thus to an improper treatment of
the interference between them. Two different strategies have been developed to
handle this problem: diagram removal (DR) and diagram subtraction (DS) [114].
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None of them correctly reproduces the interference, but they allow to mitigate the
size of the effect. The DR scheme is employed for the modelling of Wt-channel
in the following.

Diboson Pairs of vector bosons are produced in the SM through the elec-
troweak interaction, as shown in Fig. 6.5. The dominant processes are WW
(∼112 pb [115]), WZ (∼48 pb [116]) and ZZ(∼16 pb [115]), where the cross-
sections are calculated at NLO.

Samples of diboson final states (V V ) are simulated with the Sherpa v2.2.1
or v2.2.2 generator [77, 117] depending on the process. Fully leptonic final states
and semileptonic final states, where one boson decays leptonically and the other
hadronically, are generated using matrix elements calculated at NLO in QCD for
up to one additional parton and at LO accuracy for up to three additional parton
emissions. Samples for the loop-induced processes gg → V V are generated using
LO-accurate matrix elements for up to one additional parton emission for both
cases of fully leptonic and semileptonic final states.

V+jets The production of a W or Z boson in association with jets is shown
in Fig. 6.6. For each extra radiated jet, the production cross section decreases
by roughly half an order of magnitude, and the total cross-section is respectively
∼20 nb and ∼1.9 nb for W and Z production [118].

The production of V+jets is simulated with the Sherpa v2.2.1 genera-
tor [77, 117] using next-to-leading order (NLO) matrix elements (ME) for up
to two partons, and leading order (LO) matrix elements for up to four partons.

tt̄H A pair of top quarks can be produced also in association with a Higgs
boson, with a NLO cross-section at 13 TeV of ∼507 fb [108]. The corresponding
Feynman diagram is shown in Fig. 6.7 (left).
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Figure 6.7: Representative Feynman diagram contributing to tt̄h (left) and tWZ
(right) productions.

The production of ttH̄ events is modelled using the PowhegBox v2 gener-
ator [73, 74, 75] at NLO, interfaced to Pythia8 [76] using the A14 tune [70].

tWZ The associated production of a top quark with both a Z and W bosons is
a very rare process, with a cross-section at NLO of ∼15.6 fb [119]. It is illustrated
in Fig. 6.7 (right).

The production of tWZ events is modelled using theMadGraph5 aMC@NLO
v2.3.3 generator [72] at NLO interfaced with Pythia8 [76], making use of the
A14 tune [70]. Similarly to the Wt single top production, also in the case of tWZ
at NLO there are diagrams with the same final state of tt̄Z, which give rise to
interference problems. The DR scheme [114] is employed to mitigate them.

6.3 Discriminant Variables

As explained in Sec. 6.1.1, signal region(s) are defined exploiting selections over
discriminant variables that allow to reduce the background contamination while
retaining the signal. This section will summarise the main discriminant variables
used in analyses focusing on final states with one or two leptons, b-jets and Emiss

T
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coming from DM particles.

6.3.1 Common Discriminant Variables

Emiss
T : missing transverse momentum, introduced in Sec. 5.6. The searches pre-

sented in the following look for signals characterised by the production of two
dark matter particles that escape the detector without interacting. The presence
of a large quantity of Emiss

T is thus one of the main discriminant for the signal.

∆φmin: the smallest azimuthal angular distance between the 3Emiss
T vector and

the four leading signal jets. It helps to discriminate against events with Emiss
T

coming from jet mismeasurements.

HT,sig
T : object-based missing transverse momentum, divided by the per-event

resolution of the jets. It is defined as

Hmiss
T,sig =

| 3Hmiss
T |−M

σ &Hmiss
T

, (6.7)

where 3Hmiss
T is the negative sum of the jets and lepton vectors. The denominator

is computed from the per-event jet energy resolution, while the lepton is assumed
to be well-measured. The parameter M is chosen to be a characteristic scale of
the background, and is fixed at 100 GeV for the analyses presented in this thesis.
This variables assumes higher values in the case of DM production, thanks to the
additional invisible momentum carried by DM particles.

∆φ(ji, "Emiss
T ): the azimuthal angle between the ith jet and Emiss

T , used to sup-
press multijet events.

∆R(b1,b2): the opening angle in η−φ plane between the two leading b-tagged
jets.

6.3.2 One-Lepton Discriminant Variables

mT: tranverse mass, defined as

mT =
√

2 · pT (*) · Emiss
T (1− cos∆φ(3*, 3Emiss

T )), (6.8)

where pT (*) is the lepton pT , and ∆φ(3*, 3Emiss
T ) is the azimuthal angle between the

lepton and the 3Emiss
T direction. If the lepton comes from the decay of a particle p,
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mT is bounded from above by the mass of p. This can be exploited in particular
to reduce the background coming from leptonically decaying W -bosons, since DM
signals are not kinematically bounded thanks to the additional Emiss

T coming from
DM particles.

amT2: asymmetric stransverse mass [120, 121], a variation of the mT2 variable
described in the next section for two-lepton events. It is built to reconstruct
dileptonic tt̄ event with one of the lepton going undetected. The two visible
decay products needed for the calculation are the system made of the lepton and
one b-jet and the other b-jet in the event. In this way, one of the missing particles
is assumed to have the W -boson mass, so that the distribution has a lower bound
at the W mass, while the upper endpoint is at the top mass. In the case of the
DM signal instead amT2 is not bounded, since the Emiss

T does not come only from
top decays.

mτ
T2: another variation of the two-lepton mT2 variable [120, 121], designed to

suppress dilepton tt̄ events where one of the two leptons is a hadronically decaying
τ . In this case, the visible decay products are chosen to be the leading light-
flavour jet, which is likely to originate from the τ lepton decay, and the lepton.
For dileptonic tt̄ events decaying into a τ the distribution presents an endpoint
at the W mass, whereas for the signal is has a bigger tail.

∆φ(#, "Emiss
T ): the azimuthal angular distance between the leading lepton and

the 3Emiss
T vector.

mreclustered
top : top-quark candidate reconstructed mass [122]. It is built by con-

sidering all small-radius jets in the event and clustering them into large-radius
jets using the anti-kT algorithm with a radius parameter R = 3.0. The radius of
each jet is then iteratively reduced to an optimal radius R(pT ) = 2×mtop/pT that
matches their pT . If a candidate loses a large fraction of its pT in the shrinking
process, it is discarded. In events where two or more top-quark candidates are
found, the one with the mass closest to the top-quark mass is taken. This variable
is used to identify events containing a top quark decaying hadronically.

mreclustered
W : W candidate reconstructed mass [122]. It is constructed in the

same way of mreclustered
top , using the W -boson mass instead of the top mass in the

optimal radius calculation. It is used to target events with a hadronically decaying
W -boson.
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Figure 6.8: Diagram of a generic process for which the variable mT2 ha been built.

∆R(b, #): the opening angle in η − φ plane between the leading b-tagged jet
and the selected lepton.

6.3.3 Two-Lepton Discriminant Variables

mT2: stranverse mass [123, 124]. It is built taking into account a process like
the one shown in Fig. 6.8, that leads to the production of a pair of equal particles
m, each decaying into one particle that is observed pi and one particle that is
not directly detected qi, whose presence can only be inferred from the missing
transverse momentum. If the momenta of the two invisible particles were known,
one could reconstruct for each branch of the diagram the transverse mass mT , de-
fined in the previous paragraph, which would satisfy mT ≤ mm for both branches.
However, it is impossible to measure separately the missing momenta of the two
branches, one can only measure the total 3Emiss

T = 3qT1 + 3qT2. Hence, event by
event, the best one can say is that

min
&qT,1+&qT,2= &Emiss

T

{max[mT (3pT,1, 3qT,1),mT (3pT,2, 3qT,2)]} < mm, (6.9)

where the minimisation is done over all the possible decompositions of 3Emiss
T . The

expression on the left of Eq. 6.9 is by definition the stranverse massmT2(3p1, 3p2, 3Emiss
T ).

If 3pT,1 and 3pT,2 are taken to be the momenta of leptons coming from tt̄ or tW
decays, the mT2(3*1, 3*2, 3Emiss

T ) distribution is thus bounded sharply from above by
the mass of the W boson. For DM signals, the additional Emiss

T coming from dark
matter generates instead a tail at high mT2, which can be exploited to discrimi-
nate the signal from the background.
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∆φb: the azimuthal angular distance between the 3Emiss
T vector and the 3p ##

Tb =
3Emiss
T + 3p #1

T + 3p #2
T vector. In case of jet mismeasurement, the first vector points

towards the hadronic activity, while the second one is the opposite of the sum
of all the transverse hadronic activity. Small angles of this variable reject thus
events with Emiss

T arising from mismeasurements.

minmb#: the smallest invariant mass obtained from the leading b-jet and the
two leptons. When there are two top quarks both decaying leptonically, at
least one of the two reconstructed invariant mass must be below

√

m2
t −m2

W ∼
150 GeV, and this allows to drastically eliminate backgrounds without top quark
decay in the final state.

cEM: linear combination of mT2 and Emiss
T defined as

cEM = mT2 + 0.2 · Emiss
T , (6.10)

that exploits the correlation between mT2 and Emiss
T identified for the signal con-

sidered in Chapter 7 and absent in the tt̄ background in order to separate them.

m"": invariant mass of the dilepton system in the event.

mt
b": variable capable of discriminating against events containing two semilep-

tonic top quark decays, recently introduced in [125]. Similarly to minmb#, it
exploits the fact that if a b-jet and a lepton are produced in a top-quark decay,
their invariant mass is bounded from above by

√

m2
t −m2

W ∼ 150 GeV. If a pair
of leptonically decaying top quarks is produced in the event, like in tt̄ and tt̄V
production (Figs. 6.2-6.3), on both legs of the decay the invariant mass of the
b-jet and the lepton is thus smaller than ∼ 150 GeV. However, it is not possible
to know which pair of lepton and b-jet comes from the same leg, one can only
define the variable

mt
b# = min(max(m#1j1 ,m#2j2),max(m#1j2 ,m#2j1)), (6.11)

which tries all possible combinations of b-jets and leptons, where m#ijm is the
invariant mass of lepton li and jet jm and j1, j2 are the two jets with highest b-
tag discriminator value. For tt̄ and tt̄V events, mt

b# has to satisfy mt
b# < 150 GeV,

while in events with only a single leptonic top decay it is unbounded.
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6.4 Systematic Uncertainties

There are two broad classes of systematic uncertainties that have to be considered
when performing an ATLAS analysis: experimental uncertainties, related to un-
certainties in the reconstruction of physics objects, and modelling uncertainties,
related to the Monte Carlo simulations. All systematic uncertainties are imple-
mented in the fits as nuisance parameters, each of them described by a normalised
gaussian centred on zero and of width one. Zero corresponds to the nominal value
in all regions, while ±1 correspond to varying the systematic “up” and “down” of
one sigma.

6.4.1 Experimental Uncertainties

Experimental uncertainties include all the effects relative to the reconstruction
of the physics objects described in Chapter 5 and can affect both the normali-
sation and shape of kinematics distributions. As a consequence, the number of
reconstructed objects that pass the analysis regions requirements may vary, intro-
ducing uncertainties in the results. This Section briefly describes the experimental
systematics evaluated in the analyses detailed in the next Chapters.

Luminosity The uncertainty on the total luminosity affects the normalisation
of Monte Carlo predictions, having thus a direct effect on the final limits of an
analysis. For the analyses detailed in Chapter 7, which use data collected in 2015-
2016, the luminosity uncertainty is determined to be 2.1%, while for the analyses
described in Chapter 8, using the full Run-2 dataset, the luminosity uncertainty
is measured to be 1.7%.

Leptons Uncertainties in the reconstruction of leptons arise from the lepton
energy resolution and scale calibrations, as well as the efficiencies corresponding
to the reconstruction, identification and isolation. They are computed varying
the scale factors applied to match MC simulations and data [87, 89].

Jets As previously described in Sec. 5.4, the energy of reconstructed jets needs
to be calibrated to the Jet Energy Scale (JES) to account for the non-compensating
behaviour of the ATLAS calorimeters. This JES calibration is derived from Monte
Carlo simulation, and its uncertainties arise from choices made when developing
the calibration. The JES uncertainties [92] 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 composi-
tion. The full JES uncertainty set includes around 80 nuisance parameters, but
a reduced set of JES uncertainties is also provided [92] for analyses which are
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insensitive to small variations in the calibration, like the ones presented in the
following.

Despite the JES calibration, the jet energy cannot be measured exactly due to
noise, stochastic fluctuations in the calorimeter response, and detector calibration
effects. The Jet Energy Resolution (JER) is thus defined as the width of the
Gaussian distribution describing the measurements of the same truth jet energy
at the calibrated jet energy scale. The JER uncertainty is determined from both
data and MC as a function of pT and η.

Finally, also an uncertainty on the efficiency of the JVT has to be considered.
It is estimated comparing the efficiency obtained using different MC generator to
simulate the process Z → µ+µ− with an additional hard scatter jet.

Flavour Tagging Uncertainties on the b-tagging are due to the scale factors
used to correct the different efficiencies observed in data and Monte Carlo. These
uncertainties depend on the pT , η and flavour of the jet, and are estimated by
varying the scale factors within a range that reflects the uncertainty in the mea-
sured tagging efficiency and mis-tag rates in data [99].

Missing Transverse Momentum The uncertainties on Emiss
T reconstruction

are evaluated separately for each term in Eq. 5.3. The uncertainties on the object-
based Emiss

T terms are derived by propagating the individual energy scale and
resolution uncertainties on the physics objects. Correlations between systematic
uncertainties for the same type of object are taken into account, while it is as-
sumed that systematic uncertainties of the different object types entering Emiss

T

reconstruction are uncorrelated. The energy scale and resolution of the soft term
are instead evaluated comparing data and MC for the Z → µ+µ− process, where
no Emiss

T is expected [100].

6.4.2 Modelling Uncertainties

Modelling uncertainties arise from the Monte Carlo simulations of backgrounds
and signal. Also in this case, the effect can be both on the normalisation and
on shape of kinematics distributions, leading to different yields in the analysis
regions.

Modelling systematics are evaluated by simulating the same physical process
with two different MC generators or configurations and comparing the results.
Some MC generators are also able to associate weights to the events such that
the impact of different parameter choices can be evaluated directly using different
weights. The observed difference in the results in each analysis region is then used
in the statistical analysis as a systematic affecting the nominal distributions of
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the corresponding process. In the following, a general overview of the sources of
modelling uncertainties is presented.

Matrix Element Uncertainties The nominal generator used to model the
hard scatter is typically chosen based on which one provides the best agreement
between MC predictions and data. The uncertainty on the calculation of the ME
is evaluated by generating a MC sample with a different generator for the hard
scatter, while using the same PS algorithm.

PDF Uncertainties The PDF uncertainties are estimated comparing predic-
tions obtained with the nominal PDF set and with alternative ones. Usually they
are found to be of the order of ∼ 1%, and are thus neglected.

Factorisation and Renormalisation Scales Uncertainties As explained
in Sec. 4.2, when not all orders in perturbation theory are considered the cross-
section for a hard scattering process depends on the choice of the factorisation
and renormalisation scales (µF and µR). The default scales are thus varied using
the nominal generator, and the differences obtained in the cross-section are taken
as an uncertainty.

Parton Showering Uncertainties Similar to the case of ME, the nominal
choice of PS generator is based on the best possible agreement between data and
MC simulations. To estimate the PS uncertainties, the nominal configuration is
compared with a sample produced using the same generator for the hard scatter
but a different PS algorithm.





Chapter 7
Search for Dark Matter Produced
in Association with a Top Pair

In Chapter 2 the 2HDMa model was introduced as a well-motivated template
for the production of dark matter at the LHC. Based on this model, a coherent
research program for the discovery (or the exclusion) of this model with the
LHC pp collision data collected at 13 TeV has been developed. The program
involved different steps: first of all, the interesting final-state signatures at the
LHC were identified, and the coverage on the parameter space of the model of
existing analyses was assessed, taking into account in particular analyses based
on the very similar simplified models for dark matter production. After that, an
analysis program to extend the coverage of the model was developed, including
both the refinement of the already published searches thanks to the increased
integrated luminosity and the identification of new search channels specific to
the 2HDMa model. The work presented in this thesis has developed within this
program, starting with the master thesis of the author and continuing during the
PhD years, focusing on 2HDMa DM signatures including top quarks.

The first part of the work consisted in the study of the production of DM in
association with a pair of top quarks (pp → tt̄χχ̄, called DMtt̄ in the following) in
the framework of 2HDMa, identifying which parts of the parameter space of the
model were already covered by published analyses. The main motivation behind
the choice of this final state is the fact that the DMtt̄ signature, although less
sensitive than Emiss

T + h and Emiss
T + Z on most of the parameters space, offers

unique handles for unravelling the nature of the model through the detection
of the decay products of the two top quarks in the final state, as described in
[126]. Three different analyses published by the ATLAS Collaboration focusing
on the same signature in the context of a simplified model were identified [42, 41].
Both the simplified model used for the ATLAS analyses and the 2HDMa model
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were then studied in detail to understand their similarities and differences, and
a recasting strategy was developed to allow the reinterpretation of results based
on the simplified model, as documented in [44]. Subsequently, this strategy was
applied to the ATLAS data in the framework of a paper [1] which reinterpreted all
the existing 36.1 fb−1 results in the context of 2HDMa. All the different steps of
this work, for which the author of this thesis is the main contributor, are presented
in this Chapter. In the beginning of the Chapter, the phenomenology of the
production of DMtt̄ in the 2HDMa model is analysed, exploring the dependency
on the parameters of the model. After that, the ATLAS analyses investigating the
DMtt̄ final state in the context of the simplified model are briefly summarised.
Finally, the development of the recasting strategy is illustrated in detail, followed
by the presentation of the resulting limits into the parameter space of the 2HDMa
model.

The second part of the work focused instead on exploring a new search chan-
nel for the 2HDMa model, not yet addressed by existing analyses. The identified
channel was the production of dark matter associated with a single top quark, re-
cently proposed in [127]. This signature has the unique feature of being sensitive
to the production of charged Higgs bosons, to which none of the previously pro-
posed analysis were sensitive. The analysis was carried out on the full Run-2 data
recorded by the ATLAS experiment, and will be the focus of the next Chapter.

7.1 Signal Simulation

Signal samples of DMtt̄ production in the context of 2HDMa were simulated
using the MadGraph5 aMC@NLO v2.3.3 [72] generator at NLO. The au-
thors of the 2HDMa model [34] have provided the model Lagrangian in the
format accepted by the FeynRules 2 [128] packages and NLOCT packages,
which calculate the Feynman rules for the relevant processes, and outputs them
in the form of an UFO (Universal FeynRules output), which was used as input
for MadGraph5 aMC@NLO. The generation was performed using NNPDF3.0
PDFs [60]. The events were interfaced to Pythia8 [76] using the A14 tune for
showering, hadronisation and underlying event simulation.

In order to perform a rapid evaluation of the Branching Fractions (BR) of the
particles of the model and to understand the interplay of the model parameters
in determining the observable final state, a dedicated library based on the code
included in the 2HDMa UFO was developed on purpose for the present study. The
library allows the calculation of the 2-body branching fractions of all the scalars
of 2HDMa, while ignoring 3-body decays. The impact of the latter, however, is
negligible, except in extreme regions of the model parameter space.

Throughout this Chapter, if not stated otherwise, the parameter choices pre-
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Figure 7.1: Feynman diagrams contributing to pp → tt̄χχ̄ in the 2HDMa model.

sented in Sec. 2.2.6 are adopted:

mH = mA = mH± ,

cos(β − α) = 0,

λ3 = λP1 = λP2 = 3,

Y 1
u = Y 2

d = Y 2
# = 0,

mχ = 10 GeV,

yχ = 1.

(7.1)

7.2 Phenomenology of DMtt̄ Production in the

2HDMa Model

7.2.1 Process Composition

From an inspection of the Feynman diagrams contributing to the DMtt̄ produc-
tion in the 2HDMamodel, automatically produced byMadGraph5 aMC@NLO,
the process is dominated by a and A bosons on-shell production, followed by their
decays into DM particles (Fig. 7.1):

pp → tt̄a → tt̄χχ̄,

pp → tt̄A → tt̄χχ̄.
(7.2)

This is confirmed by the study at parton level of the invariant mass of the two
DM particles produced, shown in Fig. 7.2, where the two peaks correspond to the
resonant production of the two pseudoscalar bosons a and A. One can thus work
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Figure 7.2: Invariant mass of the two DM particles coming from pp → tt̄χχ̄ in
2HDMa.

in the narrow width approximation and separately study the processes

pp → tt̄a, pp → tt̄A, (7.3)

and the subsequent decays

a → χχ̄, A → χχ̄. (7.4)

In the regions of parameter space where the narrow width approximation holds,
the total cross-section of pp → tt̄χχ̄ can thus be written as

σ(pp → tt̄χχ̄) = σ(pp → tt̄A) ·BR(A → χχ̄)+σ(pp → tt̄a) ·BR(a → χχ̄). (7.5)

Based on this ansatz, the interplay of cross-sections and branching fractions in
determining the total rate of DMtt̄ events for different choices of the model
parameters can be investigated.

However, Eq. 7.5 does not take into account one important effect: the in-
terference between a and A, which results in a LO matrix element of the form

M(pp → tt̄χχ̄) ∝ 1

m2
χχ̄ −m2

a − imaΓa
− 1

m2
χχ̄ −m2

A − imAΓA
, (7.6)

where mχχ̄ denotes the invariant mass of the DM pair and Γa and ΓA are the total
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decay widths of the two pseudoscalar mass eigenstates. The contributions from
virtual a and A exchange have opposite signs, meaning that the interference is
destructive. In Fig. 7.3, as an example, it is shown the cross-section of pp → tt̄χχ̄
as a function of ma for tan β = 1, sin θ = 0.5, yχ = 1, mA = 300 GeV, mh =
125 GeV and mH± = mH = 750 GeV. The blue line represents the cross-section
for pp → tt̄χχ̄ at 13 TeV directly generated withMadGraph5 aMC@NLO, the
green one is obtained generating the cross-sections of the processes in Eq. 7.2 with
MadGraph5 aMC@NLO and summing them, while the red one is obtained
producing the processes in Eq. 7.3 and employing Eq. 7.5, with the BR calculated
with the library developed for the purpose. The blue line differs in particular for
ma ≈ mA = 300 GeV, where the destructive interference described by Eq. 7.6 is
maximal, while the red one shows a different behaviour around 170 GeV, where
a new decay channel opens for A (A → ah), which becomes very broad and
breaks the narrow width approximation. When trying to separate the different
contribution to the final cross-section it is thus important to keep in mind that
Eq. 7.5 does not hold in regions where interference is important or where the
narrow width approximation is not valid.

7.2.2 Dependency on tan β and sin θ

The parameters that control the couplings of the top quark to a and A are sin θ
and tan β. As it can be seen from Sec. 2.2.3, in the Yukawa sector of type II
under study one has:

σ(pp → tt̄a) ∝ sin2 θ

tan2 β
, σ(pp → tt̄A) ∝ cos2 θ

tan2 β
, (7.7)

At this point, it is interesting to investigate if the scaling described by Eq. 7.7
can be exploited to rescale also the DMtt̄ cross-section on the basis of the fac-
torisation of production cross-sections and BR as written in Eq. 7.5, or if in some
region of parameter space the decay widths become big enough to destroy the
narrow width approximation and the validity of this approach.

In order to verify the factorisation, the processes in Eq. 7.3 were generated
with MadGraph5 aMC@NLO v2.3.3 with fixed values of sin θ and tan β and
then their cross-sections was rescaled using Eq. 7.7 for new values of the two
parameters. After that, the rescaled cross-sections was multiplied for the corre-
sponding branching fractions and the two contributions were summed (Eq. 7.5).
The input chosen for the simulation were: tan β = 1, sin θ = 0.5, mh = 125 GeV,
ma = 200 GeV, mA = mH = m±

H = 600 GeV. The rescaled cross-section was
then compared with the one directly obtained generating the process pp → tt̄χχ̄
for the different tan β and sin θ values. The results are presented in Table 7.1,
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Figure 7.3: Predictions for DMtt̄ cross-section as a function of ma calculated
directly with MadGraph5 aMC@NLO (blue line), obtained generating the
cross-sections of the processes in Eq. 7.2 with MadGraph5 aMC@NLO and
summing them (green line) and calculated producing the processes in Eq. 7.2 and
employing Eq. 7.5, with the BR calculated with the library developed for the
purpose (red line).

and show that the scaling is valid for every value of sin θ and tan β considered to
better than 10%.

The dependency on sin θ and tan β of the branching fraction of a and A
into χχ̄ was also investigated. The results in the plane ma − mA are shown in
Fig. 7.4, with mH = mH± = 600 GeV and mh = 125 GeV. Analysing first the
behaviour of a, from Fig. 7.4 (top) one sees that as long as the decay in tt̄ is
closed, BR(a → χχ̄) ∼ 1 except for very high sin θ and tan β values, where the
a → bb̄ decays starts to be competitive. If the tt̄ channel is open, it will dominate
for low values of tan β or higher values of sin θ. The same pattern is visible for
the decay of A, but with cos θ replacing sin θ.

The dependency on tan β described by Eq. 7.7 and the consideration of Fig. 7.4
suggest that for moderate light a the DMtt̄ searches are more sensitive to small
values of tan β, where the production cross-section is enhanced.
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Figure 7.4: Branching fraction into χχ̄ for a (top row) and A (bottom row) for
different values of ma and mA.
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tan β sin θ σgenerated (pb) σrescaled (pb)

1 0.5 0.021496 0.022334
5 0.5 0.000870 0.000924
10 0.5 0.000217 0.000224
15 0.5 0.000107 0.000094
1 0.35 0.010759 0.010987
1 0.7 0.041942 0.043662

Table 7.1: Cross-sections for pp → tt̄χχ̄ for different values of sin θ and tan β
generated directly with MadGraph5 aMC@NLO and rescaled as described in
the text.

7.3 ATLAS Searches for DM Produced in As-

sociation with a Top Pair in the DMSIMP

Model

As discussed in the introduction to this Chapter, the aim of the present study
is to reinterpret in the framework of the 2HDMa model the results of existing
ATLAS searches for DMtt̄. It is therefore necessary to give some details about
the model used in the ATLAS analyses and to provide a brief overview of their
strategy.

The ATLAS Collaboration has searched for the production of dark matter in
association with a top pair in the framework of simplified models, in which the
production of DM particles happens through the exchange of a massive mediator
φp, which couples both to SM and DM particles (see Sec. 2.1) [129, 130, 131].
The model has four parameters: the mass of the mediator mφp

, the DM mass mχ,
the DM-mediator coupling gχ, and the flavor-universal SM-mediator coupling gf .
In the ATLAS searches, only decays of the mediator into a pair of DM particles
are considered. A further assumption is that gf = gχ ≡ g = 1.0 and that that
mχ = 1 GeV. The model thus defined will be referred to as DMSIMP in the
following.

The production of DMtt̄ in the context of DMSIMP happens through the
same diagrams of Fig. 7.1, with the pseudoscalar mediator φp replacing a/A.
Searches can focus on three different final states, depending on the decays of
the two top quarks in the events. If both top quarks decay semileptonically, the
final state includes two b-tagged jets, two leptons (e, µ) and Emiss

T . If only one
top decays semileptonically, the final state only has one lepton, and if both top
quarks decay fully hadronically no lepton is present on the event, but only a high
multiplicity of jets and Emiss

T . ATLAS has searched for DMtt̄ production in all
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of these channels using 36.1 fb−1 proton-proton collision data collected by the
ATLAS experiment in 2015 and 2016, and the results are documented in [42, 41].

No excess of events was observed over the predicted SM background, resulting
for each of the analyses in a limit at 95% C.L. on the possible number of events
from BSM physics. This limit was interpreted in the framework of DMSIMP
for each of the analyses as upper limits on the excluded cross-section for DMtt̄
production as a function of mφp

. These limits are presented as upper limits on the
multiplicative factor with respect to the nominal cross-section for g = 1.0, denoted
as σ/σ(g = 1.0). If the multiplicative factor is smaller than 1, the corresponding
value of mediator mass is excluded.

Given the fact that the ATLAS Collaboration has three analyses with non-
overlapping final state, the optimal coverage for the 2HDMa model results from
a reinterpretation of the statistical combination of all three ATLAS analyses.
However, since the zero-lepton analysis is somewhat less sensitive than the others,
in the following only the one-lepton and two-lepton analyses will be presented.

7.3.1 One-Lepton Analysis

Event Selection

The experimental signature of the one-lepton DMtt̄ analysis is composed of one
lepton and at least four jets from the top quarks decays, in addition to Emiss

T from
DM production. Interesting events are then selected [42] requiring exactly one
lepton with pT > 25 GeV, at least four energetic jets (pT > (60, 50, 40, 40) GeV
respectively), of which at least one has to be b-tagged, and Emiss

T > 250 GeV. The
Emiss

T trigger is required to be fired.

The dominant background for one-lepton DMtt̄ final state are:

• Reducible backgrounds, like Z+jets and dibosons

• tt̄ and Wt production, with a final state identical to the signal, but with
Emiss

T kinematically bounded from W mass

• Irreducible backgrounds, like tt̄Z events with Z decaying invisibly, tt̄W
events with a lost lepton from the decay of the W, and W+jets production.

Four different signal regions are defined [42], making use of the variables pre-
sented in Secs. 6.3.1-6.3.2 to reduce the background contribution. They are called
tN med, DM high, DM low and DM low loose. The selection cuts of each signal
region are defined in Tab. 7.2.
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Variable [Unit] tN med DM high DM low DM low loose

N# 1 1 1 1
pT (*) [GeV] > 25 > 25 > 25 > 25

Njets ≥ 4 ≥ 4 ≥ 4 ≥ 4
Nb−jets ≥ 1 ≥ 1 ≥ 1 ≥ 1
pT (b1) [GeV] ≥ 25 ≥ 25 ≥ 25 ≥ 25
pT (j1, j2) [GeV] ≥ (60, 50) ≥ (125, 75) ≥ (120, 85) ≥ (60, 60)
pT (j3, j4) [GeV] ≥ (40, 40) ≥ (65, 25) ≥ (65, 60) ≥ (40, 25)

Emiss
T [GeV] > 250 > 380 > 320 > 300

Hmiss
T,sig > 14 incl. > 14 > 14

Emiss
T,⊥ [GeV] > 230 incl. incl. incl.

mT [GeV] > 160 > 225 > 170 > 120
mreclustered

top [GeV]> 150 > 130 > 130 incl.
amT2 [GeV] > 175 > 190 > 160 > 140
∆R(b, *) < 2 incl. incl. incl.
|∆φ(j1,2, 3pmiss

T )| > 0.4 > 0.4 > 0.4 -
|∆φ(ji, 3pmiss

T )| - > 1.0 > 1.0 > 1.4
∆φ(*, 3pmiss

T ) - > 1.2 > 1.2 > 0.8
mτ

T2 [GeV] > 80 > 80 > 80 > 80

Table 7.2: Signal regions definitions for the one-lepton DMtt̄ analysis [42].

Background Estimation

The main backgrounds for the one-lepton DMtt̄ analysis come from the produc-
tion of tt̄, single-top, W+jets and tt̄Z with the Z boson decaying into neutrinos.
For all these processes control regions are defined, with slightly different cuts
based on the corresponding signal region.

The dileptonic tt̄ CR (T2LCR) requires mT above the W -mass endpoint,
inverting the SR request on amT2 and vetoing hadronic top-quark decays. The
CR for semileptonic tt̄ (T1LCR) is defined asking for a hadronic top-quark decay
and mT within a window around the mass of the W -boson.

The CRs for W+jets (WCR) and single-top (STCR) production select event
with mT below the W -boson mass, large amT2 and a hadronic top-quark veto,
in order to suppress the semileptonic tt̄ contamination. STCR also requires two
b-tagged jets to reduce the W+jets contribution, with a minimum separation
∆R(b1, b2) > 1.2 to suppress the semileptonic tt̄ contribution. WCR selects in-
stead events with exactly one b-tagged jet or ∆R(b1, b2) < 1.2. Moreover, only
events with a positively charged lepton are kept in WCR to increase its purity.

Finally, the tt̄Z background is estimated in a three-lepton CR (TZCR), with
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Variable [Unit] tN med T1LCR T2LCR WCR STCR TZCR

N# 1 1 1 1 1 3 (2 SFOS)
pT (!1)[GeV ] > 25 > 25 > 25 > 25 > 25 > 25
Lepton charge - - - +1 - -

Njets ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 4
Nb−jets ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 2 ≥ 1
pT (b1) [GeV] ≥ 25 ≥ 25 ≥ 25 ≥ 25 ≥ 25 ≥ 25
pT (j1, j2) [GeV] ≥ (60, 50) ≥ (60, 50) ≥ (60, 50) ≥ (60, 50) ≥ (60, 50) ≥ (60, 50)
pT (j3, j4) [GeV] ≥ (40, 40) ≥ (40, 40) ≥ (40, 40) ≥ (40, 40) ≥ (40, 40) ≥ (40, 40)

Emiss
T [GeV] > 250 > 250 > 250 > 250 > 250 incl.

Hmiss
T,sig > 14 > 10 > 10 > 10 > 10 incl.
Emiss

T,⊥ [GeV] > 230 > 230 > 230 > 230 > 230 incl.
mT [GeV] > 160 [30, 90] > 120 [30, 90] [30, 120] incl.
mreclustered

top [GeV] > 150 > 150 top veto top veto top veto incl.
amT2 [GeV] > 175 < 200 < 200 > 200 > 200 incl.
∆R(b, !) < 2 incl. incl. incl. incl. incl.
∆R(b1, b2) incl. incl. incl. < 1.2 > 1.2 incl.
|∆φ(j1,2, #pmiss

T )| > 0.4 > 0.4 > 0.4 > 0.4 > 0.4 incl.
mτ

T2 [GeV] > 80 > 80 > 80 > 80 > 80 incl.

Table 7.3: Control region definitions corresponding to tN med SR for the one-
lepton DMtt̄ analysis [42]. The entry of “incl.” represents an inclusive selection
with no requirements.

at least one same-flavour-opposite-charge (SFOS) lepton pair compatible with a
Z-boson decay.

The selection cuts for all the CRs with their respective SRs are summarised
in Tabs. 7.3, 7.4, 7.5 and 7.6.

Results

Background-only fit results of the one-leptonDMtt̄ analysis are shown in Tab. 7.7.
A good agreement between data and MC expectations is observed in all signal
regions, thus exclusion limits were set.

Fig. 7.5 presents the upper limits at 95% C.L. on the ratio of the excluded
cross-section to the nominal cross-section for a coupling assumption of g = 1.
In order to obtain the excluded cross-section σexc from it, one has to multiply
the excluded ratio for σ(g = 1), publicly available. The plot shows that the
limit given by the one-lepton DMtt̄ analysis is stronger for small masses of the
mediator. The irregular behaviour of the observed limit is due to the use of
different signal regions for each point, selected based on the region with the best
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Variable [Unit] DM high T1LCR T2LCR WCR STCR TZCR

N# 1 1 1 1 1 3 (2 SFOS)
pT (!1) [GeV] > 25 > 25 > 25 > 25 > 25 > 25
Lepton charge incl. incl. incl. +1 incl. incl.

Njets ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 4
Nb−jets ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 2 ≥ 1
pT (b1) [GeV] ≥ 25 ≥ 25 ≥ 25 ≥ 25 ≥ 25 ≥ 25
pT (j1, j2) [GeV] ≥ (125, 75)≥ (125, 75)≥ (125, 75)≥ (125, 75)≥ (125, 75) ≥ (125, 75)
pT (j3, j4) [GeV] ≥ (65, 25) ≥ (65, 25) ≥ (65, 25) ≥ (65, 25) ≥ (65, 25) ≥ (65, 25)

Emiss
T [GeV] > 380 > 280 > 280 > 280 > 280 incl.

mT [GeV] > 225 [30, 90] > 120 [30, 90] [30, 120] incl.
mreclustered

top [GeV] > 130 > 130 top veto top veto top veto incl.
amT2 [GeV] > 190 < 200 < 200 > 190 > 200 incl.
∆φ(!, #pmiss

T ) > 1.2 incl > 1.2 incl. incl. incl.
∆R(b1, b2) incl. incl. incl. < 1.2 > 1.2 incl.
|∆φ(j1,2, #pmiss

T )| > 0.4 > 0.4 > 0.4 > 0.4 > 0.4 incl.
|∆φ(ji, #pmiss

T )| > 1.0 > 1.0 incl. > 1.0 incl. incl.
mτ

T2 [GeV] > 80 > 80 > 80 > 80 > 80 incl.

Table 7.4: Control region definitions corresponding to DM high SR for the one-
lepton DMtt̄ analysis [42]. The entry of “incl.” represents an inclusive selection
with no requirements.

expected limit. The observed limit is better than the expected one for DM low
and DM high signal regions, where a small deficiency of data with respect to
expectations is observed, while it is worse for tN med and DM low loose, where
a mild excess is present (Tab. 7.7) [42].
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Variable [Unit] DM low T1LCR T2LCR WCR STCR TZCR

N# 1 1 1 1 13 (2 SFOS)
pT (*1) [GeV] > 25 > 25 > 25 > 25 > 25 > 25
Lepton charge incl. incl. incl. +1 incl. incl.

Njets ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 4
Nb−jets ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 2 ≥ 1
pT (b1) [GeV] ≥ 25 ≥ 25 ≥ 25 ≥ 25 ≥ 25 ≥ 25
pT (j1, j2) [GeV] ≥ (120, 85)≥ (120, 85)≥ (120, 85)≥ (120, 85)≥ (120, 85)≥ (120, 85)
pT (j3, j4) [GeV] ≥ (65, 60) ≥ (65, 60) ≥ (65, 60) ≥ (65, 60) ≥ (65, 60) ≥ (65, 60)

Emiss
T [GeV] > 320 > 250 > 230 > 250 > 250 incl.

Hmiss
T,sig > 14 > 10 > 10 > 10 > 10 incl.

mT [GeV] > 170 [30, 90] > 120 [30, 90] [30, 120] incl.
mreclustered

top [GeV] > 130 > 130 top veto top veto top veto incl.
amT2 [GeV] > 160 < 200 < 160 > 160 > 200 incl.
∆φ(*, 3pmiss

T ) > 1.2 - > 1.2 incl. incl. incl.
∆R(b1, b2) incl. incl. incl. < 1.2 > 1.2 incl.
|∆φ(j1,2, 3pmiss

T )| > 0.4 > 0.4 > 0.4 > 0.4 > 0.4 -
|∆φ(ji, 3pmiss

T )| > 1.0 incl. incl. incl. incl. incl.
mτ

T2 [GeV] > 80 > 80 > 80 > 80 > 80 incl.

Table 7.5: Control region definitions corresponding to DM low SR for the one-
lepton DMtt̄ analysis [42]. The entry of “incl.” represents an inclusive selection
with no requirements.
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Variable [Unit] DM low loose TCR WCR STCR TZCR

N# 1 1 1 1 3 (2 SFOS)
pT (!1) [GeV] > 25 > 25 > 25 > 25 > 25
Lepton charge incl. incl. +1 incl. incl.

Njets ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 4
Nb−jets ≥ 1 ≥ 1 = 0 ≥ 2 ≥ 1
pT (b1) [GeV] ≥ 25 ≥ 25 ≥ 25 ≥ 25 ≥ 25
pT (j1, j2) [GeV] ≥ (60, 60) ≥ (60, 60) ≥ (60, 60) ≥ (60, 60) ≥ (60, 60)
pT (j3, j4) [GeV] ≥ (40, 25) ≥ (40, 25) ≥ (40, 25) ≥ (40, 25) ≥ (40, 25)

Emiss
T [GeV] > 300 > 230 > 230 > 230 incl.

Hmiss
T,sig > 14 > 8 > 8 > 8 incl.

mT [GeV] > 120 [30, 90] [30, 90] [30, 120] incl.
amT2 [GeV] > 140 [100, 200] > 100 > 200 incl.
∆φ(!, #pmiss

T ) > 0.8 > 0.8 > 0.8 incl. incl.
∆R(b1, b2) incl. incl. incl. > 1.8 incl.
|∆φ(ji, #pmiss

T )| > 1.4 > 1.4 > 1.4 > 1.4 incl.
mτ

T2 [GeV] > 80 > 80 > 80 > 80 incl.

Table 7.6: Control region definitions corresponding to DM low loose SR for the
one-lepton DMtt̄ analysis [42]. The entry of “incl.” represents an inclusive selec-
tion with no requirements.

tN med DM high DM low DM low loose

Observed events 50 5 13 65

Fitted bkg events 36.3± 6.6 7.4± 2.1 13.8± 3.6 48.3± 8.2

tt̄2! 12.1± 2.9 0.82± 0.27 2.21± 0.58 16.0± 1.3
tt̄1! 0.19± 0.05 - 0.07± 0.03 -
Single top 3.5± 1.2 0.33± 0.16 0.65± 0.57 3.4± 1.3
tt̄V 14.2± 5.5 4.0± 2.0 6.7± 3.2 14.3± 5.9
W+jets 4.2± 1.1 1.64± 0.53 3.2± 1.3 11.0± 2.8
Z+jets - - - -
Diboson 1.08± 0.7 0.66± 0.21 0.98± 0.33 3.6± 1.3

Table 7.7: Background-only fit results for the one-lepton DMtt̄ analysis SRs [42].
The quoted uncertainties on the fitted SM background include both the statistical
and systematic uncertainties.
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7.3.2 Two-Lepton Analysis

Event Selection

The final state searched for in the two-lepton DMtt̄ analysis includes two leptons
and two b-jets coming from the decay of two top quarks and Emiss

T . Selected
events [41] are then required to have at least one b-tagged jet with pT > 30 GeV
and exactly two opposite-sign leptons, indifferently same- or different-flavor, with
an invariant mass m## larger than 20 GeV. In addition, same-flavor lepton pairs
events withm## less than 20 GeV apart from the Z-boson mass are vetoed. Events
are required to pass a two-lepton trigger and the leading and subleading lepton
transverse momenta in the event need to be at least 25 and 20 GeV.

The main backgrounds for the two-lepton DMtt̄ signature come from:

• Reducible backgrounds, such as Z+jets and dibosons, with moderate hadronic
activity

• tt̄ and Wt production, with the same final state as the signal, but with
Emiss

T deriving only from W decays and therefore kinematically bounded

• Irreducible backgrounds, like ttZ and ttW events with Z decaying to neu-
trinos or with the loss of a lepton from the decay of the W .

In order to deal with these backgrounds, the kinematic variables introduced
in Secs. 6.3.1-6.3.3 are exploited, and the selection cuts summarised in Tab. 7.8
are used to define the final signal region (SRt3) [42].

Background Estimation

The production of dileptonic tt̄ and tt̄Z, with the Z boson decays into neutrinos,
are the most important backgrounds in the SR for the two-lepton analysis. The
dileptonic top background is estimated in a dedicated CR, selecting events that
fail the cEM requirement (CRTt3). For the tt̄Z background, a three-lepton CR
(CR3*) is used, with at least one same-flavour-opposite-charge (SFOS) lepton pair
compatible with a Z-boson decay. To better mimic the event topology of the SR,
a corrected Emiss

T vector is defined by adding vectorially the transverse momenta
of the SFOS pair to the original Emiss

T vector and it is used to recalculate the cEM

variable, for which mT2 is substituted by the variable mT (Sec. 6.3.2), calculated
with the lepton non-identified as coming from the Z boson. The selection cuts
for the two CRs are summarised in Tab. 7.8.

Results

The results of the background-only for the two-lepton DMtt̄ analysis are pre-
sented in Tab. 7.9. Data and MC expectations show a good agreement and
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Variable [Unit] SRt3 CRt3 CR3!

N# 2 OS 2 OS 3 (1 SFOS)
pT (!1, !2) [GeV] > (25, 20) > (25, 20) > (25, 20)
m## [GeV] > 20 incl. incl.

Njet

Nb−jet

≥ 1
≥ 1

≥ 1
≥ 1

≥ 3
≥ 2

or
≥ 4
= 1

pT (b1) [GeV] ≥ 30 ≥ 30 ≥ 30
pT (j1, j2) [GeV] ≥ 30 ≥ 30 ≥ 30

Emiss
T [GeV] incl. incl. > 80

|mSF
## −mZ | [GeV] > 20 > 20 < 10

∆φb < 0.8 incl. incl.
minmb# [GeV] < 170 < 170 < 170
cEM [GeV] > 170 < 150 > 120
mT2 [GeV] > 100 incl. incl.

Table 7.8: Signal and control region definitions for the two-lepton DMtt̄ analy-
sis [41]. The entry of“incl.” represents an inclusive selection with no requirements.
In the final states with three leptons, the corrected variables of Emiss

T , minmb#

and mT2 are used instead as described in the main text.

exclusion limits were thus set.
Fig. 7.5 show upper limits at 95% C.L. on the ratio of the excluded cross-

section to the nominal cross-section for a coupling assumption of g = 1 also for
the two-lepton analysis. From the plot, it is possible to observe that the sensitivity
for two-lepton DMtt̄ production is approximately constant for masses below 100
GeV, and decreases rapidly for increasing masses of the mediator. The observed
results in slightly worst than the expected one due to a mild excess of data in the
signal region (Tab. 7.9) [41].

These results and the one-lepton ones will be reinterpreted in the next section
in the framework of the 2HDMa model, in order to understand which areas of its
parameter space are already excluded.
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SRt3

Observed events 18

Fitted bkg events 15.2± 4.3

tt̄ 4.5± 2.5
Single top 0.33+0.53

−0.33
Diboson 0.61± 0.25
tt̄V 4.4± 1.9
tt̄h 0.06± 0.01
tWZ 0.84± 0.15
Fakes 2.7± 1.3
Others 2.69± 0.93

Table 7.9: Background-only fit results for the two-lepton DMtt̄ analysis SR [41].
The quoted uncertainties on the fitted SM background include both the statistical
and systematic uncertainties.
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Figure 7.5: Exclusion limits for DMSIMP as a function of the mediator mass for
a DM mass of 1 GeV for 36.1 fb−1 ATLAS analyses. The limits are calculated at
95% C.L. [42, 41].
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7.4 Recasting of ATLAS Results

The results of the analyses performed by the ATLAS Collaboration were obtained
in terms of the excluded number of events from BSM physics (Nexc), which in turn
can be expressed as an excluded production cross-section (σexc) for the process
considered. In formulas, for each value of mediator mass, the exclusion cross-
section is given by

σexc =
Nexc

L · ε · A , (7.8)

where L is the integrated luminosity, A is the acceptance at parton level for the
requirements defining the analysis, and ε is the efficiency of the ATLAS experi-
ment in detecting the final state topology.

In order to map this exclusion in the parameter space of the 2HDMa model,
one starts from the value of Nexc and has to reconstruct the value of σexc for the
specific model using Eq. 7.8. For this aim, since the ATLAS results are expressed
in term of σexc for DMSIMP, the values of ε and A for both models are needed.
The value of ε is assumed to be the same for any model once the final state
topology has been defined by the cuts, whereas A depends on the details of the
model itself. The excluded cross-section for the 2HDMa model is thus given by:

σexc(2HDMa) = σexc(DMSIMP) · A (DMSIMP)

A (2HDMa)
. (7.9)

In case the acceptance for the 2HDMa model is the same of the DMSIMP
model for a given set of analysis cuts, one can simply take the excluded cross-
section of DMSIMP without additional steps. It is then necessary to understand
whether the analysis acceptance for DMtt̄ in 2HDMa and DMSIMP are the same
or not. As stated before, there are two different processes contributing to DMtt̄
in the 2HDMa model (Eq. 7.2), which, individually taken, are identical to DMtt̄
production in DMSIMP if the pseudoscalars a or A (respectively) are identified
with the mediator φp.

In order to verify the effect of the presence of two different processes, the
assumption that a corresponds to the DMSIMP mediator φp was made and it was
investigated how the production of A influences the acceptance. To this effect,
two benchmark values for mφp

were taken into account, 150 GeV and 300 GeV,
and the compatibility of the two models at parton level was studied in detail.
The parameters of the 2HDMa model for the benchmark generation were chosen
such as the production cross-section for the process pp → tt̄a → tt̄χχ̄ and the
width of the mediator were the same as in DMSIMP. Since a is produced on-shell,
the production cross-section in narrow-width approximation is determined by the
mass of a and its coupling to the top quark, which scales as the ratio of sin θ and
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ma = 300 GeV

Model Γa (GeV) σ(pb) A A (mχχ < 400 GeV)

DMSIMP 11.93 0.0036 0.1061±0.0013 0.1059±0.0013
2HDMa 11.94 0.0037 0.1064±0.0013 0.1048±0.0013

ma = 150 GeV

Model Γa (GeV) σ(pb) A A (mχχ < 200 GeV)

DMSIMP 5.97 0.0111 0.0749±0.0012 0.0745±0.0011
2HDMa 5.97 0.0112 0.0744±0.0012 0.0733±0.0011

Table 7.10: Mediator width, production cross-section, acceptance for all events
and acceptance restricted to the a peak for the two models under consideration,
and for the two benchmark points described in the text.

tan β (Eq. 7.7). The width is proportional to cos θ and yχ. A convenient set of
parameters is thus tan β = 1/

√
2, sin θ = 1/

√
2 - corresponding to the full mixing

between a and A - and yχ =
√
2. The masses of the Higgs bosons of the model

were set to mh = 125 GeV and mA = mH± = mH = 750 GeV. The cross-sections
for the DMtt̄ process and the widths of the pseudoscalar a and of the mediator
φp are shown for the parameters given above in Tab. 7.10.

The first parton level comparison performed is shown in Fig. 7.6, which
presents the distribution of the invariant mass of the two DM particles. There
is a clear difference between the 2HDMa and the DMSIMP model: in 2HDMa
there is a contribution from the production of the A pseudoscalar and from the
interference between a and A production. The distributions are in logarithmic
scale, and the contribution from A production for the chosen sets of parameters
is at the level of a few percent, yielding a very small effect on final acceptances.
However, the effect may be significantly larger for different parameter choices,
calling for a specific strategy to handle this situation when mapping the excluded
areas in 2HDMa parameter space.

To further compare the kinematics of the two models, events were selected
near the a peak to minimise the A contribution. mχχ was required to be smaller
than 200(300) GeV for ma = 150(300) GeV respectively. The distributions for
the invariant mass of the two top quarks (mtt), the difference in azimuthal angle
(∆φ(tt)), the relative polar angle (cos θ(tt)) and the transverse momentum of
the χχ system are shown in Fig. 7.7 for mφp

= ma = 150 GeV. An excellent
agreement is observed between DMSIMP and 2HDMa.

A further truth comparison was performed at particle level, on the variables
used as main discriminants in the two-lepton analysis described in Sec. 7.3.2.
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Figure 7.6: Comparison of m(χχ), the invariant mass of the two DM particles
for the DMSIMP (blue) and the 2HDMa model (magenta). The plot on the left
(right) shows the comparison for ma = 150(300) GeV respectively.

The distributions of the variables mT2 and Emiss
T are shown in Fig. 7.8, always

for mφp
= ma = 150 GeV. In this case as well the agreement between DMSIMP

and 2HDMa is excellent, giving confidence that, once the contribution from A
production is separated, the acceptance of the two-lepton DMtt̄ analysis is the
same for the two models.

For the chosen benchmarks, the A contribution is so small that the 2HDMa
acceptances for the two-lepton analysis of Sec. 7.3.2 with and without the mχχ

requirements are the same within the statistical error, and perfectly match the
ones for the DMSIMP model, as shown in Table 7.10. However, it is worth
considering a situation where the ratio between A and a production is larger, to
verify if in this case the production of A modifies the acceptance for the analysis.
A possible parameters choice is ma = 150 GeV, mA = 600 GeV and sin θ = 0.35.
With respect to the benchmark studied above, the lower value of sin θ enhances
the production of A. The study was performed for values of tan β varying between
0.5 and 10. The observed acceptance is shown in Fig 7.9 as black circular markers,
which show a significant dependence on tan β; this dependence is given by the
contribution of A production. This is further stressed by the square markers
in Fig. 7.9, calculated only for events with mχχ < 200 GeV, which show an
excellent agreement within statistical errors with the DMSIMP acceptance for
mφp

= 150 GeV, shown as a continuous line, with the dashed lines giving the
interval of the statistical error.

It is thus necessary to develop an algorithm for mapping the DMSIMP accep-
tance into the 2HDMa one, taking into account the production of two separate
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Figure 7.7: Comparison of the distributions of the variables m(tt) (top left),
(∆φ(tt)) (top right), (cos θ(tt)) (bottom left) and pT (tt) (bottom right) as defined
in the text for the DMSIMP model (black points) and 2HDMa model (red points).
The distributions are provided for ma = 150 GeV, and the 2HDMa distributions
are for events passing the mχχ < 200 GeV requirement.
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Figure 7.8: Comparison of the distributions of the variables mT2 (left) and Emiss
T

(right) for the DMSIMP model (black points) and 2HDMa model (red points).
The distributions are provided for mφp

/ma = 150 GeV, and the 2HDMa distri-
butions are for events passing the mχχ̄ < 200 GeV requirement.

pseudoscalar bosons. Having verified that the two models yield identical kinemat-
ical distributions for the production of a single particle, two input ingredients for
the recasting are needed: the dependence of the acceptance on the mass and the
width of the mediator. In particular, it is important to verify that the dependence
of the acceptance on the width is small, as the acceptance for the DMSIMP anal-
yses was evaluated for a specific value of the coupling, and hence of the widths.
In case of a significant acceptance variation with the width, correction factors
would have to be applied in the recasting. The width dependence was studied
for a 300 GeV mediator and for values of the coupling between 0.1 and 4, yield-
ing widths between ∼100 MeV and ∼170 GeV. The acceptance, illustrated in
Fig. 7.10, shows no dependence on the mass as long as the width is smaller than
50% of the mediator mass. The mass dependence was studied for mass values of
the DMSIMP mediator between 50 GeV and 1 TeV, and is shown in Fig. 7.11.
The acceptance slowly grows with increasing mφp

, as large mφp
give final states

with harder Emiss
T , favoured by the experimental cuts.

Based on these results, a possible approach for evaluating the acceptance for
the 2HDMa model is to take, for each set of parameters, the average of the
acceptances for the DMSIMP model for mediator mass equal to ma and mA,
weighted by the respective cross-sections:

A2HDMa(mA,ma) =
σa · ADMSIMP(ma) + σA · ADMSIMP(mA)

σa + σA
, (7.10)

where σa is the cross-section for the process pp → tt̄a → tt̄χχ̄ and σA the one for
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Figure 7.9: Acceptance of the two-lepton analysis as a function of tan β for the
2HDMa model (round markers), for the 2HDMa model considering only events
with mχχ < 200 GeV (square markers), and for the DMSIMP model (full line) for
a mediator mass of 150 GeV. The two dashed lines indicate the statistical error
of the DMSIMP. The value of mA is fixed at 600 GeV, and sin θ = 0.35.

pp → tt̄A → tt̄χχ̄.

The acceptance estimated in this way for the parameter choice used above
(ma = 150 GeV, mA = 600 GeV and sin θ = 0.35) is shown as red triangles in
Fig. 7.12, and an excellent agreement can be seen with the acceptances evaluated
directly on 2HDMa samples.

An additional test of the viability of this approach was performed by address-
ing the situation in which the masses of a and A are very similar, implying the
possibility of a large interference between the production of the two bosons. The
analysis acceptance was evaluated both directly and with the procedure defined in
Eq. 7.10 for six samples with ma = 300 GeV, mA = 250 or 350 GeV, and different
assumptions on the mixing in the pseudoscalar sector, as presented in Tab. 7.11.
As it can be seen by comparing the sum of σa and σA with the cross-section for
the full process, labelled as σtot in the table, the considered benchmarks include a
significant level of interference between the two pseudoscalar bosons. The analysis
acceptance of the six models is shown in Fig. 7.13, showing that the rescaling of
the DMSIMP acceptances with the prescription (7.10) yields the same acceptance
as the 2HDMa model despite the interference.

Finally, the last check was to verify at TRUTH level the validity of the
approach described above also for the official ATLAS signal samples used for the
existing analyses. The acceptances of both one- and two-lepton signal regions
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Figure 7.10: Acceptance of the two-lepton analysis as a function of the width of
the mediator for a mediator mass mφp

= 150 GeV (left) and mφp
= 300 GeV

(right).

Param mA sin θ σa σA σtot
set (GeV) (pb) (pb) (pb)

1 250 0.7 0.038 0.057 0.078
2 350 0.7 0.040 0.021 0.048
3 250 0.3 0.007 0.100 0.091
4 350 0.3 0.007 0.013 0.016
5 250 0.95 0.061 0.011 0.061
6 350 0.95 0.070 0.0053 0.064

Table 7.11: Definition of the models used for the study addressing the interference
between a and A production, and values of the production cross-section.

evaluated on 2HDMa samples was thus compared with the one obtained rescaling
DMSIMP samples using Eq. 7.10. The results are shown in Figs. 7.14 and 7.15,
and a good agreement is observed in all regions, confirming the validity of the
rescaling technique. The values of A given in Figs. 7.14-7.15 for the two-lepton
analysis differ of a factor of about 25 from the acceptances shown in Fig. 7.11 due
to the fact that the samples previously used have both top quarks forced to decay
semileptonically into electrons or muons, while no specific decay is assumed for
the official samples.
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7.5 Results of Recasting in the Parameter Space

of 2HDMa

Based on the results of the previous section, it is possible to recast the experi-
mental limits on the production of DMtt̄ obtained by the ATLAS Collaboration
for the DMSIMP model into the parameter space of 2HDMa.

From Eq. 7.9, the main inputs for the calculation of the excluded cross-section
in the 2HDMa model are the excluded cross-section of the ATLAS searches for
DMtt̄ production in the DMSIMP model, and the ATLAS experimental accep-
tance as a function of mφp

. These values are made available by the ATLAS
Collaboration in tabular form for a range of mediator masses [41, 42], and are
presented in Table 7.12 and 7.13. When necessary, the data are interpolated to
get the acceptance and exclude cross-section also for values of mφp

not included
in the tables. For the one-lepton analysis, where more than one signal region is
available, the data relative to the SR providing the best expected exclusion are
used. During the recasting procedure, the same SR is used when evaluating the
contributions from both ma and mA, selecting the one with the best expected
exclusion for mφp

= ma. The acceptances for mφp
= 600 GeV are reported for all

SRs for this reason.

mφp
(GeV) 1L A 2L A

50 2.26 · 10−3 1.68 · 10−3

100 3.30 · 10−3 2.35 · 10−3

150 3.11 · 10−3 2.89 · 10−3

200 9.29 · 10−3 3.18 · 10−3

300 3.13 · 10−3 4.04 · 10−3

400 7.21 · 10−3 4.41 · 10−3

500 7.66 · 10−3 5.04 · 10−3

600

1.21 · 10−2 (tN med)

5.54 · 10−31.11 · 10−2 (DM high)
1.44 · 10−2 (DM low)

2.42 · 10−2 (DM low loose)

Table 7.12: Acceptance of the selections presented in Secs. 7.3.1-7.3.2 for DM-
SIMP as a function of mediator mass [42, 41].

On the basis of these numbers, for each (ma, mA, sin θ, tan β) combination
it is possible to calculate the value of σexc(2HDMa) by using Eqs. 7.9 and 7.10,
once the values σa and σA are available.

Four benchmark scenarios that are consistent with bounds from electroweak
precision, flavour and Higgs observables have been recommended to investigate
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mφp
(GeV) 1L σExp

exc (pb) 1L σObs
exc (pb) 2L σExp

exc (pb) 2L σObs
exc (pb)

50 0.3544 0.5651 0.3555 0.4380
100 0.2582 0.4082 0.2519 0.3125
150 0.1916 0.1809 0.2272 0.2820
200 0.1644 0.2455 0.1868 0.2301
300 0.1004 0.0732 0.1773 0.2107
400 0.0723 0.0521 0.1586 0.1895
500 0.0456 0.0456 0.1335 0.1591
600 0.0456 0.0456 0.1335 0.1591

Table 7.13: ATLAS analyses expected and observed excluded cross-sections for
DMtt̄ production in the DMSIMP model for different values of mφp

.

the sensitivity to 2HDMa by a dedicated LHC Dark Matter Working Group [44].
The benchmarks are defined as:

1. 2D scan in (ma, mA) assuming tan β = 1, sin θ = 0.35.

2. 2D scan in (ma, tan β) assuming mA = 600 GeV, sin θ = 0.35. In this case
the A boson is massive enough to be sub-dominant, but the production
cross-section for a is reduced.

3. Two 1D scans in sin θ assuming
1) mA = 600 GeV, ma = 200 GeV and tan β = 1.0,
2) mA = 1000 GeV, ma = 350 GeV and tan β = 1.0

4. One scan in mχ assuming mA = 600 GeV, ma = 250 GeV, tan β = 1.0,
sin θ = 0.35

The cross-sections σ(ma,mA, sin θ, tan β) for pp → tt̄χχ and its component
σa and σA were calculated on these grids and fed in Eqs. 7.9 and 7.10 to obtain
limits on these benchmarks.

For the benchmark 1, ATLAS DMtt̄ analyses have proven not to be sensitive.
The results of the recasting for benchmark 2 are shown in Fig. 7.16. For each
value of ma, the value of tan β such that

σ(ma,mA, sin θ, tan β) = σexc(2HDMa)

has been calculated through a quadratic interpolation on the generated grid, thus
obtaining the border of the region of parameter space excluded. The result of
the combination of one- and two-lepton analyses, obtained using for each mass
point the signal region providing the best expected sensitivity, is also presented.
For this benchmark, DMtt̄ production is dominated by the contribution from a
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production due to the high value of mA. The cross-section drastically decreases
for ma > 350 GeV, where the BR of a in DM particles is suppressed by a → tt̄
(see Sec. 7.2.2), and no exclusion is thus possible in that region. For smaller
values of ma, tan β values as high as ∼ 0.34 can be excluded.

The interpretation of the results for benchmark 3.1 are presented in Fig. 7.17.
In order to be able to show the sensitivity of the analyses, the choice of tan β
deviates from the default value proposed in the benchmark and has been set
to 0.5. The same choice has been used for benchmark 3.2, shown in Fig. 7.18.
The sensitivity of DMtt̄ in the latter decreases due to the high value of ma, as
explained above.

Finally, the results of the recasting for benchmark 4 are shown in Fig. 7.19,
setting also in this case tan β = 0.5. The interpretation of the results stops at
mχ = 120 GeV to avoid the kinematic region where ma < 2mχ, which is not
correctly handled by the generator and has very low sensitivity.

7.6 Conclusions

The searches for DMtt̄ production performed by the ATLAS Collaboration with
36.1 fb−1 of pp collisions in the framework of DMSIMP are able to set limits on a
part of the parameter space of the 2HDMa model. These results were presented
in [1], alongside the results of other analyses reinterpreted in the context of the
2HDMa model (see Sec. 2.3). The final summary plots containing the results
from all analyses are shown in Figs. 7.20, 7.21, 7.22 and 7.23 for the different
benchmarks. As it can be seen from these plots, the final exclusion is dominated
by other channels (in particular the resonant Emiss

T +Z and Emiss
T + h) due to the

parameter choices of the considered benchmark. The benchmark presented in [44]
were in fact optimised based on preliminary results coming from the Emiss

T + h
analysis, disadvantaging the DMtt̄ analyses, in particular for the choices of sin θ
and tan β.
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Figure 7.23: Exclusion limits at 95% C.L. of ATLAS analyses targeting the
2HDMa model for benchmark 4 (see text) [1].



Chapter 8
Search for Dark Matter
Produced in Association with a
Single Top Quark

As anticipated at the beginning of Chapter 7, this Chapter focuses on a new
signature for dark matter production in the context of the 2HDMa model, where
the dark matter is produced in association with a single top quark (called DMt
in the following). Such a signature is the only identified channel sensitive to the
production of charged Higgs bosons. This gives the DMt analysis a pivotal role
in tackling the 2HDMa model and constraining its parameter space.

Like single top production within the SM, the DMt signature in the 2HDMa
model receives three different types of contributions at leading order: t-channel
production, s-channel production and associated production together with a W
boson (tW ). While s-channel production has proven to be negligible, both t-
channel and tW productions were studied in detail in [2], using the full Run-2
statistics collected by the ATLAS experiment, corresponding to an integrated
luminosity of 139 fb−1. The author of this thesis is in particular the main analyser
for the tW analysis in the two-lepton final state (called tW2L), arising when both
the associated W -boson and top quark decay leptonically, which will be the main
focus on this Chapter. The author took care of all the main steps of the analysis,
from the validation and generation of the signal samples to the optimisation of the
signal region definition and the development of the strategy for the backgrounds
estimation, finishing with the implementation of the statistical analysis. In order
to maximise the sensitivity to DMt production, the author implemented also the
combination of the two-lepton analysis with the one-lepton one, briefly introduced
in this Chapter for this reason.

Given the similarity of the signatures, the contribution from DMtt̄ production
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in the signal regions of DMt analyses is not negligible. On the basis of the work
presented in Chapter 7, the author developed a strategy to include the DMtt̄
contribution in both the two- and one-lepton tW -DMt analyses to give a complete
picture of the sensitivity of the searches to the 2HDMa model. This is presented
at the end of the Chapter.

8.1 Signal Simulation

Signal samples of the process pp → tWχχ̄ in the 2HDMa framework were simu-
lated using theMadGraph5 aMC@NLO [72] v2.6.2 generator at leading order,
interfaced to Pythia8 [76] with the A14 tune [70] for the modelling of parton
showering, hadronisation and underlying event simulation. Parton distribution
functions were provided by the NNPDF3.0 PDF set [60].

The additional samples for the DMtt̄ process were generated with Mad-
Graph5 aMC
@NLO v2.6.7 interfaced to Pythia8, using the same PDF set and tune as used
for DMt. The samples were simulated at LO with up to one extra parton in
the framework of the DMSIMP model, and then reinterpreted in the context of
2HDMa using a similar strategy to the one presented in Chapter 7 that will be
explained in the following. DMtt̄ cross-sections in the 2HDMa model were cal-
culated at NLO accuracy using the same version of MadGraph5 aMC@NLO.
No overlap between DMt and DMtt̄ samples is present since the DMt ones are
generated at LO.

In the analyses presented in the following, if not stated otherwise, the param-
eters choice presented in Sec. 2.2.6 are adopted, and the value of sin θ is set to
1/
√
2.

8.2 Phenomenology of DMt Production in the

2HDMa Model

8.2.1 Process Composition

As explained in the introduction, the production of dark matter in association
with a single top quark receives three different contributions at leading order:
s-channel production, t-channel production and associated production together
with a W boson (tW ).

DMt production in the s-channel is characterised by a very small cross-section
when compared to the other channels. It is mostly proceed through the diagrams
shown in Fig. 8.1, where the pseudoscalar mediator a is radiated from the top
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Figure 8.1: Feynman diagram contributing to DMt s-channel production in the
2HDMa model.
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Figure 8.2: Feynman diagrams contributing to DMt t-channel production in the
2HDMa model.

quark in the typical SM single top s-channel diagram (so-called a-strahlung) or
is emitted from a W boson together with a charged Higgs.

The t-channel process pp → tjχχ̄ has mainly two different diagrams contribut-
ing to it, presented in Fig. 8.2. One is again the SM diagram with a-strahlung,
while the other is the t-channel fusion of a charged Higgs and a W boson into
the pseudoscalar mediator a. These two diagrams interfere destructively, with
interference decreasing at higher H± mass. This destructive interference ensures
the perturbative unitarity of the process in the 2HDMa model.

Also the tW production receives the contribution of two different diagrams
(Fig. 8.3): the a-strahlung diagram and the associated production of a H± and a
top quark. Like in the case of t-channel, the two diagrams interfere destructively
to ensure unitarity. When the decay H± → W±a is possible, the charged Higgs
is produced on-shell, and the cross-section of tW production is thus resonantly
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Figure 8.3: Feynman diagrams contributing to DMt tW associated production
in the 2HDMa model.

enhanced.
The production cross-section at LO for both the t-channel and tW processes,

calculated with MadGraph5 aMC@NLO v2.6.2, is shown in Fig. 8.4 as a
function of tan β. The cross-section for the charged Higgs on-shell production,
contributing to tW final state, is also drawn. Both plots fix sin θ = 1/

√
2 and

ma = 150 GeV, while mA = mH = mH± = 500 GeV in the first plot and 1 TeV
in the second. As one can see from the figure, the tW contribution to the DMt
cross-section is always dominating over the t-channel, especially for lower values
of mH± , where the on-shell contribution dominates the final cross-section. The
tW channel provides thus a better sensitivity over the most part of the parameter
space of the 2HDMa model. For this reason, it has been chosen as main focus of
this work.

8.2.2 Dependency on sin θ and tan β

The dependency of tW associated production on tan β shown in Fig. 8.4 is the
result of the interplay of different factors. As it can be seen in Sec. 2.2.3, the cross-
section for H± production (Fig. 8.3 right) goes as m2

t cot
2 β +m2

b tan
2 β + const.,

while the cross-section for a-strahlung (Fig. 8.3 left) is proportional to cot2 β.
The branching ratio for H± → W±a depends on tan β due to the competition
with the decay H± → tb, which goes as cot2 β, and the same thing happens also
for the BR of a → χχ̄, which decreases at high tan β since the competing decay
a → bb̄ grows as tan2 β.

The decay width of H± → W±a is proportional to sin2 θ, but the BR has
a more complicated dependency on sin θ due to the competition with H± →
tb, whose decay width is independent from sin θ. Also the cross-section for a-
strahlung depends on sin θ, going as sin2 θ as long as the decay a → tt̄ is kine-
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Figure 8.4: Cross-section for DMt production for the t-channel and for tW as-
sociated production at 13 TeV as a function of tan β for ma = 150 GeV and
mH± = 500 GeV (left) and 1000 GeV (right). The full line corresponds to the
tW channel, while the dotted line shows the result for t-channel production. The
dashed line indicates the contribution to tW production from the on-shell pro-
duction of a charged Higgs [127].

matically forbidden. For both processes, the total production cross-section of tW
production thus increases with sin θ. For this reason, for the analyses presented
in the following a sensible choice is sin θ = 1/

√
2, corresponding to the maximum

mixing between the pseudoscalar bosons of the 2HDMa model.

8.3 Two-Lepton Search for DM Produced in As-

sociation with a Single Top Quark in the

2HDMa Model

8.3.1 Object Selection

All objects were reconstructed as explained in Chapter 5. Two levels of object
identification requirements were defined for leptons and jets: “baseline” and “sig-
nal”. Baseline objects were selected with looser identification criteria, in order
to be used in computing the missing transverse momentum Emiss

T as well as in
overlap removal (Sec. 5.7). Signal leptons and jets are a subset of the baseline
objects, with tighter quality requirements, and were used to define the search
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regions.
Baseline electrons need to have pT > 10 GeV and |η| < 2.47, excluding the

transition region between the barrel and end-cap calorimeters (1.37 < |η| <
1.52). They are requested to pass the Loose likelihood identification operating
point [86]. The longitudinal impact parameter z0 relative to the primary vertex
is required to satisfy |z0 sin θ| < 0.5 mm. Signal electrons are in addition required
to have pT > 20 GeV and to pass the Tight likelihood identification criteria.
Moreover, the significance of the transverse impact parameter d0 must satisfy
|d0/σ(d0)| < 5. Signal electrons with pT < 200 GeV are further refined using the
FCLoose isolation working point [86], while those with larger pT are required to
pass the FCHighPtCaloOnly isolation working point [86]. Corrections for energy
contributions due to pile-up are applied.

Baseline muons are required to have pT > 10 GeV and |η| < 2.5, and to satisfy
the Medium identification criteria [89]. Like electrons, their longitudinal impact
parameter z0 relative to the primary vertex needs to satisfy |z0 sin θ| < 0.5 mm.
Signal muons are defined with tighter requirements on their transverse momentum
and transverse impact parameter significance: pT > 20 GeV and |d0/σ(d0)| < 3.
In addition, the FCLoose isolation working point is also required [89].

Jets are reconstructed using the anti-kT algorithm, with a radius parameter
R = 0.4 [90]. To reduce the effect of pile-up interactions, jets with |η| < 2.4
and pT < 120 GeV are required to satisfy the Medium working point of the
jet vertex tagger (JVT) [94]. Baseline jets are selected in the region |η < 4.5
and need to have pT > 20 GeV. Signal jets are required to be in the region
|η| < 2.5 and to have pT > 30 GeV. Jets containing b-hadrons are tagged using
the MV2c10 algorithm [98]. They are reconstructed in the region |η| < 2.5 and
have pT > 20 GeV. The b-tagging working point chosen is the one providing an
efficiency of 77% [99].

8.3.2 Event Selection

The final state searched for by the tW2L analysis includes two leptons, one b-jet
and Emiss

T , with one lepton and the b-jet from the decay of the top quark and
the other lepton from the decay of the W boson. The main backgrounds for this
signature can be divided into four groups:

• backgrounds not including a leptonic top quark decay such as as Z+jets
and dibosons

• tt̄ and single-top, with a final state similar to the signal but with Emiss
T only

produced from W decays and therefore kinematically bounded by the W
mass
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• tt̄Z, tt̄W events, with Emiss
T produced by the Z boson decaying to neutrinos

or by the loss of a lepton from the decay of the W . These events contain
an additional top-quark decay with respect to the signal

• tWZ events, with the Z boson decaying to neutrinos, with a final state
identical to the signal.

The different background contributions require dedicated strategies in order
to be reduced. To this end, the discriminant variables introduced in Sec. 6.3.3
were exploited to define an effective SR (SRtW2L

) with the best possible statistical
significance Z (Eq. 6.1) for the signal in the regions of 2HDMa parameter space
investigated in the analysis.

In order to reduce the non-top backgrounds contribution, the minimal require-
ment of at least one b-tagged jet with pT > 50 GeV is imposed together with the
condition minmb# < 170 GeV, which forces the compatibility of the event with
at least one leptonic top quark decay.

To decrease the background coming from tt̄ and tt̄V , in events with at least 2
jets mt

b# is required to be greater than 150 GeV, since for events with two leptonic
top-quark decays it has an upper limit at ∼ 150 GeV (see Sec. 6.3.3), while it
is unbounded for the signal which contains only a single top quark. This is the
first time mt

b# is introduced in a BSM search performed in ATLAS, allowing to
significantly reduce the background in the SR.

The two natural variables to exploit the additional Emiss
T coming from DM

particles in the signals and further reduce the tt̄ and single-top backgrounds are
Emiss

T and mT2. Optimal values (Emiss
T > 200 GeV and mT2 > 130 GeV) were

found by varying concurrently the two variables after all other cuts were applied,
and evaluating the expected signal significance Z for all signal samples.

Finally, a cut on ∆φmin is used to suppress events in which the Emiss
T comes

from the mismeasurement of a jet, which may help tt̄ events to escape the kine-
matical W mass bound in mT2.

The list of cuts defining the SRtW2L
is presented in Tab. 8.1. The impact of the

different selections can be seen in Fig. 8.5, where the kinematic distributions for
the main variables are shown for both signal and background when all other cuts
except the one on the plotted variable are applied, making clear the effectiveness
of the chosen cuts.

8.3.3 Background Estimation

The contributions from the tt̄, tt̄V (V = W,Z) and diboson background processes
are the main one in the SRtW2L

, and were thus estimated from MC simulation and
dedicated CRs. The remaining sources of background, including the irreducible
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Figure 8.5: Kinematic distributions of main discriminating variables for both
background and a signal after all the SRtW2L

cuts except the cut on the variable
itself are applied. The signal samples displayed are generated with sin θ = 1/

√
2.

Please note that mt
bl is defined only for events with at least two jets, events with

exactly one jet are put in the overflow bin.
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Variable [Unit] SR CR(tt̄) CR(tt̄Z) CR(WZ) VR(tt̄) VR(3!)

N signal
# = 2 = 2 = 3 = 3 = 2 = 3

(OS) (OS) (≥ 1 SFOS)(≥ 1 SFOS) (OS)(≥ 1 SFOS)
pT (!3) [GeV] - - > 20 > 20 - > 20
m## [GeV] /∈ [71, 111]/∈ [71, 111] ∈ [71, 111] ∈ [71, 111]/∈ [71, 111] ∈ [71, 111]

Njets ≥ 1 ≥ 1 ≥ 3 ∈ [1, 3] ≥ 1 ≥ 1
Nb−jets ≥ 1 ≥ 1 ≥ 1 = 1 ≥ 1 ≥ 1

(≥ 2 if Nb−jets = 3)

minmb# [GeV] < 170 < 170 < 170 > 170 < 170 varies
mt

b# [GeV] > 150 < 150 incl. incl. > 150 incl.
Emiss

T [GeV] > 200 > 200 > 200 > 200 > 200 > 200
mT2 [GeV] > 130 ∈ [40, 80] > 90 > 90 ∈ [40, 80] > 90
∆φmin [rad] > 1.1 > 1.1 incl. incl. > 1.1 incl.

Table 8.1: Summary of signal, control and validation region definitions used in
the tW2L analysis. The entry of “incl.” represents an inclusive selection with no
requirements. In the final states with three leptons, the corrected variables of
Emiss

T , minmb# and mT2 are used instead as described in the text. The selection
requirement on the corrected minmb# 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 in addition.

tWZ process, single top quark production and tt̄h production were estimated
from simulation.

tt̄ Background Estimate

The production of tt̄ is the second most important background for the tW2L

analysis. It has a final state similar to the signal one, except for the fact that
there is an extra b-jet and no additional missing energy coming from DM particles.
The two main requests of the SR designed to take advantage of the latter are the
cuts on mT2 and mt

b#, both exploiting the bounded kinematic of tt̄.
A possible strategy to define a CR for tt̄, considered at the beginning of the

work, was to reverse the cut on mt
b# (mt

b# < 150 GeV) while loosening the mT2

cut. However, the contamination coming from DMtt̄ signal proved to be non-
negligible in such a region, and a different strategy had to be adopted.

The CRtW2L
(tt̄) is thus defined inverting both the SR requirements on mT2

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

b# < 150 GeV. In this way the
number of tt̄ events greatly increases, making the DMtt̄ contamination totally
negligible. In order to have a CR as close as possible to the SR, all other selection
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CRtW2L
(tt̄) CRtW2L

(tt̄Z) CRtW2L
(WZ)

Observed events 1407 80 48

Fitted bkg events 1406.93± 37.51 79.86± 8.93 48.09± 6.94

tt̄ 1299.88± 39.36 0.00± 0.00 0.00± 0.00
Single top 93.84± 11.59 3.33± 0.52 0.78± 0.08
W -jets 0.00± 0.00 0.00± 0.00 0.00± 0.00
Z-jets 0.00± 0.00 0.00± 0.00 0.00± 0.00
Diboson 2.89± 1.01 6.60± 2.39 28.61± 9.64
tt̄V 7.64± 1.57 56.03± 11.03 7.81± 2.15
tt̄h 2.43± 0.21 1.54± 0.13 0.19± 0.02
tWZ 0.26± 0.05 5.82± 0.77 3.25± 0.35
Fakes 0.00± 0.00 6.55± 4.69 7.44± 5.29

Table 8.2: Background-only fit results for tW2L CRs. The quoted uncertainties
on the fitted SM background include both the statistical and systematic uncer-
tainties.

cuts are applied unchanged. The complete list of selection applied is described in
Tab. 8.1. The composition of CRtW2L

(tt̄) after the background-only fit is given
in Tab. 8.2, together with the data yield observed. The modelling of Emiss

T and
mt

b# for background events in CRtW2L
(tt̄) after the fit is also shown in Fig. 8.6.

A validation region closer to the SR is defined to further check the agreement
between the fitted background and data (VRtW2L

(tt̄)). All the requirements of
CRtW2L

(tt̄) are applied, except for the one on mt
b#, which is inverted like in the

SR (mt
b# > 150 GeV). These requests are summarised in Tab. 8.1, while Tab. 8.3

shows the background and data yields in VRtW2L
(tt̄) after the background-only

fit. The distributions of Emiss
T and mt

b# in VRtW2L
(tt̄) are presented in Fig. 8.7,

which shows a good agreement between the fit results and data.
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(tt̄) for data and Monte Carlo

samples. The errors includes statistical, experimental and modelling uncertain-
ties. Please note that mt

bl is defined only for events with at least two jets, events
with exactly one jet are put in the overflow bin.
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VRtW2L
(tt̄) VRtW2L

(3!)

Observed events 1546 134

Fitted bkg events 1669.05± 157.41 121.21± 16.06

tt̄ 1436.35± 166.71 0.03± 0.00
Single top 213.82± 13.72 12.99± 0.72
W -jets 0.00± 0.00 0.00± 0.00
Z-jets 0.00± 0.00 0.00± 0.00
Diboson 7.58± 2.66 27.96± 9.74
tt̄V 5.75± 1.29 46.08± 9.72
tt̄h 1.50± 0.09 1.21± 0.11
tWZ 0.55± 0.05 11.06± 0.75
Fakes 3.50± 2.44 21.88± 11.63

Table 8.3: Background-only fit results for tW2L VRs. The quoted uncertainties
on the fitted SM background include both the statistical and systematic uncer-
tainties.

tt̄Z Background Estimate

The production of tt̄ associated with a Z-boson, where the Z decays into neutrinos
and the top quarks decay leptonically, is the dominant irreducible background
for the tW2L analysis. Its final state consists of two leptons, two b-jets and
Emiss

T , which is the same final state of the signal with an additional b-jet. The
additional Emiss

T coming from the invisible Z decay allow this background to evade
the kinematic constraints on the W mass to which tt̄ production is subjected,
making it the most important process in the SRtW2L

.
The natural control region for the dileptonic tt̄Z with invisible Z decay would

be the four-lepton final state, with also the Z-boson decaying into leptons. Indeed,
in this case the two leptons from the Z decay could be identified through their
invariant mass and added to the Emiss

T to mimic the neutrinos, making possible
to reproduce all the variables used in the definition of SRtW2L

. In this way, a
control region closely matching the selection cuts of the signal region could be
built. However, the observed number of events with four leptons for the available
statistics was of the order of only 50 events before any cut, preventing the use of
such a region due to its limited statistical power.

For this reason, following the same strategy of Sec. 7.3.2, the three-lepton
channel was used instead, with two leptons coming from a leptonic Z decays and
treated as invisible, and only one of the two tops required to decay leptonically.
The drawback of this choice is that with the three-lepton channel it is not pos-
sible to fully reconstruct the discriminant transverse variables employed in the
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SRtW2L
definition which require two leptons, but only an approximation of them,

as discussed in [41].
The CRtW2L

(tt̄Z) is thus defined by selecting three signal leptons out of which
one SFOS (opposite-sign same-flavour) pair has to be compatible with a Z-boson
decay. The transverse momentum of the leading lepton is required to be above
25 GeV, and above 20 GeV for the other leptons. In order to identify the leptons
compatibility with a Z decay, the invariant mass among all SFOS lepton pairs
is calculated, and the event is accepted as containing a Z if at least one of the
possible combinations has an invariant mass within 20 GeV from the Z-mass peak.
In case more than one lepton pair satisfies this condition, the pair yielding the
mass nearest to the nominal Z mass is taken. tt̄Z events including one leptonic
top decay contain two b-jets and two light jets from the hadronic decay of the W
in the final state. Since the jet selection requirement for the SRtW2L

is of at least
one b-tagged jet, the natural extension of that selection would be the requirement
of at least four jets of which at least one is b-tagged. This request is loosened by
asking for at least one b-jet and at least 3 jets. Among the configurations defined
by this requirement, the one with exactly three jets of which exactly one b-tagged
is rejected, as it is dominated by diboson processes, in particular WZ production.

The momenta of the leptons compatible with the Z decay are treated as
invisible and added vectorially to the 3Emiss

T , giving rise to the so-called Emiss
T,corrected.

In order to imitate the signal region selection cuts, since it is not possible to build
mT2 with the only lepton not treated as invisible, the one-lepton variable mT

(defined in Sec. 6.3.2) calculated using Emiss
T,corrected is employed and indicated as

mcorrected
T2 . Moreover, the variable minmcorrected

b# is defined as the invariant mass
of the leading b-jet with the lepton not compatible with the Z, without actually
taking any minimum. A selection on these variables allows the choice of a control
region with a good superposition in kinematic space with the signal region.

The CRtW2L
(tt̄Z) is thus defined requiring Emiss

T,corrected > 200 GeV andmcorrected
T2 >

90 GeV, where the cut on mcorrected
T2 is loosened with respect to the SR to increase

the statistics. No selection are imposed on ∆φmin and a variation of mt
b# for the

same reason. Finally, minmcorrected
b# is asked to be smaller than 170 GeV. These

selections are summarised in Tab. 8.1, where it is easily observable the similarity
of the definitions of CRtW2L

(tt̄Z) and SRtW2L
once the “corrected” variables are

employed. The composition of CRtW2L
(tt̄Z) after the background-only fit is given

in Tab. 8.2, alongside the number of observed events in data. The modelling of
Emiss

T,corrected and mcorrected
T2 in the region after the fit is shown in Fig. 8.8.

WZ Background Estimate

The main contamination in the CRtW2L
(tt̄Z) comes from diboson processes, in

particularWZ production. In order to improve the robustness of the tt̄Z estimate,
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Figure 8.8: Main kinematic distribution in CRtW2L
(tt̄Z) for data and Monte Carlo

samples. The errors includes statistical, experimental and modelling uncertain-
ties.

it was thus decided to use a dedicated CR for this background rather than a MC
prediction.

In the CRtW2L
(tt̄Z) there are two cuts imposed to reduce the contribution

from WZ processes: the request on the number of jets and b-jets and the one on
minmcorrected

b# . The most natural way to define a CRtW2L
(WZ) is then to simply

invert these cuts, asking for exactly one b-jet, less than 4 jets and minmcorrected
b# >

170 GeV. The complete list of requirements for the CRtW2L
(WZ) is presented in

Tab. 8.1, while Tab. 8.2 reports the yields of background events in the region after
the background-only fit and data. The distributions of Emiss

T,corrected and mcorrected
T2

in the region after the fit are shown in Fig. 8.9.

tt̄Z/WZ Three-Lepton Validation Region

In order to check the agreement between the predicted tt̄Z and WZ backgrounds
after the background-only fit and the observed rates, a common three-lepton
validation region is selected with the cuts described in Tab. 8.1. The main differ-
ence with the two CRs lies in reverting the minmcorrected

b# cut while applying the
same jet conditions of the CRs. The number of events in VRtW2L

(3L) after the
background-only fit is given in Tab. 8.3 together with the data yield, while the
distributions of Emiss

T,corrected and mcorrected
T2 in the region after the fit are shown in

Fig. 8.10. A good agreement between data and simulations is observed.
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Figure 8.9: Main kinematic distribution in CRtW2L
(WZ) for data and Monte Carlo

samples. The errors includes statistical, experimental and modelling uncertain-
ties.
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Figure 8.10: Main kinematic distribution in VRtW2L
(3L) for data and Monte Carlo

samples. The errors includes statistical, experimental and modelling uncertain-
ties.

Wt Background Estimate

Monte Carlo simulations are used to estimate the background originating from
single top processes in the SRtW2L

. The only single top contribution in the SRtW2L

comes from Wt associated production, and from initial estimates this background
was expected to be only a few percent of the total expected background in the
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Figure 8.11: W mass lineshapes for nominal Powheg samples. Left: associated
W , Right: W coming from top decay.

signal region.

Additional detailed studies performed at parton level on the recommended
Wt Powheg [73, 74, 75, 113] samples revealed that in Powheg the W mass
line-shapes are not correctly simulated: the associated W -boson is simulated in
zero-width approximation, while the Breit-Wigner of the W coming from the top
is cut between 40 and 120 GeV (Fig. 8.11). This is a good approximation in
the majority of the phase space, but it can have a rather large effect on variables
sensitive to the W mass, such as the tail of the mT2 distribution. Indeed, the mT2

variable has an endpoint at the W mass by construction, by effectively picking
the largest value of the two possible reconstructedW candidates: if theW mass is
cut off at generator level, this cut will also have an effect on the tail of the the mT2

distribution (i.e. through an upper limit), with additional smearing and resolution
effects also playing a role. Since SRtW2L

is defined with mT2 > 130 GeV, the
Wt contribution evaluated through the recommended Powheg samples is then
underestimated.

To overcome this issue, the authors of Powheg were contacted and they
provided a patch to the Wt simulation code, introducing the correct line-shape
for both W masses (Fig. 8.12). Using this new code, new Wt samples were
produced at TRUTH level. Fig. 8.13 shows the comparison of various kinematic
variables at TRUTH level between the new “’patched’ samples and the nominal
ones. All distributions show good agreement, except formT2, where a discrepancy
at high masses is observed as expected.

Given the impossibility to generate FullSim patched samples in a short
timescale, the most natural way to correct the Wt yield in SRtW2L

would have
been to calculate a multiplication factor between the patched and the nominal
samples at TRUTH level in the SRtW2L

and apply it to the reconstructed nomi-
nal yield. However, this was not possible, since there are no nominal events left
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Figure 8.12: W mass lineshapes for patched Powheg samples. Left: associated
W , Right: W coming from top decay.

in the SRtW2L
at TRUTH level due to the upper limit on mT2 introduced by

the wrong line-shapes. For this reason, the ratio between patched and nominal
samples has been studied in the mT2 −Emiss

T plane. As shown in Fig. 8.14, there
is a clear trend (within statistical uncertainties) going towards high values of mT2

and Emiss
T , where the ratio increases. The Wt yield in the SRtW2L

is then cor-
rected using the ratio of events between the two TRUTH samples for mT2 > 110
GeV and Emiss

T > 200 GeV, near the SR, normalising it to the ratio of events for
mT2 < 90 GeV and Emiss

T < 90 GeV.

8.3.4 Fake and Non-Prompt Leptons

The contribution from events with one or more non-prompt or misidentified lep-
tons is expected to be non-negligible for the tW2L analysis, in particular for the
three-lepton control and validation regions. The fake lepton contribution arise
when one or more hadronic jets are misidentified as leptons, indicated as the fake
leptons, whereas the non-prompt leptons may come from semi-leptonic decays
of heavy-flavour jets or leptons produced by photon conversions. Both fake and
non-prompt lepton contributions together are referred to as the fakes background
in the following.

The rate at which hadronic jets are misidentified as leptons is not accurately
described in Monte Carlo simulations, since it depends on the showering devel-
opment, where non-perturbative QCD is involved. Moreover, the probability to
obtain a fake lepton is quite low, thus a large number of events would need to
be generated and reconstructed to obtain enough statistics in the phase space
targeted by the analyses. An accurate simulation would therefore require a large
computational power.

For these reasons, the fake background was determined from data using the
data-driven Matrix Method [132, 133]. In this method, the determination of fakes
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Figure 8.13: TRUTH level comparison of Powheg Wt nominal and patched
samples.

relies on comparing in data the number of events with leptons passing two sets of
selection requirements, the so-called “loose” (L) and “tight” (T) selection criteria,
where the tight selection is a subset of the loose one. For the tW2L analysis, the
tight selection matches the analysis selection for signal leptons, while the loose
correspond to the ones used for the definition of baseline lepton candidates (see
Sec. 8.3.1).

In case of a selection with two loose leptons, which is presented for clarity
and can be extended to any number of leptons, all events can be divided in
four categories based on the number of leptons which pass also the tight selection
(loose-loose, loose-tight, tight-loose and tight-tight, where the first category refers
to the leading lepton). In parallel, the same events can be categorised regarding
the true nature of the leptons: real-real events containing two prompt leptons,
real-fake and fake-real events with one real and one fake lepton and, finally, fake-
fake events in which both leptons are wrongly identified. In the case of two-lepton
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events, the number of events in each category can be connected by the equation:
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(8.2)
where ri is the probability for a real lepton which pass the loose selection to pass
also the tight one, and fi is the same probability for a fake lepton. If the num-
ber of events passing the loose and tight requirements as well as the efficiencies
ri and fi are known, the number of events with one real and one fake lepton
(NLL

real,fake+NLL
fake,real) or two fake leptons (NLL

fake,fake) passing the loose selection cri-
teria can be obtained by solving the above system of equations. The sum of these
numbers, weighted for the corresponding probabilities for loose leptons to pass
the tight selection ri and fi, gives the fake estimate in each region.

The fake rates fi and the real efficiencies ri are calculated in dedicated control
regions, selected in order to obtain samples enriched with fake or real leptons,
respectively. Their value is expressed as a function of the pT and η of the lep-
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ton, separately for electrons and muons. The measurement of ri is carried out
using the tag-and-probe method on tt̄Z, Z → ** Monte Carlo events, while the
measurement of fi is obtained from a sample with at least one b-jet and a pair of
same-sign same-flavour leptons [132, 133].

8.3.5 Systematic Uncertainties

In addition to statistical uncertainties in the Monte Carlo simulations and on
data, several sources of experimental and theoretical systematic uncertainties were
evaluated on all background and signal samples, as explained in Sec. 6.4. Tab. 8.4
shows the contribution of the main sources of systematics uncertainties on the
background estimate in SRtW2L

as a relative uncertainty in the total background
yield, evaluated after the background-only fit.

SRtW2L

Total background systematic 20.7%

tt̄ modelling uncertainties 3.9%
tt̄V modelling uncertainties 2.2%
Diboson modelling uncertainties 0.4%
tWZ modelling uncertainties 1.8%
Single top modelling uncertainties 4.5%

tt̄ normalisation uncertainties 0.6%
tt̄V normalisation uncertainties 10.0%
Diboson normalisation uncertainties 3.0%

MC statistical uncertainties 7.2%

JES uncertainty 9.4%
JER uncertainty 11.8%

Table 8.4: Main sources of systematic uncertainties on the SM background esti-
mates, evaluated after the background-only fit. The values are given as relative
uncertainties on the expected background event yields in the SRtW2L

.

The dominant experimental systematics in the SRtW2L
are from the jet energy

scale and resolution. The uncertainties associated with b-tagging efficiency, trig-
ger requirements, lepton reconstruction and energy measurements have instead a
small or negligible impact on the final results.

Uncertainties in the modelling of the SM background processes in simulation
and their theoretical cross-section uncertainties were also taken into account. For
the tt̄V background, uncertainties due to parton shower and hadronisation mod-
elling are evaluated by comparing the predictions fromMadGraph5 aMC@NLO [72]
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interfaced to Pythia8 [76] and Herwig7 [78, 79], while the uncertainties related
to the choice of renormalisation and factorisation scales (µR and µF ) are obtained
by varying them up and down by a factor of two in the nominal generator. A
similar approach is used to evaluate the uncertainties in the tWZ process, where
an additional 20% uncertainty is added to account for uncertainties in the effects
of interference between the ttZ and tWZ.

In the case of tt̄ background, the impact of the PS and hadronisation is evalu-
ated by comparing the nominal generator with a Powheg-Box sample interfaced
to Herwig++ [78, 79], using the H7UE set of tuned parameters [79]. The un-
certainty due to the choice of generator and matching scheme is assessed through
an alternative generator setup, using MadGraph5 aMC@NLO interfaced to
Pythia8. The renormalisation and factorisation scales uncertainties are evalu-
ated in the same way as for tt̄V .

For single-top Wt production, given the possibility of large uncertainties in-
herent in the TRUTH-level reweighting procedure adopted (see Sec. 8.3.3), a
100% uncertainty is assigned.

For the DM signal processes, both the experimental and theoretical uncer-
tainties in the expected signal yields are considered, including the aforementioned
luminosity uncertainty. The dominant experimental uncertainty comes from the
jet energy scale and resolution also in this case. In the modelling of the signals,
uncertainties due to the variations of the renormalisation and factorisation scales
are dominant.

8.3.6 Background-Only Fit Results

The results of the background-only fit for tW2L in the CRs, VRs and SR are
shown respectively in Tab. 8.2, 8.3 and 8.5, alongside with the number of events
observed in data in each region. A good agreement between MC and data is
observed in all CRs and VRs, while a mild excess of data is observed in SRtW2L

,
accounting for a discrepancy around 2σ considering statistical and systematic
uncertainties. The actual significance of this excess will be calculated with the
model independent fit, presented in the next section.

The main kinematic distribution for both data and MC samples in all control
and validation regions were presented in Figs. 8.6, 8.8, 8.9, 8.7 and 8.10. Good
agreement was found in all distributions, confirming the validity of the approach
chosen for the analysis. Fig. 8.15 shows instead comparisons between the observed
data and the post-fit SM predictions for some relevant kinematic distributions
after applying all SRtW2L

selection requirements except the one on the quantity
shown, together with the expected distribution for a couple of representativeDMt
signal points for illustrative purposes. Reasonable agreement is found between
data and MC predictions in all distributions.
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Figure 8.15: Kinematic distributions of main discriminating variables after all the
SRtW2L

cuts except the cut on the variable itself are applied. The signal samples
displayed are generated with sin θ = 1/

√
2. Please note that mt

bl is defined only
for events with at least two jets, events with exactly one jet are put in the overflow
bin.
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SRtW2L

Observed events 12

Fitted bkg events 5.85± 1.21

tt̄ 1.17± 0.90
Single top 0.26+0.27

−0.26
W -jets 0.00± 0.00
Z-jets 0.00± 0.00
Diboson 0.52± 0.24
tt̄V 2.90± 0.71
tt̄h 0.06± 0.01
tWZ 0.84± 0.15
Fakes 0.10± 0.07

Table 8.5: Background-only fit results for SRtW2L
. The quoted uncertainties on

the fitted SM background include both the statistical and systematic uncertain-
ties.

8.3.7 Model Independent Limits

The results obtained in the SRtW2L
, where only a small data excess has been

observed, can be interpreted as exclusion limits for new physics scenarios. Tab. 8.6
shows upper limits (at the 95% C.L.) on the number of BSM events, calculated
given both the observed and expected number of events. In addition, also upper
limits on the visible BSM cross-section 〈εA σ〉95obs are presented, where ε is the
analysis selection efficiency and A the acceptance, while σ is the production
cross-section for the generic BSM process giving the signature analysed. CLB

values, i.e. the confidence level observed for the background-only hypothesis, are
also shown. Finally, 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 of the excess is
provided in parentheses.
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Signal channel 〈εA σ〉95obs[fb] S95
obs S95

exp CLB p(s = 0) (Z)

SRtW2L
0.10 13.8 7.3+2.9

−1.1 0.97 0.02 (2.07)

Table 8.6: 95% C.L. upper limits on the visible cross-section (〈εσ〉95obs) and on
the number of signal events (S95

obs ) for SRtW2L
. The third column (S95

exp) shows
the 95% C.L. 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 CLB value, i.e. the confidence level observed for the
background-only hypothesis, and the discovery p-value (p(s = 0)). The associated
significance is provided in parentheses.

8.4 One-Lepton Search for DM Produced in As-

sociation with a Single Top Quark in the

2HDMa Model

The production of dark matter in association with a single top quark has also been
investigated in the one-lepton final state [2]. In order to maximise the sensitivity
to DMt production, a statistical combination of the one- and two-lepton analyses
was performed. A brief overview of the one-lepton analysis (tW1L in the following)
is thus presented in the next section.

8.4.1 Event Selection

The experimental signature of the tW1L analysis includes one lepton, at least three
jets from the top quark and W decays and Emiss

T from DM production. Final state
events are then selected requiring exactly one lepton with pT > 30 GeV, at least
three energetic jets, of which exactly one has to be b-tagged, and Emiss

T > 250 GeV.
The Emiss

T trigger is required to be fired.
The main background for the one-lepton DMt final state are:

• Reducible backgrounds, like Z+jets and dibosons

• tt̄ production, with an additional b-jet and Emiss
T coming only fromW decays

• Wt production, with a final state identical to the signal, but with Emiss
T

kinematically bounded from W mass

• Irreducible backgrounds, like tt̄Z events with Z decaying invisibly, tt̄W
events with a lost lepton from the decay of the W, and W+jets production.
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Variable [Unit] SR CR(tt̄) CR(W)

N# 1 1 1
pT (!) [GeV] > 30 > 30 > 30

Njet ≥ 3 ≥ 3 ≥ 3
pT (j1, j2, j3) [GeV] > (50, 50, 30) > (50, 50, 30) > (50, 50, 30)
Nb−jet = 1 ≥ 2 = 1
pT (b2) [GeV] < 50 > 50 < 50

mreclustered
W [GeV] > 60 incl. < 60

mT [GeV] > 200 > 200 ∈ [40, 100]
amT2 [GeV] > 220 < 220 > 220

Table 8.7: Summary of signal and control region definitions used in the tW1L

analysis channel. The W+jets control regions are further split into regions with
opposite lepton charges as described in the text.

In order to reduce these backgrounds, the kinematic variables introduced in
Secs. 6.3.1 -6.3.2 are used, and the selection cuts summarised in Tab. 8.7 are ex-
ploited to define the final signal region SRtW1L

. To further increase the sensitivity
of the analysis, a shape-fit on the Emiss

T variable is performed.

8.4.2 Background Estimation

The dominant background contributions for the tW1L analysis come from tt̄
and W+jets processes, for which dedicated control regions are defined. The
CRtW1L

(tt̄) is obtained requiring at least two b-jets, inverting the SR selection
on amT2 and removing the requirement on mreclustered

W . The CRtW1L
(W) selects

events with 40 < mT < 100 GeV and mreclustered
W < 60 GeV. In order to exploit

the lepton charge asymmetry of the W+jets production with respect to other
backgrounds, the CR is split into two regions with opposite lepton charged. The
selection cuts for the CRs are summarized in Tab. 8.7.

8.4.3 Background-Only Fit Results

Background-only fit results in the Emiss
T -binned SRs of the one-lepton analysis are

shown in Tab. 8.8. A good agreement between MC and data is observed, with a
∼ 1σ excesses in bins 0 and 1 and a ∼ 1σ underfluctuation of data in bin 4.



138 • Search for Dark Matter Produced in Association with a Single Top
Quark

SR250
tW1L

SR300
tW1L

SR400
tW1L

SR500
tW1L

SR600
tW1L

Observed events 469 287 96 36 12

Fitted bkg events 431± 27 262± 20 91± 10 36± 5 15.5± 2.8

tt̄ 213± 25 111± 18 28± 7 7.5± 2.9 2.3± 1.5
Single top 43± 15 27± 12 9± 7 3.9± 3.8 1.7+2.0

−1.7
W+jets 91± 8 63± 5 26± 3 12.0± 1.7 5.9± 1.1
Z+jets 3.8± 1.0 1.7± 0.7 0.6± 0.1 0.30± 0.05 0.15± 0.02
Diboson 26± 5 19.0± 3.9 9± 2 4.8± 1.0 2.6± 0.6
tt̄V 47± 3 34.7± 2.4 15.3± 1.2 6.6± 0.5 2.5± 0.3
Others 7.5± 0.5 5.3± 0.4 2.3± 0.1 0.9± 0.1 0.40± 0.05

Table 8.8: Background-only fit results for tW1L signal region bins. Events with
Emiss

T above the lowest bin-threshold are retained in each bin. This is indicated
by value X in SRX

tW1L
. The quoted uncertainties on the fitted SM background

include both the statistical and systematic uncertainties.

8.4.4 Model Independent Limits

Also for the one-lepton analysis, the results obtained in the SRs can be interpreted
as exclusion limits for BSM physics. To retain discovery potential, the Emiss

T bins
need to be redefined inclusively, i.e. all events above the lowest bin-threshold in
Emiss

T are taken. The upper limits at 95% C.L. on the number of BSM events and
on the BSM visible cross-section for all the SRs are shown in Tab. 8.9.

8.5 Statistical Combination of One- and Two-

Lepton Analyses

As explained before, in order to maximise the sensitivity to DMt signatures in
the context of the 2HDMa model, a statistical combination of the results from
the tW1L and tW2L analyses was performed. The combination was carried out
in a more sophisticated way than the DMtt̄ one presented in Sec. 7.5, where for
each point the analysis providing the best expected exclusion was simply chosen.
The DMt combination was indeed performed through a simultaneous fit, which
used all tW2L and tW1L regions at the same time, constraining the background
normalised in CRs in the same regions as the respective individual analyses. This
means that the likelihood of Eq. 6.3 used in the model dependent combined fit
(Sec. 6.1.3) contains the product of the Poisson observation of all tW2L and tW1L

signal and control regions. The result of using at the same time both tW2L and
tW1L signal regions is an increased statistical power, which allows to exclude also
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Signal channel 〈εσ〉95obs[fb] S95
obs S95

exp CLB p(s = 0) (Z)

SR250
tW1L

0.72 100.6 66.7+32.7
−16.4 0.85 0.12 (1.16)

SR300
tW1L

0.51 70.8 54.1+16.0
−15.9 0.85 0.15 (1.02)

SR400
tW1L

0.24 32.9 29.4+10.1
−6.4 0.64 0.30 (0.52)

SR500
tW1L

0.14 18.9 18.7+7.6
−4.9 0.52 0.45 (0.13)

SR600
tW1L

0.08 10.6 12.0+2.7
−3.6 0.24 0.50 (0.00)

Table 8.9: 95% C.L. upper limits on the visible cross section (〈εσ〉95obs) and on the
number of signal events (S95

obs ) for all tW1L SRs. The third column (S95
exp) shows

the 95% C.L. 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 CLB value, i.e. the confidence level observed for the
background-only hypothesis, and the discovery p-value (p(s = 0)). The associated
significance is provided in parentheses.

regions of the parameter space not excluded by the individual analysis.
Experimental uncertainties in the background and signal samples are eval-

uated in the same way described in Sec. 8.3.5 for both analyses and correlated
across channels. Modelling uncertainties from the same source for a given process
are correlated, like for example the tt̄modelling uncertainties are correlated across
tW1L and tW2L analyses. Signal systematic uncertainties are also correlated.

The model dependent limit for the combined analysis were obtained using the
sum of tW1L and tW2L signal yield estimates for each generated sample, paying
attention to remove possible overlaps between the samples.

The limits in the parameter space of the 2HDMa model obtained by the
statistical combination of tW1L and tW2L analyses will be shown in Sec. 8.7,
alongside the results coming from the independent analyses.

8.6 Contribution from DM Production in Asso-

ciation with a Top Pair

The signature of dark matter production in association with a single top quark
in the Wt channel in the 2HDMa model closely resembles the signature of DM
produced together with a top pair, having only one less b-jet in the final state. It
is thus interesting to investigate the contribution of DMtt̄ production in the SRs
of the DMt analyses, in order to asses the complete sensitivity to the 2HDMa
model.

Relying on the reweighting studies developed in Chapter 7, DMtt̄ samples
generated in the context of the DMSIMP model were employed for this study.
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ma mH± = mA tan β DMt DMtt̄

100 400 1 109.8 52.3
100 600 1 207.7 48.7
100 800 1 132.5 48.5
100 1200 1 53.7 46.5

200 400 1 43.3 36.3
200 600 1 136.6 31.4
200 800 1 119.6 30.2
200 1200 1 53.3 30.5

250 1250 0.5 109.2 99.6
250 1250 1 41.6 24.8
250 1250 2 11.5 6.3
250 1250 3 6.2 2.8

250 600 0.5 142.8 103.2
250 600 1 108.7 26.7
250 600 2 51.1 6.8
250 600 3 27.4 3.1

300 400 1 3.8 27.5
400 500 1 1.8 11.5

Table 8.10: DMt andDMtt̄ production yields in the inclusive SR250
tW1L

for different
choice of the parameters of the model. It is assumed mH± = mA = mH and
sin θ = 1/

√
2.

In order to take into account the contribution coming from both the processes
pp → tt̄a → tt̄χχ̄ and pp → tt̄A → tt̄χχ̄ in 2HDMa (see Sec. 7.2.1), for each
parameters choice both the samples having a mediator mass mφp

equal to ma and
mA are used. Their cross-section is rescaled to the NLO one of DMtt̄ production
in 2HDMa, and a weight accounting for their relative importance is added, given
respectively by

wa =
σa

σa + σA
, (8.3)

wA =
σA

σa + σA
, (8.4)

where σa is the cross-section for the process pp → tt̄a → tt̄χχ̄ and σA the one for
pp → tt̄A → tt̄χχ̄. This is the same strategy used in Chapter 7, since in both
cases the two contributions are weighted based on their relative contribution to
the total cross-section.
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ma mH± = mA tan β DMt DMtt̄

100 400 1 22.5 4.3
100 600 1 29.3 4.0
100 800 1 19.6 3.9
100 1200 1 7.0 3.9

200 400 1 7.6 2.9
200 600 1 18.7 2.5
200 800 1 16.5 2.4
200 1200 1 6.8 2.4

250 1250 0.5 14.9 7.9
250 1250 1 5.6 2.0
250 1250 2 1.6 0.5
250 1250 3 0.7 0.2

250 600 0.5 22.2 8.1
250 600 1 14.8 2.1
250 600 2 7.5 0.5
250 600 3 4.3 0.2

300 400 1 0.7 1.8
350 400 1 0.2 1.4
400 500 1 0.3 0.7

Table 8.11: DMt andDMtt̄ production yields in the SRtW2L
for different choice of

the parameters of the model. It is assumed mH± = mA = mH and sin θ = 1/
√
2.

Since theDMt analyses were optimised on single-top signatures, both analyses
have a cut reducing the contribution ofDMtt̄ in the signal regions. For tW1L, this
cut is the veto on a second b-jet, while for tW2L it is the cut on mt

b# > 150 GeV,
which removes the majority of DMtt̄ signal, as shown in [134] in the case of
simplified models.

The contribution of both DMt and DMtt̄ production in the signal regions of
tW1L and tW2L analyses was investigated for different choice of the parameters
of the model, assuming mH± = mA = mH and sin θ = 1/

√
2. The results

are presented in Tabs. 8.10-8.11 for the inclusive SR250
tW1L

and for the SRtW2L
,

respectively. From the tables it can be seen that the DMt production generally
dominates over DMtt̄, especially at low H± masses due to the resonant H±

production (Fig. 8.3). However, when the decay H± → W±a is kinematically
forbidden (i.e.mH±−ma ! mW ), the cross-section of DMt production drastically
decrease, and the DMtt̄ contribution dominates. The DMtt̄ yields depend only
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slightly on the value of mA, since for the chosen value of sin θ they receive the
main contribution from the on-shell production of the a boson. Thus the DMtt̄
relative contribution is more important at high mH± , where DMt production is
dominated by a-strahlung and is not resonantly enhanced.

Tabs. 8.10-8.11 also show that the DMtt̄ contribution decreases with tan β
since, as explained in Sec. 7.2.2, its cross-section is proportional to 1/ tan β2.
For this reason, DMtt̄ production is almost negligible for tan β > 1, while at
small values of tan β it is enhanced. DMt production has instead a more com-
plex dependence on tan β, but it decrease for increasing tan β until tan β ∼ 6
(Sec. 8.2.2).

8.7 Model Dependent Limits

Since no significant excess of data has been observed in any signal region, the
results of the analyses can be interpreted as exclusion limits on the parameter
space of the 2HDMa model. Two benchmark has been selected to investigate the
sensitivity of DMt analyses. They are defined as follows:

1. 2D scan in (ma, mH±) assuming tan β = 1, sin θ = 1/
√
2.

2. 2D scan in (mH± , tan β) assuming ma = 250 GeV, sin θ = 1/
√
2.

Fig. 8.16 presents the observed and expected exclusion contours for the two
benchmarks for the tW1L and tW2L analyses, presented both individually and
statistically combined. In Fig. 8.16 only the DMt signal is taken into account to
better illustrate the sensitivity of the analyses to single-top signatures. Fig. 8.17
shows instead the observed and expected exclusion contours including also the
contribution from the DMtt̄ process, as explained in the previous section. For
the combined analyses, the 1σ and 2σ uncertainty bands around the observed
limit contours are reported, together with the variations obtained by changing
the theoretical cross-section predictions for signal to be 15% above or below the
nominal value (where 15% is chosen since it is the largest uncertainty in the signal
yields across the plane). In both cases, the observed combined exclusion is worst
than the one-lepton one at high values of mH± due to the data excess present in
the two-lepton signal region, which lowers the constraining power of the combined
analyses.

The combination of DMt analysis, taking into account only DMt signal, is
able to exclude masses of a below 280 GeV in the range 400 GeV–1.1 TeV, and
up to 310 GeV for mH± around 800 GeV. These limits are increased thanks to the
contribution of DMtt̄, which allows to exclude a masses below 190 GeV for mH±

as high as 1.3 TeV, and up to 330 GeV for mH± around 800 GeV. As expected,
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the DMtt̄ effect in bigger for high values of mH± , where its relative contribution
is more important. The analyses are not sensitive to higher masses of a because
for ma > 350 GeV the channel a → tt̄ opens and the BR in DM drastically lowers.

In the benchmark with ma = 250 GeV, the combination of DMt analysis
excludes values of mH± between 550 GeV and 1.1 TeV for tan β around 1 con-
sidering only DMt signal, while with DMtt̄ all mH± values between 450 GeV
and 1.5 TeV are excluded for tan β around and below unity, where the DMtt̄
cross-section is bigger. For H± around 800 GeV, the DMt-only results show val-
ues of tan β as high as 1.3 excluded, while values below tan β = 1.5 are excluded
considering also DMtt̄.
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Figure 8.16: The expected and observed exclusion contours for benchmark 1 (top)
and benchmark 2 (bottom) assuming only DMt contribution, for the individual
tW1L (purple-line) and tW2L (pink-line) analyses and for their statistical combi-
nation (green-line).
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statistical combination (green-line).





Conclusions

Many cosmological observations give convincing evidence for the existence of dark
matter (DM), estimated to constitute around 26% of the Universe by measure-
ments of the cosmic microwave background. While the existence of DM thus
seems well established, very little is known about its nature. Numerous models
of DM have been proposed, and a possible strategy to test them is to use particle
accelerators.

This thesis focused in particular on the detection of DM produced in the
ATLAS experiment at the LHC, studying signatures with top quarks in the final
state in the framework of the 2HDMa model. The latter is a recently presented
model that introduces in the SM a pseudoscalar particle which mediates the
interaction with DM and a second Higgs doublet, giving rise to a rich new physics
phenomenology. The searches presented in this work are part of a bigger effort by
the ATLAS Collaboration, aiming at exploring the 2HDMa model in its entiriety.

In the first part of this work, the production of DM in association with a pair of
top quarks in the 2HDMa model was addressed and the regions of parameter space
already excluded by existing analyses of the ATLAS Collaboration were identified.
In order to map these results to the 2HDMa model, a dedicated recasting strategy
was developed and successfully applied. The results of the analysis were included
in the 2019 ATLAS DM summary paper [1].

The second part of the study focused instead on a new signature arising from
the 2HDMa model, consisting in the production of DM together with a single top
quark. This was the first analysis of such a signature in ATLAS, and new analysis
strategies had to be developed for the different final states. The present thesis
work concentrated on the two-lepton final state, which was described in detail.
Good agreement was found between the observed data and the expected Standard
Model yields, thus 95% C.L. limits on the parameters space of the 2HDMa model
were set. Due to the similarity of this signature with the production of DM
in association with a pair of top quarks, the contribution of the latter in the
analyses optimised for single-top final states was also evaluated, allowing to set
more stringent limits on the 2HDMa model. These results were published in a
dedicated paper by the ATLAS Collaboration [2], and will soon be included in a
new ATLAS DM summary paper focusing on 2HDMa searches.
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Searching for DM at accelerator experiments is a thriving research field –
both in terms of experimental strategies and theoretical developments. A large
number of different searches are being performed by the experimental collabora-
tions and a number of different models are available for predicting DM signals
and interpreting results. A particularly exciting aspect is the complementarity
between accelerator searches and alternative approaches to the search for DM,
which promise to cover the full parameter space of many well-motivated models
of DM. The discovery of DM is not guaranteed, since many DM models predict
production cross-sections that are much too small to be observable. Nevertheless,
a large spectrum of well-motivated theories can be tested at particle accelerators,
providing precious information about the nature of DM.
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