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Abstract

Dark matter (DM]) remains one of the unrevealed mysteries of the universe. Even
though it constitutes ~ 85% of the matter, considerably little is known about [DM]
despite its significant influence on the dynamics of galaxies and the expansion of the
universe. The search for [DM] at colliders marks an important pillar in exploring all
possible realisations of DMl A search for DM particles with the experiment
at the [LHC is presented in this thesis. The full run-1I dataset of /s = 13TeV
proton-proton collisions with an integrated luminosity of 139fb™! collected from
2015 to 2018 is used. A model with an extended Higgs-sector is probed in the search.
In this BHDMTa modell, a second Higgs doublet, a pseudo-scalar [DMl mediator
and a fermionic particle are added to the Standard Model of particle physics
(SMD). particles produced in association with a top-quark and a W-boson are
searched for. The top-quark decays into a W-boson and a b-quark. This gives a
total of two W-bosons in signal events. Both of these can decay into quarks or
leptons. Depending on the decays of the W-bosons, the final state of this search
is characterised by zero, one or two charged leptons. Three analysis channels are
defined according to the charged lepton multiplicity and referred to as OL, 1L and 2L
channel. The search presented in this thesis focusses on the 1L channel. In addition,
all final states are statistically combined to provide the most stringent exclusion
limits in terms of 2HDM+a model| based models. The 1L channel exploits that
one of the W-bosons can, if decaying hadronically and having a relatively high-pr,
be reconstructed in a large-radius jet and be identified using a procedure called
W-tagging. This significantly increases the signal-to-background ratio. Selected
events must have high missing transverse momentum due to the elusive nature
of particles and at least one b-tagged small-radius jet. Consistency between
the prediction and the data is observed and exclusion limits at 95 % on the
normalisation of signals are derived. The analysis of the full run-II dataset and
the statistical combination of all final states constrain large areas of the parameter
space. Masses m, up to 400 GeV as well as masses m =+ below 300 GeV and beyond
2000 GeV and values of tan 8 up to 2.2 are excluded. Interesting opportunities to
further explore challenging corners of the parameter space arise, e.g. extending the
sensitivity at high values of tan 5.
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Kurzfassung

Dunkle Materie (DM) ist eines der ungelosten Geheimnisse des Universums. Ob-
wohl sie etwa 85% der Materie ausmacht und einen signifikanten Einflusses auf
die Dynamik von Galaxien und auf die Expansion des Universums hat, ist ver-
gleichsweise wenig tiber die DM bekannt. Die Suche nach DM mit Kolliderexper-
imenten stellt einen wichtigen Bestandteil dar, um alle méglichen Realisierungen
der DM zu iiberpriifen. Diese Arbeit handelt von einer Suche nach DM-Teilchen
mit dem ATLAS-Experiment am LHC. Es wird der komplette Run-II Datensatz
von /s = 13 TeV Proton-Proton-Kollisionen mit einer integrierten Luminsitit von
139fb™!, aufgezeichnet zwischen 2015 und 2018, dafiir verwendet. In der Suche
wird eine Theorie iberpriift, in der das Standardmodell der Teilchenphysik um ein
weiteres Higgs-Doublet, einen pseudoskalaren DM-Mediator und ein fermionisches
DM-Teilchen erweitert wird (2HDM+a Modell). Es wird nach DM-Teilchen, die
gemeinsam mit einem Top-Quark und einem W-Boson produziert werden, gesucht.
Das Top-Quark zerfillt in ein W-Boson und ein b-Quark. Das ergibt insgesamt zwei
W-Bosonen in Signalereignissen. Diese zerfallen jeweils entweder in zwei Quarks
oder zwei Leptonen. Abhéngig von den Zerféllen der W-Bosonen sind im Endzus-
tand kein, ein oder zwei geladene Leptonen zu finden. Die drei Analysekanéle 0L, 1L
und 2L werden dementsprechend definiert. Die Suche, die in dieser Arbeit vorges-
tellt wird, konzentriert sich auf den 1L-Kanal. Zudem werden die entwickelten Sig-
nalregionen dieses Kanals in der Arbeit mit Signalregionen des OL- und 2L-Kanals
statistisch kombiniert. Dies erlaubt es die derzeit stringentesten Ausschlussgrenzen
auf 2HDM+a Modell basierte DM Modelle zu setzen. Der 1L-Kanal nutzt aus,
dass das W-Boson, sofern es hadronisch zerféllt und einen relativ grofen Transvers-
alimpuls hat, in einem large-radius Jet rekonstruiert werden kann. Dieser large-
radius Jet kann mittels einer Methode, die W-Tagging heiflt, identifiziert werden.
Dies erhoht das Verhéltnis von Signal zu Untergrund erheblich. In dem 1L Kanal
werden nur Kollisionsereignisse mit einem groflen fehlenden Transversalimpuls auf-
grund der DM-Teilchen sowie mit mindestens einem identifizierten b-Jet ausgewéhlt.
Die Daten stimmen gut mit der Standardmodellvorhersage tiberein und 95 % Kon-
fidenzintervall Ausschlussgrenzen werden auf die Normalisierung von Signalen
gesetzt. Die Analyse der kompletten Run-II Daten und die statistische Kombina-
tion aller Endzustinde erlaubt es den moglichen Parameterraum des Modells stark
einzuschrianken. Massen des H*-Bosons unter 300 GeV und iiber 2000 GeV sowie
Massen des a-Bosons bis zu 400 GeV und Werte von tan  bis 2.2 konnen aus-
geschlossen werden. Weiterhin ist es moglich besonders herausfordernde Bereiche
des Parameterraumes genauer zu untersuchen. So wird zum Beispiel die Sensitivitéat
bei hohen tan S erheblich erweitert.
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Chapter 1

Introduction

Dark matter (DM]) - there are probably only few who can resist asking themselves
“What is that supposed to be?” Scientific research about [DM] centers much around
this question, though the understanding of [DM] which constitutes roughly 27 % of
the energy in the universe [1], has progressed significantly in the past decades [2].
Zwicky, who famously used the term in his 1933 publication [3], concluded from
the observation that the velocity dispersion in galaxy clusters is much higher than
expected from the luminosity, that additional, non-luminous matter must exist,
which prevents the galaxies from escaping the cluster [4]. He speculated that this
additional matter were faint stars and other non-luminous astrophysical objects [5].
Today it has become clear that [DMlis probably not constituted of such objects [6], 7].
Rather, measurements of the cosmic microwave background (CMB) in the context
of the well-tested standard model of cosmology (ACDM)]) suggest that is made
of non-baryonic matter |1]. A typical assumption is that this non-baryonic matter
is made of weakly interacting massive particles (WIMPE), i.e. of particles that are
massive and have masses and interactions strengths comparable to those of weak
force mediators.

The Standard Model of particle physics (SM]) [8H11] is a theory describing the
smallest known parts of matter: the fundamental particles and their interactions.
The dynamics of these particles can be described very successfully with the
Yet, there is good reason to believe that the [SMlis incomplete. At present, the [SM]
does not provide a candidate to explain the non-baryonic for example. Instead,
an extension of the [SM] appears to be necessary to describe [DMl

Multiple models predicting hypothetical particles and extending the [SM]
have been developed [12]. Due to the many unknowns concerning the nature of [DM]
particles, these models often aim at making as few assumptions as possible about
So-called simplified models assume that particles are (WIMPk that couple
to particles via an additional mediator particle [13]. Theoretical inconsisten-
cies of these simplified models at high energies have motivated the introduction of
more elaborate models [13]. One of these models is the two Higgs doublet plus
pseudo-scalar mediator model (2HDM+a model) [14]. In the 2HDM+a model] the
[SM] Higgs-boson sector is extended by a second Higgs doublet, which leads to the
introduction of four additional spin-0 particles, the scalar H, the pseudoscalar A
and the two charged bosons H*. A pseudoscalar mediator particle a, which mixes
with the A-boson is further added. The a- and the A-boson interact with a fer-
mionic [DM] particle candidate in the model and allow for the production of [DM]
particles from [SM] particles. The 2ZHDM=a modell offers a rich phenomenology that
can be probed at particle colliders.

The ZHDM+a model gives rise to three signatures that feature [DM] particles in
the final state and the resonant production of one of the additional Higgs bosons:
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the mono-Higgs, the mono-Z and the tW+DM signatures |14} [15]. These three
signatures have the largest cross-sections in the 2ZHDM+a modell with respect to
the associated production of and particles. Using them allows probing the
model over a wide range of its parameter space. While the mono-Higgs and mono-Z
signatures have already been extensively studied in multiple publications [16-20],
the tW+DM signature was uncovered until recently [21], 22]. A search for [DM] in
the tW4DM signature with the experiment is presented in this thesis. The
work of this thesis has been published in References [21, 22| and special focus is on
the search published in Reference [22]. It is based on the full 139 fb~* run-II dataset
of proton-proton collisions at a centre-of-mass energy of 13 TeV recorded between
2015 and 2018 with the detector [23] at the [LHC [24]. The [LHC is located
close to European Council for Nuclear Research (CERN]) in the vicinity of Geneva.

The tW+DM signature is characterised by the associated production of a top-
quark, a W-boson and [DM] particles. The W-boson and the [DM] particles stem
for example from the decay of an H*-boson. As the [DM] particles are assumed
to be weakly interacting, they escape the detector without depositing energy and
without producing a directly detectable signal. Since the proton beams collide
head-on, the momenta in the plane transverse to the direction of the beams of all
produced particles must sum to zero. Due to the elusive nature of [DM] particles, the
sum of the momenta in the transverse plane of all reconstructed particles will not
equal zero in events with [DMl particles. Instead large missing transverse momentum
(p4™iss magnitude EX%) is expected in signal events. Since the top-quark most
likely decays into a W-boson and a b-quark [25], two W-bosons emerge in the
tW+DM signature. FEither of these W-bosons can decay into a pair of quarks,
or into a charged lepton and a neutrino. Zero, one or two charged leptons are
therefore expected in the final state. Three channels, referred to as 0L, 1L and
2L channel, are defined according to the number of reconstructed charged leptons
in the final state. All three channels are used to search for [DM] particles in this
thesis. Special focus is on the 1L channel. In this channel at least one W-boson
decays into quarks. Depending on the masses of the H*-boson and the mediator a,
the W-boson emerging from the decay of the resonantly produced H*-boson can
have a relatively high momentum for example. If that is the case and the W-boson
decays into quarks, dedicated techniques using so-called large-radius jets and W-
tagging can be used to reconstruct and identify such W-bosons. The usage of these
techniques significantly enhances the presence of signal over the background.

Signal enhanced phase space regions are presented for the 1L channel in this
thesis. They are constructed to be statistically independent from the OL chan-
nel region which is also introduced. The two channels are statistically combined
to increase the sensitivity towards beyond the Standard Model (BSM]) physics.
The 2L channel signal enhanced region introduced in Reference [21], is statistically
independent from the 1L and OL channel regions. Therefore, all three channels
are statistically combined, reaching the strongest sensitivity to date towards the
2HDM+a modell in the tW+DM signature.

This thesis is structured as follows. The [SM] is introduced in Chapter [2] The
evidence for [DM] possible candidates and the principles of [DM] searches are
discussed in Chapter [3] The PHDM=a model] its parameters and the different
signatures to search for [DM] particles in the context of the RHDM- a modell are
introduced in Chapter Special attention is given to the tW+DM signature.
Chapter[fis devoted to the description of the [LHCland the detector, which
are used to collect the data analysed in this thesis. The data is complemented by
simulated proton-proton collision events, which are used to define the signal enriched
regions, estimate the background and to derive systematic uncertainties. The event
simulation is the topic of Chapter [ Chapter [7] discusses how particles or more
generally “objects” are reconstructed from the electric signals produced by particles




traversing the detector. The search for [DM] particles in the tWW+DM signature is
presented in Chapters|[§]to The signal characteristics, the dominant background
contributions, the analysis strategy and the statistical analysis are discussed in
Chapter [§] Signal enriched phase space regions for the 1L and OL channels are
presented in Chapter[9} The estimation of the background is the topic of Chapter[10]
Results obtained from the combination of the 1L and OL channels are shown in
Chapter[I1] The 2L channel analysis regions as well as the statistical combination of
0L, 1L and 2L channel signal enriched regions are discussed in Chapter[I2} Exclusion
limits on the 2HDM-+a modell parameters from the combination are also shown in
this chapter. Finally, Chapter [13] summarises the findings of this thesis and gives
an outlook.

Contribution of the author

The author was one of the main analysers of the search presented in this thesis.
He was responsible for the 1L channel and developed the signal regions (SRE), the
control regions (CRE) and the validation regions (VRE) unless indicated otherwise.

The statistical analysis implemented in the HistFitter framework [26] was
setup in close collaboration between the main analysers. The author contributed to
deriving the distributions of multiple variables in the [SRk, [CRk and [VBk using the
results of the background-only fit. Furthermore, the author was a lead developer of
the software to produce and visualise the 2ZHDM+a modell model exclusion limits.
The author performed the statistical combination of the 0L, 1L and 2L channels
and developed a software tool employing the pyHF software |27} 28] to construct the
combined likelihood.

Concerning uncertainties, the author was responsible for deriving background
modelling uncertainties for the t¢, single top quark and ¢t + Z processes from sim-
ulated samples. The author furthermore took care of evaluating experimental un-
certainties from numerous sources and tested and validated that they were being
accounted for correctly.







Chapter 2

The Standard Model of
particle physics

In the Standard Model of particle physics (SM)) [8}{11] all observable matter is con-
stituted of a set of fundamental particles [29]. These particles are subject to four
fundamental interactions, of which three are included in the [SMl Developed in the
1960’ and 1970, the has shown to precisely describe the outcome of numerous
experiments at energies spread over multiple orders of magnitude. Several particles
predicted by the[SMl were only much later discovered, demonstrating the success of
the This chapter begins with an overview of the fundamental particles and the
theoretical foundation of the [SMl Then, specific aspects, namely the Higgs mech-
anism [30434], the strong interaction, cross-section calculations at hadron colliders
and shortcomings of the are discussed.

2.1 The fundamental particles

The fundamental particles of the [8H11] are made up of the half-integer spin
fermions and the bosons which have an integer spin.

The bosons of spin-1 are the mediating particles of the three fundamental inter-
actions in the the electromagnetic, the weak and the strong interaction [35].
The mediating particle of the electromagnetic interaction is the photon (), which
is massless and only couples to particles with a non-zero electrical charge ¢, while
not carrying any charge. The massive Z, WT- and W ~-bosons are the force carriers
of the weak interaction. The WT- and W~ bosons only couple to particles with
a non-zero weak isospin, while the Z-boson only couples to particles with a non-
zero combination of the weak isospin and the hypercharge Y. Interactions among
the mediators of the weak interaction are possible. Finally, the mediators of the
strong interaction, the massless gluons, couple only to colour-charged particles and
carry colour-charge themselves. Due to the colour-charge of the gluons, a gluon can
interact with other gluons.

One boson of spin-0 is contained in the[SM] the Higgs-boson [30H34]. It gives the
particles their masses (see Section and couples to all massive particles, though
it is not clear whether this also applies to neutrinos [35].

Quarks and leptons constitute the fermions [35]. Both quarks and leptons come
in three generations of two particles, with higher generation particles having a
higher mass. That gives a total of six quarks (u,d), (c,s), (t,b) and six leptons
(e,ve), (4, V), (T,v7), with pairs of two indicating the particles of one generation.
For each fermion an anti-particle of the same mass, but opposite quantum numbers
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Figure 2.1: Particle content of the SMl Adapted from Reference [37].

(charge, colour charge, weak isospin, etc.) exists in the SM] though neutrinos may
be their own anti-particles.

The electromagnetic and weak interaction are the only interactions leptons par-
ticipate in [35]. While the neutrinos v., v, and v, have no electric charge and cannot
interact electromagnetically, the electron e, the muon p and the 7-lepton have an
electric charge of ¢ = —1le. Neutrinos were originally assumed to be massless in the
[SM] even though neutrino oscillations have shown that they must be massive [36].

Quarks can interact electromagnetically, weakly and strongly [35]. Their elec-
trical charge is either 2/3e (u,c,t) or —1/3e (d,s,b). All particles contained in the
are summarised in Figure

2.2 Theoretical foundation

The is based on a Lagrangian Lgy, composed of the Lagrangian Lqcp of the
strong interaction and of the Lagrangian Lgw of the electroweak theory [8H11l |35,
38]. The electroweak theory is the combination of the theories of the electromagnetic
and the weak interaction. The Lagrangian Lgy is invariant under local gauge
transformations with the symmetry group

SU(?))C X SU(Q)L X U(l)y .
—_— —
QCD electroweak

Along with the invariance of the Lagrangian under this symmetry group come sev-
eral gauge fields, of which the mediating bosons of the interactions are made

up.
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The Lagrangian Lqcp of the strong interaction, where the subscript [QCD]stands
for quantum chromodynamics, the quantum field theory of the strong inter-
action, is locally gauge invariant under the SU(3)¢ symmetry group [35]. The C
on SU(3)¢ stands for the colour charge, which must be non-zero for particles inter-
acting with the eight gauge fields of The gauge fields represent the gluons.
As a consequence of the non-commutative nature of the SU(3)¢, making a
so-called non-abelian gauge theory, gluons can interact among each other.

The Lagrangian Lgw of the electroweak theory is invariant under local gauge
transformations with the symmetry group SU(2)r x U(1)y [35]. The gauge fields
of the SU(2), and the U(1)y are denoted by W7 (a =1...3) and B,,. They only
couple to particles which have a non-zero weak isospin component T, or weak hy-
percharge Y = 2(q—T3), respectively. The observable bosons of the electromagnetic
and the weak interaction, the v, Z- and W*-bosons, are linear combinations of the
fields W and B, as is discussed in Section As the SU(2)r, is a non-abelian
group interactions among the electroweak bosons are possible.

The subscript L on the SU(2) indicates that only left-handed chiraﬂ fermion
states couple to the gauge fields Wy [35]. Tt is implemented by dividing all fermi-
ons into left-handed chiral (subscript L) states which form SU(2);, doublets and
chirality right handed (subscript R) states, which form SU(2) singlets:

(), GG @), C) (),

er KR TR ugr,dr Cr,SrR tR,br

Right-handed neutrinos have not been included here as they cannot participate in
any [SMl interaction (all quantum numbers are zero) and their existence is not clear.
One consequence of the gauge fields W only coupling to left-handed chiral fermion
states is the experimentally observed parity violation in the weak interaction [39} 40].
The so-called weak quark eigenstates d’, s’ and b’ appearing in the isospin doublets
are linear combinations of the mass eigenstates d, s and b with the coefficients being
given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [41], |42]. These weak
eigenstates reflect that W-bosons can couple to quarks of different generations (as
long as their charge difference is one), though an interaction of same generation
quarks is most likely.

2.3 The Higgs mechanism

The mediating particles of the weak interaction are massive [35]. The introduction
of mass terms for the bosons is not ad-hoc possible in the [SM] as such terms
violate the local gauge invariance. The Higgs mechanism solves this problem, by
introducing an additional field that spontaneously breaks the gauge symmetry. It
goes back to the 1964 works of Brout and Englert [33], Higgs [32] and Guralnik,
Kibble and Hagen [34], building on ideas of Goldstone [31] and Nambu [30].

The Higgs mechanism introduces a scalar isospin-doublet field ¢ with complex
components [43]

_ 1 (¢1(z) +iga(x)
o) =75 <¢>3(x> +z¢4<x>>

and real-valued fields ¢1, @2, @3, p4. The dynamics of ¢ is determined by following

1Using the projection operators %(1 Fs), every fermion field can be separated into left-handed
chiral (—) and right-handed (+) states, with 5 being the fifth Dirac matrix.
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Figure 2.2: The Higgs potential V(¢) has a maximum at ¢ = 0 (blue dot) and
degenerate minima at ¢f¢ = —#°/2x (e.g. red dot). Modified from Reference [44].

Lagrangian
L = (Dug)'(D"9) = (16'0 + A(8'9)°), (2.1)
kinetic =:V(¢), potential
N
A Y
D, = 8, —igwTa- W2 - 1973,“ (2.2)

with the complex, mass-dimension parameter u, the quartic coupling A and the
coupling constants gy and ¢’ of the fields W and B,,. Y is the weak hypercharge
operator.

The kinetic energy of ¢ and its couplings to the gauge fields of the electroweak
theory are given by the term in Equation involving the covariant derivative
(Equation (2.2)) [35]. The second and third term in Equation form the Higgs
potential V' (¢), which determines the vacuum expectation value (VEV)) of ¢. The
potential is illustrated in two dimensions in Figure for u2 < 0 and A > 0. At
¢ = 0 the potential has a local maximum and is minimal at the circle of radius
#T¢ = —r?/2x. In four dimensions, the minima are distributed across a three-
dimensional hypersphere.

In the vacuum state, ¢ takes one of the infinite number of non-zero minima [35|.
This is called spontaneous symmetry breaking. Expanding ¢ around the vacuum
state, which is chosen to be (O U/ﬁ)t and using the so-called unitary gauge (see
e.g. Reference [35] for a pedagogical explanation) the field ¢ can be rewritten at
every point x as:

601 = 75 (s

The excitations of the Higgs field ¢ are described by the function h(x). It can be
identified with the Higgs-boson field. Furthermore, v satisfies v? = —1?/x.

With this gauging, the covariant derivative term of the Higgs Lagrangian (Eq. )
can be simplified and mass terms for the electroweak bosons arise [35]. The W=-

boson fields are defined as Wi = %(W,ﬁl) T iWﬁQ)). Their masses are given by
mw = sgw. The photon field A, and the Z-boson field Zg are obtained from

linear combinations of W,E?’) and B,:

(2) = Zmean (L o) (i) = (S5t i) ()

with the Weinberg angle 6y, being defined as tan 0y, = ggT;' While the mass of

the Z-boson is given by mz = %\/9124/ + ¢’2, the photon is massless. Adding the
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Higgs field ¢ with four degrees of freedom allows introducing mass terms for the
mediating bosons of the weak interaction, while preserving local gauge invariance.

Furthermore, the Higgs-boson field emerges. The mass of the Higgs-boson is
encoded in the Higgs potential, which in the unitary gauge reads (ignoring constant
terms) [35]:

V(¢) = \?h(x)? + Moh(x)® + %h(gc)‘l .
™ M N—_——

Higgs mass trinlinear quartic

The first term determines the mass m; = v/2 v of the Higgs-boson. The second
and third term are trilinear and quartic Higgs self-couplings, respectively. A particle
compatible with the Higgs-boson was discovered in 2012 by the[ATLASland Compact
Muon Solonoid (CMS)) experiments [45] [46], supporting the validity of the Higgs
mechanism.

Similarly to the weak bosons, mass terms for the fermions also break the local
gauge invariance, if they are added naively to the [9% [35]. Fortunately, fermion
masses can be introduced in a straight forward way by utilising the Higgs field.
For the lepton doublet L = (V E)tL and the quark doublet @ = (u d)tL of each
generation, the Higgs Lagrangian Ly is extended by following term:

L, = —y(Loplr + h.c.) — yu(Qdur + h.c.) — ya(Qddr + h.c.). (2.3)

In this equation, yy, y, and yg4 are the so-called Yukawa couplings of ¢, u and d,
hermitian conjugate is abbreviated by h.c. and ¢ = —igod* with oo the second
Pauli matrix. After spontaneous symmetry breaking and using the unitary gauge,
L4 becomes

— m —
Lo= Y —miff— —Lffn, (24)
N—— v
f={tu,d} mass . g
Higgs coupling

with m the fermion masses, related to the Yukawa couplings by y; = ﬂvmf . The

first term in the sum of Equation (2.4]) is the mass term for each fermion and the
second term is the coupling of the fermions to the Higgs field.

2.4 The strong interaction

One feature of the strong interaction is that the force between two colour charged
particles increases as these are spatially separated [35]. This is in contrast to the
electromagnetic interaction for example, which has a decreasing force as a func-
tion of the distance. Both behaviours can be explained by a phenomenon called
screening [47]. Given a particle with a negative electric charge and no color charge,
virtual electron-positron pairs emerge in the surrounding vacuum. The positive
electric charges screen the negative electric charge of the particle and reduce the
effective electric charge. For a colour charged particle virtual gluon loops arise
in the vacuum, which have the opposite effect: they represent additional coloured
particles to interact with and enhance the effective colour charge. The amount
of screening increases with the distance from the particle and this results in the
described distance relations of the strong and electromagnetic force between two
particles.

Due to the increase of the strong force with the distance, spatially separating
two colour-charged particles leads to an incrementing potential energy [35) [48]|.
When this energy becomes sufficiently large, additional colour-charged particles are
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Figure 2.3: As the distance between two coloured particles increases, the force does,
too and eventually leads to the production of additional coloured particles. Figure
modified from Reference [25].

time

produced as illustrated in Figure[2.3] Eventually, colour neutral, bound states form,
referred to as hadrons. The behaviour leads to the absence of isolated colour charges,
which is coined confinement. According to the number of quarks contained, hadrons
are classified as mesons (a quark-antiquark pair) and baryons (three quarks). Four
quark compounds (tetraquarks) and five quark compounds (pentaquarks) have also
been observed [49H52]. At hadron colliders, where individual quarks and gluons are
produced, confinement leads to the development of collimated hadron sprays. Such
a spray of hadrons is called a jet. Jets are discussed in more detail in Chapter [7}

Another particular feature of the strong interaction is that its coupling strength
diverges as the square of the transferred momentum @ between two interacting
particles decreases [35]. This is contrast to the electromagnetic coupling strength,
which decreases as Q% decreases. The coupling strengths agy (electromagnetic)
and ag (strong interaction) have the following form at lowest order:

2y O‘(lﬂ)
Q%) = 1 oo (u2) (@) (2.5)

with a(u?) being the coupling strength evaluated at the reference momentum square
p?. The factor Sy differs between the electromagnetic interaction and [QCD] For the
electromagnetic interaction, SFM = —1/3x, while 6(?CD = (11Ne=2ny) /127 for
with V. = 3 being the number of colours and n; the number of quark flavours that
can be produced at energy transfers Q. While &M is negative, B(?CD is > 0. This
makes apy increase towards higher @2, while ag diminishes, as shown in Figure

As shown in the figure, agy is well below one. Therefore, calculations can
be carried out perturbatively [35]. This is different for Perturbative
calculations can only be made for high Q2, where ag < 1. This is called asymptotic
freedom. For values of |Q| < 1GeV however, ag becomes 2 1, so no perturbative
[QCD)] calculations are possible at small Q?. Instead phenomenological approaches
and lattice are used to make predictions in this non-perturbative regime. For
a recent review of lattice see e.g. Reference [25].

2.5 Cross-section calculations at proton colliders

Protons are collided at the [LH(Pl Protons are made of three so-called valence
quarks u, u, d, as well as gluons from interactions of the quarks, other “sea” quarks
from gluon splittings, as well as leptons and gauge bosons from quark decays, quark
interactions and particle emissions |25]. In proton collisions, any of the constituents
(partons) of the two protons can interact with each other.

The distribution of parton i carrying a momentum fraction z in a collision
with momentum transfer @Q? is given by the parton distribution functions (PDIk)

2The [LHC] is described in more detail in Section
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Figure 2.4: The inverse electromagnetic coupling constant decreases as a function
of |Q| (agm increases), while the inverse strong coupling constants increases (ag
decreases). ag is calculated according to Equation (2.5)) with u = myz and inputs
from |25 . while higher order corrections are included for QEM . 54] with inputs

from (25,55

fi(z, Q%) 25 [35]. Due to non-perturbative nature of at low Q? (Section [2.4),

cannot be deduced from theory. Deep inelastic scattering experiments, which
collide protons with other particles such as electrons, determine them though, for
example. To transfer the measured [PDFk, which are determined at some specific
Q?, to the wanted @2, the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAPI)
equations [56H60] are employed.
Due to the so-called factorisation theorem , the cross-section of producing
some final state X in proton-proton collisions can be split into non-perturbative
parts, given by [PDEk, and a perturbatively calculable term o; ., x :

1.1
ox = Z/ / Oijox (Tip1, 22, R, pr) fi(xi, pr) fi (2, pr)drde;.  (2.6)
— Jo Jo

The factorisation scale pup is the energy scale at which the perturbative and non-
perturbative parts are split. The sum in the equation runs over all partons i and
j of the two protons, =; and x; are the parton momentum fractions, o; ;_ x is the
cross-section of the partons to produce X and p; and p» are the proton momenta. A
perturbative expansion in ag allows evaluating the cross-section o; ;_, x . Due
to the dependence on ag, the cross-section o; ;_,x is a function of the so-called
renormalisation scale pg, which is the scale entering into the calculation of ag
(,u%{ = @? in Equation ) The evaluation of 0; j_, x involves the matrix element
of i,j — X, which can be derived using the corresponding Feynman diagrams [62].
In what concerns this thesis, o; j_, x is evaluated either at leading order (LOJ) in
ag using only the Feynman diagrams of ¢, 5 — X containing the least powers of ag;
at next-to-leading order (NLO)J) if adding Feynman diagrams with one additional
factor of ag, i.e. containing an extra loop or an additional particle
emission; or at next-to-next-to-leading order (NNLQ)J) if adding diagrams with one
and two additional powers of ag with respect to . As an example, an [LO]
and diagram of the qq — ¢’q’ process are shown in Figure
Kinematic constraints on the final state X can lead to the appearance of terms
of the form (agL?)™ at each order n in the perturbative expansion of Oi,j—x, With
L being the logarithm of a function depending on energy scales . The expression
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(a) (b)

Figure 2.5: Feynman diagrams of the ¢¢ — ¢’¢’ process. In (a) an diagram is
shown while an[NLOland NNLOldiagram are shown in (b) and (c), respectively. The
additional radiations and loops in the [NLOl and [NNT.Ol diagrams are highlighted in
red.

asL? can become very large and endanger the validity of a fixed order cross-section
calculation. A technique called resummation allows taking the most dominant of
such terms at all powers of ag into account. Depending on the powers of L con-
sidered, the accuracy of the resummation is referred to as leading logarithm (L),
next-to-leading logarithm (NLIJ) or next-to-next-to-leading logarithm (NNLLJ).

2.6 Physics beyond the Standard Model

The has been shown to describe the physics of the fundamental particles very ac-
curately. However, there are good reasons to believe that the [SMlis incomplete [63]:

e The Lagrangian of contains C P-violating terms, which can be probed
by measuring the electric dipole moment of the neutron [25]. It turns out
that the neutron dipole moment is approximately zero and that there is no
C P-violation in The fine-tuning of the C P-violating phase 6 of
to zero is referred to as the strong CP-problem. It is taken as motivation
to question the completeness of the [SM] assuming that a more fundamental
principle constrains 8 = 0.

e To obtain the observable Higgs-boson mass my, loop corrections to the bare
Higgs-boson mass my, pare have to be taken into account [63} |64]:

2 _ 9 2
My, = M, pare T AM,.

The largest corrections come from top-quark loops and depend on the energy
scale A up to which the [SMlis valid

SGme

72/2

with G the Fermi constant and m; the top-quark mass. The scale A may
be as large as the Planck scale (1 x 10 GeV), but even if assuming that
A = 5TeV, the bare Higgs mass has to be tuned very finely such that my,
equals the measured value of 125 GeV [45,|46]. This unnatural assignment over
multiple orders of magnitude is called the hierarchy problem. The hierarchy
problem is taken as a hint towards the incompleteness of the [SM] assuming
that an extension of the can resolve the unnatural assignment of the bare
Higgs-boson mass.

(Atopfloopmh)Q ~ _

A% ~ —0.075A2,
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e Ideally, a fundamental theory would have as few free parameters as pos-
sible . The has 19 free parameteraﬂ This large number of parameters
is taken as cause to ask whether there is a more fundamental theory contain-
ing the and in which (most of) the values of the parameters can be
derived.

e Neutrino masses were not originally included in the Neutrino oscillations
however suggest neutrinos to be massive . It is not clear what the correct
way of introducing neutrino masses to the [SMlis [35].

e Gravitational interactions of the fundamental particles are not described in
the SMl Adding gravity to the [SM]is however desirable to describe all known
fundamental interactions between particles in a consistent theory.

o Cosmological observations suggest that the universe contains significantly
more matter than antimatter . The so-called Sakharov-conditions
state how this asymmetry could be explained. For example, the violation of
the C' P-symmetry could lead to the observed matter-antimatter asymmetry.
Though CP-violation can be measured in meson mixing and be related
to a C'P-violating phase in the CKM-matrix, the amount of violation in the
is insufficient to explain the large matter-antimatter asymmetry.

o The existence of [DMlis evident from multiple astrophysical observations, such
as the dynamics of galaxies in galaxy clusters, galaxy rotation curves and
gravitational lensing . Recent studies indicate that makes up roughly
27% of the energy content in the universe [67]. The is currently not
able to explain [DM] indicating that an extension is necessary. A common
assumption is that is made of weakly interacting massive particles and
multiple extensions of the under this assumption have been developed.
This thesis presents a search for [DM] particles predicted by one of these
extensions. The extension is introduced in Chapter [ The evidence for
[DM] models describing it and strategies to search for [DM]are discussed in the
following chapter.

3These are 9 quark and lepton masses, 4 CKM parameters, 3 coupling strengths, the Higgs
mass and [VEV] the C P-violating phase .






Chapter 3

Dark matter and its
modelling

Dark matter (DM]) remains one of the mysteries to unravel in the universe. Despite
there being compelling evidence for its existence, see Sections and surpris-
ingly little is known about its nature, in particular its interaction with Standard
Model of particle physics (SM]) particles. This chapter gives an overview of [DM]
what is known, theories of its nature and finally about experiments targeting to
measure interactions of [SM] and [DM] particles.

3.1 Astrophysical evidence for dark matter

Multiple astrophysical measurements indicate that additional matter that interacts
gravitationally and not by one of the three forces (hence being optically non-
visible) exists in the universe, referred to as dark matter (DM]) [2]. One of the first
and most famous hints for [DM] were found by Fritz Zwicky in his 1933 publication
on the Coma cluster of galaxies [3, 4]. Zwicky calculated the velocity dispersion of
the galaxy cluster using two methods. First he used the number of visible galaxies
to calculate a total mass and converted this into a velocity dispersion using the virial
theorem. Second he estimated the dispersion using the Doppler shift of spectral lines
of observable galaxies. The velocity dispersion resulting from the second method
was much higher than what was predicted by the first. Zwicky’s conclusion was
that additional non-luminous (“dark”), but gravitationally interacting matter has
to exist to prevent the cluster from falling apart.

The rotational velocity of gas clouds surrounding stars in galaxies was studied
by Vera Rubin and Kent Ford as a function of their distance r from the galactic
center in the early 70’ [2}, 68]. From Newtonian gravity, a velocity profile inversely
proportional to /7 is expected:

with G the gravitational constant and M (r) the sum of the masses of all galaxy
constituents with distance < r from the center. Given the astrophysical relation
between mass and luminosity, the mass M(r) can be estimated from the observed
stars in the galaxy and becomes approximately constant for all r greater than the
radial extent ro of the galaxy bulge. Correspondingly, v(r) is expected to decrease
with 1/ for r > rg. Opposed to this, Rubin and collaborators found that the rota-
tional velocity of the gas clouds remains roughly constant as a function of distance,

15
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Figure 3.1: Dark matter supposedly alters the rotational velocity in the NGC 3198
galaxy and makes it flat as a function of r beyond the galaxy bulge, compared to
the expected velocity from Newtonian gravity, which falls as 1/7 |2} |69].

Figure 3.2: A gravitational lens, here the luminous red galaxy LRG 3-757 (central
bright yellow/red spot), deflects the light of a blue galaxy behind it resulting in the
blue ring [73].

similar to what is shown in Figure [3.1] This supports Zwicky’s interpretation of
additional non-visible matter binding the gas clouds at r > rg to the galaxy. Fur-
thermore, the result shows that the non-visible matter mass has to increase linearly
with 7.

Some years after Vera Rubin had made her observation, gravitational lenses were
discovered [2, (70, |71], opening new opportunities to compare the mass determined
from luminosity and from gravitation. A gravitational lens is a massive astrophys-
ical object, e.g. a galaxy cluster, a galaxy or a star, that by the laws of general
relativity [72] deflects the light of luminous objects, as depicted in Figure for a
rather extreme case. The deflection depends on the mass of the deflecting object and
conversely allows estimating its mass. Much greater lensing masses than luminous
masses are found in multiple examples. This additionally supports the hypothesis
that matter not interacting by one of the three forces, but gravitationally, i.e.
[DM] exists.

More recently, the so-called bullet cluster collision has provided additional evid-
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Figure 3.3: As the main cluster (left) and the bullet subcluster (right) of the E0657-
558 galaxy cluster collided, the X-ray emitting plasmas, which are the bulk of the
baryonic matter and indicated by the pink shade, were displaced from the areas
of highest gravitational potential, marked by the blue shade, supporting the
hypothesis [79].

ence for the hypothesis [2, 74, [75]. The bullet cluster is a subcluster of the
E0657-558 cluster of galaxies. It collided with the main cluster of E0657-558 roughly
100 million years ago. Galaxies in galaxy clusters are surrounded by an X-ray emit-
ting plasma, which makes up the dominant part of the baryonic matter, being two
to 15 times more massive than the stars [76-78]. While the galaxies did not in-
teract when passing by each other in the cluster collision, the two plasmas did.
They heated up and slowed down with respect to the motion of the galaxies. The
result is two sources of X-rays, which are displaced from the galaxies. If there
is no [DM] the spatial distribution of the X-rays and of the gravitational poten-
tial should coincide. The gravitational potential can be inferred from gravitational
lensing. As shown in Figure the areas with the highest gravitational potential
are shifted from the strongest X-ray emitting sources and the significance of the
shift is 8¢ [75]. This observation remarkably supports Zwicky’s interpretation that
additional, non-luminous, gravitationally interacting matter exists.

3.2 Cosmological evidence for dark matter

Cosmological measurements complement the astrophysical evidence for[DMl Shortly
after the big bang, the universe was filled by a plasma consisting of interacting
charged particles and force mediating photons [2]. As the universe expanded and
cooled down, charge-neutral atoms formed and the photons were released from the
interactions and freely traversed the universe. Due to the expansion of the universe
and the corresponding redshift, these photons become apparent nowadays as low
frequency (microwave) electromagnetic radiation, called cosmic microwave back-
ground (CMBJ) [80]. The has a nearly perfect black body frequency spectrum
with an almost uniformly distributed temperature of T' = (2.7254840.00057) K [81]
across the sky. Temperature non-uniformities appear at the order of 10 pK and are
called anisotropies. The distribution of the anisotropies across the sky as measured
by the Planck space observatory [1] is shown in Figure

The anisotropies have their origins in early universe fluctuations of the
mass density and of the temperature. By measuring the anisotropy power spec-
trum, the baryon and mass densities relative to the critical density p., denoted
as  and Q,, can be determined. This assumes the validity of the 183],
where is one of the components besides Dark Energy (A) and the matter.
As an example for how the densities impact the power spectrum, the [ACDM] pre-
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Figure 3.4: Mollweide projection map of the sky with the [CMBJ temperature
anisotropy being shown by the colouring .

dictions for different 2 and 2, are shown in Figure@ Recent Planck observatory
measurements yield

Qph? = 0.02237£0.00015,  Q,h% = 0.1200 £ 0.0012,

with h the reduced Hubble constantﬂ Using h = 0.6735 + 0.0054 , one obtains
the baryon and densities:

Qp = 0.0493 £ 0.0006, €2, = 0.265 % 0.004.

These results remarkably support the hypothesis, i.e. that additional, gravit-
ationally interacting matter exists and complement the astrophysical observations.
Furthermore, the measurements provide information on the quantity:
must be roughly five times more common than the baryons. Yet, these
conclusions require to assume the validity of the

A confirmation of the can be found in the Big Bang nucleosynthesis
(BBN) [2]. During the BBN] baryons bounded to light elements such as deuterium,
helium and lithium in the first minutes after the big bang. By measuring the
abundance of light elements in certain primordial parts of the universe, Qyh? can
be determined :

Qph? = 0.0224 + 0.0007.
This value is perfectly consistent with the [CMBIl result and supports the validity of
the
3.3 The composition of dark matter

While the observations presented in Sections [3.1] and [3.2] indicate the existence of
additional matter that interacts gravitationally, but not by the three[SM] forces, the
observations do not constrain the nature of [DMl

1With H the Hubble constant describing the expansion rate of the universe, h =
H
100 km/s/Mpc '
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Figure 3.5: Comparison of the anisotropy power spectrum from the seven year data
of the WMAP experiment (a predecessor of the Planck observatory) and from
four [ACDM] predictions, each with different €2, and 2. The multipole moment is
shown on the z-axis, which represents spherical Fourier modes, with small values
corresponding to large angular scales and vice versa .

Considering the astrophysical evidence, the additional matter could be due
to non-luminous astrophysical objects, such as planets, black holes, brown dwarfs,
etc. [4]. These objects are referred to as massive compact halo objects (MACHOE).
Exploiting that [MACHOK are detectable by their gravitational lensing, surveys
for MACHOb have been conducted [2, [6, [7]. The surveys yield a small number
of in the universe, so small that they can only be a negligible fraction
of the DMl Besides, as are in conflict with the anisotropy
measurements, as being baryonic matter.

Other astrophysical objects that could explain (some of) the[DM]are primordial
black holes (PBHE) 86]. [PBHk are hypothetical black holes that formed in
the very early universe, so early that they do not contribute to the baryon density
derived from the anisotropies. They can be very light, so light they cannot
be excluded by the surveys [4]. In addition to the surveys,
the [PBHl abundance can be constrained e.g. by gamma-ray and gravitational wave
measurements, see Reference for a recent review. The constraints allow setting
limits on the [DM] fraction made up of [PBHk as a function of the [PBH| mass. That
[PBHE cannot be more than 10% of the [DM] for most of the [PBH| mass range is
shown in a recent summary plot .

Since astrophysical objects do not seem to explain the bulk of [DM] non-baryonic
particles become of interest as potential large[DMl compound. From the[SMlparticles,
charged leptons cannot compose [DM] as [DMl does not interact electromagnetically.
Mesons are not candidate particles for [DM], as they are not stable, but [DMl appears
to be . Neutrinos, not interacting electromagnetically, represent [DM] particle can-
didates on the other hand. However, they move with a relativistic speed (making
them “hot” [DM]), which is not compatible with the assumption of a non-relativistic
speed (“cold” [DM) in the [ACDM] 4} 80]. That is not “hot”, is confirmed
by simulations of the large-scale structure of the universe, which very accurately
reproduce the observations if assuming that [DM] is “cold” 89193]. Further-
more, due to their light masses and the resulting small mass density, neutrinos can
only make up < 2% of the [1]. Summarising, none of the known particles
represents a candidate that can describe a large fraction of the [DMl
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Figure 3.6: The [DMI| candidates presented in the text span a broad mass range of
more than 30 orders of magnitude. Sterile neutrinos are abbreviated by “St. v”.
Figure adapted from Reference [80], with inputs from References [12, 94].

There are speculations that [DM] is made of exotic, composite, undiscovered
[SM] particles. For example, it was recently discussed whether [DMl could be hex-
aquarks [94], which seems unlikely given oxygen nucleus lifetime measurements [95].

It appears almost inevitable that an extension of the is necessary to explain
the bulk of the DMl Extensions of the offering at least one candidate particle
for[DM]are introduced in the following. Figure[3.6]compares the typical mass ranges
of all particle candidates that are discussed in this section.

Axions are candidate particles for [DM] that were predicted while attempting
to solve strong-CP parameter fine-tuning problem in (see Section 12,
96]. They are very light (typical mass orders are sub-eV), spin-zero particles and
interact with photons due to their mixing with mesons [25]. Together with
their generalisation, the axion-like particles (ALPK), axions represent light-weight,
“cold” particle candidates. Whilst very heavy (O(GeV)) [ALPk are subject to
searches at colliders such as the LHC [97], lighter masses are covered by dedicated
experiments, such as ADMX [98] and ALPS [99]. For a recent review of axions and
[ALPk see e.g. Reference [25].

Sterile neutrinos, are hypothetical, right-handed (chirality), massive fermions [100].
They couple to the [SM] e.g. by oscillating to (left-handed) neutrinos. Sterile
neutrinos allow postulating a [DM] particle candidate with a mass of ~ 1keV [100]
and are searched for by the ATLAS experiment [101], but also by experiments
specialised in neutrino physics, e.g. MicroBooNE [102].

A weakly interacting massive particle (WIMP) [12, [103H109] is a particle
candidate, which has an interaction strength and mass in the same order of mag-
nitude as the weak force has. [WIMPk naturally yield the observed [DMl density.
This is called the (WIMP] “miracle” and detailed next section. They emerge from a
variety of [SM] extensions, e.g. Supersymmetry, theories with extra dimensions and
the model introduced in Chapter [4] (see Reference |12] for more examples and more
details on the first two). Due to their properties, are very suitable search
candidates for a variety of experiments including those at colliders [83]. An overview
of the different types of experiments searching for is given in Section [3.5]

For completeness, it shall be mentioned here that there are theories which modify
gravity instead of requiring extra matter to explain the observations described
in Sections [3.1] and [3.2] These are for example the modified Newtonian dynam-
ics (MOND)) theory [110H112] and its relativistic extension, TeVeS [113]. The bullet
cluster collision [75] is regarded as strong indication against these theories [2]. In
a nutshell, the argument is that if [MONDI or TeVeS were correct, one would ex-
pect that the X-rays trace the gravitational potential. However, this argument is
discussed controversially and TeVeS may be able to explain the offset anyway, see
e.g. Reference [114] for a comprehensive summary. An additional argument against
is the insufficient description of galaxy cluster dynamics [114], while it is
opposed that the[ACDMmodel has flaws on galactic scales, which again is discussed
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lively as reviewed in Reference [115]. For the rest of this thesis it is assumed that
[DM] is constituted of additional matter, to be precise of additional particles.

3.4 The dark matter density and weakly interact-
ing massive particles

This section discusses the thermal production of [DM] [12], which allows explaining
the [DM] density observed today based on [DM] particle] Tt is shown that FVTMPk,
characterised by their weak-scale interaction strength and mass, give a density com-
patible with the observed one in this thermal production framework.

The following assumptions are made by the thermal production paradigm (usu-
ally called the [WIMP] paradigm) [12} [103}{109]:

o [DMI particles are stable.

o The only way [DM] particles can be produced, is found in the early, radiation
dominated era of the universe by the annihilation of SM] or [DM] particles and
the subsequent pair-production of [DM] particles.

o The annihilation and production rates of [DM] particles are equal in the early
universe.

Furthermore, it is assumed here for simplicity that all [DM]l is made of particles of
one non{SM]| species.

The aim is to derive an expression for today’s [DM] density €2, under these
premises. To do so, the dynamics of the [DM] particle number density n,, which is
the number of DM] particles in a unit volume, is studied. While €2, does not change
as the volume of the universe expands, the unit volume in the denominator of n,
is stretched by the expansion and n, decreases [12].

In the thermal DMl production mechanism, n, reduces due to the decrease of the
temperature T of the universe as it expands [116]: when T is greater than the
particle mass m, (setting kg = 1 here), the kinetic energy of the annihilating [SM]
(and [DM]) particles is sufficient to pair-produce[DM] particles. As the universe cools,
the energy available in [SM] particle-antiparticle collisions gets reduced and at some
point, when 7" < m,, the frequency of producing particle pairs becomes very
low. Effectively, [DM]particles are not produced any more, but continue annihilating.
The rate of particles annihilating is proportional to n, and thus diluted by the
expansion of the universe [12]. At some point, the expansion rate of the universe H
(the Hubble constant) becomes greater than the annihilation rate. In other words,
the universe expands faster than particles can annihilate. The annihilation
of [DM] particles stops and the number of particles in the universe becomes
constant. This is called freeze-out. As the expansion of the universe does not stop,
the [DM] particle number density n, keeps decreasing.

After gaining a qualitative understanding of the freeze-out, a quantitative as-
sessment is given in the following. The temporal evolution of n, can be described
by the Boltzmann equation [12]:

dn,

—X = —3Hn, — (o) (n? —n?

dt X eq)a (31)

with (o, 5v) the velocity averaged total [DM] particle annihilation cross-section [13]
and v the velocity of the [DM] particles. The terms on the right-hand-side of Equa-
tion correspond the dependencies of n, on: the expansion of the universe, and
the annihilation and production of [DM] particles.

2More production mechanisms are discussed e.g. in Reference [12].
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Figure 3.7: The co-moving [DM] number density Y follows the equilibrium density
Yeq as a function of mass divided by the temperature, until the freeze-out
occurs [2, [85]. At the freeze-out Y plateaus. The equilibrium density is shown by
the black line, while solutions of the Boltzmann equation for different (o, yv) are
shown by the coloured dashed lines.

It is common to define the number density per co-moving volume Y = "?X [85],
with s the entropy density and to solve the Boltzmann equation for Y [12]. The
co-moving number density Y can be regarded as the number density corrected for
the increase of the unit volume as the universe expands. Y becomes constant after
the freeze-out.

Three numerical solutions for Y, each solving the Boltzmann equation for a dif-
ferent (o yv), are shown in Figure as a function of the DM mass over the tem-
perature [2,|85]. As can be seen, Y resembles the exponential drop predicted in the
equilibrium of the [DM] particle annihilation and production rate and becomes con-
stant after the freeze-out. The temperature at which the freeze-out occurs, depends
on {(oyyv). For larger (oyyv), the annihilation continues until lower temperatures,
resulting in a lower co-moving number density.

The co-moving number density after freeze-out can be determined from the
numerical solution of Equation and expressed in terms of the [DM] density €,
times h?, with h being the reduced Hubble constant [117]:

2
h” ! =1 (3.2)

0.12 <Ux>2 . v/e >
Tpb 0.1

The density on the left-hand-side is divided by the measured value. Hence,
the equation needs to equal one. It turns out that particles with a coupling in
the same range as the weak force (O(1/10) [|25]) and a mass of O(100GeV) can
fulfil Equation and explains why they are called [WIMPk. The fact that [DM
particle candidates with weak scale couplings and masses naturally give the correct
[DM] density is referred to as (WIMP] “miracle”. make excellent candidates
for DMl particle searches [383]. Concepts of such searches are discussed in Section

An example of how a[WIMPI can fulfil Equation is given in the following. As
particles do most likely not participate in [SM] interactions, it appears plausible
to introduce a massive mediating particle in addition to the [DM particle. This
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Figure 3.8: The different types of [DM] particle search experiments target comple-
mentary interactions of [DM] and [SM] particles.

mediator interacts with and particles and is the only particle directly
interacting with [DM] particles. Analogous to the weak force bosons, the interaction
strength of such a mediator to[SM]and [DM] particles can be steered by the mediator
mass. To assure that the [DM] particle is stable, the mediator mass mj; must be
greater than m,,. Let the coupling strengths of the mediator to[DM and [SMlparticles
be A, and Agm, respectively. The annihilation cross-section of such a mediator-HDM]
particle model is proportional to A2Ag\my/m}, [118]. Inputting a [DMbmediator
coupling of one, a [SMtmediator coupling in the weak force range, m, = 100 GeV
and mp; = 500 GeV, this gives

2y2 M
O-X)Z ~ )\X)\SMmTX =0.6 pb
M

For velocities of v/e ~ 0.1, such a [DMl particle model can roughly fulfil Equa-
tion (3.2). The appearance of the mediator mass to the negative fourth power
indicates the importance on the self-interaction probability of [DM] particles.

3.5 Searching for dark matter particles

[WIMPE have served as motivation for a vast number of experiments searching for
particles . The experiments can be categorised according to the interaction
of DM and [SM] particles they aim for as Figure [3.8]illustrates. Scattering of [DM]and
particles is targeted by direct detection (DD)) experiments, production of
particles from annihilating particles by indirect detection (IDDI) experiments
and the production of[DMI from [SM] particles by experiments at particle colliders .
For all of these experiments, background and [DM] particle events need to be carefully
distinguished. In the following, the principles of[DD] [DD]and [DM] particles searches
at colliders are outlined.

3.5.1 Direct detection

Direct detection (DD experiments search for the scattering of [DMl and
particles. They assume that [DM] particles are abundant in the vicinity of earth
or even permeate it and occasionally interact with its matter . The scattering
probability depends on the velocity distribution and the local density of [DM]

The detection principle of is that [DM] particles scatter off the nuclei in the
detection volume, yielding phonons (atomic lattice vibrations), atomic excitations
and atom ionisations . Phonons can be detected by the change in the temperature
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of the detector material they induce. Atomic excitations can be detected by scin-
tillation light. Electrons liberated in atom ionisations can be detected by making
use of charge sensitive electrodes.

Background sources in experiments mainly originate from cosmic radiation
and radioactive decays [80]. Therefore, experiments are typically situated un-
derground, are shielded, use elaborate coincidence and veto systems as well as very
pure materials of stable elements, for example.

Among the most well known experiments are SuperCDMS [119], EDEL-
WEISS [120], XENONIT [121], LUX [122] and DAMA [123]. While an excess com-
patible with [DMl has been observed in annular modulation studies by DAMA [124],
no independent confirmation has been possible so far [25] and the results are livelily
debated.

3.5.2 Indirect detection

The products emerging from annihilating [DM] particles are the target of indirect
detection ([DD]) experiments [25]. Such annihilations occur e.g. in areas with high
densities, such as the sun or the center of the milky way [2]. The annihilating
[DM] particles produce [SMl particle pairs, such as photons, quarks, bosons etc. These
particles or their decay products can e.g. yield gamma-rays, neutrinos or antimatter
fluxes.

Gamma-rays from [DM| particle annihilation are expected to be e.g. due to
photons resulting from quark hadronisation [25]. Searches for them assume that
they arise from the galactic center of the milky way, dwarf galaxies and clusters
of galaxies, for example. Distinct kinematic features of gamma-rays produced by
[DM| such as high energies or entire energy ranges of enhanced spectral activity
(“boxes”) 125, make them distinguishable from backgrounds. Multiple experi-
ments, such as the FERMI-LAT satellite |[126], search for these gamma-rays.

The annihilation of [DM] particles, for example in the sun, can also yield neutri-
nos [25]. Depending on the[DM]capture and annihilation rate in the sun, high fluxes
of highly energetic neutrinos are expected, well separable from the nuclear reaction
solar neutrinos of lower energies. Searches for these neutrinos are conducted e.g.
by the IceCube [127] and Super-Kamiokande experiments [128], so far without any
significant excess |129, |130].

The low abundance and well understood sources of antimatter in the universe
motivate the search for antimatter excesses due to particle annihilation [2].
Common search candidates are positron and antiprotons. Since these are charged
and deflected in the universe, antimatter searches usually do not focus on ded-
icated areas of the sky. To reduce the background of antimatter from collisions
of cosmic particles with the atmosphere, [DM] annihilation antimatter searches are
typically found in the upper atmosphere (e.g. the HEAT balloon [131]) or in space
(e.g. PAMELA [132], AMS [133]), though ground-based experiments do exist (e.g.
HESS [134]). A considerable excess of positrons has been reported by multiple ex-
periments [135H141]. Whether the excess hints to particles is under vibrant
discussion, see e.g. Reference [25] for a recent summary.

3.5.3 Collider searches

searches at colliders assume that particles can be produced in the high-
energetic collisions of [SM] particles [142]. The following description focusses on
[WIMPI [DMl and on an [CHCHike collider with equal energies of the two collid-
ing beams. As [WIMPK interact weakly with matter, no visible signal in the
collision-point surrounding detectors is expected from the [DM] particles, as Fig-
ure sketches. If solely [WIMPk are produced in a collision, this signal absence
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Figure 3.9: View transverse to the beam pipe of some collider experiment. The
red lines show particles escaping detection, the purple lines indicate reconstruc-
ted tracks, the green boxes illustrate energy deposits in the calorimeters. (a) [DM]
particles escape the detector without energy deposition. (b) [DMl particles recoil
against a jet. (c) Example for two jets emerging from a mediator decay.

poses a challenge: most experiments at hadron colliders rely on a signal from one
or more energy-depositing particle(s) to initiate the read-out and storage of a col-
lision event (“trigger’ﬂ). If no visible signal is produced, no trigger can be issued.
Furthermore, even if [DM] particles were discovered by analysing events without a
visible signal, many of its properties could not be investigated without studying
events in which additional particles are produced.

It is therefore necessary to study the production of [DM] particles in association
with other particles, such as photons, quarks (experimentally detected as jets), W-
bosons, etc., see Figure . Since the colliding particles carry no momentum
in the plane transverse to the directions of the beams, the sum of all emerging
particle momenta projected to this plane must equal zero. Due to the elusive nature
of [DM] particles, they yield an imbalance of the sum of the measured momenta in
this transverse plane, as Figure [3.10] illustrates. The negative of this sum is called
missing transverse momentum p™* and is the key signal used by direct
searches at colliders.

Certain extensions of the predict that [DM] and particles only couple via
a mediating particle . This mediator can be searched for by exploiting that
if produced by particles, it can also decay into particles. These so-called
resonant searches involve all sort of SM] particles as outcome, such a quark pairs for
example, yielding a dijet signature in the detector.

Since they depend on the [SM] particles that [DM] particles are produced with
or the particles the mediator decays into, i.e. the detector signature, [(WIMPI
searches at colliders rely heavily on the model describing the [DMl At current
collision energies, these DMl models are typically less generic than at and [[DD
experiments. The[DMlmodels probed at colliders typically have to be more complex
and make more assumptions on the particle interactions. Yet, as shown in
Figure collider experiments complement the and searches for these
more specific models. Collider experiments may be able to efficiently probe
properties, if candidates were observed with or [DDI [142].

3Note that experiments are often able to trigger on particles depositing no energy in a detector
(“E'EF’“‘ss triggers”), but this typically requires the presence of visible particles to infer on the
invisible particles.
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Figure 3.10: The [DM] particles do not produce a visible signature in the detector,
leading to a non-zero sum of measured momenta in the plane transverse to the beam
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i8] and “X” standing for a jet, a photon or a vector-boson. The vector mediator

simplified DM model used in the plot is described in Chapter [4 The exclusion
limits are at 90 % confidence level (CIJ), while the ATLAS limits are at 95 %



Chapter 4

Extended Higgs sector dark
matter models

Searches for WIMPs at colliders depend on the signature investigated and hence on
the model describing the dark matter (DM]) particles. Due to the many unknowns
concerning [DM] it is important that collider searches are kept as model independent
as possible. This is achieved by relying on generic model building frameworks.

The most generic [DM] models are based on effective field theories (EFTs) [144]
145]. Although such models were employed in previous studies [145H150], they have
been shown to suffer from validity problems at current [LHC] energies [151H153].

The next most generic type of [DMl models are so-called simplified [DMl mod-
els [154H158], in which a particle mediating the interaction of Ml and [DM] particles
is introduced. The mediator can be classified in terms of its spin and C'P proper-
ties. Simplified [DM] models make valid predictions at the centre-of-mass energies
of the [LHC] but are generally not UV-complete [15] [159]. They contain unitarity
violating amplitudes, which lead to diverging cross-sections as a function of the
centre-of-mass energy, such that the models are not valid at all energy scales.

In this thesis, one of the simplest UV-complete extensions of simplified
models is probed. This BHDM+a modell [14, |15] is based on an extension of the
Higgs sector by a second Higgs doublet [14) [160H167]. Models in which the [SM] is
extended by a second Higgs doublet are referred to as two Higgs doublet models
(2HDMS) (168}, [169]. In RHDMk both of the Higgs doublets develop non-zero [VEVE
vy and ve with v? = v? +v2 = (246 GeV)? and conventionally, the ratio of the two
VEVE, tan 3 == Z—f, is used as a free parameter. Five spin-0 mass eigenstates arise
after symmetry breaking in ZHDMk. These are the CP-even h and H, the CP-odd
A and the two charged, equal-mass bosons H*. Imposing the alignment limit [14]
15], h is identified in the following as the [SM] Higgs boson [45], [46]. The remaining
spin-0 bosons are referred to as Higgs partners or simply additional Higgs-bosons.
Furthermore, the decoupling limit [170] is assumed, in which the additional Higgs-
bosons are heavier than the [SM| one.

Strong experimental constraints on the absence of flavour-changing neutral cur-
rents (FCNCE) restrict the Yukawa coupling structure of the Higgs doublets to the
fermions to four scenarios [171,(172]. In each scenario, the up- and down-type quarks
as well as the charged leptons can couple to only one of the two Higgs doublets.
Yukawa type-1I couplings [169, [170] are employed here [15], where the up-type
quarks couple only to one of the Higgs doublets and all other massive fermions
couple only to the other doublet [14].

As in the case of DMl simplified models [154] [155], [157, [158], a mediator particle,
here assumed to be a pseudoscalar, is added in the 2HDM+a modell [14]. This

27
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field interacts with the Higgs doublets and Yukawa-like with the [DM] particle x,
which is assumed to be a Dirac fermion. The mediator ¢ mixes with the C' P-odd
Higgs-boson A with mixing angle §. The mixing angle determines the interaction
strength of both a and A to [DM] particles. For sin® = 0, only the a-boson couples
to[DM] while the interaction strength of both bosons to[DMlis equal for sin § = 1//32
(maximal mixing condition). Since the Feynman diagrams featuring the associated
production of [DM] particles and particles with the largest cross-sections (see
Section have vanishing amplitudes in the extreme case of sinf = 0, non-zero
values of sin# = 0.35 and sin§ = 1/v2 ~ 0.7 are considered in the following [15].

4.1 Parameter constraints

The2HDM-+a modellhas a total of 14 free parameters. In addition to the previously
mentioned v, tan 5 and sin @, these are the masses my, myg, ma, mg+ and mg, the
quartic couplings of the Higgs potential A3, Ap; and Aps, and the [DM] particle
coupling and mass 3, and m,. Constraints on some of these parameters arise from
previous searches and measurements as well as from theoretical and simplification
arguments, following the recommendations from the LHC [DM] working group [15].
They are summarised in Table [£.1]

The additional Higgs-bosons H, A and H* impact higher order loop corrections
to the weak interaction boson propagators [14]. These corrections are constrained by
precision measurements in the electroweak sector and require that my = my=
or that my+ = ma. To fulfil these requirements and to simplify the parameter
space under study [173], myg = my+ = m4 is imposed in the models considered in
this thesis [15].

Constraints on the mediator mass m, arise from searches for invisible decays
of the Higgs-boson 174}, 175], due to the decays h — aa® — xxxx and h —
axX — xxxXx |14, 15]. Assuming m, > 100 GeV largely evades these restrictions,
as the decays h — aa* and h — ax) become strongly suppressed in that caseﬂ

To ensure stability of the vacuum, the Higgs potential of the 2HDM=+a model
has to be bounded from below [170]. This can be translated into a lower bound
on the quartic coupling A3 appearing in the Higgs potential [15,170]. At the same
time, to ensure perturbativity, A3 may not be > 4m. Following the suggestion in
Reference [15], A3 is set to 3. For sinf = 0.7, this value A3 = 3 guarantees the
stability of the vacuum for myg = myg+ = ma < 600 GeV, though the range of
valid mp can be increased by almost a factor two by incrementing A3 to eight [15]
22|. Furthermore, as pointed out in Reference [177] for ZHDME, the introduction
of additional quartic terms in the Higgs potential can weaken the condition on
mpy [164].

The remaining quartic couplings Ap; and Aps are set equal to A3, to keep the
decay widths of the H- and A-bosons as small as possible [15]. This is motivated
by the use of the narrow-width approximation (NWAI), which is a standard tech-
nique, significantly simplifying the cross-section calculation of complicated decay
processes [178]. The [NWA] is only applicable if the decay width T' of a particle is
sufficiently smaller than its mass m, i.e. I' < m/3 [14].

Finally, the coupling and mass are fixed to simplify further studies. The
coupling ¥, is set to one, its value does not have a significant impact on the distri-
bution of the observables at colliders, where [DM] is not detected by its interaction
with the detectorf’] [15]. The [DM] mass m,, is set to 10 GeV, for which the decay
a — xx remains allowed for all m, > 100 GeV. Deduced results are however valid
for any [DMl mass, as long as m, > 2 - m,,.

LA recent study targeting mediator masses below 100 GeV can be found in Reference [176].
2y, plays a much more important role for e.g. [DDl experiments.
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Constrained parameters

Parameter Definition Constrained due to
my = 125 GeV Higgs-boson mass Alignment limit /

Higgs-boson discovery

myg =ma = Mg+

Higgs-boson masses

Electroweak measurements

mg > 100 GeV Mediator mass h — invisible
v = 246 GeV Higgs VEV] Electroweak and Higgs physics
cos(B —a) =0 «: CP-even Higgs- Alignment limit /

boson mixing angle

Previous searches

Quartic Higgs-boson

Vacuum stability (A3),

A3 =Ap1 =Ap2 =3

couplings NWAl (Ap1, Ap2)

No significant impact

Yukawa coupling

y =1 of the [DM] particle on collider searches

my = 10 GeV [DM] particle mass Mg > 2-my
Parameters left free

Parameter Definition

M =MA = Mpy+ Masses of H, A and H*

Mediator mass

mq
sin 0 C P-odd Higgs-boson mixing
tan 3 Ratio of Higgs doublet VEVk

Table 4.1: Summary of the parameters of the 2HDM+a model , their definitions
and constraints .

Summarising, several constraints have been placed on theQHDM+a model para-
meters, originating from previous measurements and theoretical and simplification
considerations. Four parameters are left free for study: mpy+, mg, sin@ and tan 3.

4.2 Anatomy of the model

There is a rich phenomenology associated to the 2HDM+a modell with final states
containing only particles, as well as final states in which particles are
produced in association with [SM] particles [15] 22]. The most important final states
for searches arise from the Feynman diagrams shown in Figures and
featuring the on-shell production of each of the heavy Higgs partners A, H and
H#* | respectively. These heavy Higgs partners interact as follows in the Feynman
diagrams:

e The A-boson decays into the mediator a and a Higgs-boson. As long as
the mass is smaller than half of the mediator mass, the a-boson almost
exclusively decays into two particles. The resulting signature is called
“mono-Higgs signature”.

o The H decays into a mediator ¢ and a Z-boson (“mono-Z signature”).
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Figure 4.1: RHDM+a modell Feynman diagrams for the mono-Higgs (top), mono-Z
(middle) and tW+DM (bottom) signatures [21]. Diagrams on the left are resonantly
enhanced in the
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Figure 4.2: RHDM+a model] Feynman diagrams for the tt+DM signature. Except
for A-boson contributions, both diagrams are also valid in the simplified [DM model
presented in the introduction of this chapter.

e The H*-boson is produced in association with a top-quark and decays into
the mediator a (decaying to xx) and a W-boson (“tW+DM signature”).

For all three signatures, the resonant diagrams, shown in Figures and
interfere with the non-resonant production of the same final states, shown in
Figures and

Apart from the[DM]particle signatures with resonantly enhanced diagrams, there
are also signatures without resonant diagrams [15]. Among these is the tt+DM
signature, i.e. the associated production of a top-quark pair and particles.
The most important Feynman diagrams of the tt+DM signature are shown in Fig-
ures and As the top-quarks most commonly decay into a W-boson and
a b-quark |25, the tt+DM and the tW+DM signature differ by one b-quark in the
final state. This kinematic similarity is exploited to enhance the sensitivity of the
search presented in this thesis.

The mono-Higgs and mono-Z signatures have already been studied extensively in
the past and shown to be very powerful to constrain the free model parameters |16
20]. This thesis hence focusses on the exploitation of the last and experimentally
overlooked final state involving the associate production of particles, a top-
quark and a W-boson. The work of this thesis was included in two publications |21}
22). Tt is detailed in Chapters with special focus on the search published in
Reference [22].

4.2.1 The tW+DM signature

It is worth noticing, specifically for the tW+DM final state that the search for
processes involving a single top-quark are generally challenging, having large back-
grounds from processes with very high cross-sections such as tt and the associ-
ated production of vector-bosons and jets.

As top-quarks almost exclusively decay into a W-boson and a b-quark [25],
the t”W+DM final state contains two W-bosons. The topology of these W-bosons
is unbalanced in terms of their boost. The W-boson from the H*-boson decay
Figure[d:Ieor the b — Wt vertex in the a-boson diagram Figure [L.11]is likely to have
a relatively high transverse momentum above 200 GeV as shown in Figure On
the other hand, the W-boson from the top-quark is less likely to be very energetic,
see Figure In contrast, the two W-bosons emerging in tt events for

3 A more detailed study on the momentum of the W-bosons is presented in Section
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Figure 4.3: (a) The sum of the transverse momentum (pr) distributions of the
W-boson from the H*-boson decay and the W-boson from the b — Wt vertex
in the a-boson diagram and (b) the pr distribution of the W-boson from the top-
quark decay. Distributions are shown at particle level (see Chapter @ for multiple
2H0DM+a modellsignal samples generated with varying (a) tan 8 and (b) mg+. Un-
less indicated otherwise, the signal samples are generated with the 2HDM+a modell
parameters m, = 250 GeV, my+ = 800GeV, tan § = 1 and sinf = 0.7. The simula-
tion setup to produce the signal samples is presented in Chapter[6} All distributions
are normalised to unity. More parameter dependencies of the pr of the W-bosons
are studied in Section

example have a more equal boost. This signal feature is exploited in the analysis
presented in Chapters [§l[I2]

The cross-section of the resonant diagram Figure depends on the branching
ratio of the H* — aW® vertex. This branching ratio is a function of the free
2HDM+a modell parameters as follows: for the masses my+ and m,, the branching
ratio decreases as the difference A = myg+ — (m, + my ) decreases, with my
the W-boson mass, and becomes zero, if A = 0 . The branching ratio
BR(H* — aW%) increases as sin@ does. Finally, the BR(H* — aW¥) depends
on tan 3, as the H* — aW* vertex competes with the H* — tb vertex and the
decay width of the latter depends on tan g .

The cross-sections of both tW+DM diagrams (Figs. grow with sin 6
. For models considered in this thesis either sin # = 0.35 is assumed, or, to max-
imally enhance the total cross-section of the process of interest, the maximal mixing
condition is (siné = 0.7).

Figure shows the cross-section of the tW+DM signature as a function
of tan 8 for my+ = 500GeV, m, = 150GeV and sinf = 1/v2 . The total
tW+DM cross-section (solid red line) is dominated by the contribution from the
resonant H*-boson diagram (dashed pink line). For heavier H*, the non-resonant
diagram (Figure gains importance. This can be seen in Figure for
mpy+ = 1000 GeV: the resonant diagram cross-section reduces by a factor ten com-
pared to my+ = 500 GeV and only makes up roughly 50 % of the total cross-section.

Figures and [£.4D)] also reveal a significant tan 8 dependence of the cross-
section. All cross-sections have their maximum at the lowest value of tan § and a
local minimum at tan 8 ~ 5—7. The cross-section of the resonant tW+DM diagram
has a local maximum at tan 8 ~ 30, which also becomes visible in the total cross-
section. In essence, this functional form is a consequence of the Yukawa type-II
couplings of the ZHDM+a modell These make the couplings of top-quarks to the
Higgs boson partners and the mediator proportional to cot 5 and those of b-quarks
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Figure 4.4: Cross-sections of the tW+DM and tj+DM signatures in the
2HDM+a modell as a function of tan$ for sinf = 1/v2, m, = 150 GeV and (a)
ma = myg = my+ = 500GeV and (b) ma = my = my+ = 1000 GeV . The
total tWW+DM signature cross-section is indicated by the red solid line, the cross-
section of the resonant diagram in Figure is shown by the pink dashed line and
the total cross-section of the ¢j4+DM signature is shown by the blue dotted line.
The cross-section calculation assumes a proton-proton collider with a centre-of-mass
energy of 14 TeV.
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Figure 4.5: 2HDM+a modell Feynman diagrams for the ¢j+DM signature [21].

proportional to tan 3, though the factors enter the cross-sections non-trivially [179|.
For completeness, the total cross-section of another signature involving a charged
Higgs-boson is shown by the dotted blue line visible in Figures and [£.4b] This
signature is characterised by the presence of a single top-quark, a lighter quark
(yielding a jet) and [DM] particles in the final state (“4j+DM signature”). The two
dominant Feynman diagrams of the ¢j4+DM signature are shown in Figures
and As can be seen in Figures and [£4D] the total tj+DM signature
cross-section is at least a factor two below the one of the tW+DM signature.

In the analysis presented in this thesis, the 2HDM+a modell is studied in the
tW+DM signature in two-dimensional planes of model parameters. In the mg,-m g+
plane, the mediator and H*-boson masses are varied between 100 GeV-600 GeV
and 400 GeV—-2000 GeV, respectively, while tan § is fixed to one. In the two mg+-
tan 8 planes probed, the charged Higgs-boson mass and tan [ are scanned between
300 GeV—-2000 GeV and 0.3-30, while the a-boson mass equals either 150 GeV or
250 GeV. All three planes are investigated for sinf = 0.35 and sin = 0.7.




Chapter 5

The ATLAS experiment at
the LHC

Data from proton-proton interactions recorded by the A Large Toroidal Aparatus
(ATLAS) detector [23] at the Large Hadron Collider (LHC) [24] between 2015 and
2018 is analysed in this thesis. This chapter provides an overview of the [LHC] and
a description of the detector.

5.1 The Large Hadron Collider

Protons and heavy ions are collided at so far unrivalled centre-of-mass energies by
the [LHC [24]. Tt is located close to the European Council for Nuclear Research
(CERN)) facilities on the Swiss-French border in the vicinity of Geneva. The [LHC]
has a circumference of 27 km and is located roughly 100 m underground in the former
Large Electron-Positron Collider (LEP) tunnel [181]. Particles are accelerated in
two beam pipes in opposite directions. Superconducting radio frequency cavities
are used for the acceleration. To make the particles follow a circular orbit, 1232
superconducting NbTi dipole magnets are employed, operating at temperatures
lower than 2K and providing field strengths of up to 8.33 T.

Protons and heavy ions are accelerated in bunches of particles [24]. A proton
bunch contains about 1.15 x 10'' protons. At centre-of-mass energies of 14 TeV,
these proton bunches are roughly 1.06 ns long (40). Up to 2808 proton bunches are
circulating simultaneously in the[[LIIC| separated by at least 24.95 ns and distributed
across 3564 positions.

Protons pass through a chain of pre-accelerators, illustrated in Figure[5.1] before
entering the [LHCO [24]. Initially, the protons are produced by ionising hydrogen
atoms. These are fed into the Linac 2 acceleratotﬂ which raises their kinetic energy
to 50 MeV. Subsequently, the Proton Synchrotron Booster (1.4 GeV), the Proton
Synchrotron (PS, 25 GeV) and Super Proton Synchrotron (SPS, 450 GeV) increase
the energy of the protons. Eventually, the SPS injects the protons into the [LHC|
where the protons are accelerated to their final energies.

The [CHC| beams are collided at four interaction points, where experiments
are placed [24]. The four major experiments at the [LHC| are the exper-
iment 23], the experiment [185], the Large Hadron Collider beauty (LHCDI)
experiment [186] and the A Large Ion Collider Experiment (ALICE) [187]. [ATLASI
and are multi-purpose experiments. They focus on precision measurements of

1Since 2020, the Linac 4 accelerator replaces Linac 2 and speeds up protons to 160 MeV [183]
184]. In the data analysed in this thesis, Linac 2 was still in use.

35
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Figure 5.1: Overview of the accelerators and experiments related to the LHCl Ad-
apted from Reference [182].

the SM in particular Higgs boson properties and search for physics beyond the [SM],
such as supersymmetric and [DM]| particles. [LHCDFs main targets are rare b-hadron
decays and CP-violation. [ALICE] investigates heavy ion collisions and studies the

quark gluon plasma and properties of [QCD|

5.1.1 Energy, luminosity and pile-up

Most studies of physics processes at colliders are based upon the number Ny of
collisions yielding some final state X. At the [[HHC| the rate Rx of producing X is
given by

RX: :L-Ux(\/g)

dt
with ox(1/s) being the cross-section of producing X, previously discussed in Equa-
tion , and L the luminosity.

The cross-section ox(4/s) is a function of the collider’s centre-of-mass energy
V/s. More explicitly: the centre-of-mass energy plays an important role in how
likely it is to produce a final state and even which heavy particles can be produced.
Furthermore, the kinematics of particles in X depend on /s. The centre-of-mass
energy is a paramount quantity at colliders.

The [LHT collided protons with a centre-of-mass energy of /s = 7TeV in 2010
and 2011 and /s = 8 TeV in 2012 . This time period is called run-I. Between
2015 and 2018, which is called run-II, the centre-of-mass energy was increased to
Vs =13 TeV , corresponding to a kinetic energy of 6.5 TeV per proton beam.
For run-II1, which started in 2022, the centre-of-mass energy is /s = 13.6 TeV .
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Figure 5.2: (a) The integrated luminosity between 2015 and 2018 at the
experiment [199]. The integrated luminosity of the [CHC collisions at the
detector is shown in green, of the collisions recorded in yellow and the integrated
luminosity of the collisions usable for physics analyses is shown in blue. (b) The u
distribution measured by the detector during [LHC] run-II .

In heavy ion collisions, centre-of-mass energies of up to 5.44 TeV per colliding nuc-
leon pair have been achieved . Proton-proton interactions from[LHC run-I1
are analysed in this thesis.

In addition to the centre-of-mass energy, the rate Ry depends on the luminosity.
The luminosity depends on beam parameters: the number of bunches n; in the
[LHC the number of protons n; and ny per bunch, the revolution frequency f, of
the bunches as well as the size of the transversal overlap ¥, and ¥, of the two

beams in z- and y-direction [192} [193]

_ mymnafr
4%, %,

The transversal overlap of the beams is measured in so-called van-der-Meer scans 7
in which the luminosity is calibrated 197 . A peak luminosity of L = 1.9 x
1034 cm 25! was reached at the [ATT.AS|detector in 2018, exceeding the
maximum design luminosity of L =1 x 103 ecm™2s7! [24].

From the rate Rx, the number of collisions Nx containing the final state X
can be calculated by Nx = ox(v/s) [ Ldt . As Nx is essential at collider
experiments, the integrated luminosity £ := [ Ldt is, too. Figure shows the
increase of the integrated luminosity between 2015 and 2018.

Data from collisions collected with the detector may not be suitable for
studying physics processes . For example, some important detector compon-
ents may not have been functioning during certain time periods. Therefore, the
integrated luminosity of the collision data to be used for physics analyses is smaller
than the integrated luminosity of the total number of recorded collisions as shown
in Figure [5.2a] The integrated luminosity of the collision data suitable for phys-
ics analyses corresponds to 139fb~! for run-II. More information
on the conditions defining collision data as suitable for analyses can be found in
Reference .

Dense bunches of protons are collided at the interaction points by the [LHCl As
a consequence, there can be multiple proton-proton interactions per bunch cross-
ing . The average number of proton-proton interactions per bunch crossing is
denoted by u . It scales linearly with the luminosity. The distribution of u is
shown in Figure for the detector during [LHClrun-1I. The average was

(n) = 33.7 [199].
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Typically, only the most energetic interaction per bunch crossing, called the
hard-scatter, is analysed. Pile-up refers to the additional proton-proton interac-
tions. A higher number of pile-up interactions increases the number of particles
depositing energy in the detector. Therefore a higher p also complicates the pro-
cess of reconstructing the particles produced in the hard-scatter.

5.2 The ATLAS detector

The aim of the experiment is to study the[SM]and to search for physics
beyond it at unprecedented centre-of-mass energies and luminosities. A cylindrically
symmetric detector is employed, placed at the so-called interaction point one of the
[CHCl The[ATLAS detector is the largest at the [[LHC] extending 25 m in height and
being 44m long. Its mass is roughly 7000t. Figure [5.3] gives an overview of the
detector.

The sub-detector closest to the beam pipe is the inner detector (D) [23]. Pur-
pose of the is the precise measurement of the trajectory of charged particles,
referred to as tracks. A 2T solenoid magnet surrounds the It bends the tra-
jectory of charged particles, allowing particle momenta to be determined from the
tracks.

The calorimeter system surrounds the [23]. Its function is to measure the
energy of particles. It is divided into the electromagnetic calorimeter (ECAT]) and
the hadronic calorimeter (HCAT]).

The muon system is placed outside of the calorimeters and aims at precise muon
momentum measurements . It further provides triggering signals. The muon
system consists of gas-filled tracking detectors and large air-coil toroid magnets.

All sub-detectors are split into a central part, the barrel, made of cylindrically
layers of instrumentation around the beam-pipe; and two outer parts, the end-caps.
The end-caps are placed on the left and on the right of the barrel and consist of
disc- or wheel-shaped structures of instrumentation centred around the beam pipe.
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5.2.1 Coordinates and variables

The coordinate system is centred at the interaction point within the de-
tector [23]. The x-axis points to the centre of the [LHC] the y-axis upwards and
the z-axis along the beam pipe. Spherical coordinates r, ¢ and 6 and the pseudo-
rapidity n == —In (tan (g)) are defined. The beam axis is given by n = +00 and the
z-y-plane, referred to as the transverse plane, is located at n = 0. Using 7 instead
of 0 is motivated by the roughly even distribution of jets as a function of 1 [35];
and by the relation of 7 to the rapidity y. Differences of the rapidity y are invariant
under Lorentz boosts in z-direction. For massless particles, n = y and thus 7 can
be treated as an approximation of the rapidity y for highly energetic particles.

Angular distances between particles are often of interest. They are commonly
measured by the quantity AR = y/An? + Ag¢? [23].

The protons colliding inside of the detector only have momentum com-
ponents in the z-direction. Given the particles emerging from a collision, the sum
of their momenta in the transverse plane pp = (pl. py)t must therefore yield
zero [201]. Some particles, such as neutrinos or hypothetical [DM] particles, escape
the detector unimpededly. The transverse momentum sum of all escaping
particles can be determined from the total transverse momentum sum having to
be zero. It is given by the negative sum of the transverse momenta of all detected
particles. This quantity is called missing transverse momentum and in a simpli-
fied form given by g = — Y detected pr. It is very important for [DM] particle
searches. The absolute value of pif™** is denoted by Ef'S® := |pi1s|.

5.2.2 The inner detector

Determining the tracks of charged particles is the function of the [ATLAS|IDI [23].
A precise determination of tracks is desirable for a variety of applications:

e Due to the magnetic field of the solenoid, the momentum of a particle can be
measured from a track.

e Tracks can be used to reconstruct the vertices of the proton-proton interac-
tions and of particle decays inside of the detector volume. Decay
vertex reconstruction plays an important role in the identification of jets con-
taining b-hadrons for example, as discussed further in Section [7.4.3

e Also important for the identification of jets containing b-hadrons is the so-
called perigee point pp, which is a property of a track [202, |203]. The perigee
point py is the point of closest approach of a track to the z-axis. It has
two commonly used derivations. The transverse impact parameter dg is the
distance in the transverse plane of py from the z-axis. The longitudinal impact
parameter zq is the z-axis coordinate of py. Both dy and zy are sketched in

Figure

The [[D] is comprised, from inner to outer, of the so-called Insertable B-Layer
(IBL)), the pixel detector, the semiconductor tracker ([SCT)) and the transition ra-
diation tracker (TRTJ), as shown in Figures and With the exception of the
[TRT] the [Dlis made of silicon-based detectors.

The IBIL]

The [BIis the innermost layer of the [D] placed 3.3 cm from the beam pipe in one
concentric layer of instrumentation [206), 207]. The aim of the [BIJ [208], installed
in the first long shutdown of the [LIHC, is to increase the robustness and precision
of the tracking, in particular if the number of pile-up interactions is high. The [BI]
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Figure 5.6: Layers of the [Dl barrel [205].

covers |n| < 3 and uses pixelated silicon sensors with a pitch of 50 pm x 250 pm
((r — ¢) x z). With the installation of the [BI] the impact parameter resolution of
the [ATTLAS] detector could be significantly decreased [209).

The pixel detector

The pixel detector is made of three concentric layers of instrumentation in the barrel
and of three discs in each end-cap with sensors parallel to the transverse plane .
The barrel layers are placed at radii of 50.5 mm, 88.5 mm and 122.5 mm, as shown
in Figure The discs are located between |z| = 495 mm-650mm and cover
r = 88.8mm-149.6 mm. That gives a coverage of |n| < 2.5 for the pixel detector.

Pixelated silicon sensors are employed by the pixel detector . The pixel pitch
is either 50 pm x 400 pm (~ 90 % of the pixels) or 50 pm x 600 pm. The short side of
the pixels is oriented along r — ¢ in both the barrel and the end-caps. The intrinsic
position resolution of the pixel detector is 10 pm in 7 — ¢ and 115 pm in z (r) in the
barrel (end-caps).

The ISCT

The uses silicon strip sensors distributed across four layers in the barrel and
nine discs in each end-cap . The barrel layers range from r = 299 mm to r =
514mm and cover z < 749 mm, while the discs are placed between |z| = 853.8 mm
and |z| = 2720.2 mm. This allows the [SCTI to cover |n| < 2.5.

Strip modules are rectangularly shaped in the barrel with up to 12 cm long strips
aligned in z-direction and trapezoidal shaped in the end-caps with radially oriented
strips . The strip pitch of the is 80 um. A three-dimensional coordinate is
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obtained by the[SCT] by installing two strip sensors back-to-back at a stereo angle of
40 mrad. The intrinsic position resolution of the [SCT]is 17 pm in r — ¢ and 580 pm
in z (r) in the barrel (end-caps).

The [TRTI

The [TRT]is made of gas flooded straw-tube detectors with a diameter of 4 mm [23].
The length of the tubes is 144 cm in the barrel and 37 cm in the end-caps. The tubes
are aligned parallel to the beam pipe in the barrel and radially in the end-caps. The
[TRT] covers |n| < 2. Only 7 X ¢ (¢ X z) coordinates of traversing charged particles
are determined by the [TRI] in the barrel (end-caps). The position resolution per
straw-tube in the [TRI is 130 um [23] 210]. This much worse resolution compared
to the other parts of the is largely mitigated by a particle traversing at least 22
straw-tubes.

Besides offering position information, the [TRT] can also aid the identification
of charged particles by exploiting transition radiation [23]. Particles traversing
polypropylene fibres (foils) in the barrel (end-caps) produce this transition radiation.
Its intensity is proportional to v = "52 [211]. If additionally measuring the energy
of the traversing particle, its mass can be calculated from the transition radiation
and the particle can be identified.

5.2.3 The calorimeter system

While measuring the momentum, the[[Dldoes not provide any information about the
energy of a particle. To identify a particle by its four-momentum square, this inform-
ation is however needed. Calorimeters are energy measurement devices. Particles
entering a calorimeter produce a cascade (“shower”) of secondary particles [211].
These loose energy via ionisation or other processes and are finally stopped. By
measuring the amount of charge induced by the ionisation for example, the energy
of the incoming particle can be determined.

The detector uses so-called sampling calorimeters for energy measure-
ments [23|. Sampling calorimeters are comprised of alternating layers of absorber
and active materials [211]. Particle showers are produced in the absorber material
layers and the charge induced by ionisation for example is measured in the active
material layers.

An overview of the calorimeter system in the detector is given in Fig-
ure [23]. It covers |n| < 4.9. Electron and photon energy measurements are the
primary target of the ATLASIECAT] while the main purpose of the ATLASHCAT]
is hadron energy measurements. The calorimeter components are described in the
sequel.

The [ECATJ

Lead and liquid argon comprise the absorber and active material of the
[ECAT] [23]. An incoming electron or photon produces bremsstrahlung photons or
an electron-positron (eTe™) pair in the absorber, respectively [211]. These again
produce bremsstrahlung photons and ete~-pairs, resulting in an electromagnetic
shower. Ionisation produced by this shower in the liquid argon is registered by
electrodes.

The [ECAT] barrel covers |n| < 1.475. It is surrounded by two end-caps. The
end-caps extend the coverage in the area 1.375 < |n| < 3.2 [23]. Calorimeter cell
sizes range between 0.025 x 0.025 and 0.1 x 0.1 in i x ¢ in the[ECAT] The structure
of the absorber material and of the electrodes is accordion like, allowing for a crack-
less coverage in ¢. A so-called pre-sampler is installed in the area of || < 1.8 to
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Figure 5.7: Overview of the calorimeter system of the [ATLAS] detector .

estimate the energy a particle lost before reaching the [23]. One layer of
liquid argon and read-out electrodes make up the pre-sampler.

The radiation length X gives the average distance a highly energetic electron
traverses a material before having lost 1 — 1/e of its energy because of bremsstrahl-
ung . The radiation length is also 7/9 of the mean free path of a high energy
photon before converting to an electron-positron pair in a material. To contain elec-
tromagnetic showers initiated by electrons and photons over a wide energy range
as completely as possible, it is desirable for the thickness of the [ECALlto be a high
multiple of Xo. The material in the [ECAT] sums to 22 - X, or more [23].

The [HCATI

Since hadrons can interact via the strong interaction, hadronic showers are much
more complex than electromagnetic ones, involving the production of other particles
like pions and kaons, electromagnetic showers, the excitation of nuclei, etc. .
The [HCAT] has been designed to precisely measure the energy of hadrons [23].
Different materials are used in hadronic calorimeters compared to electromagnetic
calorimeters, accounting for the different nature of hadronic showers.

Steel and scintillating tiles comprise the absorber and active material of the
[ATLASHCAT] in the barrel and in the so-called tile extended barrel [23]. The light
produced by the hadronic showers in the tiles is transported to photomultipliers
via wavelength shifting fibres. Together, the [HCAT] barrel and tile extended barrel
cover |n| < 1.7.

A hadronic end-cap calorimeter (HEC) is installed behind each of the two[ECAT]
end-caps . Copper is used as absorber and liquid argon as active material. It
covers 1.5 < |n| < 3.2.

A forward calorimeter (ECall), comprised of three layers, is also located in the
calorimeter end-caps . The first layer employs copper as absorber material,
while the remaining two use tungsten. All three layers employ liquid argon as
active material. The aim of the first layer is electromagnetic calorimetry, while the
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Figure 5.8: Overview of the [ATTAS| detector muon system .

latter two target hadronic calorimetry [212]. The [ECals covers 3.1 < |n| < 4.9.

The average distance a highly energetic hadron travels in a material before
interacting inelastically with a nucleus is given by the absorption length A . To
capture a large part of the hadronic showers and to prevent punch-throughs to the
muon system, the thickness of the calorimeter system ought to be a high multiple
of A [23]. In the detector, the muon system is shielded at |n| = 0 by more
than 11\ of which more than 9.7\ are available for energy measurements.

5.2.4 The muon system

Goal of the muon system is the measurement of muon momenta and the generation
of triggering signals . It is installed outside of the calorimeter system, which
muons can traverse due to their relatively small energy loss in matter.

The muon trajectories are bent by a toroid magnet system, comprised of a barrel
and two end-caps . The superconducting toroid magnets generate a magnetic
field which is mostly perpendicular to the possible muon tracks. Thanks to the
air-core of the toroids, the amount of multiple scattering is kept minimal, which is
beneficial for the resolution of the muon momentum measurement.

Gas-filled tracking detectors are installed in three layers in the muon system
barrel and in four layers in the end-caps . Aim is to provide position information
to measure the muon momentum and to obtain information for the trigger. The
triggering components cover || < 2.4, while the tracking units provide coverage over
In| < 2.7. All triggering devices are used to complement the position information of
the tracking components. An overview of the muon system of the detector
is shown in Figure [5.8]

In the barrel of the muon system, chambers of monitored drift tubes (MDTk)
are installed for the purpose of tracking in concentric layers at radii of 5m, 7.5m
and 10m from the beam pipe . At the outer two radii, resistive plate chambers
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(RPCk) are mounted, too, which are used for triggering and to complement the
position information of the [MDTk.

An [MDT] chamber is made of three to eight layers of 3cm drift tubes [23].
A tube has a spatial resolution of 80 pm resulting in a resolution per chamber of
~ 35 num. [RPCk consist of two resistive plates, enclosing a gas. Strips are installed
on the outsides of the plates, perpendicular in orientation between the two plates.
Penetrating muons ionise the gas and this induces a signal on the strips.

Four wheels at |z|-coordinates of 7.4m (“small wheel”), 10.8m, 14m (“big
wheel”) and 21.5m make up the end-caps of the muon system . [MDT] chambers
are used at high radii in the wheel closest to the interaction point for tracking. At
low radii, covering 2 < |n| < 2.7, cathode strip chambers (CSCk) are used instead of
[MDTI chambers. [MDTk would saturate at the high rates present in this range of |7|.
One layer of thin gap chambers (TGCE) is placed in front of the [MDT] chambers in
the first wheel for the sake of triggering and to complement the position information
of the tracking devices. [MDT] chambers for tracking and multiple layers of [TGCk
for triggering are installed in the third wheel with respect to the interaction point.
The second and fourth wheel consist of tracking chambers only.

A is a multi-wire proportional chamber [23]. Strip-segmented cathodes
are used on either side of the strips, with the strips being oriented in orthogonal
directions. Only the strips are read out. The are installed such that the
wires are oriented radially. provide a resolution of 40 um in r and 5mm in
¢. [CGCk are also multi-wire proportional chambers. A three dimensional position
information is obtained by reading out wires (r-coordinate) and pick-up strips (¢-
coordinate). [[TGCk have a high time resolution of 4ns and a spatial resolution of
2 mm-7 mm.

5.2.5 Trigger system

Bunch crossings occur up to every 25ns or at rates up to 40 MHz at the
detector . The amount of data produced by this high rate of bunch crossings
exceeds the storage capabilities of the detector. In addition, the major-
ity of bunch crossings feature only low proton-proton momentum transfers and are
therefore not of interest to most physics analyses. A selection system, called trig-
ger system, is employed to only store data from bunch crossings with interesting
outcomes and to reduce the amount of data written to disc.

It is split into two steps . Collision events are first filtered by the
Level-T trigger and then by the high-level trigger (HLT). Signals from
the muon trigger chambers and calorimeters are employed by the hardware-based
among information from smaller sub-detectors. It identifies events in a
fast way in which e.g. electrons, muons, jets, etc. are produced . For a selected
event, region-of-interests (ROIk), containing the geographical information relevant
for the selection by the are output. The rate of events to be considered
for storage is decreased to at most 100 kHz by the The second step of
the trigger chain is the [HLT] which processes events accepted by the
While the only uses information from a subset of the detector,
the software based [HLT] can employ information from the whole detector. A more
elaborate analysis of an event is performed by the [HLT], also using particle re-
construction techniques similar to the ones described in Chapter [ The average
acceptance rate of the [T is 1.2kHz, corresponding to a data rate of 1.2GBs™!
being written to disc .






Chapter 6

Event simulation

Simulated proton-proton interaction events are used in the search for [DM] particles
presented in Chapters They are employed to construct kinematic phase space
regions enhanced in signal events, to estimate contributions from background events
and to evaluate systematic uncertainties.

The event simulation emulates the proton-proton interactions in the detector
with the goal of predicting the emerging particles, their kinematics and the de-
tector response. Its theoretical foundation is the described in Chapter [2| and,
if simulating events involving [BSM] physics, the corresponding model. Due to the
complexity of the integrals emerging from the [QFT]calculations and the difficulty of
evaluating some of the occurring random variables, Monte Carlo (MC) techniques
are employed in the simulation [25].

A general overview of the event simulation is given in the following section.
Specific parts of the simulation are described in more detail thereafter.

6.1 Overview of the event simulation

Figure [6.1] sketches the typical particles simulated in the simulation of a proton-
proton interaction event [215]. The dark green ellipses illustrate incoming protons
and their respective PDEb. Partons emerge from these protons and are indicated
by the dark blue lines. These partons interact. The most energetic interaction
of the partons, yielding the process of interest, is marked by the dark red dot.
The outgoing particles produced in this hard parton scatter are indicated by light
red lines and are two top-quarks, a Higgs-boson and a gluon in this sketch. The
top-quarks and the Higgs-boson decay into lighter quarks and bosons at the light
red dots. As discussed in Section the cross-section of producing some final
state X in a proton-proton interaction can be calculated by employing the parton
distribution functions (PDFEk) and the cross-sections o; j_,x of the partons i and
J producing X. The cross-sections o; ;_,x can be calculated by integrating the
matrix elements, derived from the corresponding Feynman diagrams, over the phase
space [62]. The matrix elements are computed at a fixed order in perturbation
theory, e.g. at next-to-leading order (NLO)). They allow generating the hard-scatter
event which contains all of the particles described up to this stage.

Higher order emissions and (gluon or photon) splittings to the finite order hard-
scatter events are accounted for by the parton showering [25]. The radiations
and splittings are denoted as final state radiation (ESR) if affecting the outgo-
ing particles from the hard-scatter, and as initial state radiation (ISR]) if affecting
the incoming partons. The radiations and gluon splittings added by the parton
showering are illustrated by light red and dark blue lines in Figure[6.1] The parton
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Figure 6.1: Event simulation illustration of a tf + h event [215]. Partons from
the protons and the [[SR] are shown by dark blue lines. The large dark red circle
indicates the most energetic parton interaction. The emerging particles decay at
the light red circles. Outgoing particles from these decays and final state radiation
(ESR]) partons are indicated by light red lines. Resulting hadrons are illustrated
by light green ellipses and their decays in dark green. Photon and leptons are
drawn in yellow. Additional parton-parton interactions (purple ellipsis) and the

hadronisation of further proton remnants (light blue ellipses) form the underlying
event.
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showering is described in more detail in Section [6.2

The output of the parton showering are multiple particles, among them indi-
vidual quarks and gluons. Due to the confinement discussed in Section
quarks cannot be observed individually. Instead, hadrons are observed in the de-
tector and these are highlighted by the light green ellipses in Figure The
formation of hadrons is modelled in the hadronisation step of the simulation [25],
described in Section

Not all of the hadrons that are formed are stable, i.e. they may decay before
passing through the sensitive detector volume [25]. Likewise, the 7-lepton is not
stable. The decays of instable particles are also accounted for in the simulation and
the decay products are indicated in Figure by the dark green circles.

Several parton interactions can occur in a proton-proton interaction [25]. They
are simulated by the so-called underlying event simulation and are indicated by the
purple ellipsis with the outgoing partons, hadrons and hadron decay products in
the figure. Further proton remnants and the hadrons they form, illustrated by the
light blue ellipses, are also accounted for by the underlying event simulation. More
details on the underlying event are given in Section [6.3]

The previously described steps of the simulation yield the energies, momenta,
and spatial coordinates of hadrons, leptons, and, if applicable, particles, which
propagate through the detector. This stage of the event simulation is called particle
level. To emulate the signals produced by these particles in the detector,
a dedicated detector simulation is used. Events from simultaneous proton-proton
interactions in the detector are also accounted for in this step of the simulation.
The detector simulation is discussed in Section [6.6l

6.2 Parton showering and matching

The parton shower accounts for higher order perturbative corrections to the hard-
scatter event obtained from fixed order matrix elements [62]. It adds low-energetic
(soft) and small-angle (collinear) particle emissions to the incoming and outgoing
particles of the hard-scatter [25]. For simplicity, only quark and gluon emissions
are discussed here. The reader is referred to Reference [25] and references therein
for the treatment of electroweak emissions.

The parton emissions and gluon splittings accounted for by the parton shower
are added according to an evolution scale [62]. This scale can e.g. be proportional
to the square of the angle 6 between the original particle and the emitted one. For
each particle that is outgoing from the hard-scatter, the parton showering iteratively
constructs a tree of radiations and splittings, reducing the evolution scale from step
to step. The cross-section of additional radiations and gluon splittings increases as
the evolution scale decreases. For example, if the evolution scale is proportional to
62, the probability of producing a collinear emission increases as 2 decreases. To
avoid the resulting divergences, a cut-off parameter A is introduced at which the
parton showering stops. Introducing A is also physically motivated: very collinear
radiation for example, yielding two very close by particles, may not be resolvable.
Other models are used to describe the evolution of the quarks and gluons at lower
scales, see Section [6.4]

The technical working principle of the parton shower is as follows [25]. For each
quark or gluon at the scale 2, the parton shower probabilistically estimates the
scale g2 of the resulting particles if emitting a gluon or if the gluon splits into two
quarks. The probability depends on the Sudakov form factors [25]. If the scale ¢
of the resulting particles is above the cut-off scale A, typically A ~ 1GeV, then
the additional gluon emission or gluon splitting is accepted. The parton showering
continues to add emissions and to split gluons of the resulting particles. Additional



o0 CHAPTER 6. EVENT SIMULATION

radiations or splittings are not added to the parton if ¢ < A.

Gluon emissions and splittings are also considered for the partons incoming
to the hard-scatter [25]. In this case, the evolution of emissions and splittings
is propagated from the hard-scatter partons backwards until obtaining the partons
emerging from the proton. This reversed approach is used because of computational
benefits [62]. As dealing with proton constituents, this modelling of the[[SRldepends
on [PDFk.

Parton showering algorithms are constructed to be precise for collinear and soft
emissions [62|. Harder and wider-angle radiations are more accurately modelled if
including additional partons in the final state in the matrix element calculations
used for the hard-scatter event. To achieve the best accuracy for extra radiations,
it is therefore beneficial to combine both techniques. Combining them is however
not trivial and dedicated matching algorithms are used to do so, for example parts
of the phase space may be accounted for twice. Common methods used for the
matching are CKKW [216], MC@NLO [217] and Powheg [218].

6.3 Underlying event simulation

The underlying event is further activity in a proton-proton interaction event not
covered by the hard-scatter and parton shower [25]. Additional parton-parton inter-
actions contributing to the underlying event are described by the so-called multiple
parton-parton interaction (MPI) model. In this model, the additional parton in-
teractions originate primarily from ¢-channel diagrams featuring the exchange of a
gluon. While they may lead to the production of jets, the more sizeable consequence
is the correction of global event quantities, such as the number of hadrons.

6.4 Fragmentation and hadronisation

Parton showering algorithms add particle radiations and gluon splittings to a hard-
scattering event down to a cut-off scale A [62]. Beyond this scale, perturbative
calculations as used in the matrix elements and in the parton shower cannot be
employed any more. Instead, phenomenological fragmentation models are used to
describe the formation of hadrons from the partons output by the parton showering
as necessitated by confinement. The Lund string model |48 and the cluster
model [219] are introduced here.

The string model exploits that the potential V' (r) between two quarks, spatially
separated by the distance 7, can be described by V(r) = kr, i.e. it increases with
the distance [25]. Interactions between quarks are described by a string, which’s
tension increases as the quarks are spatially separated, until the energy stored is
sufficient to create a quark-antiquark pair, as depicted in Figure[2.3|on page[I0] The
string is then split into two strings, with a quark and an antiquark on the respective
ends of the new strings. In the string model, the string splitting continues until the
invariant mass of a quark-antiquark pair is in the order of the mass of some meson.
The production of baryons can also be incorporated into the string model, e.g. by
allowing for the production of two quark-antiquark pairs in a string splitting.

In the first step of the cluster model, all gluons output by the parton shower-
ing are decayed into a quark-antiquark pair [25]. Quark-antiquark pairs are sub-
sequently defined as a cluster. These clusters are iteratively split, until the energy
of all clusters is below 3 GeV—4 GeV. Mesons and excited mesons are formed from
the final clusters and the exited mesons are forced to decay, giving the final set of
hadrons.
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6.5 Process simulation programs used in the AT-
LAS experiment

Multiple programs are used by the experiment for the generation of simu-
lated events. The most common programs are introduced in the following.

The MadGraph5_aMC@NLO [220] and PowHeg-Box [218], 221} 222] programs
allow for the calculation of matrix elements and cross-sections up to [NLOJ preci-
sion and the generation of hard-scatter events. They use the MCONLO [217] and
Powheg [218] methods, respectively, for the parton shower matching.

Pythia [223], Herwig [224], [225] and Sherpa [215| 226] are multi-purpose event
generators, which can calculate matrix elements, cross-sections and generate hard-
scatter events, as well as perform the parton showering, hadronisation, hadron and
T-lepton decays as well as the underlying event simulation. Pythia and Herwig are
mainly used for the parton shower, hadronisation and underlying event simulation
in this thesis. Pythia uses the string model for the hadronisation, while Herwig
uses the cluster model. Sherpa is used with all of its functionalities. It supports the
calculation of matrix elements up to [NLO| precision and uses the cluster model for
the hadronisation [227].

Due to the multiple parameter dependencies of the different simulation pro-
grams, the predictions obtained from the programs are compared to data and the
parameters are tuned such that the predictions and the data agree [25]. Sets of
tuned parameters are published for each of the multi-purpose event generators.

6.6 Detector simulation

The final particles output by the simulation programs described in Section [6.5| are
processed with the [ATLAS| detector simulation [228] to obtain an emulated detector
response. Firstly, the energy depositions of the particles in the sensitive volumes
of the detector are estimated using the Geant4 framework [229]. Energy deposits
accounting for the impact of pile-up interactions and other effects, such as beam-gas,
are overlaid. The combined energy depositions are then transformed into electric
signals and digital output signals for all of the detector components. This then
provides an emulation of the output of the detector with respect to the simulated
event.

Geant4 derives the energy deposits in a very detailed manner and is computa-
tionally expensive, particularly to simulate the calorimeter response [228]. There-
fore, the computationally less expensive version AF2 of the detector simulation soft-
ware was developed, employing a parametrised approximation of the shower profile
in the calorimeters, with the drawback of degraded spatial calorimeter information.
Samples using the full and the AF2 detector simulation are employed in the analysis
presented in this thesis.

6.7 Simulated samples

Multiple samples of simulated events are used in the analysis presented in this thesis.
The software used to generate these samples is described in this section.

To generate 2HDM+a modell samples, the Feynman rules of the model have to
be known. They are implemented in a Universal FeynRules Output (UFQ)) [230] file,
produced with the FeynRules 2 [231] and NLOCT [232] packages and provided [233]
by the authors of Reference [14]. Using the [TFO] the 2ZHDM+a modell ¢WW+DM
signal samples are produced at accuracy in the matrix element with Mad-
Graph5_aMC@NLO v2.6.2 and v2.7.3 [220] interfaced to Pythia v8.212 234, [235]




52 CHAPTER 6. EVENT SIMULATION

and v8.244, respectively. The NNPDF3.0 five-flavour schemdT] set of PDEE,
accurate to [NLO] is input into MadGraph5 aMC@NLQO. MadSpin is
used to model top-quark decays, thereby retaining spin-correlations and effects due
to the finite decay width. Pythia is used for the parton showering, hadronisation
and underlying event simulation. The accurate NNPDF2.3 set of PDT%
as well as the A14 parameter tune are input to Pythia. EvtGen v1.6 and
v1.7 are used for the decays of heavy flavour hadrons. The total cross-section
output by MadGraph5_aMC@NLO is used to normalise the generated events. For
those signal samples generated with MadGraph5 aMCQNLO 2.7.3, the reweighting
technique described in Reference is used to obtain samples with tan 8 = 0.3—-3
and sin @ = 0.35 or 0.7 from samples generated with tan 5 = 1 and sin§ = 0.35.
Furthermore, BHDMTa modell tt+DM signal samples are used in the analysis
presented in this thesis. These samples are produced by reweighting and mer-
ging samples generated for the simplified [DM] model with a pseudoscalar
mediator [1544158| introduced in Chapter The dominant Feynman diagrams
in the simplified model contributing to the t¢+DM signature are equivalent to the
2HDM+a model diagrams shown in Figure[£.5] They do not contain A-boson contri-
butions however and just feature the pseudoscalar mediator a, which is produced in
association with a ¢ pair and decays into[DM]particles. In thePHDMTa modell dia-
grams featuring the associated production of a t¢ pair and an A-boson decaying into
particles must be additionally accounted for. An approximate 2HDM+a model
tt+DM signal sample can be obtained from a simplified model sample by following

procedure 173

e For each combination of m,, m4, tan 8 and sin 6 for which a2HDM+a model
sample is to be produced, two simplified model samples with a mediator mass
of m, and m4, respectively, are generated.

e The cross-section of each of the simplified model samples is normalised to the
cross-section of the ZHDM=Ea modell t4+DM production, where either only
the a-boson or the A-boson decays to[DM] particles. To be explicit, the cross-
section ogimp(me) of the simplified model sample generated with mediator

mass M., is multiplied by the factor 0;%X§+a(ma, ma,tan 3,sin 6)/osimp(Ma ),

with either @ = a or @ = A. The expression o554 . (Ma; ma, tan 3,sin 6)
denotes the BHDMTa model| cross-section of the tt+DM signature where ex-
clusively the a-boson decays to [DM] particles.

e The two reweighted simplified model samples are merged and yield the final

2HDM+a modell sample.

The simplified model tt+DM samples are produced at [LQ] accuracy in the matrix
element using MadGraph5_aMCQNLO v2.7.3 including up to one additional
parton emission in the final state. The hard-scatter events are interfaced to Py-
thia 8.244 for the parton shower, hadronisation and underlying event
simulation. The [PDEk and tuning sets are equal to the ones employed for the
tW+DM signal. As for the tW+DM signal, MadSpin is used to model
the top-quark decays. The [UFQ] found in the link in Reference is
employed to produce the simplified model t¢+DM samples. The simplified model
cross-sections are derived with MadGraph5 aMC@NLO and the version proposed
in Reference . They are accurate to The 2HDM+a modell cross-sections
are calculated at with MadGraph5_aMC@NLO v2.7.3 [220].

The software setup for the simulation of processesE| is summarised in Table
Except for the t#t and tftf processes, which use the NNPDF3.1 [PDE set [236], all

1The five-flavour scheme considers [PDFEb for all quarks except for top-quarks \ .
2Explanations of the different [SM] processes can be found in Chapter
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Event generating Total cross-section

GENEDH | pg

‘ Process ‘ program (GEN) ‘ accuracy ‘ PS tune accuracy ‘
tT PowHeg-Box v2 21 NLO Pythia 8 Al4 NNLO + NNLL[258}/264]
Single top_quark PowHeg-Box vl & v NLO Pythia 8 Al4 NNLO_+ NNLL [268[{271]
ti + vV [272] MadGraph5_aMC@NLO v2.3. NLO Pythia 8 Al4 NLO
V +jets [274] Sherpa 2.2.1 NNLO Sherpa Sherpa NNLO [279]

4% Sherpa 2.2.1 & 2.2 NNLO Sherpa Sherpa NLO
Triboson Sherpa 2.2.2 NNLO Sherpa Sherpa NLO
tZ, tWZ (= 0€) MadGraph5_aMC@NLO v2.3.3 NLO Pythia 8 Ald NLO
tW Z(— vv) MadGraph5_aMC@NLO v2.6.7 NLO Pythia 8 Ald NLO
tt + h PowHeg-Box v2 NLO Pythia 8 Al4 NLO
tEt, titt MadGraph5_aMC@NLO v2.2.2 NLO Pythia 8 Al4 NLO

Table 6.1: Software setup used to generate simulated events of processes.
“GEN” abbreviates the program generating the matrix element and the hard-scatter
events, while “PS” abbreviates the program used for parton showering, hadronisa-
tion and the underlying event simulation. A single “V” indicates a Z- or W-boson.
All [PDE used by the GENs are provided by the NNPDF collaboration [236]. If
given without a reference, the total cross-section of a process is taken directly from
the program simulating the hard-scatter event.

programs simulating the hard-scatter event use the NNPDF3.0 [PDE set . For
all samples, parton showering, hadronisation and underlying event simulation
are carried out either by Pythia 8 or by Sherpa . The Al4 tune is
utilised for all samples for which Pythia is used for the parton showering, hadron-
isation and underlying event simulation. For these samples the NNPDF2.3
set of [PDFE¥ is input to Pythia. For the samples generated with Sherpa, the Sherpa
parton showering 247H250], employing the NNPDF3.0 [PDE set and the
standard tuning are used. Decays of b- and c-hadrons are simulated with Evt-
Gen for samples not generated with Sherpa. The total cross-sections of the
processes are either obtained from the program calculating the matrix element
or from another program as indicated by the references in Table

As the tW process, i.e. the associated production of a top-quark and a W-
boson, is simulated at [NCO), it interferes with the ¢ process [251]. Doubly resonant
diagrams, which can be regarded as tt Feynman diagrams where one of the top-
quarks (on-shell or virtual) decays into a W-boson and a b-quark, cause interference.
To avoid these interferences, two procedures, the diagram removal and diagram
subtraction procedures are used, with diagram removal being the nominal
choice. In the diagram removal procedure, the interfering diagrams are removed
from the tW amplitudes. In the diagram subtraction procedure, the tW cross-
section is modified to account locally for the interference. Neither procedure gives
an accurate prediction of the tW process cross-section. Rather, the predictions from
the two procedures appear to bracket the data in tW enriched regions, as is discussed
in Section In the analysis presented in this thesis, the tWW prediction is
corrected to obtain a more accurate prediction. In addition, samples are generated
for both the diagram removal and diagram subtraction and differences are accounted
for as a systematic uncertainty as described in Section A diagram removal
scheme is also employed for the tWZ process [252-255], removing interference with
the tt + Z process.

Multiple proton-proton interactions can occur per bunch crossing in addition to
the hard-scatter. Energy deposits from these pile-up interactions are added to all
simulated events in the detector simulation step. The additional interactions are
simulated with Pythia 8.186 . The NNPDF2.3 [PDH set accurate to
is input to Pythia together with the A3 set of tuned parameters for the
generation of pile-up events.






Chapter 7

Particle reconstruction

Hadrons and charged leptons traversing the detector induce signals in the
sensitive detector volume. Compound physics objects, such as charged particle
tracks, electrons, muons, 7-leptons, jets, and missing transverse momentum, are
reconstructed by combining signals from individual sub-detectors using specialised
algorithms.

The sub-detectors that are used to reconstruct the different objects are shown
in Figure Trajectories of charged particles (tracks) are reconstructed with the

Muon Spectrometer

Hadronic Calorimeter (TileCal)

Electromagnetic Calorimeter (Liquid Argon)
Solenoid Magnet

Transition Radiation Tracker
Tracking

Pixel & Silicon-Strip Detectors

EXPERIMENT

Beampipe

Figure 7.1: Energy deposits by different particles in the [ATLAS detector. Copy-
right: CERN.

inner detector (ID]) [284]. Muons are typically reconstructed with measurements
provided by the [Dl and the muon system [285]. Electrons are identified by a track
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in the [[D] and energy deposits in the electromagnetic calorimeter (ECATI) [286].
Photons are reconstructed from energy deposits in the [ECAT] which do not have
associated tracks.

Jets, i.e. hadron sprays resulting from the hadronisation of quarks and gluons,
yield multiple tracks in the and energy deposits in the calorimeters. In the
detector, jets are reconstructed as a whole rather than reconstructing the
individual hadrons.

Besides the described objects, multiple others are used in the analysis presen-
ted in this thesis. Jets containing b-hadrons (b-jets) are identified by exploiting
properties of b-hadron decays [203]. Jets covering a large angular area (large-radius
jets |287]) may contain the decay products of hadronically decaying high-pr W-
bosons. Using W-tagging techniques [288], such large-radius jets can be distin-
guished from large-radius jets formed by other particles, as detailed in Section [7.4.5
Finally, weakly interacting particles, such as neutrinos or [DM] particles, yield miss-
ing transverse momentum (EX, see Section in an event [201]. The EXss is
calculated by using all reconstructed objects as described in Section

Different objects reconstructed in an event can use the information from the
same energy deposits. To avoid having two different objects reconstructed from the
same energy deposits, a dedicated overlap removal procedure is used. Furthermore,
in accordance with the objects expected from the 2HDM+a modell signal, only a
selection of objects is used for the search for particles presented in this thesis.
The overlap removal and object selection criteria are described in Section [7.6

7.1 Track and vertex reconstruction

Tracks are an ingredient to most of the objects reconstructed with the
detector. Tracks are reconstructed by using the [284]. The building
blocks of tracks are hits.

In the inside-out track finding procedure, tracks are seeded by groups of three
hits from the [[BI] pixel detector and [289]. These seeds are extended into
track candidates using hits from other layers of the [D] excluding the [TRT], with
the help of a Kalman filter [290]. Track candidates may share hits. To resolve
these ambiguities, a quality score is assigned to each track candidate. The score
is based on the number of [D] layers with a hit, a track fit x2 and the momentum
of a track candidate, as detailed in References [284} 289]. Shared hits are removed
from the track candidates with a lower score. The track candidates with removed
hits are refit, scored and enter the ambiguity resolution procedure again. Track
candidates failing certain quality criteria, including the requirements pr > 400 MeV
and |n| < 2.5, are rejected by the ambiguity resolution. Using hits in the TR} the
final track candidates are extended and a track fit is performed.

Though there may be multiple proton-proton interactions per bunch-crossing,
there is typically at most one, the hard-scatter, yielding the interaction of interest.
To identify the proton-proton interaction of interest, the vertices of the proton-
proton interactions in an event are reconstructed [291H294]. The vertex reconstruc-
tion is based on reconstructed tracks compatible with originating from the luminous
region and fulfilling certain quality criteria. By finding peaks in the distribution of
these tracks along the z-axis, seed vertices are constructed. For each seed vertex,
an exact vertex position is then calculated using a vertex fitting algorithm [295].

In the analysis presented in this thesis, events must contain at least one recon-
structed vertex with which at least two tracks with a pp > 500 MeV are compatible.
If an event contains multiple vertices, the primary vertex is selected by the largest
squared sum of track momenta > p3.
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7.2 Electrons

Electrons are reconstructed by matching energy deposits in the calorimeter to
tracks [286]. The reconstruction of electrons consists of four steps, which are dis-
cussed in more detail below: first energy deposits in the [ECAT] are combined into
EM-topo clusters, then tracks are matched to these clusters and superclusters are
formed. Finally, electrons are defined from the superclusters.

The EM-topo clusters are built from proto-clusters [286} 296]. Proto-clusters
are seeded by [ECAT] and [HCAT] cells which fulfil

EM
Ecell
EM
noise,cell

|Ceent | =

> 4.

The energy Egell\f[ deposited in a calorimeter cell is calibrated to the EM scale, i.e.

in such a way that the energy of electromagnetic showers is correctly measurecﬂ
The noise aﬂéwcu per calorimeter cell accounts for electronic noise and noise due
to energy deposits from particles emerging from pile-up interactions. The proto-
clusters made of the seeds are extended by adding all neighbouring calorimeter
cells. In the next step, the neighbouring cells of all collected cells with \CC%\{[\ > 2
are added to the cluster as well. This step is repeated iteratively, until no new cells
are added to the proto cluster [296].

Proto-clusters are built from [ECAT] and [HCAT] cells, but only [ECAT] cells are of
relevance for the electron reconstruction [286]. The [HCAT] cells are, however, used
to remove clusters originating from pile-up interactions. The resulting, [ECAT] cell
only proto-clusters are referred to as EM-topo clusters.

EM-topo clusters are matched to tracks in the next step [286]. Electrons can
loose a significant fraction of their energy compared to other charged particles when
traversing the To ensure an efficient electron reconstruction, additional tracks
with more loose quality criteria compared to the standard tracks are reconstructed.
If the conditions |Nirack — Meluster| < 0.05 and —0.10 < q(@track — Peluster) < 0.05
with ¢ the charge of the track are fulfilled, a track is matched to a cluster. Multiple
tracks may be matched to an EM topo-cluster. Tracks matched to a cluster are
scored according to their hits in the and the AR between the tracks and the
cluster. The highest scored track matched to an EM topo-cluster is used in the
further steps of the electron reconstruction.

Superclusters are built next from the EM topo-clusters [286]. Seed clusters to
construct the electron superclusters are selected by requiring Er = \/m? + p3 >
1GeV and a matched track fulfilling certain quality criteria. The superclusters
defined by the seeds are extended by adding EM topo-clusters within An x A¢ =
0.075 x 0.125 and, if the seed and the adjacent cluster share the matched track,
within ApxA¢ = 0.125x0.3. Tracks are matched to the supercluster using the same
procedure as for EM-topo clusters and ambiguities with the photon reconstruction
are resolved. The remaining track-matched superclusters define the reconstructed
electrons. A four-momentum vector is assigned to a reconstructed electron by using
the n and ¢ from the highest ranked matched track, the energy from the calorimeter
energy clusters and assuming that the invariant mass equals the electron mass [297].

The energy of electrons reconstructed in data is subsequently calibrated accord-
ing to the energy of reconstructed electrons in the simulation [286} [298]. This is

IThe calorimeters of the detector are non-compensating [296]. That means that elec-
tromagnetic and hadronic showers initiated by particles of the same energy yield different signals
in the calorimeters. When using clusters calibrated to the EM scale, the energy of electromag-
netic showers is accurately measured [286]. When using local hadronic cell weighting (LCWJ)
calibrated clusters, see Section [7.4:4] the energy of both types of showers is, making up for the
non-compensating nature of the calorimeters.
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Figure 7.2: Good agreement between data and simulation is observed in the invari-
ant mass of the two reconstructed electrons in selected Z — ee events after the
calibration of energy scale and resolution [286]. The total number of events in the
simulation has been normalised to the total number of data events.

referred to as energy scale calibration. In addition, the energy resolution of elec-
trons found in data is used to calibrate the one found in simulation. Z — ee events
are used to derive the energy scale and resolution calibration correction factors.
The invariant mass of the two electrons in data and the simulation after the energy
calibration is shown for Z — ee events in Figure[7.:2] Good agreement between data
and simulation is observed.

Electrons can originate from the hard-scatter interaction or immediate sub-
sequent decays, e.g. of W-bosons, Z-bosons [297]. Such electrons are called prompt
electrons. Non-prompt electrons emerge from the decay of hadrons and photons [286]
and are typically not of interest in physics analyses. Furthermore, reconstructed
electrons can originate from energy deposits of other particles, e.g. hadrons. Such
“fake electrons” are also not of interest for physics analyses. The electron identific-
ation procedure aims at reducing the fraction of non-prompt and fake electrons. It
is based on a likelihood function and employs various properties of the track, the
energy deposits in the calorimeter and the matching of track and cluster. Three
identification working points are defined: Tight, Medium and Loose. The average
efficiency of a prompt electron to pass the identification working point conditions
are 80 %, 88 % and 93 %, respectively. With increasing efficiency, the fraction of
non-prompt and fake electrons passing the working point conditions increases.

Additional activity close to a reconstructed electron is more likely to be found for
non-prompt and fake electrons than for prompt electrons [286]. To further increase
the fraction of prompt electrons, calorimeter- and track-based isolation criteria on
the activity in the vicinity of an electron are defined. The calorimeter-based isolation
variable sums up all the energy deposits in a cone of size AR = 0.2 around the
electron cluster barycentre. Energy contributions from the electron are removed
and other effects, e.g. energy contributions from pile-up interactions, are accounted
for. The track-based isolation variable sums the transverse momentum of all tracks
not matched to an electron in cone with a size depending on the electron pp. The
cone size is pr dependent to not penalise prompt electrons produced in the decay
of a heavy particle, which can lead to close-by particles. Multiple isolation working
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Figure 7.3: Prompt electron isolation efficiency for the different isolation working
points in measured Z — ee events . The Gradient isolation working point
is described in Reference . Selected electrons must satisfy the conditions of
the Medium identification working point. The ratio of the efficiency in data and
simulation is shown in the bottom panel.

points are defined based on the calorimeter- and track-based isolation variables. In
the analysis presented in this thesis, the Loose, Tight and HighPtCaloOnly working
points are of relevance. Requirements on the calorimeter- and track-based isolation
variables are placed in the former two working points, while requirements on the
calorimeter-based isolation variable are placed in the latter. The HighPtCaloOnly
working point has the strongest suppression of electrons that are not prompt at high-
E+r. The efficiency of a prompt electron to pass the requirements of the different
isolation working points is shown in Figure[7.3] as a function of Er.

Using Z — ee and J/¥ — ee events, the efficiencies to reconstruct, identify and
isolate a prompt electron are determined both in data and in simulation . A
sample with a high purity of such events can be obtained by requiring the invariant
mass of the reconstructed electron-positron pair to be compatible with the decaying
particle. The so-called tag-and-probe method is then used to measure the differ-
ent efficiencies. One of the electrons, the tag, is required to pass the most tight
requirement, while the requirement on the other electron, the probe, is varied to
measure the efficiency. The reconstruction, identification and isolation efficiencies
measured in data and simulation are compared. Multiplicative factors to correct
the efficiencies in the simulation are derived.
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7.3 Muons

Muons can traverse the entire detector without being absorbed. They
are reconstructed using tracks reconstructed in the and in the muon system,
potentially supplemented by calorimeter information [285]. Tracks in the muon
system are constructed by first identifying track segments in the individual muon
system chambers. These segments are then combined into a track, accounting for
the bending in the magnetic field and using a x? fit.

Five different methods are used to reconstruct muons in the [ATLAS| experi-
ment [285]:

o Combined (CB) muons are reconstructed by combining muon system and [D]
tracks. Most CB muons are reconstructed with a full track in the
coverage |n| < 2.5. CB muons outside of this range are reconstructed by
matching muon system tracks to [[D] track segments.

. tracks are extrapolated to the muon system and required to be compatible
with at least three hits in the muon system for Inside-Out combined (IO)
muons. A refined track fit is made accounting for the muon system hits.
Similarly, Segment Tagged (ST) muons are defined by an track matched
to at least one track segment in the muon system. Both IO and ST muons
allow reconstructing low energetic muons and muons traversing detector areas
with little muon system coverage [299].

o Calorimeter Tagged (CT) muons combine tracks with energy deposits in
the calorimeter. CT muons are used in particular to reconstruct muons at
low |n| < 0.1, where there is no coverage by the muon system due to service
trays [299].

e Muon-spectrometer Extrapolated (ME) muons extrapolate muon system tracks
back to the interaction point without the requirement of matching to an
track. By using ME muons the muon reconstruction abilities can be extended
to high n areas (2.5 < |n| < 2.7) where there is little [[D] coverage.

Similar to electrons, an identification selection is used for muons to increase the
fraction of prompt muons over those originating from hadron decays [299]. The
identification selection makes use of the number of hits in the and the muon
system, measures resulting from the track fit, and differences between properties
derived from the [D]and muon system tracks [285]. Different working points, Loose,
Medium, Tight, are defined, each with different average prompt muon efficiencies.
For what concerns this thesis, only the Medium working point is used. For |n| < 2.5,
muons identified with the Medium working point are either CB or IO muons, while
they are CB or ME muons at higher ||. Requirements on the difference of the ratio
of charge to momentum determined with [[Dland muon system tracks, as well as the
number of hits in the muon system are made, as detailed in Reference [285].

Muons from hadron decays are additionally suppressed by placing isolation re-
quirements [285]. Calorimeter- and track-based isolation variables are defined. The
sum of all energy deposits in a cone of size AR = 0.2 around the extrapolated
muon track defines the calorimeter-based isolation variable. Energy deposits from
the muon are subtracted and contributions from pile-up interactions are corrected
for. The total momentum of all tracks in a cone around the muon track in the [D]
except for the track of the muon, defines the track-based isolation variable. For
what concerns this thesis, the cone size depends on the muon pr. Multiple isol-
ation working points are defined with the two isolation variables. In this thesis,
the Loose isolation working point is used, which employs both the calorimeter- and
track-based isolation variables.
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Using Z — pp and J/U — pp events, the muon momenta in simulation are
corrected to the ones obtained from data [299]. Also using Z — pp and J/U — uu
events, multiplicative correction factors are obtained to correct the reconstruction,
identification and isolation efficiencies of the simulation to data. These correction
factors are derived with the help of the tag-and-probe method and others, as dis-
cussed in Reference [285].

7.4 Jets

Jets are collimated sprays of colour-less hadrons, initiated by individual quarks and
gluons due to the confinement in [QCD| These jets are reconstructed in the [ATLAS|
experiment using information from the [D] and the calorimeters.

7.4.1 Definition of jets

Being interested in the underlying dynamics of the fundamental particles, it is
desirable in the jet reconstruction to construct an object that reflects the dynamics
of the initial quark or gluon, e.g. in the direction and momentum. In addition,
a jet reconstruction algorithm must allow for the reliable comparison of theory
(forming jets at particle level for example) and experiment [300]. To this extent it
is crucial that a jet reconstruction algorithm is insensitive to soft (low momentum)
and collinear (low angle) [QCD]| emissions, in other words, that it is infrared and
collinear safe.

The anti-k; algorithm [300] satisfies these requirements. It takes a list of “entit-
ies” as input and forms jets from these entities. Different lists of entities are used
throughout this thesis, as described below. For each entity ¢ in the list of entit-
ies, the anti-k; algorithm calculates the distances d;; to all other entities and the
distance d;p between entity ¢ and the beam:

A(i, )2
dij = min (p%“z’p?fzfj) (RQJ = (7.1)

2p
dip =Dt ;-

In the equation, pt; and pr ; are the transverse momenta of entities ¢ and j,
A(i,5)? = (yi — yj)* + (¢i — ¢;)* with y; and y; the rapidities and ¢; and ¢; the
azimuth angles of entities i and j. Moreover, R is the so-called distance parameter,
which controls the size of the jets. The fixed parameter p is set to —1 in the anti-k;
algorithm. After the calculation of the d;; and d;g, the anti-k; algorithm finds the
minimum of the d;; and d;p. If the minimum is one of the d;;, the four momenta
of entities ¢ and j are added and the summed entity replaces entities ¢ and j in the
list of entities. If instead d;p is found to be the minimum, entity ¢ is regarded as a
jet and erased from the list. The procedure continues as long as entities remain in
the list.

Because of the inverse dependence on the pr, soft entities are combined with
the hardest close-by momentum entities before soft entities are combined [300].

In the simplest case, jets formed by the anti-k; algorithm have a conical shape,
with a relatively high momentum entity ¢ in the center surrounded by lower mo-
mentum entities [300]. If there are, however, multiple relatively hard entities ¢ and
j within A(4,j) < 2R, the shape and substructure (i.e. the spatial distribution of
hard entities) of a jet can be very different, as illustrated in Figure If the two
hard entities are found within R < A(7,5) < 2R, the anti-k; algorithm forms two
jets. Depending on the transverse momenta of the two hard entities pr; and pr j,
one of these jets can be cone-shaped (green jet in Figure for example while the
other is partially cone-shaped (pink jet). If two relatively hard entities are found
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(b)

Figure 7.4: (a) The shapes and the substructure of jets formed with the anti-k;
algorithm are shown in the ¢ — y plane . The area covered by a jet is coloured.
The z-axis indicates the momentum of the constituting entities. The inputs used
for the anti-k; algorithm are obtained from an event simulated with Herwig
and additional soft particles. (b) Substructure of a jet formed by two hard entities
of similar pr. Modified from Reference .

within A(4,j) < R, one jet is formed by the anti-k; algorithm. The shape and
substructure depends on the momenta of the two hard entities. If their momenta
are similar for example, the jet is made of two cones (with a radius lower than R)
around the hard entities, contained in a larger cone around the jet barycentre. This
situation is illustrated in Figure

Three types of jets are defined with the anti-k; algorithm in the analysis presen-
ted in this thesis: small-radius jets with R = 0.4, large-radius jets with R = 1.0
and adaptive-radius reclustered jets with a variable R, as explained in the following
subsections.

7.4.2 Small-radius jets
Particle-flow

Particle-flow objects are the basic ingredient for the formation of small-
radius jets. They are constituted of tracks and calorimeter energy clusters.

The calorimeter energy clusters used to define particle-flow objects correspond to
the proto-clusters introduced for the electron reconstruction in Section .
The energies measured in the [ECAT] and [HCAT] cells used to form these clusters
are calibrated to the EM scale, correctly measuring the energy of electromagnetic
showers. By calculating a weighted mean of the cluster cells, ¢ and 7 coordin-
ates, as well as an energy is assigned to a cluster . It is thereby assumed that
the cluster points to the origin of the coordinate system in the detector . A
four-momentum vector is calculated by interpreting a cluster as a particle of zero
mass . Assuming that all proto-clusters originate from particles produced in the
primary vertex, an origin correction is performed , modifying the momentum
such that it points to the primary vertex [305].

Small-radius jets can be defined using these proto-clusters . Until the end of
run-II, these EM topo jets have been the standard small-radius jets in the
experiment. As the energy resolution of the calorimeters decreases with the de-
posited energy, the energy resolution of EM topo jets also decreases with the jet
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energy [303]. Because the has a very precise momentum resolution for low mo-
mentum tracks, combining calorimeter and information helps to improve the
jet energy resolution at low energies. Simultaneously, the usage of information
increases the directional precision of the jet axis and allows reducing the impact of
energy deposits from pile-up interactions on jets. The usage of particle-flow objects,
which are made up of tracks and calorimeter energy clusters, thus allows defining
jets with an improved resolution of the energy and jet direction as well as less
dependence on the number of pile-up interactions compared to EM topo jets [304].

The tracks defined as particle-flow objects must conform to certain stricter qual-
ity criteria compared to the default tracks [303 [304]. To not double count energy
contributions from particles depositing energy in the [[D] and in the calorimeters, a
dedicated energy subtraction procedure is performed. Energy is subtracted from
calorimeter energy clusters that can be associated to a track. Firstly, the selected
tracks are matched to calorimeter energy clusters. For each track, the uncertainty

2 2
accounting angular distance AR’ = \/ (ﬁ—f) + (ﬁ—'l’) to each cluster is calculated.
The symbols o4 and o, denote the standard deviation of the cluster cells in ¢ and
1 with respect to the cluster barycentre. The cluster with the smallest AR’ below
AR’ = 1.64 is matched to a track.

For each track matched to a cluster, the expected energy deposited by a particle
producing the track in the calorimeter is evaluated next using simulated events [303].
Energy deposited in the calorimeter by a particle producing a track can yield more
than one cluster. If the energy in the calorimeter energy cluster matched to a track
is significantly below the expected deposited energy, all clusters within AR = 0.2
of the track are matched to it.

Energy is subtracted from the calorimeter energy clusters according to the ex-
pected deposited energy after the track-to-cluster matching [303]. Furthermore,
remaining energy deposits which are found to be compatible with shower fluctu-
ations are subtracted from the matched clusters. The final particle-flow objects are
those selected tracks which are compatible with the primary vertex (“particle-flow
tracks”) and the energy subtracted calorimeter energy clusters.

Small-radius jet formation and calibration

The particle-flow objects are input into the anti-k; algorithm 300, [306] with R = 0.4
to define the small-radius jets. These jets are subsequently calibrated in a multi-step
procedure [304].

The energy of a reconstructed jet is corrected at first in the calibration process
to match the energy of a reconstructed jet at particle level [304]. This is referred
to as jet energy scale ((JES)) calibration and consists of four steps.

Particles produced in pile-up proton-proton interactions deposit energy in the
detector and can modify the kinematics of a small-radius jet [304]. Such contribu-
tions are subtracted in the first step of the[JES calibration. Using reconstructed jets
at particle level obtained from simulated di-jet events, the four-momentum vectors
of the jets are subsequently corrected [304].

Numerous effects are corrected for in the global sequential calibration (GSC)
step of the calibration [304]. Among them are dependencies on the particle
initiating a jet, shower fluctuations and showers not captured completely by the
[HCAT] and leaking into the muon system. The corrections applied by the GSC are
evaluated using simulated di-jet events.

Additional correction factors are derived for jets in data to mitigate remaining
discrepancies to jets in the simulation [304]. These in-situ calibration factors
are evaluated by studying events where jets are produced in association with other
well-calibrated objects, such as electrons, photons, muons or previously calibrated
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jets in Z(— £€) + jet, v + jet and multi-jet events. Using the momentum balance,
factors to correct the energy of jets reconstructed in data are derived. Systematic
uncertainties associated with these correction factors arise from the modelling of
the simulation and the reference objects for example.

The jet energy resolution (JER]) of jets in simulation is also calibrated [304]. The
[JER] depends on the noise induced by electronics, on energy deposits from pile-up
interactions, on the stochastic nature of energy deposits and on other effects. The
calibration corrects the [JER] of simulated events to the [JERl measured in data. The
correction factors are derived using di-jet events and applied to the simulation by
smearing the energy distribution. Systematic uncertainties on the [JER] are derived
in this calibration process.

Jet Vertex Tagger

Jets not from the hard-scatter, but from pile-up interactions are not of interest in
the analysis presented in this thesis. The fraction of jets from pile-up interactions
is reduced by using the multivariate jet vertex tagger (IVT) algorithm [307]. Apart
from the jet pr, tracks associated to a jet are used by the [JVIl The tracks can be
associated to different proton-proton vertices. This is exploited to discriminate jets
from the primary vertex from other jets.

The [JVT]is only used for jets within |n| < 2.5. For forward jets, the forward jet
vertex tagger ([EIVT) is used [308] [309].

The efficiencies of jets originating from the primary vertex and passing require-
ments on the outputs of the [JVT] and EIVT] are measured in data and simula-
tion [307,|309]. They are determined by selecting Z — pu+jets events and employ-
ing a tag-and-probe method. Factors to correct for the discrepancies in the efficiency
measured in data and simulation are derived. Simulated events are corrected by
these factors in the analysis presented in this thesis.

7.4.3 b-tagging

Hadrons containing b-quarks (b-hadrons) have a comparably long lifetime of about
1.5 ps [25] resulting in decay lengths of O(mm) inside of the detector [203].
For example, a b-hadron with a pr = 50GeV has a mean flight path of (I) =
Byer ~ 5mm. b-hadrons can be found in jets initiated by b-quarks (b-jets) and
allow identifying (b-tagging) and distinguishing these jets from jets initiated by c-
hadrons (c-jets) and all other jets (light-flavour-jets). The b-tagging exploits the
relatively long decay lengths of the b-hadrons and other properties, such as the
decay chain. Detector quantities used to identify b-jets include the longitudinal
and transversal impact parameters dy and zy of tracks associated to a b-jet and
reconstructed secondary and tertiary vertices from b-hadron and subsequent decays,
as illustrated in Figure

Multiple low-level algorithms have been developed to identify distinct features
of b-jets. High-level algorithms use the outputs of multiple low-level algorithms and
allow increasing the b-jet discrimination power compared to the low-level algorithms.
The low-level algorithms relevant in this thesis are described in the following.

o Transverse impact parameter significances of tracks associated to a jet are
used by the IP2D and IP3D algorithms [203] 311]. The IP2D only considers
the significance of dy, while IP3D also considers the significance of zg. In both
algorithms, probabilities of a track being compatible with a b-jet, a c-jet and
a light-flavour-jet are evaluated. Ratios of these probabilities are formed per
track and multiplied for all tracks. The logarithm of the resulting likelihood
ratio is employed in the high-level algorithms.
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Figure 7.5: Hlustration of transverse (dp) and longitudinal (zg) impact parameters
of tracks associated to a b-jet. In addition the distance L., between the primary
(PV) and secondary vertex (SV) is shown [310].

e The IP2D and IP3D algorithms do not account for correlations between the
different tracks . The recurrent neural network algorithm RNNIP addi-
tionally accounts for correlations between tracks. It uses the same inputs as
the IP3D algorithm per track as well as the momentum fraction of a track
relative to the total jet momentum and the AR between the jet-axis and a
track.

e The SV1 algorithm reconstructs secondary vertices from tracks associ-
ated to a jet. It outputs several quantities which are used to identify b-jets
in the high-level algorithms, among them [203]: the invariant mass of the
four-momentum sum of all vertex-matched tracks and the distance between
the secondary vertex and the primary vertex.

e The JetFitter algorithm [314] reconstructs multiple decay vertices in a jet and
attempts to reconstruct the decay chain of a b-hadron. It outputs multiple
properties per reconstructed vertex such as the number of tracks associated,
the invariant mass of the sum of these tracks and the mean significance of the
decay length . These quantities are used by the high-level algorithms.

The discussed low-level algorithms are combined into high level algorithms to
increase the discrimination power of identifying b-jets. The high-level DL1r al-
gorithm is the standard algorithm in the experiment
and is used in this thesis. DL1r combines the low-level algorithms discussed above
in a deep neural network. For each input jet, DL1r outputs three probabilities, ac-
cording to how compatible a jet is with a b-jet (py), a c-jet (p.) and a light-flavour-jet
(p1). Following discriminant is then constructed from these probabilities to identify
b-jets:

_n Db
DDLlr_l (fc'pc+(1_fc)’pl> ’

In the equation, f. is the fraction of events containing c-jets in the background
sample (sample containing no b-jets) used for the training of the neural network. A
value of f. = 1.8% was found to be optimal . DpLi; is also referred to as
b-tagging score.
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Figure 7.6: The decay products of the W-boson are back-to-back in the rest frame
and become more and more collimated as the W-boson momentum along the z-axis

increases in the laboratory frame.

Multiple b-tagging working points have been developed, defining a jet as b-tagged
depending on the b-tagging score [203|. In the analysis presented in this thesis the
working points which have an average efficiency of b-tagging a b-jet of 85 % and
77 %, respectively, are used. These working points are defined using simulated
events [315]. For the 77 % working point, 20 % of the c-jets and less than 1% of
the light-flavour-jets are misidenitified (mis-tagged) as b-jets, as determined in tt
events.

The b-tagging and mis-tag efficiencies are measured in data and in simulation.
The b-tagging efficiency [203] and c-jet mis-tag efficiency [316] are measured in
tt events, where W — cs decays are used in the latter case. Light jet mis-tag
efficiencies are measured for example by inverting the requirements on some of the
variables from the low-level algorithms to obtain a sample enriched in light jets, as
detailed in Reference [317]. Due to imperfections of the detector simulation, there
are discrepancies between the efficiencies in data and simulation. Correction factors
to be applied to the simulation are derived for that reason.

7.4.4 Large-radius jets

As the momentum of a W-boson momentum increases, its decay products become
more and more collimated, as is illustrated in Figure [7.6] Hadronically decaying
W-bosons with a relatively high pr yield collimated decay products than can be
reconstructed in anti-k; jets with large radius parameters, in so-called large-radius
jets |287, [318]. This technique is used in the analysis presented in this thesis. The
large-radius jets are defined by inputting calorimeter energy clusters calibrated with
the local hadronic cell weighting (LCWI) scheme into the anti-k; algorithm [300], [306]
with R = 1.0.

The calorimeter energy clusters used for the large-radius jets are constructed
like the proto-clusters described in the electron reconstruction in Section [318].
These clusters are calibrated according to the [LCW] scheme, which allows for the
mitigation of the non-compensating response of the calorimeter [296]. That means
it compensates for the fact that for two particles of the same energy producing an
electromagnetic and a hadronic shower, respectively, the measured energy in the
calorimeters is different. In addition, the [LCW]scheme corrects for energy deposits
that are not included into a cluster by the clustering algorithm and energy losses
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Figure 7.7: Hlustration of the trimming procedure \\

in insensitive materials.

To each cluster, a probability P whether the cluster was produced by an electro-
magnetic shower is assigned at first. Cell-by-cell correction factors are then applied
as a function of P. As changing the energy per cell, the [LCW] calibration modifies
the cluster barycentre and direction. Coordinates and momenta are recalculated
for the [LCWI calibrated clusters and their direction is corrected to point to the
primary vertex, as done for the clusters employed for constructing small-radius jets
(Section [7.4.2).

The large-radius jets constructed from the [LCW] clusters are trimmed to re-
move low energy contributions from pile-up interactions and other sources
. The trimming helps to improve the mass resolution of a large-radius jet
and produces a clean substructure (energy distribution within the large-radius jet).
These two features are relevant in the further usage of the large-radius jets dis-
cussed in Section In the trimming procedure illustrated in Figure [7.7] the
original list of entities that was used to define the large-radius jet is input into
the kp algorithm to form subjets. The kr algorithm is equal to the anti-k;
algorithm, but uses p = +1 in Equation . The radius parameter is set
to Rsup = 0.2. The subjets with a momentum fraction relative to the total jet
momentum p" /pt°t of below feur = 0.05 are removed. Using the remaining en-
tities, the energy and four-momentum are calculated for the trimmed large-radius
jet. The parameters Rgyp = 0.2 and f,t = 0.05 have been found to be optimal in
the studies presented in Reference [322].

A mass mje is assigned to each trimmed jet according to the four-momentum
squared. To improve the mass resolution for high-pr large-radius jets, an addi-
tional mass mra , based on tracks associated to a jet, is calculated. Tracks are
associated to a large-radius jet by using a technique called ghost-association [320
: a pseudo-particle is generated for each reconstructed track which has
the same coordinates and direction as the trackEl7 but an infinitesimal momentum.
These pseudo-particles are input into the anti-k; algorithm together with the calor-
imeter energy clusters. As the pseudo-particles are very soft, they do not change
the resulting jets. A track is associated to a jet if the corresponding pseudo-particle
is clustered into the jet. Compared to associating tracks to jets by their angular
distance AR, which assumes that jets are cone-shaped, ghost-association has the
advantage of being independent of irregular jet shapes and boundaries . The
mass mra is defined from the associated tracks by

jet

moa = track Mtracks

with p%Et the transverse momentum of the large-radius jet, p,*2* the transverse

2The coordinates and direction are determined at the perigee point, the point of closest approach
of a track to the z-axis. This gives track coordinates and a direction that have not been diverted
away from the corresponding jet in the magnetic field of the
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momenta of a trimmed anti-k; jet of radius R = 1.0 formed from the tracks asso-
ciated to the jet and mypack the mass of this track jet. The bare track jet mass
Mirack Would only account for the charged particles within the jet and not correctly
resemble the jet mass. It is corrected by the ratio of p{** and p,t** in mryy for
that reason.

To further improve the mass resolution, a combined mass is defined from the

weighted average of mje; and mpa [318]
Mcomb = @ * Met +b-mTa.

The weights a and b satisfy a +b = 1 and are derived from the resolutions of mje;
and mra, ensuring that the mass resolution of m¢omp always improves compared to
Mjet and mra. In this thesis, mcomp is used to determine the mass of large-radius
jets.

The energy and the mass (mje) of the trimmed large-radius jets are calibrated
in data and simulation to equal those values found at particle level in simulated
di-jet events [318]. This is referred to as and jet mass scale (IMS) calibration.
The[JESlis corrected at first, also correcting 1. Subsequently the [JMSlis calibrated.
The calibration is important for large-radius jets, as the mass is an important
quantity to identify large-radius jets from W-boson decays, as discussed in the next
section.

In-situ calibrations to account for the imperfect detector simulation are derived
for the [JTES] the JER] the and the jet mass resolution (JMR]) of a large-radius
jet [318,326]. The mass calibration is performed for mje; and mra, subsequently
also calibrating mcomb-

Firstly, the is calibrated and factors to correct the data are derived [318].
The calibration methods used are similar to the ones used for small-radius jets and
require the large-radius jet to recoil against a well-calibrated object. Z — #{+]jet,
~v+jet as well as events where multiple small-radius jets recoil from a large-radius
jet are used. An n-intercalibration to calibrate forward jets (|n| > 0.8) is performed
using di-jet events.

The [JER] is calibrated in-situ using di-jet events [318]. Due to the good agree-
ment between data and simulation, no correction factors are derived, but the dif-
ference is instead treated as an uncertainty in addition to the remaining [JER] cal-
ibration uncertainties.

After correcting the in data, the and [JMR] are calibrated in-situ [318],
326). This is done by measuring the masses of high-pr, hadronically decaying
W-bosons and top-quarks in tt events where the decay products of each of the
two particles are reconstructed within one large-radius jet. In addition, ratios of
quantities derived from a large-radius jet and its corresponding jet formed from
associated tracks are used to calibrate the [IMS as detailed in References [318|
320]. For the [JMS] factors to correct the data, as well as systematic uncertainties
are derived. Similar to the[JER] good agreement of the [JMR] measured in data and
simulation is observed and no correction factors for the[JMR]are defined. Systematic
uncertainties are however derived during the [JMRI calibration.

7.4.5 W-tagging

The decay products of a hadronically decaying, high-pt W-boson can be reconstruc-
ted in a large-radius jet and such a large-radius jet is called a W-boson jet [288].
W-boson jets have characteristic features which allow distinguishing them from
large-radius jets seeded by other particles. Examples of other particles reconstruc-
ted in large-radius jets are the decay products of individual and multiple quarks or
gluons as well as other hadronically decaying heavy particles, such as top-quarks,
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Z-bosons, Higgs-bosons, etc. The process of identifying a large-radius jet origin-
ating from a W-boson decay is called W-tagging. Following features are used for
W-tagging large-radius jets in this thesis:

e Mass: Capturing the entire W-boson decay, W-boson jets are expected to
have a mass mcomp compatible with the W-boson mass.

e Substructure: W-boson jets contain the hadrons resulting from the hadron-
isation of two quarks. Subsequently, a substructure within the large-radius
W-boson jet of two cones with relatively high-pr entities is expected (see e.g.
Figure . This substructure is denoted as two prong.

e Associated tracks: Large-radius jets initiated by gluons of high energy have
a larger number Ny of associated tracks before trimming than W-boson
jets [327]. This feature is used to suppress large-radius jets not containing a
hadronic W-boson decay.

For the substructure, the Dy variable [288] [328] [329] is used. It exploits correl-
ations among the entities forming a large-radius jet and is defined as [329]

€3
D2 =
(e2)*
with
1 o
e3i=—5— Y pipiprAR;AR ARy,
PT jet i<j<k<n
1 o
ey = Z prpf AR;;.

02
PTjet j25<n

In the equation, i, j, k denote jet entities, n is the total number of jet entities, p is
the transverse momentum of entity ¢ and AR;; the angular distance between entities
i and j. For jets compatible with a two prong substructure, D5 takes comparably low
values roughly below one, while the values of Dy are higher for substructures with
a different number of spatially separated hard entities. Compared to the multitude
of other substructure variables, see e.g. Reference [288], Dy was found to show the
best performance regarding W-tagging large-radius jets in Reference [322].

The W-tagging algorithm used in this thesis makes use of the combined mass
Meomb, D2 and Ny [288,330]. It is optimised using a W’/ — WZ — ¢qqq sample
and two working points with different efficiencies of W-tagging W-boson jets are
defined. In this thesis, the 50 % efficiency working point is used. The efficiency
of W-tagging a large-radius jet seeded by quarks and gluons (mis-tag efficiency) is
found to be between 0.05 %2 % in multijet events for this working point.

To correct for the imperfect detector simulation, the W-boson jet and mis-tag
efficiencies are derived in data and simulation and factors to correct the simulation
are determined [330]. The W-boson jet efficiency is evaluated in ¢t events, while
the mis-tag efficiency is in y+jets and multijet events. Systematic uncertainties on
the efficiencies are derived, considering uncertainties due to the modelling of the
simulation and the reconstructed objects used in the evaluation of the efficiencies.

7.4.6 Adaptive-radius reclustered jets

The decay products of a hadronically decaying, relatively low-pr W-boson may not
be sufficiently collimated to be reconstructed in a large-radius jet. A reconstruction
algorithm using an adaptive jet radius is employed [21}, 331} 332] to reconstruct such
W-bosons inside of one jet. The algorithm utilises the R = 0.4 small-radius jets in
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an event and forms larger radius jets from them using the anti-k; algorithm 300}
306].

Initially, all small-radius jets in an event are input into the anti-k; algorithm
with a radius parameter of Ry = 3.0. For each of these reclustered jets, the radius
according to the transverse momentum of the reclustered jet and the W-boson mass
myy is calculated:

2mW

R(pr) = o (7.2)

The validity of this relationship can be observed e.g. in Figure in Section [8:2]
If R(pr) is smaller than Ry by some constant, then the small-radius jets within a
reclustered jet are input into the anti-k; algorithm again with a decreased radius
parameter R;. The procedure is repeated iteratively until the radius parameter R;
in iteration i is close to the average expected radius R(pr).

Only one reclustered jet candidate is employed per event. If multiple candidate
jets emerge from the algorithm, the one with an invariant mass closest to the W-
boson mass is selected.

7.5 Missing transverse momentum

Missing transverse momentum is an observable sensitive to particles not leaving
a signature in the active detector material, such as neutrinos and particles.
As the beams collide head-on in the z-axis of the ATLAS detector, the momenta
of all produced particles in the transversal plane must sum to zero [201]. The
missing transverse momentum vector "' is defined as the negative vectorial sum
of all reconstructed and calibrated muons p, electrons e, small-radius jets j and a

soft-term:
—PE =Y B+ P+ Y R+
Iz e J

The soft-term accumulates contributions to the total transverse momentum in an
event stemming from other sources than the reconstructed particles. It is defined
as the sum of the pi, of all particle-flow tracks compatible with primary vertex and
unassociated to any of the reconstructed objects.

In the analysis presented in this thesis, the magnitude ERS of the pi%% and
its azimuth ¢pn,iss are commonly used. Reconstructed particles whose momentum
is poorly reconstructed can artificially increase the measured EX' (“fake FRss”).
Techniques to suppress events with large fake ERS contributions are discussed in
Chapter [0

7.6 Quality selection criteria

Not all reconstructed particles and objects are used in the analysis presented in
Chapter [§] The selection of objects employed is discussed in this section.

For each type of object, two quality criteria are defined, referred to as “baseline”
and “signal”, with the latter being a subset of the former. The baseline objects are
used to calculate the ERS and to resolve ambiguities with other objects. Signal
objects are used to define the signal enhanced phase space regions in the analysis.

Baseline electrons must satisfy the Loose identification working point conditions,
have a minimum pr of 4.5GeV and || < 2.47. To suppress electrons from pile-
up interactions, the impact parameter |z - sinf| must be below 0.5 mm. Signal
electrons must fulfil the conditions of the Medium identification working point and
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to have a pr > 20 GeV. For transverse momenta below 200 GeV, the Loose isolation
working point utilising both track and calorimeter information must be passed by
signal electrons. Signal electrons of higher pr must be isolated according to the
HighPtCaloOnly working point using only calorimeter information. To suppress
electrons from pile-up interactions, the transverse impact parameter significance is
required to be |do/s4,| < 5 for signal electrons.

Muons are categorised as baseline, if they have a pr > 4GeV, an |n| < 2.7, a
|20 - sinf| < 0.5mm and pass the Medium identification working point conditions.
To reject muons from hadron decays and pile-up interactions, signal muons must
additionally satisfy the Loose isolation working point and |40/, | < 3, respectively.
The pr of signal muons must be greater than 20 GeV. Events containing cosmic or
poorly reconstructed muons are rejected.

Baseline jets are required to fulfil pr > 20 GeV and |n| < 4.5. The [JVT] and
ETVT] are used to suppress jets from pile-up interactions. The [JVT]is only applied
to jets with a pr < 60GeV and || < 2.4, while the EJVT] is only applied to jets
with an |n| > 2.5 and a pr < 50 GeV. Signal jets must be within |n| < 2.5 and have
a pr > 30GeV. Jets are b-tagged with the DL1r tagger with a b-jet efficiency of
85 % (baseline) and 77 % (signal). Baseline b-tagged jets must have a pt > 30 GeV
and an |n| < 2.5.

Trimmed large-radius jets must fulfil 200 GeV < pr < 2.5TeV and have a mass
in the range 40 GeV < mcomp < 600 GeV. Large-radius jets with an || > 2.0 are
discarded.

Ambiguities of reconstructed objects with overlapping tracks or calorimeter en-
ergy clusters are resolved in a hierarchical procedure using the baseline definitions.
Electrons which share a track with a muon are removed. Non-b-tagged jets within
AR = 0.2 of an electron are discarded. To reject electrons emerging from a
hadron decay, their angular distance to the remaining jets must be greater than
ARgiqe = min(0.4,0.04 + 10GeV/p £} with p,f the pr of the electron. A muon is fa-
voured over a jet if it is ghost associated (see Section to the jet and the latter
contains less than three tracks. Similarly to electrons, muons within A Rgj;qe of the
remaining jets are removed. Finally, large-radius jets which contain an electron or
muon are discarded.

All object selection criteria are summarised in Table
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Isolation working point

Longitudinal impact parameter

Electrons

Baseline Signal
pr [GeV] > 4.5 > 20
7] <247
Identification working point Loose Medium

Loose if pr < 200 GeV
else HighPtCaloOnly
|20 - sinf| < 0.5 mm

Working point

Transversal impact parameter - |do/aay| < B
Muons
Baseline Signal

pr [GeV] >4 > 20
9] <27
Identification working point Medium
Isolation working point - Loose
Longitudinal impact parameter |20 - sin 0| < 0.5 mm
Transversal impact parameter - |do/oay| < 3
Small-radius jets & b-tagging

Baseline jets Signal jets
pr [GeV] > 20 > 30
] <45 <25
VT If pr < 60GeV, |n| < 2.4
EIVTI If |n| > 2.5, pr < 50 GeV
b-tagged jets Baseline Signal
pr [GeV] > 30
7] <25
Tagger DL1r

85 % efficiency 77 % efficiency

Large-radius jets & W-tagging

pT [GGV]

Mcomb [GQV]

In]

Trimming parameters
W-tagging working point

200 GeV < pr < 2.5 TeV
40 GeV < Meomp < 600 GeV
< 2.0
Roup = 0.2, fous = 0.05
50 % efficiency

Overlap removal

Electron
Non-b-tagged jet
Electron

Jet

Muon
Large-radius jet

Remove If

Shares a track with a muon

Within AR = 0.2 of an electron
Within ARgjige of a jet

Muon ghost associated and < 3 tracks
Within ARgjiqe of a jet

Contains an electron or muon

Table 7.1: Summary of the object selection criteria. Objects are removed by the
overlap removal in the given order from top to bottom.




Chapter 8

Searching for dark matter in
association with a top-quark
and a IV-boson

The tW+DM signature is described by the associated production of dark matter
(DM)) particles, a top-quark and a W-boson. As was discussed in Section
the tW+DM signature is a key signature to test the RHDM+a modell due to its
large cross-section. A search for particles in this signature is presented in the
following chapters. The search results have been published in Reference [22]. The
data and triggers used, properties of the signal, the background processes, the
strategy of the search and the statistical analysis are presented in this chapter.

8.1 Dataset and triggering

The presented analysis uses the full run-IT dataset obtained at a centre-of-mass
energy of 13 TeV between 2015 and 2018 with the detector. Only data of
high quality [200] is used in the analysis. The integrated luminosity of the resulting
dataset corresponds to 139fb™! with an uncertainty of 1.7 % [197], as determined
with the primary luminosity measuring detector LUCID-2 [19§].

Events selected in the search must pass the ERss [213] 333] or the single lepton
triggers [334/1336]. For events with a Ess > 250 GeV, the ERS trigger has an effi-
ciency of 99 % of firing on such events [333]. The single lepton triggers are sensitive
to events with at least one reconstructed electron or muon passing certain conditions
on the momentum, identification and isolation. The minimum pr threshold of the
single lepton triggers used in this thesis are 20 GeV (muons) and 24 GeV (electrons)
for the data collected in 2015 [334] and 26 GeV (electrons and muons) for the data
collected from 2016-2018 [335], 1336].

8.2 Signal characterisation

The Feynman diagrams with the largest cross-section of the tW+DM signature are
shown in Figures and Due to its short lifetime, the top-quark decays
before hadronising. In more than 99 % of the cases the top-quark decays into a
W-boson and a b-quark [25]. Hence, two W-bosons can be found in the tW+DM
final state. Each of these W-bosons decays either into two quarks or into a charged
lepton and a corresponding neutrino. Therefore, signal events contain either zero,

73



74 CHAPTER 8. SEARCHING FOR DARK MATTER

;N T =] GN T
" 2xm, © o 2xmy,
g 251 Pr Q: 251 - P
s " 5 10°
5 10 =
= 2r o 2r
o <
< 15} 15}
104
107
1 1
05F 0.5F
- z 10°
0 L L L L L L L 10 0 L L L L L L L
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
W-non-top W-top
py """ [GeV] py " [GeV]

(a) (b)

Figure 8.1: Distribution of the angular distance Ry (¢1, g2) between the two quarks
from a hadronically decaying W-boson versus the boson’s pr at particle level. The
distribution in (a) considers W-bosons from the H*-boson decay (Figure and
from the b — Wt vertex (Figure [£.1f)), while in (b) W-bosons that originate from
the top-quark decay are considered. Both distributions are normalised to unity.
The signal sample used for the distributions is generated with the 2HDM+a modell
parameters m, = 250 GeV, my+ = 800 GeV, tan f =1 and sinf = 0.7.

one or two reconstructed leptonsﬂ (electrons, muons). Three analysis channels are
defined accordingly, denoted as the 0L, 1L and 2L channel, respectively, selecting
events with the corresponding number of reconstructed leptons. This thesis mainly
focusses on the 1L channel. The OL channel is introduced alongside with the 1L
channel for completeness, as the 1L and OL channels are developed to be statistically
combined. Results from the statistical combination of the 1. and OL channels are
shown in Chapter The 2L channel from Reference is also combined with the
1L and OL channels and results from the combination are presented in Chapter
The technical implementation of a statistical combination is discussed in Section|8.5

Since at least one W-boson decays into quarks in the 1L and OL channels, several
R = 0.4 small-radius jets can be found in signal events, with their number being
greater in the OL than in the 1L channel, due to the additional hadronic W-boson
decay. In both channels the signal contains at least one small-radius jet from the
hadronisation of the b-quark from the top-quark decay. Furthermore, due to the[DM]
particles escaping the detector without interacting, signal events are characterised
by large EXss (see e.g. Section [3.5.3)).

The W-boson emerging from the decay of the H*-boson is, depending on the
[2HDM+a modell parameters, likely to have a relatively high pr. The W-boson
from the b — Wt vertex in the a-boson diagram may also be highly energetic. Such
high-pt W-bosons can be reconstructed in a large-radius jets (R = 1.0) if decaying
into quarks. The large-radius jet can be identified with the help of W-tagging (see
Section . The W-bosons from the top-quark decays are less likely to have a
high pr.

To assess the probability of reconstructing hadronic W-boson decays in an R =
1.0 large-radius jet, the angular distance Ry (q1,¢2) between the two quarks of
the W-boson decays is studied at particle level for a benchmark signal with m, =
250 GeV, mpg+ = 800GeV, tan 5 = 1 and sinf = 0.7. For this benchmark signal,
Rw(q1,q2) is shown in Figure as a function of the W-boson pr for W-bosons
that are not from a top-quark decay. The production of these W-bosons is driven

1Events where at least one W — 71, and an isolated electron or muon is produced in the
T-lepton decay are included in this categorisation.
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Figure 8.2: Transverse momentum distribution at particle level for W-bosons that
do not originate from a top-quark decay in the signal. The distributions are
shown for multiple values of (a) m, and (b) mpg+. All distributions are norm-
alised to unity. Unless indicated otherwise, the signal samples are generated with
the RHDM+a modell parameters m, = 250 GeV, my+ = 800GeV, tanf = 1 and
sinf = 0.7.

by decays of the H*-boson for the benchmark signal, as the Feynman diagram
involving the H*-boson decay dominates the cross-section for the model parameters.
The color coding in Figure indicates the relative fraction of events in a given
range of the Ry (g1, ¢2) and the W-boson pr. A correlation between the transverse
momentum of the W-boson and the quark separation is observed, which is well
described by the ratio of the W-boson mass and pr: Rw (q1,¢2)(pT) =~ Q’;L—TW. This
correlation is observed independently of the RHDM+a modell parameters. For a -
boson pr greater than 160 GeV, the angular quark distance is most likely below 1.0.
For such quark distances, the W-boson decay can be reconstructed in a large-radius
jet with radius parameter R = 1.0, which can potentially be W-tagged. Most events
of the benchmark signal have a transverse momentum of the hadronically decaying
W-boson from the H*-boson decay or the b — Wt vertex above 160 GeV and can
therefore be reconstructed in a large-radius jet.

The probability of reconstructing a hadronically decaying W-boson from the
H*-boson decay or the b — Wt vertex in a large-radius jet as a function of the
2HDM+a modellparameters is studied. Due to the correlation of the Ry (g1, ¢2) and
the W-boson pr, it is sufficient to examine the latter quantity. Since the selected
R = 1.0 large-radius jets must have a pr > 200 GeV in this search (Section ,
only hadronically decaying W-bosons with a transverse momentum greater than
200 GeV are considered as reconstructable in an R = 1.0 large-radius jet. Particle
level distributions of the pr of the W-boson that is not from the top-quark are
shown for multiple values of m, in Figure of mg+ in Figure 822D and of tan 3
in Figure The model parameters that are not varied are set to the parameters
of the benchmark signal m, = 250 GeV, my+ = 800 GeV, tan 5 =1 and sinf = 0.7.
All of the shown distributions are normalised to unity.

As can be seen in Figure the transverse momentum distribution of the
W-boson slightly shifts towards lower pr as m, increases from 100 GeV to 350 GeV.
This is due to the decreasing mass difference between the H*- and a—bosorEl, which
leaves less energy to the W-boson. As the mass difference is still well above the
W-boson mass for all probed values of m,, the change in pr is not very large. The
pr is most likely above 200 GeV for all values of m, for the studied value of my+.

2The diagram involving the HE-boson dominates the total cross-section for my+ = 800 GeV.
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As a function of my+, the transverse momentum of the W-boson from the H*-
boson or from the b — Wt vertex is most likely below 200 GeV for my+ = 500 GeV.
Hadronic decays are unlikely to be reconstructed within an R = 1.0 large-radius jet
for such a signal. The relatively low pp of the W-boson is due to mass difference
between the H*- and the a-boson (m, = 250 GeV), leaving little energy for the
momentum of the W-boson. For values of my+ > 600 GeV the majority of the
W-bosons from the H*-boson or the b — Wt vertex are expected to have a pr >
200 GeV. The most probable transverse momentum of the W-boson increases as
mpy+ increases until my+ ~ 1000 GeV. This can be explained by the dominance
of the H*-boson diagram in this regime and that with increasing my+, the mass
difference to the a-boson increases and more energy is available for the momentum
of the W-boson from the H*-boson decay. For greater values of my= > 1000 GeV,
the a-radiation Feynman diagram (Figure starts to dominate the tW-+DM
cross-section as discussed in Section [£.2.11 The W-boson in the b — Wt vertex of
the a-radiation diagram does not emerge from the decay of a heavy particle and has
a lower transverse momentum than the W-boson from the H*-boson decay. For
that reason, the most probable transverse momentum of the W-boson decreases
for mg+ > 1000 GeV. However, the fraction of events with a W-boson pt above
200 GeV does not change significantly compared to lower values of myg+. The W-
boson from the b — Wt vertex is also likely to have a relatively high pr and
contributes to the hadronically decaying W-bosons that can be reconstructed in a
large-radius jet.

No significant differences of the W-boson’s pr distributions are observed in Fig-
ure on page where tan /3 is altered. In conclusion, if the 2HDMT{a model
is realised with my+ > 600 GeV, most signal events contain a W-boson from the
H*-boson or the b — Wt vertex which has a transverse momentum greater than
200 GeV. This W-boson can potentially be reconstructed in an R = 1.0 large-radius
jet if decaying hadronically. The transverse momentum of the W-boson decreases
slightly as m, increases and is roughly independent of tan 3.

On the other hand, the W-boson from the top-quark is unlikely to be recon-
structed in a large-radius jet. This can be seen in Figure B.ID, which shows
the distribution of simulated signal events in Ry (g1, g2) versus the W-boson pr
for hadronically decaying W-bosons from the top-quark. The same benchmark
2HDM+a modell parameters as above are used to generate the signal. The cor-
relation between the Ry (q1,¢2) and the W-boson pr is described well again by
Rw(q1,92)(pr) =~ 2’;—;". More than 80 % of the events have an angular quark sep-
aration Ry (q1,q2) > 1.0. The relative fraction of events peaks at a pr of roughly
70 GeV and smoothly decreases with increasing W-boson pr. No large differences
in the pr distribution of the W-boson from the top-quark decay are observed for
the different RHDM+a modell parameters, as shown exemplarily in Figure [4.3b| on
page 32 for variations of my+. Therefore, reconstructing hadronically decaying W-
bosons from the top-quark in a large-radius jet (R = 1.0) is unlikely. This feature
of the signal is used in the 1L channel as discussed in Section [9.1]

8.3 Standard Model background

Background to the search for the tW+DM signal arises from multiple processes.
Simulated samples, produced as described in Section [6.7} are utilised to study the
background composition and reduction techniques. The background composition is
found to be different among the 1L and OL analysis channels.

Large contributions to the background are from the production of a top-quark
pair (tt). Each of the top-quarks most likely decays into a b-quark and a W-boson.
As the W-bosons can decay into quarks or leptons, the tf final state is characterised
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by zero, one or two charged leptons, denoted respectively as hadronic, semi-leptonic
and di-leptonic ¢t decays.

The most dominant background processes in the 1L channel are tf, the associ-
ated production of a W-boson and jets (W+jets) and the associated production of
a top-quark pair and a Z-boson (¢t + Z). Semi-leptonic ¢t decays have a similar
event topology to the signal in the 1L channel, see the Feynman diagrams in Fig-
ures[8:3a]and [B:30] They can, however, be reduced to a negligible fraction exploiting
kinematic features of this background process compared to the signal, as discussed
in Section Di-leptonic #t decays represent the largest background in the
1L channel. Such events contribute to the background, if one of the two charged
leptons is a hadronically decaying 7-lepton, escapes detection or if an electron or
muon in the final is misidentified as a jet. An example Feynman diagram of a di-
leptonic tt decay contributing to the background is shown in Figure where a
charged lepton escapes detection. Furthermore, the t£+ Z process is one of the most
dominant backgrounds in the 1L channel. This is due to its similarity with the
signal topology if the Z-boson decays into neutrinos and the W-boson from one of
the top-quarks decays into leptons as shown in Figure Another sizeable back-
ground process in the 1L channel is W+jets. Events where the W-boson decays into
leptons contribute significantly to the [SM] background. A corresponding Feynman
diagram is shown in Figure The production of single top quarks is an-
other sizeable background process in the 1L channel, dominated by the associated
production of a top-quark and a W-boson (¢tW). A Feynman diagram of this back-
ground process is shown in Figure[8:31 In this diagram both TW-bosons in the final
state, one being from the decay of the top-quark, decay into leptons. One of the
charged leptons escapes detection. Less significant background contributions stem
from the associated production of two vector bosons (VV') and other rare processes,
such as the associated production of three top-quarks or three vector bosons. The
background reduction strategy for the 1L channel is the subject of Section [9.1]

In the OL channel, the most dominant background processes are tt, W-jets and
the associated production of a Z-boson and jets (Z+jets). Semi-leptonic tt decays
constitute a large fraction of the[SM]background in the 0L channel. They contribute
to the background if the charged lepton is a hadronically decaying 7-lepton, escapes
detection or if an electron or muon is misidentified as a jet. The similarity of the final
states of the signal and this #¢ background can be seen from the Feynman diagrams
in Figures and The Wjets process with the W-boson decaying into
leptons fv contributes to the background by the same means as semi-leptonic tt
decays do, e.g. if the charged lepton ¢ escapes detection. An example Feynman
diagram is shown in Figure The Z+jets process also largely contributes to the
background in the OL channel. If the Z-boson decays to neutrinos, the experimental
signature of the Z+jets process is similar to the signal with large E¥' from the
Z-boson decay and multiple jets in the final state, see Figure 8.4d] A background
in the OL channel is the production of multiple jets, e.g. from interactions
or hadronic ¢t decays. A Feynman diagram of a hadronic ¢ decay is shown in
Figure This multi-jet background, not characterised by large genuine EX5 | is
only relevant if large E originates from the mismeasurement of jets. Using this
property, it can be reduced to a negligible fraction. The production of single
top quarks, dominated by tW, as well as the VV, tt + Z and other processes
are minor backgrounds in the OL channel. As an example, a V'V Feynman diagram
is shown in Figure[8.4f] The reduction of the different background processes for the
OL channel is discussed in Section 0.2
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(a) 1L signal

(c) Di-leptonic t¢ decay (d) Wtjets

(e) tt+ Z (f) Single top quark (tW)

Figure 8.3: Examples of Feynman diagrams of background processes in the 1L
channel. A crossed-out charged lepton indicates that it escapes detection. The
similarity of the final states of the processes to the signal is highlighted by
different colours: a b-quark (green), a charged lepton (blue), particles that escape
detection (violet) and additional quarks and gluons (red).
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Figure 8.4: Examples of Feynman diagrams of background processes in the OL
channel. A crossed-out charged lepton indicates that it escapes detection. The
similarity of the final states of the processes to the signal is highlighted by
different colours: a b-quark (green), particles that escape detection (violet) and
additional quarks (red).
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8.4 Analysis strategy

This thesis presents a search for [DM] particles in the tW+DM signature. The work
is published in Reference |22] and uses the search published in Reference [21] as
supporting previous result. The search follows a particular strategy: phase space
regions enriched in the signal (signal regions (SBk)) are defined for the 1L and OL
channels with the help of simulated signal and background events. Constraints on
dedicated variables exploiting kinematic features of the signal are used for the re-
gions’ definitions, as discussed in Chapter [0} Due to the correlation of the variables,
an optimisation procedure is employed, to achieve the ideal separation of signal and
background in terms of a figure of merit.

Different distributions of the EX5 are expected for varying differences of the
2HDM+a modell parameters m+ and m,, which define the [DM] momentum spec-
trum. To increase the sensitivity towards a multitude of signals with differing model
parameters, the of the 1L and OL channels are divided into multiple ES bins,
which are then statistically combined.

To achieve an accurate description of the background, dedicated regions
of phase space (control regions (CRk)) are utilised. Normalisation parameters, as
discussed in Section below, are defined for each of the background processes tt,
Z+jets, Wjets, tt + Z and single top quark. These parameters are derived with
the help of the[CRk in a semi-data-driven manner. The ¢t background is dominated
by di-leptonic decays in the 1L channel and by semi-leptonic decays in the OL
channel. Dedicated normalisation parameters and are defined to estimate the
tt contribution as accurately as possible in the two channels. Common normalisation
parameters and are used for all other background processes. The definition of
the utilises simulated signal and background events. They are designed such
that the purity of the target process is high, while the contribution from signal
events is negligible. The phase spaces of the must be non-overlapping with the
[SBK’ ones, yet close. The employed in this search are detailed in Section

The background predictions estimated with the help of the are verified
using dedicated validation regions (VRE). For each of the dominant background
processes in the OL channel, one [VR] is defined and likewise in the 1L channel. In
the presented search, the phase spaces of [VRk must be non-overlapping with the
phase spaces of all [SRk and [CRk, while being closer to the [SRk’ phase spaces than
the phase spaces of the [CRk. A [VRlis designed to be enriched in the processes
it is meant to verify and to contain a low fraction of signal events. The [VRk used
in this search are described in Section

Once the background estimation has been verified in the [VRb, the expected
background yields in the SRk are estimated and compared to data. Upper limits
on the number of physics signal events are set for a generic physics
signal by performing multiple hypothesis tests. Furthermore, exclusion limits on
the normalisation of 2HDM-+a modell signals are derived. These limits give rise to
exclusion limits on the 2HDM+a modell parameters. More details on these steps of
the statistical analysis are given in the following section.

8.5 Statistical analysis

The estimation of the normalisation parameters of the background processes
is based on the maximisation of a likelihood function [26]. The hypothesis tests
that are performed in the statistical analysis use the ratio of maximised likelihood
functions. A likelihood function quantifies the agreement between the data and
a prediction in a set of phase space regions. The data is assumed to be Poisson
distributed. The agreement of the data with the prediction is implemented as con-
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ditional probability in the likelihood function. The prediction is given by the sum of
the expected signal and the background yields, which are scaled by normalisa-
tion parameters fisig and i for each background process j, respectively. These
normalisation parameters are allowed to float freely. Systematic uncertainties im-
pacting the number of predicted events are implemented as nuisance parameters 6
in the likelihood and assumed to be Gaussian or Poisson distributed. That means
that the nuisance parameters cannot float freely, but are constrained by additional
Gaussian or Poisson terms. Poisson terms are only used for the uncertainties related
to the limited number of simulated events and Gaussian terms otherwise.

Conditional probabilities are multiplied for each region of phase space to be
included in the background determination or hypothesis testing. The resulting
likelihood function takes the form [26]:

'C(Nv Hsigs 0) = H P(Nz|lus1gsz(0) + Z:U']bz,J(e)) ’ C(e)a (81)

i € regions

with V; the observed data count in each analysis region ¢ and IN the vector of
counts, @ the set of systematic uncertainty nuisance parameters 6y, s; the signal
prediction in analysis region i, b; ; the prediction of background process j in region
i, C describing the Gaussian or Poisson terms constraining the 6;. The Poisson
probability density function is denoted by P.

For uncertainties constrained by a Gaussian term, the Gaussian is assumed to
have a central value of zero and a width of one [26| |337]. For nuisance parameter
values of plus or minus one, alternative signal and predictions are used to
evaluate the change in the yield in each region. Interpolation functions are employed
to estimate the impact of a nuisance parameter o on the yields for values of a other
than zero or plus or minus one.

The negative logarithm of the likelihood in Equation is minimised to de-
termine the normalisation parameters of the [SM] background processes and in all
hypothesis tests. This corresponds to maximising the likelihood, but is computa-
tionally more advantageous. In the following, the background normalisation
parameters will be included in the set of nuisance parameters 6 for convenience.

8.5.1 Hypothesis testing

Hypothesis tests are used to quantify the agreement of the data with the background
prediction and to derive exclusion limits on the normalisation of physics sig-
nals. In the former case, a background-only hypothesis test is conducted, in the
latter case a signal-plus-background hypothesis test is. Different test statistics are
used for the two types of hypothesis tests, both based on the profile likelihood ratio
Alptsi, N) [339)

Apsig, N) = —21In (W) .

‘C(Nu Hsig, 0)

In this equation @ denotes the set of nuisance parameters for which the likelihood is
maximal given a fixed pig,. The likelihood is globally maximised for the parameters
Hsig and 6. The function ) is close to zero if the data agrees well with the signal-
plus-background prediction for the fixed normalisation parameter g, and larger
otherwise.

Based on A, test statistics ¢(IN) are defined to test the background-only hy-
pothesis or the signal-plus-background hypotheses. A low value of ¢(IN) indicates
good agreement of the data with the tested hypothesis, while a high value of ¢
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indicates bad agreement. For a given test-statistic ¢, the p-value is calculated:

oo

Pq(IN, ) :/ f(g,€)dg.

q(IN)

The p-value depends on the probability density function (PDF) f(q,£) of ¢ under
the assumption that the data follows the signal-plus-background hypothesis with
the signal normalisation parameter £. The PDF f(q, &) is calculated in this thesis by
exploiting that f(q,£) can be approximated by an asymptotic formula made up of a
transformed, non-central x? distribution for event counts above roughly five [33§].
When testing the background-only hypothesis, following test statistic is used [338§]:

MO, N),  Jfigig >0
N — ) ) /\g — )
i (N) {0 fios < 0.
The background-only hypothesis is rejected, if py,,, (IN,€ = 0) < 0.05.
To test the signal-plus-background hypothesis, as done when deriving model-
independent and model-dependent exclusion limits, following test-statistic is used [338]

—2In(EWN#29)y 0 < i < g,

L(N,psig,0)
Gotb(siz V) = 4 —2In(£08) 15 <0,
03 /J/sig < /751\%

Model-independent and model-dependent exclusion limits on the signal normal-
isation parameter are derived using the CLg [339-342]:

OL (jis: N) — CLgyb — Pgstn (Usiga N,¢ = Usig)
e ' CLy, ' Pgsin (,usiga N,¢{ = O)

Exclusion limits on ji, are calculated, by solving the equation CLg(psig, IN) = 0.05
for psig. If the upper exclusion limit on fu, is below one, the signal is deemed as
excluded at 95 % Using the CLg instead of the p-value to set exclusion limits
has the advantage of being more robust against underfluctuations of the data [340].

8.5.2 Expected exclusion limits

Besides deriving the exclusion limits on the signal normalisation parameter of a[BSM]
physics model using the data (“observed limits”), limits are derived to quantify the
expected sensitivity under the assumption of the background-only hypothesis [343].
These expected limits are evaluated by replacing the data by the expected number
of background events in all of the phase space regions. This dataset is referred to
as the Asimov dataset [338]. In what concerns this thesis, the expected number
of simulated events is estimated using the background normalisation and nuisance
parameters obtained from maximising the likelihood accounting for all regions in-
cluded in the exclusion limit settingEL assuming the absence of signal. In that way
both the observed and expected limits make use of the best possible background
estimate, though the expected limit does indirectly depend on the observed number
of events [26]. Systematic uncertainties on the expected limits are derived using the
asymptotic formulas presented in Reference [338] and with the refined procedure
detailed in Reference [344].

3Note that this may include SRk and [CRE.
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8.5.3 Benefit of statistically combining signal regions

In the simplest case of hypothesis testing, the product of probabilities in the like-
lihood in Equation runs over one [SR] and the relevant [CRk. If statistically
combining multiple[SRk, the product runs over all of these [SRk and the correspond-
ing [CRk. The that are to be combined must have phase spaces that do not
overlap in this thesis.

The advantage of combining multiple[SRk is illustrated by following example [345].
Assume there are two disfavouring a signal, but both not excluding the signal.
Both maximum likelihoods employing the individual [SBk will then be low. In the
simplest case, statistically combining these results in multiplying these max-
imum likelihoods and hence an even lower combined maximum likelihood. This
lower value of the combined likelihood results in a greater value of the test statistic,
in turn a lower p-value and a higher chance of excluding the signal. In general, the
outcome of a combination is difficult to predict though, as it depends e.g. on the
background normalisation factors resulting from the maximisation of the combined
likelihood, the PDF of the test statistic and on the CLy,.

An additional reason why statistical combinations are beneficial is that different
may be sensitive to different model parameters [345]. The combination of the
individual BBk then allows obtaining the most stringent exclusion limits on the
model parameters.

When referring to the statistical combination of multiple analysis channels in
this thesis, the likelihood becomes a product of the and the of the ana-
lysis channels. To maximise the impact of the 1L channel, the signal and control
regions are designed to have non-overlapping phase spaces with the regions of the
OL channel. This allows combining the two channels easily.

8.5.4 Statistical analysis procedure

The statistical analysis of the presented search utilises the HistFitter v0.66.0
framework [26]. The procedure of the statistical analysis in the presented search is
the following.

Background-only fit First a background-only fit is carried out, deriving the
normalisation and nuisance parameters in the [CRk. The product of regions in the
likelihood runs over the [CRk, but not the [SBk in the background-only fit. The
normalisation parameters of the processes and all nuisance parameters are fit
simultaneously. The absence of signal is assumed (js;z = 0). Using the normalisa-
tion and nuisance parameters obtained from the background-only fit, [SMl yields in
the [VRBk and are estimated. The yields predicted in the [VRk are compared to
the data to test the validity of the background estimation. Subsequently, the data
and the predicted yields are compared in the and the compatibility of the data
with the [SM] prediction is evaluated.

The yield and uncertainty estimation in the [VRk and SRk can be illustrated
through the transfer factor method [26]: let NyY and NPT be the simulated
yields for some background process B in a dominated by B and some other
phase space region, respectively. Denote by pp the normalisation parameter of B.
Given the observation of NG® events in the[CR] the expected yield Noter of process

obs exp

B in a[VR] or SRl can be estimated by

Nother _ CR | NI?/It(}éer _ Nother (8 2)
exp — *“Vobs NCR = UBINMC - .
MC

The transfer factor is defined as M¥é™/NGE and related to up by Equation (8.2)).

Using the transfer factor method, uncertainties propagated to Ng’;gef may cancel
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by the ratio in the transfer factor if the uncertainties impact the simulated yields
in the two regions similarly.

This behaviour is emulated in the statistical analysis in the presented search
by defining a set of normalisation regions. The sum of the total predicted [SM]
events in these normalisation regions is kept constant. For each source of systematic
uncertainty two scaling factors are defined. They are given by the ratio of the sum
of the nominal yields and the sum of the +1¢ yields in the normalisation regions,
respectively. The +10 predictions in all regions are multiplied with the respective
factors and additional nuisance parameters related to the scaling factors are added
to the likelihood. The fit is then performed with these modified uncertainties.
The use of normalisation regions avoids the double counting of uncertainties when
extrapolating from the [CRk to the [VRk and [SRk. Using normalisation regions also
makes it beneficial to define the kinematically close to the as is illustrated
by the transfer factor: if large extrapolation between regions is avoided and the
systematic uncertainties in the [SRk and [CRk can be kept as similar as possible,
they will cancel in the ratio.

In this thesis, the normalisation regions and scaling factors are defined per
process. For all processes other than tf, the normalisation regions are given by all
[CRk. For the tt prediction used in the 1L channel, the normalisation regions are
given by the 1L channel ¢ [CR], as well as the Wjets, t£ + Z and single top [CRk.
In the OL channel, the normalisation regions of the ¢ prediction are defined as the
OL channel t¢[CRl and the Z+jets

Model-independent hypothesis tests Following the background-only fit, model-
independent hypothesis tests are performed. In each test a generic[BSMI physics sig-
nal and the background prediction are fit in dedicated [SRk described in Chapter [9]
Instead of using the EMss-binned [SRE, the used in the model-independent
hypothesis tests place different requirements on the minimum EXs. One [SRI is
considered per test. The background predictions input into the fits are extrapol-
ated from the [CRk using the results of the background-only fit. Firstly, model-
independent upper limits on the cross-section of [BSM] physics signals are derived
for each dedicated SRl Secondly, the compatibility of the data with the predic-
tions is quantified using a background-only hypothesis test. Generic physics
signal statements can only be made if no assumptions on the kinematic distributions
of the signal are made. That is the reason why with requirements on the min-
imum E3S are used instead of binned for the model-independent hypothesis
tests. In the latter case assumptions on the distribution of the signal in the different
bins would have to be made, while not in the former case. The cross-section of a
hypothetical physics signal is varied in the tests via the signal normalisation
parameter.

Deriving exclusion limits In the next step, exclusion limits on the parameters
of the 2HDM+a modell are set. For a variety of simulated 2HDM+a modell signals,
95 % [CI] exclusion limits on the signal normalisation parameter are derived. All
(binned in EXs%) and are included in the likelihood used for the fitting.
From the excluded signals, exclusion limits on the 2ZHDM+a modell parameters are
obtained.




Chapter 9

Signal regions

Dedicated variables that exploit kinematic features of the signal are employed to
define the signal enriched [SBE of the search. As these variables are correlated, a
dedicated procedure is used to optimise the number of signal events compared to
the number of background events in terms of a figure of merit. The optimisation is
based on simulated signal and background events.

The discovery significance Z [346) [347] is used as figure of merit for the optim-
isation. Given the prediction of s signal events and b 4+ ¢ background events, with
o the uncertainty on b, as well as setting n = s + b, this discovery significance is
defined as:

B n(b+ o2) b2 a?(n—b) ) +1L,n >0,
Z#Z(nln[w}aam{”wb’ C{_Ln<b. O

The discovery significance Z is an approximation of the significance obtained from
a maximum likelihood based background-only hypothesis test, assuming that n and
b are Poisson distributed. This approximation was found to accurately describe the
exact significance for n > 4 and to slightly overestimate it for lower n [347]. In the
conventions of particle physics, if the signal were realised in nature (and n = s+b
would equal the data), a Z of three would indicate evidence for the existence of the
signal and a Z of five would be considered as the discovery of the signal. For the
analysis presented in the following, the aim is to maximise Z.

The discovery significance accounts for the statistical nature of event counts
as well as for systematic uncertainties of the background prediction (o). Because
calculating all systematic uncertainties in the optimisation procedure is computa-
tionally expensive, a constant uncertainty of 20 % on the background is assumed.
This value of uncertainty is found to be typical in other particle searches in
similar phase spaces [21] 348].

The optimisation procedure is as follows. A rough, manual optimisation is per-
formed at first. To further enhance the discovery significance, the random grid
search (RGY) algorithm [349] is employed consecutively. The algorithm varies
the constraints on the variables randomly and calculates Z for those combinations of
constraints for which the signal yield is non-zero. It returns the variable constraints
giving the maximum Z. The choice of using the algorithm over the multitude
of others (see e.g. Refs. [350,351]) is motivated by its simplicity and computational
inexpensiveness.

The[SEE of the 1L and OL channel are introduced in the following. Main focus is
on the 1L channel. To set the context for the statistical combination, the relevant
information of the OL channel detailed in Reference [22] is also given.

85
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9.1 The 1L channel

9.1.1 Anatomy of the signal

There are two W-bosons in the tW+DM signature. One is from the top-quark
decay. The other is either from the decay of the H*-boson in the resonant diagram
Figure[4.I¢or from the b — Wt vertex in the a-boson radiation diagram Figure [£.11]
In the 1L channel, one of the two W-bosons in an event decays into leptons, while
the other W-boson decays into quarks. Correspondingly, signal events contain one
electron or muon, high ERS from the particles and the neutrino and at least
two small-radius jets. Of these two jets, one is from the b-quark of the top-quark
decay and at least one originates from the hadronically decaying W-boson.

Preselection criteria are imposed in the 1L channel in accordance with the signal
characteristics and for a coarse background suppression:

o Events are selected if they pass the triggers sensitive to high F¥ in an event.
o The reconstructed E}S in an event must be greater than 250 GeV.

e The number N*? of baseline and N** of signal electrons or muons must equal
one. The reconstructed lepton in an event must have a transverse momentum
pi! greater than 30 GeV.

e Selected events are required to contain at least two small-radius jets, that
is N7 > 2. The transverse momenta of the two leading-pr jets must be
plfl > 50 GeV and ij2 > 30 GeV.

o Of these small-radius jets, at least one must be b-tagged (N® > 1). For the
pr of the two leading-pr b-jets, p1 > 50 GeV and p22 < 50 GeV is require

o If large contributions to the ER* stem from a mismeasured jet, the direction
of the pip of the jet and of the pf"** may be similar. The fraction of events
with large ERS from the mismeasurement of jets is reduced by requiring the
minimum azimuth angular difference A¢min,1—4 between the four leading-pr
small-radius jets and the p™% to be greater than 0.5.

e The contribution of background events containing electrons or muons pro-
duced in hadron decays (“non-prompt leptons”), as well as objects misid-
enitified as electrons or muons (“fake leptons”) is reduced by employing a
transverse mass variable. Denoting by ﬁTl the transverse momentum vector of
the reconstructed lepton in an event, it is defined as

lep .

mh® = e (0, ) = 25 - (5] (1 - cos Ag(FE, ). (9.2)

Events with non-prompt and fake leptons are suppressed by requiring mlffp >
30GeV [352]. The mlf’p variable is also used to suppress background events
with W-bosons decaying into an electron or muon and a neutrino, see Sec-
tion

The phase space region defined by these preselection criteria is denoted by Pre;y,.
All analysis regions requiring the presence of one electron or muon are a subset of
the Pre;; in the following. The significance Z of signals generated with different
2HDM+a modell parameters is below 0.1. Further optimisation is carried out to
construct with an increased Z. The dominant background contributions in the
Pre;;, are semi- and di-leptonic ¢t decays and the W+jets process. The design of

1Events with one b-jet are also accepted by the criterion on the second leading-p b-jet.
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Figure 9.1: Simulated signal events in which the W-boson from the top-quark decays
hadronically (blue) are dominantly distributed at m, ¢ below roughly the top-quark
mass, while events in which the W-boson decays leptomcally (red) are distributed
more uniformly. Events shown in the figure must fulfil the Pre,; criteria. The
signal sample used for the plot has the RHDM+a modell parameters m, = 250 GeV,
mg+ = 900GeV, tan8 = 1, sinf = 0.7. The shown uncertainties are due to the
limited number of simulated events. Events beyond the range of the z-axis are
added to the rightmost bin.

the 1L channel in this thesis builds on ideas of References |21} [179] [353] and
complements them by utilising W-tagging.

In the 1L channel, one of the W-bosons in the signal decays into leptons and the
other into quarks. As was discussed in Section the hadronically decaying W-
boson from the H*-boson decay or the b — Wt vertex is likely to be reconstructed
in an R = 1.0 large-radius jet, which can be W-tagged. On the other hand, the
hadronically decaying W-boson from the top-quark is unlikely to be reconstructed
in a large-radius jet. Two different SRk are defined in the 1L channel, exploiting
these different properties. The SRLepTOp selects events where the W-boson from the
top-quark decays into leptons and the W-boson from the H*-boson or the b — Wt
vertex decays into quarks. Conversely, the SR?SdTOp selects events where the W-
boson from the top-quark decays into quarks and the W-boson from the H*-boson
or the b — Wt vertex decays into leptons.

The two regions are defined with the help of the invariant mass m, y of the system
made up of the leading-pt b-jet and the leading-pr small-radius Jet that does not
pass the b-tagging requirements [179]. If both of these jets are from the top-quark
decay, the top-quark mass bounds their invariant mass My, > 88 shown in Figure
Otherwise, ™y is more uniformly distributed, as can be seen in the same figure. To
guarantee a good separation between events with a leptonic and hadronic top-quark
decay, events in the SRLCPTOp are required to fulfil g > 200 GeV, while events

are selected in the SRHZ’LdTOp if m, 4 is < 200 GeV. These requirements also make

LepTop and SRHadTop

the phase spaces of the SR non-overlapping such that the two

regions can be statistically combmed



88 CHAPTER 9. SIGNAL REGIONS

0 10° T T T T T T T
S Vs=13Tev, 139" [JJ tt— bb qq' ' [ tt— bb v qq'
kT 10¢ Selection: Pre,, [l tf—> b§ Toovad [ tf—> b§ Tep¥ A9’
0 [ i bb v v [ i bb v 7,
] tf—> bE M TV [ | tf—> bE ThaaV Thag?
10° B ti> bb 7, v 1, [ o bb 1V 1,y
10
10

50 100 150 200 250 300 350 400 450 500
m [GeV]

Figure 9.2: Distribution of simulated tf events in the mlﬁp variable, categorised into

the different decay channels. Shown events must pass the Pre,;, selection criteria.
If an electron or muon is found in the final state of a top-quark decay, it is labelled
by an “lv”. Top-quark decays yielding 7-leptons are labelled by “7v” and leptonic
and hadronic decays of the 7-leptons are indicated. Final states of the top-quark
decay consisting of quarks only are are indicated by “qq’”. Events beyond the range
of the z-axis are added to the rightmost bin.

9.1.2 Common variables for background suppression

To suppress a large fraction of the background, dominated by semi- and di-
leptonic ¢t decays and W -jets events, two variables are used in both the SRPTP

and the SR}T°P.

Transverse mass (m.P)

Leptonically decaying W-bosons are reconstructed in the background with the
help of the transverse mass ml{fp (Eq. . The variable utilises the transverse
momentum vector of the electron or muon in an event and the p™*. Background
events from semi-leptonic ¢t decays and from the W-+jets process are suppressed by
using mlfp.

Figure shows the mll?p distribution in the Pre,, region of the ¢ background,
separated into the t¢ decay channels. Semi-leptonic decays (see Section con-
stitute the dominant fraction of tt decays for ml;p below 130 GeV and become
negligible for m/e? > 180 GeV.

The mlTep distribution of all [SM] background processes and four signals generated
with different 2HDM+a model| parameter assumptions is shown in Figure for
the Pre,, region. Most of the background processes, in particular the ¢t and W +jets
ones, peak at values of mlfp close to the W-boson mass and drop significantly for
higher values of m/t?. Due to the EX¥ from the [DM] particles, the m'e” distribution
is relatively flat for the signals.

Events selected in the SRIprTOp are required to fulfil mlj‘fp > 130 GeV. This con-
dition reduces the semi-leptonic #t background significantly. Di-leptonic ¢t decays
(see Section then dominate the [SMl background. In the SRIfIi"dTOP, a constraint
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Figure 9.3: Distribution of simulated events in the Pre;;, region for the mlffp variable.

Background events are indicated by filled bars, which are stacked, while signal
events for different 2HDM+a model|l parameters are indicated by coloured, dashed
lines. Only statistical uncertainties are shown. The normalisation of the simulated
background samples has not been corrected by the background-only fit. “Others”
contains contributions from the ¢t + h, tt + W, tZ and tWZ processes. Events
beyond the range of the z-axis are added to the rightmost bin.

of mlﬁp > 200 GeV is placed, rendering the contribution of semi-leptonic ¢t decays
to the background negligible. Both conditions have been determined using the
optimisation procedure described before. The impact of these requirements on the
significance Z is discussed below, when presenting the remaining variables employed
for the background suppression in the SRTP™” and the SR P

Assymmetric stransverse mass (amrz)

After imposing the mlfp requirements, the ¢¢ background is dominated by di-leptonic
decays. These events pass the Pre,;, selection criteria, if one of the charged leptons
in the decays is

e an electron or muon, which is misidentified as a jet or escapes the detector
acceptance,

e a T-lepton decaying into a neutrino and hadrons,

e a 7-lepton decaying into neutrinos and a lighter charged lepton, which is
misidenitified or not reconstructed.

The neutrinos and the electron or muon escaping the detector acceptance contribute
to the EX. Events from the ¢ background with an escaping charged lepton are
suppressed using a dedicated variable called amro , which is based on the
mmro variable 357].

The stransverse mass mmrs is designed to reconstruct the mass of two
equal-mass particles produced in an event. It assumes that both of these particles p;
and po decay into an electron or a muon and at least one undetected particle. The
total P/ is constituted of the transverse momentum vectors of these undetected
particles. The components of the 5% stemming from each of the mother particles,
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Figure 9.4: Illustration of (a) the reconstruction of a lower bound on the W-boson
mass by the mro variable in di-leptonic ## decays with two identified leptons in
the event and (b) the reconstruction of a lower bound on the top-quark mass by
the amTy variable in di-leptonic ¢t decays where one charged lepton escapes the
detector acceptance.

denoted by @ and 2, cannot be measured individually. The idea of the mry is
to decompose the p™* into two vector candidates for the g such that a mass
bounded by the mass of the two particles can be reconstructed. This is illustrated
in Figure for di-leptonic tf decays. With pyf! and pif2 being the transverse
momentum vectors of the two reconstructed leptons, mrs is defined as

=02 = miss) —

mTQ(ﬁ’IglapT y P min [max (mT(ﬁTelv(TTl)vmT(ﬁTZ2’(j’T2))] . (93)

qu +q*T2 :ﬁTmiSS

All decompositions of the p;f"** are probed in the minimisation. For events from
di-leptonic tt decays an event yield cut-off is observed in the mrs at around the
W-boson mass. This is shown in Figure [9.5] in an event selection requiring two
reconstructed leptons. No such cut-off is apparent in the tW+4DM signal also shown
in the figure. This is due to additional E2 from the [DM] particles in addition to
the Effniss from the neutrinos from the W-boson decays. The mro variable is used
to define the 2L channel presented in Section [12.1

In the 1L channel, a modified version of the mry variable is used, the asymmetric
stransverse mass amro [354, 1355]. Di-leptonic ¢ decay events where a charged
lepton escapes the geometric detector acceptance are suppressed with the help of
the variable. The visible objects of these ¢t decays are two b-jets and the electron or
muon in the event, as sketched in Figure The mr2 calculation is modified as
follows. The two transverse momenta of the reconstructed leptons are replaced by
the transverse momenta of the two small-radius jets with the highest output value
of the multivariate b-tagging algorithm (b-tagging score). The pi. of the electron or
muon is added to the pi. of one of the jets. Due to the ambiguity of the jet-lepton
pairing, the mrs is calculated for both jet-lepton combinations and the amrsy is
defined as the maximum of the two:

o - 71 > ¢ =72 - miss 71 -352 — ¢ — miss
amrsy = max [mTQ(pT + o, PR o), mre (P, Py + Pr, Py )}-

Di-leptonic ¢t decays exhibit a steep drop of events at the top-quark mass in the
amTo, as shown in Figure in the Pre;; region, where the constraint mlTCp >
130 GeV has been added to suppress semi-leptonic t¢ decays. Signal events on the
other hand, as shown in the same figure, do not feature such a drop, due to the
additional B from the [DM] particles.
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Figure 9.5: Distribution of simulated events in the mry variable for the CRg;,g10 top
(Table without any requirements on the mmyo, min; my; and le' This phase
space region selects events with exactly two reconstructed leptons and high s,
The variables min; my; and mil as well as the are introduced in Section
Background events are indicated by filled bars, which are stacked, while signal
events for different 2HDM+a modell parameters are indicated by coloured, dashed
lines. Only statistical uncertainties are shown. The normalisation of the simulated
background samples has not been corrected by the background-only fit. “Others”
contains contributions from the tt + h, tt + W, tZ and tWZ processes. Events
beyond the range of the z-axis are added to the rightmost bin.
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Figure 9.6: Distribution of simulated events for the amry variable in the Prey,
region with the additional constrain m P > 130 GeV to suppress semi-leptonic tt
decay events. Background events are 1nd1cated by filled bars, which are stacked,
while signal events for different 2HDM+a model| parameters are indicated by col-
oured, dashed lines. Only statistical uncertainties are shown. The normalisation of
the simulated background samples has not been corrected by the background-only
fit. “Others” contains contributions from the tt+ h, tt + W, tZ and tW Z processes.
Events beyond the range of the z-axis are added to the rightmost bin.

In the SRIprTOp and SRIfdeOP, events are selected if amre > 180GeV. This
condition strongly suppresses di-leptonic t¢ decay background events. The impact
on the significance Z is discussed below.

9.1.3 Variables for background suppression in the SR}$P™P
The SRIprTOP is designed to select signal events with a leptonically decaying W-
boson from the top-quark decay and a hadronically decaying W-boson from the
decay of the H*-boson or the b — Wt vertex. Constraints on four variables are
used in addition to the preselection and m, J requirements to define the SRLePTOp

Tranverse mass (mP)

The mlﬁp variable is used in the SRIprTOp to suppress background events from
semi-leptonic ¢t decays. The distribution of the mlq_‘fp in the SRIl“I‘jpTop is shown in
Figure [9.7a] for the background processes and for multiple signals generated
with different 2HDM+a modell parameters for illustration. The constraint on
the mlﬁp has been removed in this figure and is indicated by an arrow. The bottom
panel of Figure [9.7a] shows the significance Z. For each signal prediction and bin,
Z is calculated using the cumulative yield towards greater mTp That is, the signal
yield s entering the significance calculation in bin ¢ is given by s = > i S5 with
s the signal yield in bin j and likewise for the background. In this way the impact

on the discovery significance Z of placing a lower bound on the variable ml;p at bin
1 becomes visible. This significance calculated with cumulative yields and referred
to as inclusive significance, is employed throughout this chapter unless indicated
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Figure 9.7: Distribution of simulated events as a function of different variables in
the SRLePTOp without a requirement on the shown variable. Background events
are mdlcated by filled bars, which are stacked, while signal events for different
[2HDM+a modell parameters are indicated by coloured, dashed lines. The variables
are (a) mi?, (b) amry, (c) Sig pmies, (d) NW~—tag  The significance is calculated

per bin with Equation using cumulative yields towards greater values for all
variables. The arrow indicates the direction and position of the requirement in the
Only statistical uncertainties are shown. The normalisation of the simulated
background samples has not been corrected by the background-only fit. “Others”
contains contributions from the ¢t + h, tt + W, tZ and tWZ processes. Events
beyond the range of the z-axis are added to the rightmost bin.

otherwise. As the different signals have their maximum in the inclusive significance
at different values of the mTp, the constraint on the mT must not be too high to
not reduce the inclusive discovery significance for certain signals, in particular for
the shown one with my+ = 800GeV and tanf = 2. Requiring mlep > 130 GeV
is found to be optimal to increase the discovery significance of all shown signals
without reducing Z for one of them.

Assymmetric stransvere mass (amrz2)

To reduce the fraction of di-leptonic #¢ background events, amrs is employed. The
amms distribution in the SRLepT‘)p without any constraints on the amrs is shown in
Figure 0.7b] The bottom panel shows the significance Z, calculated per bin using
cumulative yields towards greater amrs, to study the impact of placing a constraint
on the variable. Requiring amry > 180 GeV maximises the inclusive significance
for three of the shown signals and represents the optimal condition.
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Missing transverse momentum signifiance (Siggumis)

To further suppress background events with large EXSS = |5%| from mismeas-
urements, as opposed to signal events with large EM* due to particles escaping

the detector without interacting, the object-based Em‘bs—s1gn1ﬁcance Sig Emiss 358]
is used. It is defined as:
. |p mlbh‘
Sig pmiss = — (9.4)
* ot (1= pir)

g IIllSS

where o7, is the resolution component of the p parallel to the direction of the
P vector, and pyr is the correlation between the parallel and perpendicular
resolution components. The significance expression is derived from a hypothesis
test based on a log-likelihood, testing how likely the EMS is consistent with a

mismeasurement. A low value of the Sig pmiss corresponds to a high probability of
the EXs% stemming from mismeasurements and vice versa.

The distribution of the Sig Em.h in the SRLQPTOp without any requirements on
the Sig Emiss is shown in Figure Signal events are dominantly distributed at

relatlvely high values of the Slg Emiss s due to the large genuine ERS. Background

processes which have a EMSS more compatible with originating from a mismeas-
urement, such as tt, are dlstrlbuted at lower values of the Sig gris=- The inclusive
significance is close to its peak for three of the four shown 81gnals for the constraint
Sig pmiss > 15. For the remaining signal, the maximum Z is reached at a higher con-

straint on the Siggmi:. Selected events in the SREPTOP st fulfil Sig pmiss > 15.

The number of W-tagged large-radius jets (IN"W —ta8)

The SRLepTOp is intended to select signal events with a hadronically decaying W-
boson from the H*-boson or the b — Wt vertex. As was discussed in Section
the W-boson from the H*-boson decay or the b — Wt vertex is likely to have a
relatively high pr and to be reconstructed in an R = 1.0 large-radius jet if decaying
hadronically. This large-radius jet can be W-tagged. The distribution of W-tagged
jets (NW—ta8) is shown in Figure in the SRIprTOP, without any constraint on
the NW—t8  When requiring at least one W-tagged jet, the background is reduced
by two orders of magnitude, while the signal is reduced by roughly a factor four.
The inclusive significance Z increases by a factor of 4-10. Requiring at least one
W-tagged jet maximises the inclusive discovery significance in the N ~t2& variable
for the signals shown in Figure [0.7d] Events with at least one W-tagged jet are
selected in the SRITPTOP.

The reduction of the background by two orders of magnitude when requiring
NW—tag > 1 can be explained by the small fraction of hadronically decaying high-
pt W-bosons in most of the background processes:

e V +jets: In the selected phase space requiring the presence of one electron or
muon, the W+jets and Z+jets background processes are both characterised
by the absence of hadronically decaying W-bosons.

« ti, single top-quark, VV: In the Pre,;, which the SRIPT is based on,
the major backgrounds containing hadronically decaying high-pr W-bosons
are semi-leptonic ¢ decays, single top-quark (dominated by the associated
production of a top-quark and a W-boson) and V'V processes. Requiring
mlTCp > 130 GeV reduces the number of background events from these processes
containing hadronically decaying W-bosons to a small fraction. For example,
the fraction of semi-leptonic ¢t decays to the total t¢ background is reduced

to below 5% (see Figure [9.2)).



9.1. THE 1L CHANNEL 95

Lep T Had T
| [ SREFT® SRET
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‘ Trigger ‘ Eﬁf‘iss Eﬁ«“iss ‘
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SigE%}iss 2 15 -
A¢min,174 [rad] 2 0.5 2 0.5
Né’b,NZ’S =1 =1
pit [GeV] > 30 > 30
N/ >2 >3
pi' [GeV] > 50 > 50
pi” [GeV] > 30 > 30
pi’ [GeV] - > 30
N? >1 >1
pt [GeV] > 50 > 50
p? [GeV] <50 <50
m, ; [GeV > 200 < 200
by

mi? [GeV] > 130 > 200
amrs [GeV] > 180 > 180
watag > 1 _
miee! [GeV] — > 60

Table 9.1: Selection criteria of the 1L channel [SRk.

o tt+ Z: The background process containing the largest fraction of events with
hadronically decaying, high-pt W-bosons is the tt + Z process with the top-
quark pair decaying semi-leptonically and the Z-boson decaying to neutrinos.
The additional E¥ from the neutrinos prevents that such background events
are suppressed by the mlTeF’ requirement. If the hadronically decaying W-boson
from one of the top-quarks has a high pr, it is likely to be reconstructed in a
large-radius jet. This large-radius jet is W-tagged with an efficiency of 50 %
as determined by the W-tagging working point (see Section[7.4.5). Compared
to the other discussed background processes, the tt+ Z process is only reduced
by roughly one order of magnitude when requiring NV —t2& > 1. It represents

. CepT
the second largest background process in the SRyT" °P.

Summarising, as the mlfp requirement strongly reduces the fraction of hadronically
decaying W-bosons in multiple background processes, the background is suppressed
by two orders of magnitude when requiring NV —t2& > 1. It is only the tt+Z process
that contains a relatively large fraction of high-pr, hadronically decaying W-bosons
and is enhanced with respect to the other background processes by the W-tagging
requirement.

The selection criteria of the SR]prTOp are summarised in Table Less than
10 background events N, are predicted by the simulation. To not increase the
statistical uncertainties, conservatively assuming the absence of signal events, i.e.
that the number of data events Ngata =~ Np, no binned distribution of the [SR] is
used for the statistical analysis.
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9.1.4 Variables for background suppression in the SRH24Top

The SRLePTOp discussed just above, requiring at least one W-tagged large-radius jet,
is spec1ahsed to select signal events with a high-pr, hadronically decaying W-boson
from the H*-boson decay or the b — Wt vertex. As was shown in Figure the
expected fraction of such events differs depending on the assumed 2HDM+a modell
parameters. The SRTPTP can thus be regarded as dedicated towards signals which

yield a large fraction of high-pr W-bosons. The SRIPITP  discussed in this sub-
section, is designed to select events with a hadronically decaying W-boson from
the top-quark. The W-boson from the top-quark is less likely to have a high-pr,
relatively independent of the ZHDM=a modell parameters, see Figure [£.35] The op-
timisation strategy of the SRHadTOp is chosen to be complementary to the SRLepTOp
Rather than specialising on 81gnals with a high fraction of high-pr W- bosons the
SRIfdeOP is designed to cover a broad range of BHDMTa model| signals. As the
momentum of the particles depends on the masses of the H*-boson and the
a-boson, it is advantageous to divide the ERs distribution into multiple bins in the
statistical analysis to be sensitive to a broad range of signals. To ensure that mul-
tiple bins can be defined with the statistical uncertainty being a negligible source of
uncertainty, the optimisation does, apart from maximising the significance Z, con-
sider the total number of selected background events. The number of background
events is conservatively regarded as a proxy for the number of data events. The
balance between the maximisation of Z and a high number of background events
is implemented in the optimisation procedure by requiring a minimum number of
background events in the [RGS algorithm. The definition of the SRH‘idTOp makes
use of four variables in addition to the Pre;;, and my g < 200 GeV requirements.

Tranverse mass (m.cP)

Background events from semi-leptonic ¢ decays are suppressed in the SRH‘MTOp
using the m/e? variable. Figure shows the m/e? distribution in the SRHdeOP,
without any requirements on the mT . The bottom panel of Figure |9.8a] shows

the significance Z, employing cumulative yields towards higher mlj‘fp. The inclusive
significance increases for the shown signals as a function of mle until high Values of
mTp For one of the signals, Z becomes roughly constant for values of m P greater

than 160 GeV. Balancing the increase in Z and the number of selected events events
in the SRIfdeOP are selected, if mlfp > 200 GeV.

Assymmetric stransvere mass (amrz)

The am Variable is used to reduce background events from di-leptonic ¢t decays.
Figure shows the amrs distribution in the SRHadTOp without any requirement
on the amrs. The inclusive significance Z increases for all shown signals as the
condition on amrs is tightened, until amry ~ 270 GeV. As a trade-off between the
increase in Z and the number of background events, events selected in the SRH*’”dTOp
are required to fulfil amye > 180 GeV.

Number of small-radius jets (N7)

The significance Z in the SR adTOp is further 1ncreased by selecting events with three
or more R = (0.4 small- radius jets. Figure [0.8¢ shows the distribution of signal and
background events in the number N7 of small radius jets in the SRHQLdTOp without
any condition on the N7. While the background distribution is smoothly falling,
the signals peak at N7 = 3 in agreement with the signal characteristics in the 1L
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Figure 9.8: Distribution of simulated events as a function of different variables in
the SRHa”dTOp without a requirement on the shown variable. Background events
are 1ndlcated by filled bars, which are stacked, while signal events for different
[2HDM+a modell parameters are indicated by coloured, dashed lines. The variables
are (a) mlﬁp, (b) amr2, (c) N7, (d) migcl. The significance is calculated per bin
with Equation using cumulative yields towards greater values for all variables.
The arrow indicates the direction and position of the requirement in the Only
statistical uncertainties are shown. The normalisation of the simulated background
samples has not been corrected by the background-only fit. “Others” contains
contributions from the tt + h, tt + W, tZ and tW Z processes. Events beyond the
range of the z-axis are added to the rightmost bin.

channel (one b-jet and two jets from the W-boson decay). The inclusive significance
Z increases when selecting events with at least three small-radius jets. For tighter
requirements on N7, the increase in Z is small. In the interest of retaining a high
number of background events, the selection requirement on N7 in the SRHadTOp is
found to be N7 > 3 with the optimisation algorithm.

Reclustered jet mass (mig!)
The SRHadTOp is intended to select signal events with a hadronically decaying W-
boson from the top-quark. The W-bosons from the top-quark decay are unlikely
to have a high-pr (see Section . Their decay products are therefore much more
rarely reconstructed in an R = 1.0 large-radius jet which is W-tagged compared to
the W-bosons from the H*-boson decay or the b — Wt vertex.

To reconstruct a high fraction of hadronically decaying W-bosons in the events
selected by the SRHa”dTOp the jet reconstruction algorithm with an adaptive jet
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radius parameter introduced in Section[7.4.6] [21} [331} [332] is utilised. The algorithm
clusters R = 0.4 small-radius jets into jets with a larger radius parameter. It
returns at most one reclustered jet candidate per event compatible with a hadronic
W-boson decay. The distribution of events as a function of the invariant mass
miee! of this reclustered jet in the SRIfdeOP without any constraints on the mig!
is shown in Figure While there is a well visible peak in the signals at the
W-boson mass, the distribution of the background is more smooth, though also
peaking around the W-boson mass. This more smooth distribution is due to the
suppression of hadronically decaying W-bosons by the mlﬁp variable in multiple
background processes.

The inclusive significance Z, increases as a function of the mis<! for the shown
signals until m’{f,d = 90 GeV. Balancing Z against the number of background events
in the SR?S dToP " events selected by the SRI;IIil 4TOP must contain a reclustered jet with

an invariant mass misc! greater than 60 GeV.

- HadT:
Binning of the SR

The selection requirements of the SR?E 4TP are summarised in Table Depend-
ing on the 2HDM+a modell parameters, in particular m;+ and m,, the[DM] particle
momentum can vary significantly, yielding diverse EXSS spectra. Different require-
ments on the EMS may therefore be beneficial to be the most sensitive to signals
with differing model parameters. An approach would be to define one [SR] per set of
model parameters. These could have overlapping EX*% requirements though
and could therefore not be statistically combined in a straight-forward manner.
In addition, the specialised regions would not be sensitive to signals which have
other EM5 characteristics than the signals used to define them. Circumventing
the discussed caveats of specialised SRk, the Eis* distribution of the SRT*TP jg
divided into multiple bins. Each bin is treated as individual in the likelihood
and these are statistically combined. This approach accounts for the different
Emiss distributions of the signals, while potentially enhancing the sensitivity to a
signal by the statistical combination of the EI** bins. The bin boundaries of the
are defined by trading the statistical uncertainty off against EX! intervals in
which the background is low and the signal is high for multiple model paramet-
ers. An equidistant binning with the bin boundaries [250, 300] GeV, [300, 350] GeV,
350,400] GeV, [400,450] GeV and > 450 GeV is used in this thesis in the SR]™°P.
The bins are denoted as SR?SdTOp Bin 1 ¢, SR?SdTOp Bin5 " Gienal and background
distributions in the E2 bins in the SR}**™" are shown in Figure The bot-
tom panel shows the significance Z calculated per bin using the yields in that bin.
The four shown signals peak in Z in three different bins, indicating the benefit of
dividing the [SR] into the chosen bins.
Five[SRk for the model-independent hypothesis tests are defined from the SRII{I‘:l dTop,

by selecting events with EXISS > 250 GeV, EXISS > 300 GeV, EXS > 350 GeV,
Emiss > 400 GeV and EXS > 450 GeV.

9.2 The OL channel

9.2.1 Preselection criteria

Events in the OL channel are preselected in compliance with the properties of the
signal. The phase space region defined by the preselection criteria is denoted by
Preg;,. Preselected events must pass the EIVSS trigger, have a ERss > 250 GeV and
zero baseline and signal electrons or muons. They must contain at least four small-
radius jets with transverse momenta of the four leading-pr jets of p{ 1> 100 GeV,
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Figure 9.9: ERiss distribution in the SRHadTOp. Background events are indicated
by filled bars, which are stacked, while 31gna1 events for different 2HDM+a model|
parameters are indicated by coloured, dashed lines. The significance is calculated
per bin with Equation using the yields in that bin. Only statistical uncertain-
ties are shown. The normalisation of the simulated background samples has not
been corrected by the background-only fit. “Others” contains contributions from
the tt + h, tt + W, tZ and tW Z processes. Events beyond the range of the z-axis
are added to the rightmost bin.

> > 60GeV, pi® > 60CeV and p1?4 > 40 GeV. Events entering the Prey;, must
contain at least one b-jet. For the pr of the two leading-pr b-jets, prl > 50 GeV
and pf? < 50GeV is require(fl The fraction of events with large EX from
the mismeasurement of jets, such as events with multiple jets or hadronic tt
decays, is decreased by requiring A¢min,1—4 > 0.9. This requirement reduces the
multijet and hadronic t* background to a negligible fraction. All event selections
which require zero reconstructed leptons must fulfil these preselection criteria in
the following. The dominant backgrounds in the Pre;, are semi-leptonic tt, Z+jets
and W+jets. Further optimisation is performed to increase the sensitivity towards

[2HDM+a modell tW+DM signals.

9.2.2 Signal region definition

Dedicated variables are used to further suppress background events while retaining
a large fraction of the signal events.

Missing transverse momentum signifiance (Sig gmiss)
T

Background events with large EX5 from mismeasurement are suppressed by using
the Sig gmis variable introduced in Sectionl@ Figure @shows the distribution
of the SlgErmss in the SRy, without any requirement on the SlgErmss for the
background and four signals. The condition Sig Emiss > 14 is found to be the optlmal
in the SR;,.

2As in the 1L channel, the pp condition on the second leading-pt b-jet does not veto events
containing exactly one b-jet.
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Figure 9.10: Distributions of simulated events as a function of different variables
in the SRy, without a requirement on the shown variable. Background events
are indicated by filled bars, which are stacked, while signal events for different
2HDM+a modell parameters are indicated by coloured, dashed lines. The variables
are (a) Sig gmiss, (b) m?FET S, (c) NW=tae (d) ARw, and (e) my,p. In (c) and
(d) no constraints on both the ARy, and the myy;, variables are placed. The
lower panel shows the significance Z calculated per bin with Equation , using
cumulative yields towards greater values for all variables. The arrow indicates the
direction and position of the requirement in the Only statistical uncertainties
are shown. The normalisation of the simulated background samples has not been
corrected by the background-only fit. “Others” contains contributions from the
tt+ h, tt + W, tZ and tW Z processes. Events beyond the range of the x-axis are
added to the rightmost bin.
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Transverse mass of b-jet and Eiss (mf}’E;"mss)

The #t background in the OL channel is mainly constituted of semi-leptonic decays,
where the electron or muon in the final state escapes the detection or is misidentified
as a jet; or the charged lepton is a hadronically decaying 7-lepton. The neutrino(s)
and the electron or muon escaping the detector acceptance contribute to the XSS,
To suppress events stemming from this background, the transverse mass between
the EXss and the leading-pr b-jet with transverse momentum vectors p™'* and
L, respectively, is employed [359):

b,EmiSS . R - 5 . , R IR IR R IR
men T = mp (PP ) = \/2|me155| PP (1 = cos Ap(piss, pth)).
If the leading-pr b-jet in a semi-leptonic t¢ decay event originates from the same

top-quark as the neutrino(s) and the potentially escaping electron or muon does,

ml}E% is bounded by the top-quark mass.

The distribution of the m%ET in the SRl without constraints on the m?F’ET )

is shown in Figure [9.10bl A strong decrease of tt background events as of roughly
the top-quark mass (myep) is visible. This is not the case in the signal, due to
the contributions to the p " from the [DM particles. Only a small fraction of the

. . b,EmiSS b.En]iSS . .
signal events is found at m;"" < Mmyep. In the SRy, mf™ " is required to be

greater than or equal to 180 GeV.

W-tagging and related variables

For H*-boson masses above approximately 600 GeV the signal in the 0L channel
is, in the majority of events, expected to contain a hadronically decaying, high-pr
W-boson, which can be reconstructed in an R = 1.0 large-radius jet and W-tagged
(see Section . Figure shows the distribution of the number of W-tagged
large-radius jets N ~t2& in the[SRl without any constraint on the variable and other
variables related to W-tagged jets (see below). While the total background yield is
reduced by a factor 20 if requiring at least one W-tagged large-radius jet, the signal
yields are reduced by only a factor 4—6. Events containing at least one W-tagged
large-radius jet (N8 > 1) are selected in the OL channel

To further reduce the ¢t background, correlations between the leading-pt W-
tagged jet and the leading-pr b-tagged jet are exploited. The ¢t background is
dominantly constituted of semi-leptonic decays. If the top-quark decaying entirely
into quarks has a high pr, it may, as a whole, be reconstructed in a large-radius
jet. This large-radius jet may, falsely, be W-tagged. As ambiguities between small-
radius and large-radius jets are not resolved in the object reconstruction and selec-
tion procedure, this W-tagged large-radius jet overlaps with the b-jet from the same
top-quark. As the TW-tagged jet in the signal mainly originates from the H*-boson
decay and the b — Wt vertex, such an overlap is more rare in the signal than in
the tt background.

The overlap is measured by the angular distance ARy, between the leading-
pr W-tagged jet and the leading-pr b-jet. Due to the radius parameter R = 1.0
of the large-radius jets, any overlap between the leading-pr W-tagged jet and the
leading-pr b-jet is removed if ARy, > 1.0. The ARy, distribution for the [SM]
background processes and for four illustrative signals is shown in Figure[9.10d]in the
SR, without any requirements on the ARy, and the my, (introduced below),
due to correlations of the two. The majority of background events, dominated by
the ¢t process, is found at ARy, < 1.0, while only a small fraction of the signal is.
The condition ARy, > 1.0 is required in the SRgy,.

The leading-pr W-tagged jet and the leading-pr b-jet of the tt background
events fulfilling ARy, > 1 most likely both originate from the decay of the same
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miss
BT

top-quark. This is due to the constraint on the mbT ’ variable, which removes
events where the b-jet originates from the leptonically decaying W-boson. In the
signal, the leading-pr W-tagged jet does mostly not originate from the top-quark.
The invariant mass of the leading-pt W-tagged jet and the leading-p b-tagged jet,
my,p, is thus expected to be more likely bounded from above by the top-quark
mass in the ¢ background than in the signal. Figure shows the distribution
of the myy; in the SRq;, without any requirements on the myy ;. Events from the ¢t
background are found dominantly at my,, < 220 GeV, while only a small fraction
of the signal events is. The condition my,, > 220 GeV is placed in the [SRI

Binning of the SRgor,

The selection criteria of the SRy, are summarised in Table [9.:2] To enhance the
sensitivity to signals with diverse E}"® spectra, a binning in E}'*® is pursued in
the OL channel [SB] with the bins [250,330] GeV, [330,400] GeV, [400,500] GeV,
[500, 600] GeV and > 600 GeV, denoted as SRE™ ! to SRG:™ . The resulting Emiss
distribution in the SRy, is shown in Figure[9.11

Five for the model-independent hypothesis tests are defined based on the
SRy, selecting events with ERIsS > 250 GeV, ERss > 330 GeV, ERSs > 400 GeV,
ERiss > 500 GeV and EX > 600 GeV, respectively.

‘ ‘ S1:{OL ‘
‘ Trigger ‘ Emiss ‘
B [GeV] > 250
SigE$iss > 14
A(Zsmin,l—4 [rad] >0.9
‘ NE,b7NZ,s ‘ =0 ‘
NI >4
pi" [GeV] > 100
pi’ [GeV] > 60
pi’ [GeV] > 60
pi* [GeV] > 40
NP >1
pt [GeV] > 50
P2 [GeV] < 50
‘ ml:["E’rI]‘“Ss [Ge\/] ‘ Z 180 ‘
NW—tag > 1
ARy, > 1.0
mw,p [GeV] > 220

Table 9.2: Selection criteria of the 0L channel [SRk.
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Figure 9.11: EX distribution in the SR,. Background events are indicated by
filled bars, which are stacked, while signal events for different 2HDM+a model| para-
meters are indicated by coloured, dashed lines. The lower panel shows the signific-
ance Z calculated per bin with Equation (9.1)), using the yields in that bin. Only
statistical uncertainties are shown. The normalisation of the simulated background
samples has not been corrected by the background-only fit. “Others” contains con-
tributions from the tt + h, tt+ W, tZ and tW Z processes. Events beyond the range
of the z-axis are added to the rightmost bin.







Chapter 10

Background estimation and
systematic uncertainties

10.1 Control regions

To determine the normalisation of the dominant background processes,
are used. are defined for each of the major background processes in the
SRk. These are tf and ¢t + Z in the SRIP™P| ¢f and Wjets in the SR4TOP
and Z+jets, Wjets and ¢t in the SRy;,. For the tf process, events are mainly
constituted of di-leptonic decays in the 1L [SRk and of semi-leptonic decays in the
SR, as discussed in Section Two separate are employed to constrain the
tt background in the 1L and OL channel. When combining the two channels, both
are included in the likelihood and different normalisation parameters are used
for the tt background in the 1L and OL channel regions. The normalisations of the
remaining background processes are, regardless of which channel they are dominant
in, determined using the same control regions in the 1L and 0L channels to facilitate
the combination of the two channels.

To ensure an independent estimation of the background normalisation, the phase
spaces of must be non-overlapping with the SRk’ ones. At the same time, the
phase space of a should be close to the phase spaces of the SRk. The fraction
of events of the process that is constrained by the should be high in the
Furthermore, the region should have a sufficient number of events to estimate
the normalisation reliably. To prevent a bias on the signal due to the background
determination, signal events must have a low or negligible contribution in the [CRk.

That the are non-overlapping with the SRk and yet kinematically close is
illustrated in Figure The phase space coverage of the [CRb, SRk and [VRE (see
Section is shown in the figure in multiple variables. These variables are the
transverse mass mlTep and the invariant mass of the leading-pr b-jet and leading-pr
non-b-tagged jet m, j, see Section in the 1L channel regions. In the OL channel

regions, these variables are the number of reconstructed leptons N and the number
of W-tagged large-radius jets NV —ta8,

10.1.1 tt control regions

In both 1L channel [SBE, the background is dominated by di-leptonic ¢t decays,
where one of the charged leptons escapes detection, is a hadronically decaying -
lepton or the electron or muon in an event is reconstructed as a jet. A [CRl is
defined to determine the normalisation of this background process. Di-leptonic tt
decay events most likely have a value of the amrs below the top-quark mass. The

105
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Figure 10.1: The phase spaces covered by the and [VRE are non-overlapping
and kinematically close to the phase spaces of the [SRk. This is shown exemplarily
for the requirements on the transverse mass mlﬁp and invariant mass m, of the
leading-pT b-jet and the leading-pt non-b-tagged jet (see Section in the 1L
channel regions on the left. On the right hand side the OL channel regions and
the constraints of these regions on the number of reconstructed leptons N! and the
number of W-tagged large-radius jets NV ~t38 are shown.

reverse requirement amrs < 180 GeV with respect to the 1L channel SRk is therefore
imposed, increasing the di-leptonic ¢ purity. Furthermore, ¢t events are expected to
contain two highly energetic b-jets. For that reason, the pr of the subleading b-jet is
also reverted with respect to the 1L channel SRk and required to be > 50 GeV. This
condition also increases the #t purity. To make the phase space of the [CR] denoted
by CR?L, as close as possible to the phase spaces of both [SRk, no constraints on the

number of W-tagged jets N" '8 the reclustered jet mass mis<! and on the Sig pmiss

are placed. This also increases the number of events as well as the ¢t fraction in the
Furthermore, events must comply with the least strict condition of the SRk on
the mlf?p, that is mlffp > 130 GeV, to ensure that the is kinematically close to

both[SRk. The purity of the ¢ process in the CRtltL is above 94 % in simulation prior
to the background-only fit and the ratio of signal to background is below 2.3 %. For
the ¢t prediction in the 1L channel, a normalisation parameter of uff, = 0.92 +0.06
is obtained from the background-only fit, which agrees with the prediction of
plt, = 1 within two standard deviations. The deviation of the parameter from
one can be related to modelling inaccuracies of the top-quark kinematics in the
simulated ¢t samples . The data and the background prediction obtained from

the background-only fit are compared in Figure in the Eiss distribution in the
CR!, . No significant deviations are observed.
One of the three largest contributions to the [SMl background in the SRy, stems

from semi-leptonic ¢t decays. This background is constrained in the CRffL. A high
purity of semi-leptonic £ events is achieved by selecting events with exactly one elec-
tron or muon and mlq'fp < 130 GeV. Requiring low amTs in the guarantees that
the phase spaces of the and the 1L channel and other do not overlap.
The purity of ¢ events in the CR{: is greater than 80 % prior to the background-
only fit and the ratio of the signal yield to the total predicted background is
below 1.2 % for all studied 2ZHDM+a modell signals. The normalisation parameter
obtained from the background-only fit for the ¢t background in the OL channel is
pll = 1.00 & 0.12, which agrees with one very well. Good agreement between the
data and post-fit background prediction is observed in the ERS distribution in
Figure [10.3]

The selection criteria employed in the ¢t are summarised in Table m
Table[10.2]shows the observed data and the predicted yields prior to the background-
only fit and corrected by the fit in the [CRE.
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Figure 10.2: Distribution of the data and the[SM]background processes as a function
of the EXsS in the CR!,. The hashed uncertainty band includes all systematic
uncertainty sources described in Section The post-fit normalisation parameters
of the processes and the post-fit systematic uncertainties obtained from the
background-only fit described in Section [8:4] are used in the figure. Events beyond
the range of the z-axis are added to the rightmost bin. The bottom panel shows the
ratio of the data and the sum of all predictions in each bin. “Others” contains
contributions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.
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Figure 10.3: Distribution of the data and the[SMlbackground processes as a function
of the EX in the CR{;. The hashed uncertainty band includes all systematic
uncertainty sources described in Section [I0.3] The normalisation and nuisance
parameters obtained from the background-only fit described in Section [8:4] are used
for the predictions in the figure. Events beyond the range of the z-axis are
added to the rightmost bin. The bottom panel shows the ratio of the data and the
sum of all predictions in each bin. “Others” contains contributions from the
triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.
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| | CREL | CRIL

‘ Trigger ‘ E‘f‘iss ‘ E{i‘iss ‘
ERiss [GeV] > 250 | > 250
A¢min,1—4 [rad] 2 0.5 Z 0.5
NEb Nbs =1 | =1
it [GeV] >30 | >30
NI >4 >3
pi' [GeV] >100 | > 50
pi’ [GeV] >60 | >30
pi’ [GeV] >60 | >30
pit [GeV] > 40 -
N® >1 >1
pt [GeV] >50 | >50
p? [GeV] <50 | >50
miP [GeV] <130 | > 130
amry [GeV] <180 | < 180
watag > 1 _
ARw > 1.0 -
mw,b [GQV] Z 220 -

Table 10.1: Selection criteria of the tt [CRk.

CR{, CRYE,

Data 182 952
Total SM 182414 950 +40

tt 160418 900 + 40

. Z+jets 0.04705%  0.18 4 0.09
T Wetjets 7T+3  3.1£07
£ tt+2Z 15777 24412
Single top 10735 9ty
/4% 08407 12404
Others 21404 100409
Total SM 194.65 1036.57

tt 160.95 981.04
Z+jets 0.04 0.18

F Wejets 6.91 2.91
£ tH+Z 1.24 20.35
Single top 22.57 20.87
174% 0.82 1.19
Others 2.11 10.03

Table 10.2: Data and predicted yields in the targeting the ¢ process prior to
the background-only fit (“pre-fit”) and using the normalisation and uncertainties
as derived by the background-only fit (“post-fit”). The uncertainties include all
systematic uncertainty sources described in Section “Others” contains contri-
butions from the triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.
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10.1.2 Vector-boson plus jets control regions

The W+jets process is among the three most dominant background processes in all
of the 1L and OL channels. As requiring the presence of at least one b-tagged jet
in these[SRk, the W +jets background is dominated by events with heavy flavour jets.
Constructing a[CRIthat is highly pure in W +jets events is challenging as the ¢ cross-
section is relatively high compared to the W+jets cross-section in the phase spaces of

the search. The normalisation of the W +jets process is determined in the CRyy jes»

which is kinematically close to the SRIfdeOP where W+jets is the second largest

background process. Events with a W-boson decaying into leptons are selected
by requiring mlq_‘fp to be compatible with the W-boson mass. This increases the
W +jets purity. A large number of events from the ¢f process also enter in this low
mlffp region and require a dedicated suppression to ensure a high W+jets purity.
They are suppressed by selecting events with high amrs. Furthermore, requiring
SigE’rlz‘)iss > 15 is found to suppress tt events, while increasing the purity of the
W +jets process. In the phase space region selecting events with one reconstructed
lepton, one leptonically decaying W-boson is expected in the W+jets process. Due
to the absence of hadronically decaying W-bosons in the W+jets process in this
phase space, events with exactly zero W-tagged large-radius jets and an m{,?,d <
60 GeV are selected. This increases the fraction of W+jets events in the The
W +jets purity of the CRyy . jets is greater than 60 % prior to the background-only fit
with a ratio of signal to background below 0.5 %. The background-only fit yields a
W —+jets normalisation parameter of pw yjets = 1.08 +0.09, which is consistent with
the prediction of pw yjets = 1. The data and background prediction corrected
by the background-only fit are compared in Figure in the EX* distribution in
the CRyyets- No significant deviations within the uncertainties are observed.

n - - T T 1 1T
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[ Others
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Figure 10.4: Distribution of the data and the[SM]background processes as a function
of the EX% in the CRyy 4ijets- Lhe hashed uncertainty band includes all systematic
uncertainty sources described in Section[10.3] The post-fit normalisation of the [SM]
processes and the post-fit systematic uncertainties obtained from the background-
only fit described in Section [8:4] are used in the figure. Events beyond the range of
the z-axis are added to the rightmost bin. The bottom panel shows the ratio of the
data and the sum of all[SM] predictions in each bin. “Others” contains contributions
from the triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.
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The largest background process in the SRy, is Z+jets, with the Z-boson decay-
ing into neutrinos. Its normalisation is determined in the CRy et The CRy e
selects events with two reconstructed leptons. They must have an opposite sign (OS)
charge, the same flavour (SE) and an invariant mass my, compatible with the Z-
boson mass. The phase space of the CRy_ ;.5 is designed to be as close as possible
to the one of the SRy;,. To imitate the impact of the Ef'™° related variables em-
ployed in the SRy, the two reconstructed leptons in the CRy ;. are regarded to
be neutrinos. A modified variant of the pi™*° is defined by summing the transverse
momentum vectors of the leptons and pf"*. The EX* related variables are recal-
culated with this modified ;E'Tmiss and denoted by E%l’i;;, Sig Bpiss Apmin,1—4,¢0 and
ml;lET'“. Conditions very similar to the ones in the SR, are imposed on these mod-
ified EXSS variables in the Z+jets The genuine EX in this [CRlis required to
be below 120 GeV to increase the Z+jets purity as Z+jets events have little genuine
ERs in the Z — (¢ final state. Furthermore the requirement on the EXSS sup-
presses signal events. The CRy ;. has a Z+jets purity above 85% and a ratio of
signal to background below 1% prior to the background-only fit. The Z+jets nor-
malisation parameter given by the background-only fit is pzjets = 0.99 £ 0.07 and
agrees with the predicted value of one. Good agreement between the data and
the prediction corrected by the background-only fit is observed in the CRy o5
as shown in Figure in the 5}‘};; variable.

(2] LA B L I A LN B B WAL
t _F Vs=13Tev,139fb" o Data = Total SM
210 CRy, B Z+jets it
L +ets . .
104 Bkg.-only Post-fit = &V‘;Jets -tSTTgIe top
i Others

Data/SM
]
[
¢
e

0250 300 350 400 450 500 550 600 650
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Figure 10.5: Distribution of the data and the[SM]background processes as a function
of the E!Fnyieszs in the CRy 4 os- The hashed uncertainty band includes all systematic
uncertainty sources described in Section[10.3] The post-fit normalisation of the [SM]
processes and the post-fit systematic uncertainties obtained from the background-
only fit described in Section [8:4] are used in the figure. Events beyond the range of
the z-axis are added to the rightmost bin. The bottom panel shows the ratio of the
data and the sum of all[SMl predictions in each bin. “Others” contains contributions
from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.

Table summarises the selection criteria employed in the CRy ;s and the
CRyy 4 jets- The observed number of events and the predicted number of [SM] events
prior to the background-only fit and resulting from the fit are shown for the two

in Table [0.41
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‘ ‘ CRZJrjets ‘ CRWJrjets ‘ CRtE+Z ‘ CRsingle top ‘
| Trigger | Single lepton | E¥™ | Single lepton | Exiss |

Emiss [GeV] <120 > 250 - > 250

ERiss [GeV] > 250 - > 140 -

SigE¥iss - > 15 - -

Sig sy > 14 - - -

A¢min,l—4 [rad] - >0.5 - > 0.5

APmin,1—a,00 [rad] >0.5 - _ _

NEb Nbs = = =3 =2

it [GeV] > 30 > 30 > 30 > 25

pi? [GeV] > 20 — > 20 > 20

i [GeV] - - >20 -

my [GeV] € [81,101] - €[71,111] | >40,¢ [71,111]

N/ >4 >3 >3 >1

pi' [GeV] > 100 > 50 > 30 > 50

pi? [GeV] > 60 > 30 > 30 -

pi® [GeV] > 60 > 30 > 30 -

pit [GeV] > 40 - -

N? >1 >1 > 2 >1

pt [GeV] > 50 > 50 > 30 > 50

p? [GeV] < 50 <50 > 30 -

ma R [Gev] > 180 - - -

mieP [GeV] - € [40,100] - > 30

amrs [GeV] - > 180 - -

mmo [GGV] — - — S 100

min; my; [GeV] - - - > 170

mi, [GeV] - - - > 150

watag _ =0 _ _

miect [GeV] - < 60 - -

Table 10.3: Selection criteria of the common [CRk.
vectors of the selected [SEHOSI| lepton pair are added to the p

. b B
Sig pmiss, APmin,1-4,0¢ and mep

variables.

The transverse momentum
miss miss
T for the ET77,
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CRZ+jets CRW+jets CR‘tf—l—Z CR‘single top

Data 723 979 234 397
Total SM 720430 98040 234+16 400 + 20
tt 944 200+ 30 T+7 170 + 40
. Z+jets 610430 29+08 26+12  20+06
T Wetjets 0  680+60 0  1.3+07
S t+Z2 449 21+1.9 173+19 375
Single top  0.2705 50440 0.077047 170 + 50
4% 50 + 6 3946  14+3 39+ 4
Others 59+0.6 27403  38+4 10.9+1.1
Total SM 725.99  1017.40  208.39 638.64
tt 8.54 221.84 7.56 185.75
Z+jets 623.24 2.99 2.63 2.00
ﬁ W+jets 0.00 626.94 0.00 1.20
g tt+Z 37.34 178 146.69 2.65
Single top 0.54 122.57 0.17 397.21
2% 50.44 38.61 13.62 38.93
Others 5.90 2.66 37.72 10.88

Table 10.4: Data and predicted yields in the common prior to the background-
only fit (“pre-fit”) and using the normalisation and uncertainties as derived by the
background-only fit (“post-fit”). The uncertainties include all systematic uncer-
tainty sources described in Section “Others” contains contributions from the
triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.

10.1.3 tt + Z and single top quark control regions

The second largest background process in the SRIprTOp is tt 4+ Z, with the Z-boson
decaying into neutrinos. As in the CRy ., the normalisation of the {47 process is
determined in a phase space region where the Z-boson decays into charged leptons.
By regarding the charged leptons to be neutrinos, the impact of the constraints
on EX related variables on tt + Z events is imitated. The used was first
introduced in Reference [361] and is denoted by CR,,. It selects events with
three reconstructed leptons, at least three small-radius jets and at least two b-jets.
Two of the three reconstructed leptons in an event are required to form an
pair compatible with a Z-boson decay. If an event contains multiple such lepton
pairs, the one with an invariant mass closest to the Z-boson mass is selected. The
selected charged lepton pair is regarded to be a pair of neutrinos and the EITmZZ is
calculated as in the CRy - Events in the CR;,, must have an E%“;; greater
than 140 GeV. The purity of the ¢t 4 Z process is greater than 69 % in the CR;,,
prior to the background-only fit and the ratio of signal to background is below
1%. Events containing fake and non-prompt leptons constitute less than 10 % of
the events in the CR; ,, as was estimated using the simulation. This fraction
of events is in good agreement with what was determined in Reference [361] in
the CR;;, 7. The normalisation parameter obtained from the background-only fit
for the tt + Z background process is ;7,7 = 1.18 & 0.19, which agrees with the
prediction of one. The normalisation parameter obtained is compatible with
the one from a recent tf + Z cross-section measurement in a similar phase space
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regiorEl [362]. The distribution of the data and the[SM prediction resulting from the
background-only fit are shown in Figure for the B} variable in the CR g, 5.
No significant deviations between the two are observed.

[22] r—r~ 1 T T T
£10° F Vs=13TeV, 1390 o Data == Total SM
L%) CRtT+Z - {/t“/ iet gln'glte top
104 * . m Wjets B Z+jets
Bkg.-only Post-fit == 1%% Y24
mm Others
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Figure 10.6: Distribution of the data and the[SM]background processes as a function
of the EfRi;es in the CR;,,. The hashed uncertainty band includes all systematic
uncertainty sources described in Section[10.3] The post-fit normalisation of the [SM]
processes and the post-fit systematic uncertainties obtained from the background-
only fit described in Section [8:4] are used in the figure. Events beyond the range of
the z-axis are added to the rightmost bin. The bottom panel shows the ratio of the
data and the sum of all[SM] predictions in each bin. “Others” contains contributions
from the triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.

Due to the large uncertainties related to the modelling of the single top quark
process (see the discussion below and Section , the normalisation of the single
top quark process is derived in a As the single top quark background is
dominated by the associated production of a top-quark and a W-boson (¢tW), the
CRingle top 18 designed to select events compatible with the ¢{W decay topology.
Events with exactly two reconstructed leptons (i.e. ee, pp or ep), high EF™ and
at least one small-radius jet, of which at least one is b-tagged, are selected. The
two reconstructed leptons must be of opposite sign. Events with two reconstructed
leptons of same flavour are rejected if their invariant mass myy is compatible with
the Z-boson mass to suppress the Z+jets events. The fraction of tW events in the
CRyingle top 18 increased by using the mra variable introduced in Section@ and
requiring mrg < 100 GeV (see Figure [9.5)).

To enhance the fraction of events from the single top quark process and to
suppress events from di-leptonic ¢t decays, the min; my; and m}, variables are
employed in the CRygjg16 top- The minimum of the invariant masses of each of the
two reconstructed leptons in an event and the leading-pr b-jet define the min; my,
variable:

mlin mpy ‘= mlin mMp1,1-

The distribution of signal and background events in the min; my; variable in the

1The main difference in the event selection criteria is the absence of the Efrmzsf constraint in the
measurement.
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Figure 10.7: Distribution of signal and background events in the (a) min; my; and
(b) mj}; variables in the CRy, 410 top Without any requirements on the mrz, ming mpy
and m},. The arrow indicates the direction and position of the requirement in the
Only statistical uncertainties are shown. The normalisation of the simulated
background samples has not been corrected by the background-only fit. “Others”
contains contributions from the tt + h, tt + W, tZ and tWZ processes. Events
beyond the range of the z-axis are added to the rightmost bin.

CRingle top Without any requirements on the mrg, min;my and m}, is shown in
Figure Events from the ¢t process have a kinematic endpoint in min; mey,
at roughly the top-quark mass. Events selected in the CRg e op must fulfil
minl My > 170 GeV.

The suppression of ¢ events is complemented by the m}, variable [363]. In events
with at least two small-radius jets, it is defined as

my, = min [max(mp1 11, Mp2,12), max(mep1,i2, Me2,11)] »

where my,; ;; indicates the invariant mass of jet ¢ and reconstructed lepton j. The
jets are sorted in descending order by the output value of the multivariate b-tagging
algorithm (b-tagging score), while the electrons and muons are sorted by their trans-
verse momenta. The distribution of signal and background events in the mj}, vari-
able in the CRgg10 op Without any requirements on the mrg, min; my and mi,
is shown in Figure For tt events, m}, has a kinematic endpoint around the
top-quark mass. This is exploited to discriminate ¢ and single top quark events in
the CRyjpgle top DY Tequiring mj; > 150 GeV.

The purity of single top quark events is >~ 62% in the CRglc top Prior to
the background-only fit, while the ratio of signal to background is below 1.5%. A
normalisation parameter of jigingle top = 0.43£0.13 is obtained from the background-
only fit. The large deviation of psingle top from the[SMl prediction of one is due to the
treatment of the interference of the tW and tt processes. The nominal interference
treatment procedure, diagram removal is compared to the diagram subtraction
procedure in the CRyjpg1e top- While the[SMl prediction employing the nominal
diagram removal procedure exceeds the data, the data is found to exceed the
prediction if using diagram subtraction. The single top quark normalisation can
therefore be estimated irrespective of the interference removal procedure of tW
and tt with the CRyingle top- The deviations between the diagram removal and
diagram subtraction predictions and the observed pgingle top = 0.43 & 0.13 show
how challenging an accurate modelling of the tW process is.

Figureshows the Eiss distribution in the CRyingle top for the data and the
processes. The prediction has been corrected using the results from the
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Figure 10.8: Distribution of the data and the[SM]background processes as a function
of the B in the CRyingle top- The hashed uncertainty band includes all systematic
uncertainty sources described in Section[10.3] The post-fit normalisation of the [SM]
processes and the post-fit systematic uncertainties obtained from the background-
only fit described in Section [8:4] are used in the figure. Events beyond the range of
the z-axis are added to the rightmost bin. The bottom panel shows the ratio of the
data and the sum of all [SM] predictions in each bin. “Others” contains contributions
from the triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.

background-only fit. Good agreement between the data and the prediction is
observed.

The selection criteria of the CRy,; and the CRg, g top are summarised in
Table[I0.3] Observed and predicted event numbers for the CRy¢ 5 and the CR,
can be found in Table 0.4

single top

10.2 Validation regions

The background normalisation parameters obtained with the are validated by
using dedicated validation regions (VRk). For each of the dominant background
processes in the different a[VRlis defined.

To be an independent measure of the quality of the background estimation, a
[VRl must have a non-overlapping phase space with the and [CRk. At the same
time, the phase space of a[VR] should be as close as possible to the phase spaces of
the BBk it is meant to validate the background estimation of. The fraction of events
of the estimated process to be verified should be as large as possible, while the
signal yield in a [VRl should be small.

That the phase spaces of the [V Rk employed in this analysis are non-overlapping,
yet kinematically close to the ones of the SRk is shown schematically in Figure [I0.1]

10.2.1 Validation regions for the 1L channel

The tt prediction in the 1L channel is verified in two [VRk. The phase space of the

VR’itL—lep is kinematically close to the one of the SRYP™P, while the VRtltL_had’s

HadTop
RlL

phase space is kinematically close to the S . In both regions it is exploited
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Figure 10.9: Distribution of the data and the[SMIbackground processes as a function
of the B in the VR?L_lep. The hashed uncertainty band includes all systematic
uncertainty sources described in Section[10.3] The post-fit normalisation of the [SM]
processes and the post-fit systematic uncertainties obtained from the background-
only fit described in Section are used in the figure. Events beyond the range of
the z-axis are added to the rightmost bin. The bottom panel shows the ratio of the
data and the sum of all[SMl predictions in each bin. “Others” contains contributions
from the triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.

that the dominant di-leptonic t¢ component in the 1L takes low values of the
amms. For that reason, the amy requirement is inverted with respect to the SRk in
these two [VRE. This increases the purity of di-leptonic ¢t decays in the regions. No
constraints on the number of W-tagged jets and the reclustered jet mass m{,?,d are
placed in the two regions, increasing the statistics. Prior to the background-only
fit, the purity of the ¢t process in the two [VRk is greater than 88 % and the ratio

of signal to background is below 7.2%. The ERs distributions of the data and
the predictions corrected using the background-only fit results in the VR’itL_lep
and VRﬁt}:had regions are shown in Figures and respectively.  Good
agreement between the data and the corrected prediction is observed in both
regions.

In the 1L channel, the W+jets prediction is validated in the VRKHetS. As
W +jets is the second largest background in the SR?SdTOp, the phase space
of the VR ™ is designed to be close to the one of the SRI*V™°P. Events with
leptonically decaying W-bosons are selected by requiring mlTep to be compatible with
the W-boson mass. This enhances the fraction of W+jets events and ensures non-

overlapping phase spaces of the [VRl and the [SRk. By retaining the SRI{IE 4ToP con-
straint on the mige!, overlap of the phase spaces of the VR]} 77°** and the CRyy Fets

are avoided. By requiring selected events to fulfil SigE%iss > 15, the fraction of
W+jets events is further increased. The purity of Wjets events prior to the
background-only fit is roughly 26 % in the VRKﬂEtS. The most dominant other
processes are tt (60 %) and single top quark (11%). The VR;} 7 therefore
verifies the prediction of the three processes all together. A signal to background
ratio below 0.6 % is found in the [VRl The EX* distributions of the data and the
prediction corrected by the background-only fit are shown in Figure No
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Figure 10.10: Distribution of the data and the [SM] background processes as a func-
tion of the Elfr“iss in the VR?L_had. The hashed uncertainty band includes all sys-
tematic uncertainty sources described in Section [10.3] The post-fit normalisation
of the processes and the post-fit systematic uncertainties obtained from the
background-only fit described in Section [8:4] are used in the figure. Events beyond
the range of the z-axis are added to the rightmost bin. The bottom panel shows the
ratio of the data and the sum of all predictions in each bin. “Others” contains
contributions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.
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Figure 10.11: Distribution of the data and the [SM background processes as a func-
tion of the B in the VRKﬂets. The hashed uncertainty band includes all sys-
tematic uncertainty sources described in Section [10.3] The post-fit normalisation
of the processes and the post-fit systematic uncertainties obtained from the
background-only fit described in Section are used in the figure. Events beyond
the range of the x-axis are added to the rightmost bin. The bottom panel shows the
ratio of the data and the sum of all predictions in each bin. “Others” contains
contributions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.
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Figure 10.12: Distribution of the data and the [SM] background processes as a func-
tion of the ERs in the VRS P The hashed uncertainty band includes all
systematic uncertainty sources described in Section [I0.3] The post-fit normalisa-
tion of the [SMl processes and the post-fit systematic uncertainties obtained from the
background-only fit described in Section [8:4] are used in the figure. Events beyond
the range of the x-axis are added to the rightmost bin. The bottom panel shows the
ratio of the data and the sum of all predictions in each bin. “Others” contains
contributions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.

significant deviations between the data and the prediction are observed.

The VRiiIi‘gle P js defined to verify the single top quark prediction. The phase

space of the VR P is kinematically close to the SRi"°P. Events with lepton-

ically decaying W-bosons are selected by placing the constraint mlffp < 100 GeV.
This increases the number of events from the single top quark process. Further-
more, the purity of single top quark events is found to increase by selecting events
with two b-jets, with the second leading-pr b-jet having a pr greater than 50 GeV.

These conditions on the mlﬁp and the second b-jet lead to a large number of ¢t events

entering the region. The SR?SdTOp requirements on the Sigpgmi- and the amr; are

also imposed in this [VR] and reduce the fraction of events from the ¢t process. To
increase the number of events and to make the region closer to both 1L [SRE, the
requirements on the my g and the m$*! are removed with respect to the SR?deOP.
The resulting region has a single top quark process purity of above 40 % prior to the
background-only fit and a ratio of signal to background below 1.3 %. Figure
shows the distributions of the data and the predictions as estimated with the
background-only fit in the ER variable in the VR *P. The data and the [SM]
prediction agree well within the uncertainties. This confirms the validity of the
normalisation parameter of the single top quark process, which was found to be
Hsingle top = 0.43 & 0.13 and hence incompatible with one.

Also employing the CR,;, ,, data and tt + Z prediction were observed to agree
well in Reference . For that reason, a [VRI verifying the tt + Z background is
not designed.

The selection requirements of all 1L channel [VRE are summarised in Table [10.5]
The number of observed events and the number of expected events predicted
by simulation and corrected by the background-only fit are shown in Table
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tt—lep ‘ tt—had ‘ W +jets
‘ VRIL VRlL VRIL

single top ‘
VR,

‘ Trigger ‘ E$iss ‘ ErIII‘liSS ‘ E’rIr‘liss ‘ E’rIr‘liss ‘
Emiss [GeV] > 250 > 250 > 250 > 250
Sig pmiss > 15 - > 15 > 15
A¢min1—4 [rad] | >0.5 > 0.5 >0.5 > 0.5
N&b NEs =1 =1 =1 =1
it [GeV] > 30 > 30 > 30 > 30
NI >2 >3 >3 >3
pi' [GeV] > 50 > 50 > 50 > 50
pi? [GeV > 30 > 30 > 30 > 30
P’ [GeV] - > 30 > 30 > 30
NP >1 >1 >1 > 2
pt [GeV] > 50 > 50 > 50 > 50
p? GeV <50 <50 <50 > 50
™, g [GeV] > 200 <200 < 200 -
mieP [GeV] > 130 >200 | e [40,100] < 100
amms [GeV] < 180 < 180 > 180 > 180

| mig! [GeV] | - - | >60 | -

Table 10.5: Selection criteria of the [VRE of the 1L channel.

119

VRit_ITlep VRﬁ;had VRYl/[L/‘Jrjets VRiiﬁlgle top

Observed 356 356 945 495
Total SM 350 +£40 330£50 950+ 170 550 £+ 160

tt 320+40 300+50 580+ 110 190 £+ 40

. Z+jets 0.3703 0578  1.64+0.7 12406
i’;'} W+jets 10+3 6+5 290+ 100 200 + 150
g tt+ 7 1148 13+4 3+4 5+5
Single top 7e3 67" 501150 120 =+ 40
Vv 44405 28+04 17+ 3 16 £ 3
Others 3.6+£04 43+04 6.2£0.7 13.0£1.6
Total SM 386.27 361.29 1042.90 718.05

tt 342.93 323.71 627.58 209.25
Z+jets 0.26 0.48 1.63 1.25

£ Wejets 8.89 5.76 270.25 183.11
£ tt+ 272 9.54 11.02 2.90 4.31
Single top 16.70 13.24 117.00 291.39
4% 4.40 2.80 17.34 15.77
Others 3.56 4.29 6.20 12.96

Table 10.6: Data and predicted yields in the 1L channel [VRk prior to the

background-only fit (“pre-fit”) and using the normalisation and uncertainties as
derived by the background-only fit (“post-fit”). The uncertainties include all sys-
tematic uncertainty sources described in Section [10.3] “Others” contains contribu-
tions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.
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Figure 10.13: Distribution of the data and the [SMl background processes as a func-
tion of the £ in the VR{: . The hashed uncertainty band includes all systematic
uncertainty sources described in Section[10.3] The post-fit normalisation of the [SM]
processes and the post-fit systematic uncertainties obtained from the background-
only fit described in Section [8:4] are used in the figure. Events beyond the range of
the z-axis are added to the rightmost bin. The bottom panel shows the ratio of the
data and the sum of all[SM] predictions in each bin. “Others” contains contributions
from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.

10.2.2 Validation regions for the OL channel

Two [VRk are defined for the OL channel. Both select events with zero electrons or
muons. The VRétL is used to verify the ¢t prediction. By removing the ARy, and
reversing the my;, constraint with respect to the SRy, the fraction of t¢ events is
increased. The tt purity is further enriched by selecting events with 10 < Sig Emiss <

14. The purity of ¢ events prior to the background-only fit is 71% in the VR(t)tL
and the ratio of signal to background < 6.5 %. The ERiss distributions of the data
and the predicted events corrected by the background-only fit in the VRf)tL are
shown in Figure Good agreement between the data and the prediction
is observed, verifying the ¢t estimation.

The estimation of the Z+jets and W+jets predictions in the OL channel is
verified in the VRXLJ”“S. With respect to the SRy, the conditions on the my,
NW—tag and ARy, variables are removed, loosened and reversed, respectivel
The fraction of W+jets and Z+jets events in the [VR]is further enriched by using
the angular separation AR;, ;, between the two leading-pr jets and the minimum
A¢ between the Es and all reconstructed jets. The purity of the W+jets process
in the VRE)/LJrjets is 18 %, while the Z+jets purity is 48 % prior to the background-only
fit. The ratio of signal to background is below 9.1 % in the VRXLHetS. Figure
shows the ERss distribution of the data and the predicted events corrected by
the background-only fit in the VRgLﬂets. No significant deviations of the data and
the corrected prediction are observed.

The selection criteria of the OL [VRE are summarised in Table 0.7l Table [0.8]
shows the number of events observed in the data and predicted by the prior to

2This ARy, condition does not veto events with zero W-tagged large-radius jets.
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Figure 10.14: Distribution of the data and the [SM] background processes as a func-
tion of the EX* in the VRgLﬂets. The hashed uncertainty band includes all sys-
tematic uncertainty sources described in Section The post-fit normalisation
of the processes and the post-fit systematic uncertainties obtained from the
background-only fit described in Section [8:4] are used in the figure. Events beyond
the range of the x-axis are added to the rightmost bin. The bottom panel shows the
ratio of the data and the sum of all predictions in each bin. “Others” contains
contributions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.

the background-only fit and corrected using the results of the fit for both [VRk.
Figure [10.15] shows the number of observed and predicted [SM] events corrected
by the combined background-only fit for all and [VBk of the 1L and OL chan-
nels. The significance of the discrepancy between the data and the prediction,
calculated with Equation is shown in the bottom panel. In the equation, n is
set equal to the data and b+ o to the total background prediction and its uncer-
tainty. No deviations beyond one standard deviation between the data and the [SM]
prediction are observed. The background predictions are hence verified. Perfect
agreement between the data and the predictions can be reported for the[CRE, since
the number of normalisation parameters equals the number of constraining regions.

10.3 Systematic uncertainties

Systematic uncertainties from multiple sources are accounted for in the presented
tW+DM search. Experimental uncertainties are all those uncertainties that arise
from the reconstruction, identification, isolation and calibration of objects, as well as
uncertainties due to the luminosity precision and number of simultaneous proton-
proton interactions in a bunch crossing. Uncertainties related to the generation
of simulated signal and events are referred to as modelling uncertainties.
The uncertainties are implemented in the likelihood function as Poisson or Gaussian
constrained nuisance parameters as described in Section [8.5

Figure[10.16] shows the relative impact on the bins of the 1L and OL channel [SRk
of: the total systematic uncertainty and of the sources of the systematic uncertainty,
grouped into four categories and added up per category. The systematic uncertainty
sources are discussed in more detail below. A more detailed breakdown of the
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tt V+jets
| | VR | VR

| Trigger | Ewiss | Emis |
Eiss [GeV] > 250 > 250
Sig g € [10,14] > 14
Ad)min,lfél [rad] 2 0.9 Z 0.5

| Nt NEs | =0 | =0
NI >4 >4
pi' [GeV] > 100 > 100
pi’ [GeV] > 60 > 60
pi’ [GeV] > 60 > 60
pit [GeV] > 40 > 40
N® >1 >1
pt [GeV] > 50 > 50
p? [GeV] <50 <50
miEF T jGev) | >180 | >180
AR;, - >1.2
Astmin,all - > 1.2
watag 2 1 2 0
ARW’b — < 1.0
mw,p [GeV] < 220 -

Table 10.7: Selection criteria of the [VRE of the 0L channel.

tt V+jets
VR, VR,

Observed 227 3817
Total SM 260 +30 3700 + 400
tt 200430 800 + 300
. Z+jets 1744 1800 + 300
T Wetjets 17+£5 750 80
£ tt+Z 47416 100450
Single top 678 60 + 60
VvV 74417  157+11
Others 15+04 179+18
Total SM 263.87 3747.79
tt 205.04 827.96
Z+jets 16.94 1821.12
E Wejets 16.17 694.10
g tt+ 7 4.01 80.70
Single top 12.87 148.75
vV 7.36 157.30
Others 1.47 17.85

Table 10.8: Data and predicted yields in the OL channel [VRk prior to the
background-only fit (“pre-fit”) and using the normalisation and uncertainties as
derived by the background-only fit (“post-fit”). The uncertainties include all sys-
tematic uncertainty sources described in Section “Others” contains contribu-
tions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.



10.3. SYSTEMATIC UNCERTAINTIES 123

[2]
€t Vs=13 ‘II'eV, 1390 . ID_ata ' [SSN T_ot.lal SM
S 10 F GRs+VRs -t ?n_glte top
10° | Bkg.-only Post-fit = At = Z+gts
10% m Others
103
10?
10
1
©
8 T T T T T T T T T T T
g 2 _—
= 0 —
c H i
= -2 I I I I I I I I I I I
w =P =g

1T

CR,,

'Z +jets

CRsingIe top

single top
VR;_

Figure 10.15: Number of events in the and [VRk observed in the data and pre-
dicted by the corrected by the background-only fit. The bottom panel shows
the significance of the deviation between data and prediction, calculated with Equa-
tion (9.1)). In this equation, n is set equal to the data yield and b + o are the total
prediction yield and (post-fit) systematic uncertainty, respectively. The sys-
tematic uncertainties are calculated as described in Section [I0.3l “Others” contains
contributions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.

impact of the systematic uncertainties is given in Table [I0.9for the 1L channel
and in Table [T0.10] for the SRyy,. All of these uncertainties are obtained from the
background-only fit using a likelihood combining the signal regions of the 1L and
OL channels.

The statistical uncertainty of the data is found to be comparable to the total sys-
tematic uncertainty for the SRIprTOP, the three lowest ERS bins of the SR?SdTOp,
as well as the three lowest EX' bins of the SRyy,. In the two highest FX' bins of
the SRITP | the total systematic uncertainty exceeds the statistical uncertainty
of the data. For the two highest E3'** bins of the SRyy,, the statistical uncertainty
of the data exceeds the total systematic uncertainty.

10.3.1 Experimental uncertainties

The sources of experimental uncertainties considered in this analysis, as well as
their impact on the predictions are described in the following. The impact on
the signal is described in Section All experimental uncertainty sources are
correlated between the different regions and bins for the 1L and OL channels, as
well as between the processes and the signal.

Small-radius jet uncertainties

Uncertainties on the of small-radius (R = 0.4) jets stem from the calibration
procedure [304]. Dominant contributions are from the modelling of pile-up inter-
actions, uncertainties related to the flavour of a jet (i.e. what sort of particle a jet
originates from) as well as the in-situ calibration. In total, there are 125 nuisance
parameters contributing to the uncertainties. Since considering such a large
number of nuisance parameters is computationally expensive, some of the uncer-
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HadTop
SR1L

Uncertainty of channel  po (oo TRL S ping pms SR
Total post-fit prediction 116.06 55.25 29.04 16.56 20.16 6.42
Total post-fit syst. uncert. 10.9%  14.7%  14.6%  352%  41.8% 36.2%
Small-radius JES 3.6% 5.2% 2.7% 9.6% 3.1% 18.1%
Small-radius JER 3.6% 3.8% 5.6% 23.9% 11.2% 3.8%
JVT <01% <01% <0.1% 0.2% 0.2% <0.1%
b-tagging 1.3% 1.1% 1.3% 0.8% 1.3% 1.0%
E Large-radius JES <01% <01% <01% <01% <01% 1.9%
g Large-radius JER 0.9% 1.6% 0.9% 0.7% 0.8% 4.9%
£ Large-radius JMS 04%  05%  1.0% <01% 0.7% 1.0%
g, Largeradius JMR 0.5% 0.8% 0.3% 0.6% 0.8% 0.2%
5 W-tagging 2.0% 1.8% 3.5% 2.1% 2.1% 10.1%
Electron 1.8% 1.1% 1.7% 2.1% 2.0% 12.0%
Muon 0.6% 0.2% <0.1% 0.3% 0.3% 0.5%
Errrniss soft-term 0.3% 1.0% 1.1% 4.2% 3.0% 11.7%
Lumi. and pile-up 1.1% 1.0% 0.8% 0.6% 0.5% 0.9%
= tt modelling 7.0% 10.3% 5.5% 5.5% 5.5% 19.3%
S Z-+jets modelling 0.8% <0.1% <0.1% <0.1% <0.1% <01%
& Wijets modelling 5.9% 7.6% 4.2% 17.8%  36.3% 1.1%
& single top quark modelling  2.5% 2.2% 4.5% 6.4% 2.5% 9.7%
& ¢+ Z modelling 1.4% 1.4% 6.8% 6.6% 3.3% 7.2%
g Simulation statistics 3.3% 4.1% 7.2% 11.6%  13.4% 8.0%
& Background normalisation 3.2% 3.4% 3.8% 4.4% 5.4% 4.1%

Table 10.9: The table shows the total number of predicted events, the total
systematic uncertainty and the individual contributions to the systematic uncer-
tainty in the bins of the SRIfdeOP and in the SRIprTOp. Systematic uncertainty
components may be correlated and not sum to the total uncertainty. Percentages
indicate the size of an uncertainty relative to the total predicted yield in a
bin. The predicted yields and systematic uncertainties shown are obtained from
the background-only fit using the likelihood combining the regions of the 1L and

OL channels.
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Binl Bin2 Bin 3 Bin4 Binb

Total post-fit prediction  63.93 40.81  25.39 9.55 7.03
Total post-fit syst. Uncert. 12.9% 15.2% 17.0% 21.3% 24.5%

Uncertainty of channel

Small-radius JES 3. 7%  3.3% 3.1% 5.6%  4.5%
Small-radius JER 5.9% 3.6% 8.6% 6.3% 7.7%
JVT 0.2% 02% <01% 0.3% 0.5%
b-tagging 0.6% 0.7% 0.6% 0.7%  1.2%
% Large-radius JES 05% 1.0% 0.9% 1.6% 1.1%
g Large-radius JER 1.4%  2.9% 4.7% 6.9%  7.9%
g Large-radius JMS 0.7% 0.7%  0.7%  23%  2.3%
£ Large-radius JMR 0.9% 04% <01% 1.4% 21%
5 W-tagging 6.9% 71%  7.6%  80% 9.1%
Electron 1.2%  1.1% 1.0% 1.3%  2.2%
Muon 0.3% 0.4% 0.4% 0.4% 0.3%
ERIss soft-term 1.4%  3.2% 0.4% 3.6% 1.6%
Lumi. and pile-up 0.6% 05%  05%  04%  0.5%
— tt modelling 2.2% 7.0% 3.8% 3.4% 6.6%
3
-2 Z+jets modelling 44%  3.8% 5.3% 3.3%  3.8%
g W +jets modelling 1.3%  1.7% 1.2% 1.7%  1.9%
& single top quark modelling  2.4%  6.5% 3.7% 8.1% 15.4%
& tt 4+ Z modelling 0.7%  1.5% 1.9%  10.6% 4.6%
E Simulation statistics 50%  4.7% 5.9% 6.4%  7.4%
S Background normalisation  4.0%  4.1% 4.2% 42%  3.9%

Table 10.10: The table shows the total number of predicted [SMlevents, the total sys-
tematic uncertainty and the individual contributions to the systematic uncertainty
in the bins of the SRy;,. Systematic uncertainty components may be correlated and
not sum to the total uncertainty. Percentages indicate the size of an uncertainty re-
lative to the total predicted [SMlyield in a bin. The predicted yields and systematic
uncertainties shown are obtained from the background-only fit using the likelihood
combining the regions of the 1L and OL channels.
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Figure 10.16: The total systematic uncertainty relative to the total [SMl prediction
(solid black) in all [SRk and their bins. The dashed lines indicate the size of the
normalisation, simulation statistical, modelling and experimental uncertainties. As
these systematic uncertainty components may be correlated, their quadratic sum
may not agree with the square of the total systematic uncertainty. The systematic
uncertainties shown are obtained from the background-only fit using the likelihood
combining the 1L and OL channels.

tainty components have been combined, such that the total number of nuisance
parameters is reduced. Such a reduced set of nuisance parameters is employed
in this analysis.

Small-radius jets are furthermore affected by [JER] calibration uncertainties [304].
They dominantly originate from propagated [JES| uncertainties, the modelling of [SM]
processes and non-closure differences between quantities measured in or with the
help of data and estimated from the simulation. As for the [JES| a reduced set of
nuisance parameters is employed for the [JERL

The small-radius jet and [JER] uncertainties constitute one of the largest
experimental uncertainties on the background in all SRk and their bins. They
range between 3.1 %-23.9 %.

Additional uncertainties due to the multiplicative factors employed to correct
the[IV T efficiency derived from the simulation to the one derived from the data [307]
are considered for small-radius jets. Their impact on the prediction is found to
be negligible.

b-tagging uncertainties

The b-tagging efficiency and mistag rates derived in simulation are calibrated to
match the values found in data [203]. The uncertainties resulting from this proced-
ure account for an uncertainty on the processes of 0.6 %—1.3 % throughout the
[SRE, making their impact on the result minor.

Large-radius jet and W-tagging uncertainties

As for the small-radius jets, uncertainties from the and [JER] calibration are
accounted for for the large-radius (R = 1.0) jets [318]. Similarly, uncertainties
from the calibration of the mass scale (IMS]) and mass resolution [IMR]) are taken
into consideration [326]. A reduced set of nuisance parameters is employed for the
large-radius jet uncertainties, while all available nuisance parameters are for
the JER], and [JMR] uncertainties.

The large-radius jet JES| and uncertainties play a minor role in the
SRP™P and the SRgy,, where their value is below 2.3 % relative to the total SM]
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prediction. Uncertainties related to the[JER] calibration of large-radius jets are more
sizeable and are 4.9 % in the SREPTP and between 1.4 %-7.9 % in the SRy, where

they increase with the ERs. All large-radius jet uncertainties are below 1.6 % in the

HadT. . . L
SR P, where no requirements on large-radius jets are made. The uncertainties

are non-zero due to events containing at least one reconstructed large-radius jet in
this region.

Uncertainties from the correction of the W-tagging efficiency and mistag rate de-
rived in simulation to the one measured in the data are further accounted for in this
analysis [330]. These calibration uncertainties are dominated by uncertainties from
the modelling of the processes and statistical uncertainties. In the SRLPTOP
and SR, the W-tagging uncertainties represent the largest source of experimental
uncertainty, ranging between 6.9 % and 10.1 % and increasing with the EIS in the
SR,

Lepton reconstruction uncertainties

The trigger, reconstruction, identification and isolation efficiency calibrations de-
duced for electrons and muons result in multiple sources of uncertainties [285, |286
299]. Furthermore, uncertainties related to electrons and muons stem from the cal-
ibration of the energy scale and resolution. In the SRI*™P and the SRy, the
impact of electron and muon uncertainties on the background is found to be
below 2.2% and thus of minor relevance. In the SRIprT‘)p, electron uncertainties
are one of the most sizeable experimental uncertainties with a value of 12 % relative

to the total [SM] prediction.

ET'S% uncertainties

The EXS is calculated as the negative sum of the transverse momentum of all
reconstructed objects in an event and a soft term, accounting for particle-flow ob-
jects not associated to any of the reconstructed objects, see Section While the
uncertainties on the reconstructed objects are accounted for by inputting modified
objects into the EX calculation, dedicated uncertainties are evaluated for the soft

term [201]. The uncertainties related to the soft term of the EX'SS have a minor
impact in the SRy, and the SR?EL dToP where they range between 0.3 %-4.2 %. They
are one of the major experimental uncertainty sources in the SR%EPTOP with an

uncertainty of 11.7 %.

Luminosity and pile-up uncertainties

Further sources of experimental uncertainties arise from the measurement of the in-
tegrated luminosity and the correction of the number of pile-up interactions to data
in simulated events. The uncertainty on the integrated luminosity is 1.7 % [197, [198]
for the data collected between 2015 and 2018 and accounted for as an uncertainty
of the normalisation of all processes that are not constrained in a [CRI [337].
The impact of the luminosity and pile-up uncertainties on the final result is minor,
being close to or below one percent of the total prediction in all [SRk and Exiss
bins.

10.3.2 Modelling uncertainties

As shown in Table [I0.9] the modelling uncertainties are among the major uncer-
tainties in each bin of the SR?SdTOp and in the SRIprTOp. Uncertainties related
to the modelling of the t¢ process are the largest source of systematic uncertainty
in the two lowest EX5 bins of the SR?SdTOp, ranging between 7.0 %—10.3%. In
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the two highest EX** bins, the W+jets modelling uncertainties become the major
modelling uncertainty with values of 17.8 %-36.3 %. The systematic uncertainties
in the SRIPTP are dominated by the tf modelling uncertainties (19.3 %) with sig-
nificant contributions from the single top quark (9.7 %) and tt+Z (7.2 %) modelling
uncertainties. Uncertainties due to the modelling of the t¢, single top and Z+jets
processes have a large impact on the prediction in the three first bins of the
SRy, (2.2%-7%). In the remaining two bins, the ¢t + Z and single top modelling
uncertainties are the largest sources of systematic uncertainty (4.6 %-15.4%).
The sources of the modelling uncertainties are described in the following.

Renormalisation and factorisation scale

The predictions are a function of the renormalisation (ug) and factorisation
scales (pup, see Section . To derive the uncertainties on the predictions due
to their dependence on ur and pup, the scales are halved and doubled with respect
to their nominal values.

Initial and finite state radiation

Uncertainties on the modelling of the [SRland [ESRlin the ¢t and single top processes
are estimated by varying the value of the strong coupling constant used in the
simulation of extra radiations in the parton showering. This is implemented by
varying the renormalisation scale used for the [FSR] modelling and by changing the
ag value through the Al4 eigentune set [241] used for the parton showering with
Pythia 8. For the tt + Z process, [SRl uncertainties are similarly estimated.

Event generation

Uncertainties are derived to estimate the impact of using the programs described in
Section [6.7] for generating the hard-scatter event and performing the parton shower-
ing, hadronisation and underlying event simulation. For the ¢t and single top-quark
processes, uncertainties due to the use of the hard-scatter generator are estimated
by employing samples generated with MadGraph5_aMC@NLO [220] interfaced to
Pythia 8 [235], instead of the nominal PowHeg-Box interfaced to Pythia 8. Uncer-
tainties due to the parton showering, hadronisation and underlying event simulation
are estimated by using samples produced by interfacing the nominal PowHeg-Box
matrix element generator into the Herwig 7 [224, 225] parton showering program
instead of the nominal Pythia 8. The H7UE parameter tune [225| is input into the
Herwig 7 program.

Similar uncertainties are derived for the tt + Z process by employing samples
generated with Sherpa 2.2.1 [226] at accuracy and samples generated with
MadGraph5 aMC@NLO [220] interfaced to Herwig 7 [224, [225] as compared to
the nominal samples produced with MadGraph5_aMC@NLO and Pythia 8.

Additional modelling uncertainties

Uncertainties on the matching between the matrix element generator and parton
showering of the Z+jets and W+jets processes are accounted for by altering the re-
spective matching scale. Furthermore, uncertainties on the soft gluon resummation
scale (“QSF”) are evaluated by varying the scale up and down by a factor of four.

The interference of the associated production of a single top quark and a W-
boson (tW) with the ¢t process is nominally treated by the diagram removal pro-
cedure [251]. An uncertainty is estimated for the use of this procedure. Alternative
tW samples are generated using the diagram subtraction procedure [251]. Using
these two procedures to model the tWW process gives very different cross-sections, as
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discussed in Section The cross-section of the single top quark process, which
is dominated by ¢tW in this analysis, is however estimated independently of the
interference procedure in the [CRk. For that reason, only differences in the shapes
of the two resulting distributions are considered as an uncertainty.

10.3.3 Signal uncertainties

The same sources of experimental uncertainties as described in Section are
considered for the signal predictions. These uncertainties range between 9 %—45 %
throughout the SRIFTP SRIFPTP and SR, for the different signal samples. The
small-radius jet JESland [TER] (2.5 %-39.1 %), as well as the W-tagging uncertainties
(1.7%-17.1 %) represent the largest sources of experimental uncertainty.

Uncertainties due to the renormalisation and factorisation scale are evaluated
by varying the scales up and down by a factor of two with respect to the nominal
value. Furthermore, modelling uncertainties concerning the parton showering, had-
ronisation and underlying event are estimated by varying parameters of the Al4
tune [241]. The impact of the modelling uncertainties ranges between 3 %-24 % in
the 1L channel [SBE and 3 %30 % in the SRy, for almost all of the different signal
samples. Individual signal samples exhibit an uncertainty greater than 50 % in the
highest E2* bins of the SR ™ and the SRy .

The total systematic uncertainties of the signal ranges mostly between 10 %—
45 %. Figures [10.17a] and [10.17b| show the size of the total systematic uncertainty
as well as of the experimental, modelling and simulation statistical uncertainties for
two example signal samples.
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Figure 10.17: The total systematic uncertainty relative to the total signal predic-
tion in all SRk and their bins (solid black). The signals are generated with the
2HDM+a modell parameters (a) m, = 250GeV, mp+ = 1250GeV, tan§ = 1,
sinf = 0.7 and (b) m, = 300 GeV, mg+ = 1000GeV, tan§ = 1, sinf = 0.35. The
dashed lines indicate the size of the simulation statistical, modelling and experi-
mental uncertainties. As these systematic uncertainty components may be correl-
ated, their quadratic sum may not agree with the square of the total systematic
uncertainty. The systematic uncertainties shown are obtained prior to any fit.




Chapter 11

Results from the 1L and OL
channels

The results of the background-only fit and model-independent limits using the stat-
istical combination of the 1L and OL channels are presented in the following. Model-
dependent exclusion limits on the 2ZHDM+a model| parameters are shown for the
combination of the OL, 1L and 2L channels in Chapter [I2}

11.1 Background-only fit

The normalisation parameters of the processes and the nuisance parameters are
determined in a semi-data-driven way in the in the background-only fit dis-
cussed in Section [8.5] The normalisation parameters and nuisance parameters are
determined by maximising the combined likelihood. While the normalisation para-
meters of the Z+jets, W-+jets, tt +Z and single top quark processes are determined
across all and used in the [SRk of both channels, individual ¢¢ normalisation
parameters are fit in selected regions for the 1L and OL channel [SRk. This is done
to account for the different ¢ compositions in the [SRk, which is dominated by di-
leptonic decays in the 1L and by semi-leptonic decays in the OL channel. In the fit,
the OL channel ¢¢ normalisation parameter () is used in the which constrain
the dominant [SM] background processes in the OL [SR] that is in the CRffL and in
the CRy et~ On the other hand, the 1L channel tt normalisation parameter is

used in the CR, and all other in the fit. These constrain background
processes dominating in the 1L channel SRk. No signal is assumed to be present
in the in the background-only fit. Yields in the [VRk and are obtained by
extrapolating from the [CRk.

Good agreement between the data and the [SMl prediction was observed in the
Emiss and E%“g; distributions of the [CRk and [VRk using the yields and uncertainties
obtained from the background-only fit, as discussed in Sections and

The observed and predicted event yields, both uncorrected (“pre-fit”) and cor-
rected (“post-fit”) by the background-only fit, are reported for the SR%EPTOP in
Table for the SRI*TP in Table and in Table m for the SRqp,. The
quoted uncertainties account for all sources of systematic uncertainty described in
Section[10.3] The observed data in the 1L and OL channel[SRk and the correspond-
ing predictions corrected by the background-only fit are plotted in Figure [I1.1]
The agreement of the data and the prediction, quantified by the significance Z cal-
culated with Equation is given in the bottom panel. In the equation, n is set
equal to the data yield and b + o are the total prediction yield and (post-fit)
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SRLPTT
Data 9
Total SM 6+3
tt 2.3+1.4

o Z-+jets 0.010 + 0.004

I Wtjets 1.017¢

e tt+2 1.6 £0.7
Single top 04707
4% 0.51 +£0.09
Others 0.62 £0.12
Total SM 6.80
tt 2.48
Z+jets 0.01

£ Wejets 0.97

& tt+Z 1.34
Single top 0.87
4% 0.51
Others 0.62

Table 11.1: Data and predicted yields in the SR%EPTOP prior to the background-
only fit (“pre-fit”) and using the normalisation and uncertainties as derived by the
background-only fit (“post-fit”). The uncertainties include all systematic uncer-
tainty sources described in Section [10.3] “Others” contains contributions from the
triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.

systematic uncertainty, respectively. Except for the fourth bin of the SR;,, good
agreement between the data and the post-fit prediction is observed and the sig-
nificance of the deviations of data and prediction is below 1.50. In the fourth
bin of the SRy, the [SM] prediction exceeds the data with a significance of more
than 2.5 standard deviations. The disagreement is assumed to be due to a statistical
fluctuation of the data, as the deviation between the data and the prediction
is below 1o in the remaining E¥ bins of the SRy, It is worth noting that there

is an excess of the data with a significance of roughly 1o in the SRIprTOp. There

is furthermore an excess of data in two out of the five bins of the SRI*TP with a

significance of 1o, though there are also deficits of the data in two bins.

Figure and Figure [11.2b| show the Nt and " distribution in the

SR%EPTOP without a constraint on the respective variable shown and the condi-
tion being indicated by an arrow. In the N 28 distribution, the data is found to
be consistent with the [SM] prediction corrected by the background-only fit. Data
and[SM] prediction agree within uncertainties in the m, 4, though no data is observed
in several bins, which is in accordance with the low pfedicted yields.

The distribution of the data and the[SMlpredictions corrected by the background-
only fit in the SR in the E2 and the mb’% is shown in Figures and
[11.2d] without the requirement on the variables. Within the statistical and
systematic uncertainties, the data is consistent with the prediction.

The distribution of the data and the post-fit prediction is shown for the
miss va’xFiSS W —ta, : : : :

ERSS, mdg , N & and my,, variables in the SRy, in Figures 11.3d

without any requirement on the variable that is shown. For the N ~%2& variable

Figure additionally no requirements on myy, and ARy, are placed. The data
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SRt Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Data 109 61 29 15 25
Total SM 116 + 13 55+9 2945 1746 20+ 9
tt 68+ 8 27+6  10+3 42412  29+1.2

. Z+jets 0917 022+013  03%3 0047507 0.25+£0.08
T Wijets 2449 1246 9+3 6+6 8+8
£ tt+Z 1244 942 6+3 35+16  55+1.8
Single top 4+4  19+17 12718 06752  0.7+£0.6
VvV 42405 26+04 19+04  1.24£03  1.9+04
Others 40+04 27404 16+02 0974016  1.4+03
Total SM 123.36 57.95 30.04 16.75 19.93
tt 73.44 29.72 10.85 4.53 3.11
Z+jets 0.95 0.23 0.25 0.04 0.25
£ Wejets 21.87 10.81 7.96 5.72 7.15
£ tt+Z 10.09 7.45 4.66 2.94 4.62
Single top 8.86 4.46 2.81 1.40 1.59
VvV 4.21 2.56 1.88 1.16 1.88
Others 3.95 2.73 1.63 0.97 1.35

Table 11.2: Data and predicted yields in the ERS bins of the SR?EdTOp prior to
the background-only fit (“pre-fit”) and using the normalisation and uncertainties

as derived by the background-only fit (“post-fit”).

The uncertainties include all

systematic uncertainty sources described in Section[I0.3] “Others” contains contri-
butions from the triboson, tW Z, tZ, tt + W, tt + h, ttt and tttt processes.

SR, Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Data 67 33 25 2 6
Total SM 64+9 4147 25+5 10+3  7.0+18
tt 1443 8+4 39412 11+06  07+07
. Z+jets 22+5 1443 1043 34409  25+08
T Wetjets 14+4  88+18 44413 24408 1.5+03
S t+2Z 36+1.7  29+11 23409 1.0%7s  054+04
Single top 3+3 373 14+1.3 0.6155 05102
vV 56+1.2 32408  23+08 09403 1.0+04
Others 13403 0.96+0.17 0.6640.11 0.20+0.04 0.20+0.04
Total SM 67.16 43.38 26.77 10.06 7.58
tt 14.31 8.35 3.95 1.10 0.72
Z+jets 21.91 14.30 10.54 3.49 2.58
E Wejets 13.20 8.13 4.09 2.18 1.40
£ t+Z 3.09 2.49 1.93 0.82 0.43
Single top 7.75 5.95 3.28 1.36 1.22
174% 5.60 3.21 2.33 0.92 1.02
Others 1.29 0.96 0.66 0.20 0.20

Table 11.3: Data and predicted yields in the EX bins of the SRy, prior to the
background-only fit (“pre-fit”) and using the normalisation and uncertainties as de-
rived by the background-only fit (“post-fit”). The uncertainties include all system-
atic uncertainty sources described in Section [[0.3} “Others” contains contributions
from the triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt processes.
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Figure 11.1: Number of events in the 1L and OL channel [SRk observed in the data
and predicted by the corrected by the background-only fit. The bottom panel
shows the significance of the deviation between data and prediction, calculated with
Equation . In this equation, n is set equal to the data yield and b + o
are the total [SM] prediction yield and (post-fit) systematic uncertainty, respectively.
The systematic uncertainties are calculated as described in Section “Others”
contains contributions from the triboson, tWZ, tZ, tt + W, tt + h, ttt and tttt
processes.
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Figure 11.2: Distribution of the observed data and the post-fit prediction of
multiple variables in the SR (a,b) and the SRIP™P (c,d) without a require-

ment on a shown variable. The variables are (a) N W tag (b)) m b} in the SRLePToP

and (c) ER and (d) m b} in the SR{°P. The arrow indicates the direction and
position of the requirement on a variable in the All systematic uncertainties
discussed in Section [10.3| are included in the uncertainty band of the predic-
tion. The benchmark signals shown are generated with sinf = 0.7. The signal
cross-sections are multiplied by a factor of three to increase the visibility of the
distributions. “Others” contains contributions from the triboson, tW Z, tZ, tt + W,
tt + h, tit and tttt processes. Events beyond the range of the z-axis are added to
the rightmost bin.
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Figure 11.3: Distribution of the observed data and the post-fit prediction of

multiple variables in the SR;, without a requirement on a shown variable. The

variables are (a) EX| (b) ml{lE%m, (c) NW~ta (d) myy,. For the NW 18 vari-

able, no constraints on the my; and the ARy, are placed. The arrow indicates
the direction and position of the requirement on a variable in the All system-
atic uncertainties discussed in Section [I0.3] are included in the uncertainty band of
the prediction. The benchmark signals shown are generated with sinf = 0.7.
The signal cross-sections are multiplied by a factor of three to increase the visibility
of the distributions. “Others” contains contributions from the triboson, tWZ, tZ,
tt + W, tt + h, ttt and tttt processes. Events beyond the range of the z-axis are
added to the rightmost bin.
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. s T b, Episs _ .
and the prediction agree within uncertainties in the m"" and N W—tag yariables.

No large deviation between data and prediction are observed in the EXSS variable,
with the exception of the fourth bin, as discussed previously. The predicted number
of events exceeds the observed yield with a significance greater than one standard
deviation in one bin in the my; distribution. The disagreement is covered by two
standard deviations however and no other disagreements > 1o are observed.

11.2 Model-independent hypothesis tests

Model-independent hypothesis tests are conducted by using the dedicated inclusive
[SRE described in Sections[0.1]and [9:2} The[SM] predictions input into the hypothesis
testing are estimated in these inclusive by using the background normalisation
and nuisance parameters resulting from the background-only fit and extrapolating
from the to these regions. At first, hypothesis tests probing the signal-plus-
background hypothesis are conducted with a generic signal, i.e. a signal that is not
derived from a particular model. Upper limits at 95 %[CLlon the visible cross-
sectiorﬂ (€c)?3 and the number of signal events are placed. The upper limits

obs

on the number of [BSM] signal events are calculated using the observed data (S%.)

obs

and by using the Asimov data instead of the data (Sg;:’p). Secondly, the agreement
of the data with the [SMl prediction is probed. The agreement is quantified in
terms of the CLy,, which is the p-value calculated with the signal-plus-background
test statistic assuming that the data follows the background-only hypothesis (see
Section . In addition, a background-only hypothesis test is carried out and the
discovery p-value p(s = 0) is calculated. This p-value is capped at 0.5, since a one-
sided profile likelihood test statistic is used. All conducted hypothesis tests use that
the PDF of the test statistic can be approximated by an asymptotic formula [338].

The results are shown in Table The 95 % upper limits on the visible
signal cross-sections range between 0.04 fb and 0.42 fb. The upper limit on the
number of [BSM] signal events (S%,) ranges between 5.4-29 in the regions derived

obs

from the SRy, between 22-58 in the regions from the SRI*TP and is 10.2 in the
SRIPTP n the regions derived from the SRgp, and the SRI™P the limit on the
number of [BSM] signal events decreases as the constraint on the EXS increases,
except in the fourth inclusive SRy, region (EX > 500 GeV). This region is char-
acterised by a particularly large deficit of the data and for that reason the upper
limit S92 is below the one of the tightest region requiring EXss > 600 GeV. In the

obs
inclusive EX'* regions based on the SRy, the central value of the S22 is above
the S2.. This is because a deficit in the data improves the observed upper limit
compared to the expected limit. This is opposite for an excess, as can be seen for
the SR%EPTOP and most of the bins of the inclusive regions of the SR?EdTOp, where
small excesses of the data are observed.

The CLy;, is well below 0.95 in all inclusive [SRk. The comparably low value of
the CLy, in the fourth inclusive EXSS region (EXs5 > 500 GeV) of the SRy, is due
to the large deficit of the data. The discovery p-value is between 0.24 and 0.5 in all
regions. In conclusion, the background-only hypothesis cannot be rejected.

Model-dependent exclusion limits on the 2HDM+-a model| parameters are shown

for the combination of the OL, 1L and 2L channels in the next chapter.

1The visible cross-section is the cross-section observed with the [ATLAS| experiment without
correcting for detector inefficiencies and the limited geometric acceptance.
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Inclusive signal region Obs.  SM. exp. ‘ (ea)%5 [fb] S5 Sé’,fp CLp p(s=0) (2)
SRy, (ERiss > 250 GeV) 133 147+£15 | 021 29 36775 0.24 0.50 (0.00)
SRy, (EMiss > 330 GeV) 66 83+9 | 011 155 247° 0.09 0.50 (0.00)
SRy, (EMiss > 400 GeV) 33 42+6 | 008 117 1677 0.5 0.50 (0.00)
SRy, (EMiss > 500 GeV) 17+3 | 004 54 1055 003 0.50 (0.00)
SRy, (EMiss > 600 GeV) 70+17 | 005 65 73 038 0.50 (0.00)
SRIPITOP (Emis > 250GeV) | 239 24030 | 042 58 60730 0.53 0.47 (0.06)
SRIPATOP (Emis > 300GeV) | 130 12017 | 033 46.4 40717 0.67 0.33 (0.44)
SRH2ATOP (pmiss > 350 GeV) | 69 669 | 019 263 247° 0.60 0.39 (0.27)
SRH2ATOP (pmiss > 400 GeV) | 40 37£10 | 017 237 227§ 0.62 0.38 (0.30)
SRH2ATOP (pmiss > 450 GeV) | 25 20+£9 | 016 220 1977 0.69 0.30 (0.51)
SRLepTop 9 6+3 | 007 102 s8TF 074 024 (0.72)

Table 11.4: For each inclusive signal region, the number of observed data events
as well as the number of predicted [SM] events as derived from the background-only
fit is given. 95 % [CLl upper limits on the visible cross-section ((eo)27.) of a generic
[BSM] physics signal, as well as on the number of signal events are shown. The limits
on the number of signal events are calculated using the observed data (S%.)

obs

and the Asimov data (S95,). Furthermore, the agreement of the data with the [SM]
prediction in terms of the CLy, the discovery p-value (p(s = 0)) and the significance
Z of p(s = 0) are shown. The discovery p-value is capped at 0.5, due to the use
of a one-sided profile likelihood test statistic. All upper limits, the CLy, and the
p-value are derived using that the PDF of the test statistic can be approximated by

an asymptotic formula [338].



Chapter 12

Combining the OL, 1L and 2L
channels and interpretation
of results

The search for in the tWW+DM signature is divided into the OL, 1L and 2L
channels. A for the 2L channel was introduced in Reference [21]. Its phase
space does not overlap with the phase spaces of the 1L and 0L channels introduced
in Sections and It was found to be particularly sensitive at low values of
mp+. To obtain the best possible overall sensitivity, the 0L, 1L and 2L, channels
are statistically combined. The 2L channel is introduced in Section the com-
bination strategy is described in Section [I2.2] and the resulting exclusion limits on
the 2HDM+a modell model parameters are shown in Section [12.3]

12.1 The 2L channel

The 2L selects events with exactly two reconstructed leptons and high Emiss
from the escaping [DM] particles [21]. The dominant backgrounds are di-leptonic
tt decays and the tt + V process, with V = Z,W. The tt + V background is
dominated by the tt + Z process (Z — vv), which makes up roughly 80 % of the
tt + V background [180]. Subdominant background contributions stem from the
tW Z process with Z — vv and the V'V process. The fraction of events containing
non-prompt and fake electrons or muons is estimated in the 2L channel using the
matrix method |21} [364] 365].

The di-leptonic tt background is suppressed in the SRo; using the mry vari-
able |21]. This variable has a kinematic endpoint at the W-boson mass for such
tt decays, see Section Due to the presence of additional EXS from the
particles, this is not the case for the signal and the signal is instead distributed flatly
in mys. Leptonic top-quark decays are those where the W-boson decays into an
electron or muon and a neutrino. To suppress background events not containing a
leptonically decaying top-quark, the min; my; variable, introduced in Section
is used. Furthermore, the miL variable, see Section is employed to suppress
background events from the ¢t and ¢t + V processes. In contrast to the signal, these
processes are characterised by an additional top-quark. For events with two lepton-
ically decaying top-quarks, m!, has a kinematic endpoint at the top-quark mass.
The requirements on these variables and the remaining event selection conditions in
the SRo;, are summarised in Table Due to the low number of expected events
in the SRy, the region is not divided into bins.
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| Variable | SRy, | CREL | CRAHY

‘ Trigger ‘ di-lepton ‘ di-lepton
Nt 2 ([O3) 3 (> 1 BFHOS pair)
it [GeV] > 25 > 25
pi? [GeV] > 20 > 20
i [GeV] — > 20
my [GeV] > 40,¢ [71,111] if BH € [71,111]
ERiss [GeV] > 200 -
ERS [GeV] - > 200
A¢min,1—4 [rad] > 1.1 -
NI >1 >3
Nb—get >1 >1lor>2
pt [GeV] > 50 > 50
mry [GeV] >130 | € [40,80] -
mit, [GeV] - - > 90
min; my; [GeV] | < 170 < 170 —
min; mY, [GeV] - - < 170
m}, [GeV] > 150 <150 -

Table 12.1: Selection requirements in the 2L channel SR} the CRY and the
CRETY [21].

The normalisation of the dominant background processes in the SRop, tt + V
and tt, are constrained using [CRk [21]. The ¢ normalisation is determined in the
CRE: | which is kinematically very close to the SRop,. To increase the purity of

the ¢t process, events are selected in the CRY, , if the mmo is between 40 GeV and
80 GeV and the m}, is below 150 GeV. The ¢t + V background is constrained in the

CR?JV. Similarly to the [CRl to constrain the tf + Z background in the 1L and
OL channels, events with exactly three reconstructed leptons of which two form an
pair compatible with originating from a Z-boson decay are selected. This
lepton pair is treated as invisible. Treating a lepton pair as invisible necessitates
to define modifications of the mrs and the min; my,; variables, denoted by mrlll«2 and
min; m}}, and detailed in Reference [180]. The selection requirements of the CRA,
and the CR?LH/ are summarised in Table

Due to the large contamination of events from the W Z process in the CR?L"’V,
a dedicated is designed to constrain the normalisation of this process [21].
Furthermore, validation regions are defined to verify the background estimation of
the tt, tt + V and WZ processes. The details of these regions can be found in
Reference [21]. Good agreement of the data and the prediction corrected by
the background-only fit is observed in the 2L channel [CRk and [VRk.

Except for additional modelling uncertainties related to the tWZ process, the
same sources of systematic uncertainties as described for the 1L and OL channel in
Section [10.3] are employed for the 2L channel [21]. The total systematic uncertainty
in the SRy, is 20.7% |21, [180]. The dominant contributions to the systematic
uncertainty stem from the small-radius jet JER] and uncertainties (11.8 % and
9.4%), uncertainties due to the normalisation of the ¢t + V background (10%),
uncertainties due to the limited number of simulated events (7.2 %) and modelling
uncertainties of the single top quark and t¢ processes (4.5 % and 3.9 %) [180].

The number of events observed in the data and resulting from the background-
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SR,

Observed events 12
Fitted SM bkg events 59+1.2
tt 1.24+0.9
Single top O.26f8:§g
W+jets —
Z+jets -
VV (V=W,2) 0.5+0.2
tt+V (V=W,Z) 2.94+0.7
tWZ 0.8+0.1
Others 0.16 +0.08

Table 12.2: Data and predicted yields in the SR,; using the normalisation paramet-
ers and uncertainties as derived by the background-only fit (“post-fit”) |21]. The
uncertainties include all systematic uncertainty sources. “Others” contains contri-
butions from the triboson, tt + h, ttW W and tttt processes, as well as from events
containing fake and non-prompt leptons.

only fit for the prediction are shown in Table for the SRy, [21]. The
dominant process in the SRy, is the t£ + V process, which makes up roughly
50 % of the total SMl background, followed by the tt (20 %), tW Z (14%), VV (8 %)
and other processes (< 3%). Events with fake and non-prompt electrons or muons
have a negligible contribution in the SR,;. The normalisation parameters obtained
for the tt, tt +V and WZ processes are pb7 = 1.00£0.03, 7} |, = 0.80+0.16 and
p3k, = 0.8 4 0.3, respectively. An excess of the data with a significance of 1.920 is
observed.

12.2 Combination strategy

The SRk of the OL, 1L and 2L channels have non-overlapping phase spaces and can
thus be statistically combined. The tt -+ Z process makes up the largest contribution
to the background in the SRy, and the second largest in SRIPT°P. The phase
spaces of the CR,, employed by the 1L and OL channel and of the 2L channel

CR?E‘V overlap, due to the similar event selection strategy, as can be seen from
Tables and[12.1] To have a consistent estimation of the ¢+ Z background, only
the CR,, , is used in the combination and the same ¢t + Z normalisation parameter
is employed across all three channels. Results shown below in Section for the
individual 2L channel also employ the CR;, ; to estimate the normalisation of the
tt+Z process. Since the fraction of V'V events in the CRz, 7 is small, the[CRlfor the
W Z process from the 2L channel is not included in the combined likelihood. The tt
background in the 2L channel [SRlis estimated by using a dedicated normalisation
parameter constrained in the CRY, in the combination of all three channels. By
using the simulation, the predictions of the remaining background processes in the
2L channel regions are obtained.

The use of the 1L and OL channel [CRIto determine the normalisation of the tt+ 7
process makes the ¢t + Z normalisation parameter increase from jz, , = 0.804+0.16
to pt47, z = 1.1840.19 in the 2L channel. Together with the corresponding removal of
the [CRlof the W Z process from the likelihood, the total SM] prediction in the SRo;.
is increased by roughly 25 % in the combination of the three analysis channels. This
increased yield agrees with the yield in Table [12.2] within 1.25 standard-deviations.
The sensitivity of the SRy, towards the RHDM+a model was reassessed with the
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increased yield by calculating expected exclusion limits. No significant changes were
observed.

The only nuisance parameter that is correlated between the 2L channel and the
two other channels is the one related to the signal modelling uncertainties. Due
to the usage of different object definitions, object selection criteria and nuisance
parameter reduction schemes, all other nuisance parameters are not correlated. The
nuisance parameters related to the same systematic uncertainties are correlated
between the 1L and OL channels in the combination of all three channels. The
combined likelihood is constructed with the pyHF software [27] [28].

12.3 2HDM+a model interpretation of the results

Model-dependent hypothesis tests detailed in Section B are used to set exclu-
sion limits on the parameters of the RHDM-+a modell To perform the hypothesis
tests, signal samples are generated for a multitude of 2HDM+a modell parameters.
Three planes of RHDM+a modell model parameters are probed. In the mg,-mpg+
plane, tan 3 is fixed to one and the masses of the a- and H*-bosons are varied
between 100 GeV-600 GeV and 400 GeV-2000 GeV, respectively. In the two mp+-
tan 8 planes, my+ is varied between 300 GeV—-2000 GeV and values of tan 8 from
0.3 to 30 are probed, while m, equals either 150 GeV or 250 GeV. All three planes
are studied for sinf = 0.7 and sin 6 = 0.35.

The tW+DM and #t+DM final state are kinematically very similar. The analyses
presented in this thesis are sensitive to both signatures. If the 2ZHDM-+a modell is
a realistic model, contributions from both signatures have to be accounted for.
For that reason, the signals input to the hypothesis testing are generated for the
tW+DM final state and for the combination of tW+DM and tt+DM final states.
The tt+DM samples are, as discussed in Section produced for a simplified
model [154, |155] (157, [158] and reweighted event-by-event [15] [173] to yield a
2HDM+a model| prediction.

For each generated signal, model-dependent hypotheses tests are carried out,
testing the signal-plus-background hypothesis, see Section The value of the
signal normalisation parameter ji,, Where the CLg of the hypothesis tests equals
0.05 gives the 95 % [CI] exclusion limit on the signal normalisation. Signals are
declared as excluded, if the 95% exclusion limit on pge is below one. The
exclusion limit is either derived using the data (“observed limit”), or by employing
the Asimov data instead of the measured data (“expected limit”). All[SRk and
are included in the likelihood used in the hypothesis test for the combination of all
three channels. When deriving exclusion limits on ji, for the individual OL, 1L and
2L channels, either only the SR, the 1L channel or the SR,;, are included in
the likelihood together with the respective [CRk.

The excluded parameter space of the 2HDM=a modellis shown in Figure [[2.1] for
sinf = 0.35 and Figure for sinf = 0.7. Coloured, smoothened lines surround
those parameter values for which the corresponding signals are excluded at 95 %
Different colours surround the excluded parameters obtained with the individual OL
(green), 1L (red) and 2L (yellow) channels, as well as their combination (blue). The
model parameters excluded by observed exclusion limits at 95 % are indicated
by solid lines and those excluded by expected limits by dashed lines. To obtain
the excluded parameters shown in the left-hand columns in Figures and
tW+DM signals are used. In the right-hand columns, tW-+DM and tt+DM signals
are used.

For sinf = 0.35 (Figure , values of m, up to 300 GeV and mpg+ between
450 GeV and 1250 GeV are excluded in the m,-mg+ plane by the combination of
all three channels for the tWW+4DM signal. In the my+-tan 8 planes, values of tan
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Figure 12.1: Excluded regions of 2HDM+a model| parameters space in the mg-
mpy+ plane (top), and the my+-tan 8 planes with m, = 150GeV (middle) and
mg = 250 GeV (bottom) and a value of sin 6 = 0.35 for all three planes. The results
in the left column are obtained using tW+DM signals, while tW+DM and tt+DM
signals are used in the right column. The areas of parameter space excluded by the
0L, 1L and 2L channels are surrounded by green, red and yellow lines, respectively.
The regions excluded by the combination of the three channels are indicated by
blue lines. A point in parameter space is regarded as excluded, if the 95 %
exclusion limit on the normalisation parameter of the corresponding signal is below
one. The observed exclusion contours (solid lines) are derived using the data, while
the expected exclusion contours (dashed lines) employ the Asimov data instead of
the data (Section . The yellow band indicates the uncertainty on the expected
exclusion contour of the combined result and accounts for systematic uncertainties
of the signal and the predictions.
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below two are excluded for masses of the H*-boson from 550 GeV (700 GeV) to
2000 GeV and m, = 150 GeV (250 GeV). Furthermore, for m, = 150 GeV and mg+
in the range 650 GeV-950 GeV, values of tan 5 ~ 20-30 are excluded. The exclusion
at low and at high values of tan 3, but not at intermediate values of tan 8 can be
explained by the dependence of the tW+DM cross-section on tan 8 as shown in
Figures and [445] The excluded parameter space is extended if also accounting
for the tt+DM signal. In the m,-mpy+ plane, the excluded region is increased by
100 GeV in mg+ and covers 400 GeV-1300 GeV. In the two mg+-tan 3 planes, the
excluded area is extended to H*-boson masses smaller than 600 GeV-700 GeV if
accounting for the tt+DM signal, where values of tan 3 up to 1.5 are excluded. Due
to the linear dependence of the t#+DM signal cross-section on 1/tan 32 [15, 21,
173], the excluded parameters at high tan 8 do not change on the other hand.

By studying the expected exclusion contours, the sensitivity of the OL, 1L and
2L channels to the 2HDM+-a model| is compared for sinf = 0.35 in Figure [12.1
Except in the m+-tan 5 plane with m, = 250 GeV, the most sensitive channel at
low values of my+ up to ~ 600 GeV-800 GeV is the 2L channel. At higher values
of my+, the 1L channel becomes the most sensitive one. The sensitivity of the 1L
and OL channel becomes comparable in most of the parameter planes for H*-boson
masses beyond 800 GeV. The expected exclusion of the combination of the three
channels excludes a wider range of parameter space than the individual channels
in all planes. In the my,-mpg+ plane, the increase in the excluded values is up to
250 GeV in my+ and 100 GeV in m,. In the two mpy+-tan 8 planes, the increase
in tan 8 is up to one unit at low values of tan 5. At high values of tan 8 > 10 an
expected exclusion is only achieved when combining all three channels.

The observed exclusion contour of the combination of the OL, 1L and 2L channels
is dominated by the OL channel for mg+ 2 800 GeV-900 GeV and at high values of
tan 8. Due to the deficit of data in the OL channel, a wider range of 2HDM+a modell
parameters is excluded by the observed contour than by the expected contour for
the OL channel. Conversely, the excess of data in the SR, decreases the span of
excluded parameters by the observed contour versus the expected contour. The
excess of data in the SRy is also the reason why no observed exclusion contour is
visible for the 2L channel in Figures[12.1a] [12.1D] [12.1c| and [12.1€

Compared to sinf = 0.35, the excluded range in all parameters is increased
for sinf = 0.7, as shown in Figure [I2.2] This is due to the higher cross-section
of the tW+DM signal at sinf = 0.7 [179, 180]. Values up to 400 GeV in m, and
400 GeV-1500 GeV in mpg+ are excluded if accounting only for the tW+DM sig-
nal. In the my+-tan 8 plane, values of tan 8 < 2.2 are excluded in the my+ range
300 GeV—-2000 GeV (450 GeV—-2000 GeV) assuming m, = 150 GeV (250 GeV). For
a-boson masses of 150 GeV (250 GeV) and masses of the H*-boson in the range
500 GeV-850 GeV (800 GeV-950 GeV), high values of tan 5 ~ 20-30 (~ 25-30) are
excluded. As for sin = 0.35, accounting for the tt4+DM signal allows increasing the
excluded area of parameter space. At high mp+, the excluded values of my+ go
beyond 2000 GeV, i.e. the exclusion is extended by more than 400 GeV if considering
tW+DM and tt+DM signals. This large extension of excluded parameters can be
explained by the comparably high cross-section of the ¢t+DM signal at sin@ = 0.7,
low values of m, and the considered H*-boson masses. Compared to considering
the tW+DM signal alone, the excluded range of parameters does not change sig-
nificantly in the mg-mpg+ plane for m, > 350 GeV when accounting for both the
tW+DM and tt+DM signals. In the mpy+-tan 8 planes, the excluded parameter
space remains similar at high values of tan 3 if including the t#+DM signal. For
H%*-boson masses smaller than 400 GeV (450 GeV), values of tan 3 between 1 and
2 (0.8 and 1) are additionally excluded for a-boson masses of 150 GeV (250 GeV)
if accounting for the tW+DM and t#+DM signals. The excluded value of tan /3 is
increased by 0.2-0.3 at mpy+ ~ 2000 GeV in both my+-tan 8 planes.
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Figure 12.2: Excluded regions of 2HDM+a model| parameters space in the mg-
mpy+ plane (top), and the my+-tan 8 planes with m, = 150GeV (middle) and
mg = 250 GeV (bottom) and a value of sin @ = 0.7 for all three planes. The results
in the left column are obtained using tW+DM signals, while tW+DM and tt+DM
signals are used in the right column. The areas of parameter space excluded by the
0L, 1L and 2L channels are surrounded by green, red and yellow lines, respectively.
The regions excluded by the combination of the three channels are indicated by
blue lines. A point in parameter space is regarded as excluded, if the 95 %
exclusion limit on the normalisation parameter of the corresponding signal is below
one. The observed exclusion contours (solid lines) are derived using the data, while
the expected exclusion contours (dashed lines) employ the Asimov data instead of
the data (Section . The yellow band indicates the uncertainty on the expected
exclusion contour of the combined result and accounts for systematic uncertainties
of the signal and the predictions.
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Similar to the studied parameter spaces with sin = 0.35, the 1L and 2L channels
are the most sensitive channels for signals with low values of my+ and sin @ = 0.7, as
quantified with the expected exclusion contour. The 1L channel sensitivity becomes
comparable to the OL channel sensitivity at my+ = 800 GeV-1000 GeV considering
the tW+DM signal only. If accounting for both the tWW+DM and tt+DM signals,
the 1L channel becomes the most sensitive channel at high values of my+ and low
values of tan f < 3. The strongest observed exclusion is given by the OL channel
for mg+ 2 600 GeV-700GeV, by the 1L channel for lower values of mg+ until
mp+ ~ 500 GeV-600 GeV and by the 2L channel for even lower H*-boson masses.

12.4 Comparison to other searches

The HDM+a modell parameters excluded with the search for particles in the
tW+DM signature using the tW+DM and the tt+DM signals are compared to
the parameters excluded in other [DM] particle searches. Following searches are
considered in the comparison:

o Searches for [DM] particles produced in association with a Higgs-boson (mono-
Higgs signature). In the ZHDM+a modell the mono-Higgs signature is reson-
antly enhanced as discussed in Section Searches with Higgs-boson decays
into two b-quarks (EXsS 4 h(bb)) [17] and two photons (ERsS + h(yy)) [16]
are included in the comparison.

e The mono-Z signature is also resonantly enhanced in the 2HDM-+a model
(see Section . The searches for [DM] particles produced in association with
a Z-boson decaying into quarks (EX + Z(qq)) |366] and into two charged
leptons (ERss 4 Z(11)) [19] are included in the comparison. Furthermore, the
statistical combination of the EMss 4 h(bb) and the EX + Z(1l) searches (367,
368 is.

e Finally, the tW+DM search results are compared to the results from a search
for H*-boson decays into a top-quark and a b-quark (H*tb) [369] and searches
for invisible Higgs-boson decays (h(inv)) [370].

The excluded areas of parameter space are compared in the mg-mpg+ plane
with tan 3 = 1 and the mpy+-tan 8 plane with m, = 250 GeV. Figures and
show the excluded parameter space regions of the different searches in the
two planes for sin 6 = 0.35 and Figures and for sinf = 0.7. Excluded
areas of parameter space are filled or enclosed by lines of different colours for the
different searches. The decay-width of one of the Higgs-bosons exceeds 20 % of its
mass in the hatched regions of parameter space.

Following features about the excluded parameter spaces are worth noting:

o In the my-mpy+ plane, the H*tb and the h(inv) searches exclude respectively:
values of mg+ almost independent of m,, and values of m, almost independ-
ent of mpy+. The dominant Feynman diagram in the H*tb search features
the production chain gg — tbH* — tbtb [369], while h(inv) searches mainly
probe gg — h — axX — xxxX |15]. As these production chains only depend
on the H*-boson or the mediator, respectively, the excluded regions by the
two searches primarily depend only on the according masses.

e For sinf = 0.7, the excluded value of m, by the two mono-Higgs searches
ERiss 4 h(bb) and EXSS + h(yy) increases as a function of mpy+ for my+ >
800 GeV and mp+ > 1200 GeV in the my-mp+ plane (Figure [12.4a]). This is
due to the presence of two production diagrams with complementary cross-
section dependencies [368]. The cross-section of the first diagram, featuring
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Figure 12.3: Excluded RHDMTa model] parameter spaces at 95 % [CI] (coloured
areas) in (a) the mq-mpg+ plane with tan 8 = 1 and (b) the my+-tan § plane with

o« = 250 GeV and sinf = 0.35 in both figures.
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is larger than 20 % of its mass. The results shown from this thesis are derived using

tW+DM and tt+DM signals.
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is larger than 20 % of its mass. The results shown from this thesis are derived using
tW+DM and tt+DM signals.
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the resonant A-boson production and subsequent A — a(— xx)h decay, de-
creases with incrementing my4 (which equals mpy+ in the mge-mpg+ plane).
On the other hand, the cross-section of the second diagram, featuring the
production of an a-boson and the decay a — a(— xx)h, grows with m4.

e In the myg+-tan 8 planes, the mono-Z and mono-Higgs searches exclude hour-
glass-shaped regions of parameter space. The particular shape is the result of
gluon and b-quark induced production diagrams, which have inverse depend-
encies on tan S [19].

The parameter space exclusion is dominated among all planes and values of sin 6
by the combination of the mono-Higgs and mono-Z searches as well as the H*tb
search. Nevertheless, the tWW+DM search complements the other searches. In the
mp=-tan § plane, the observed excluded area extends beyond the excluded area
of the mono-Higgs and mono-Z combination at low mpg+ for both values of sin 6.
For sinf = 0.35 and high values of myg+, the tW+DM search has the strongest
observed exclusion on tan 8 of the mono-Higgs, mono-Z and tW+DM searches.
In the sinf = 0.7 my-mpy+ plane, the observed excluded area of the tW+DM
search is comparable to the area excluded by the mono-Higgs and the mono-Z
searches and their combination at low values of my+. At high values of my+, the
exclusion of parameters by the tW+DM search goes beyond the excluded values
by the mono-Z search. Due to the complementarity of the different searches, a
statistical combination of the mono-Higgs, mono-Z, tW+DM and H*tb searches
could increase the excluded area in all planes.






Chapter 13

Summary and outlook

This thesis presented a search for particles in the tW+DM signature. The
/s = 13 TeV data with an integrated luminosity of 139 fb™" recorded by the ATLAS|
detector at the[[HC]was analysed. Signal regions targeting aZHDM+a model|signal
in the OL, 1L and 2L channel were described, with special focus on the 1L channel.
These required high EX5 due to the elusive nature of the[DM] particles and the
presence of zero, one or two reconstructed leptons. Dedicated variables were used
to suppress the dominant background contributions. For multiple 2HDM+a modell
parameters, high-pr, hadronically decaying W-bosons are expected to be frequent
in the signal in the 1L and OL channel. Reconstructing these W-bosons in large-
radius jets and identifying them by W-tagging was used to significantly increase
the expected fraction of signal to background events.

The background contributions were estimated in dedicated and verified in
[VBk. Good agreement between the prediction and the data was found after the
background-only fit in the and [VRE. The prediction after the background-
only fit and the data were also compared in the [SRk. Good agreement of the pre-
diction and the data was found with the significance of differences being within one
standard deviation, except in the SR, bin covering 500 GeV < EIiss < 600 GeV,
where the data was exceeded by the [SM| prediction by more than 2.50. Due to the
good agreement otherwise in the SR, this disagreement was considered to be due
to a statistical fluctuation. In the 2L channel [SR] an excess of the data over the
background with a significance of roughly 20 was observed.

Model-independent upper limits on the number of events and the cross-section
of a generic signal were derived for the 1L and OL channel. Subsequently, the
1L and OL channel were statistically combined with the [SR] of the 2L channel.
To harmonise the tt + Z estimation, some of the of the 2L channel were not
included in the combined likelihood. Combining all three analysis channels, 95 %
exclusion limits on the signal normalisation for signals generated for a multitude
of 2HDM-+a modell parameters were used to exclude model parameters. Besides the
tW+DM signal, the combination of the tW+4DM signal and the t£4+DM signal was
considered to set exclusion limits. The most stringent limits to date from searches
for [DM] in the tW+DM signature were set.

For sinf = 0.35, H*-boson masses between 400 GeV-1300GeV and a-boson
masses below 350 GeV were excluded assuming tan/ = 1. Furthermore, values
up to tan 3 = 2 could be excluded for myg+ from 300 GeV-2000 GeV for a-boson
masses of 150 GeV and 250 GeV. High values of tan 8 = 20-30 could be excluded
for values of mg+ between 650 GeV-950 GeV for m, = 150 GeV. For sinf) = 0.7, a
wider region of model parameter space was excluded. For a value of tan 8 = 1, the
excluded parameter space ranged from H*-boson masses below 400 GeV to beyond
2000 GeV and a-boson masses below 400 GeV. As a function of tan 3, the exclusion
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was increased to values of tan 8 up to 2.2 for the probed H*-boson masses between
300 GeV—-2000 GeV. High values of tan 8 at around 25-30 could also be excluded
for m, = 250 GeV.

The 2L channel was found to be the most sensitive channel at low values of m g+
up to values of my+ ~ 600 GeV-800 GeV independent of sin . At higher values of
mpy+, the 1L channel showed to be most sensitive up to mg+ ~ 800 GeV-1000 GeV,
where the sensitivity of the 1L and OL channels became comparable. At high values
of tan 3, the 2L channel was found to be the most sensitive channel. The observed
exclusion from the OL channel dominated the combined observed exclusion at high
H*-boson masses and high values of tan 3.

Finally, the tWW+DM search results were compared to results of 2HDM-+a model
searches exploring other signatures. While the excluded parameter space by the
tW+DM search was always contained in the parameter space excluded by other
searches, the results from the tW+DM search were found to be complementary.
The tW+DM search was shown to be particularly strong at low and high values
of my=. Combining the tW+DM search with the mono-Higgs, mono-Z and H*tb
searches may therefore be beneficial to increase the excluded parameter space of
the 2HDM+a modell

One way to improve the sensitivity of the tW+DM search is to reduce the
uncertainties. The dominant systematic uncertainties in the search were found
to be due to the energy calibration of small-radius jets, the efficiency calibration
of the W-tagging and the modelling of processes. Taking the exact values
of the systematic uncertainties into account in the optimisation procedure of the
[SBE, rather than using a constant value, may be beneficial to reduce their impact.
In addition, measurements of processes in the phase spaces of searches may
help to reduce the modelling uncertainties. In contrast to what is suggested here,
measurements of processes are currently most commonly performed in regions
which are kinematically very different from the phase spaces of searches. First
measurements of processes in phase spaces inspired by searches have recently
been published [371},|372] with a strong involvement of the author in Reference [372].
Many other results are expected to come in the future.

In addition to potentially constraining the systematic uncertainties, these meas-
urements will also benefit the search for particles by other means. To facilitate
the testing of new models, the publication of model-independent results is import-
ant. Providing model-independent results that do not require the usage of a CPU
intense and not easily accessible detector simulation will further simplify the testing
of new extensions. Such results are, for example, the outcome of differential
measurements. Using e.g. the CONTUR method 373} |374], measurement results allow
for a straight-forward and fast testing of new [DM] models. Measurements in the
phase spaces of searches - the latter being designed to be highly sensitive to
signals - may therefore considerably help to improve the current understanding of
[DM]

The statistical uncertainty of the data was found to be comparable or even higher
than the total systematic uncertainty in the OL channel [SR] and most of the bins
of the SREA™ and in the SREP™P (Section [10.3). Searching for particles
in the tW+DM signature will thus profit from the third run of the [LHCl which
started in 2022, roughly doubling the amount of data until 2025. Towards the end
of the decade, the High-Luminosity (HL) [LHC] [375] will start operating. The total
integrated luminosity expected to be delivered by the HL-LHC is 4000fb~'. In
agreement with the observation on the statistical uncertainty, recent studies [376]
investigating the prospects of searching for [DM] in the tW+DM signature have
shown that a large increase of the experimental sensitivity is expected with the
data collected at the HL-LHC. Generally, the more than ten-fold increase of the
data until the end of the HL-LHC will give new opportunities to probe the nature




153

of DMl The much larger dataset will allow investigating more rare processes and
probing deviations from the prediction at yet unprecedented precision [376
377]. Run-III and the HL-LHC may yield a spectacular new discovery or - at the
very least - pin down the nature of [DM] even further. Unravelling the mysteries of
remains exciting and many unknowns are yet to be discovered.
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Appendix A

Thesis work CO9e emission

The anthropological emission of greenhouse gases causes an increase of the average
temperature on planet earth [378]. This global warming poses a threat to many
species inhabiting the planet. The global warming will cause the sea-level to rise,
increase the risk of extreme weather events such as flooding or drought and may
potentially reduce the crop yields. The more the global temperature increases, the
stronger the mentioned effects will likely impact all species on the planet, among
them humans. It is therefore paramount to keep the temperature increase with re-
spect to the pre-industrial era as small as possible. As immediate net-zero emissions
are not feasible, two scenarios of the global temperature increase are currently un-
der consideration: a temperature increase below 1.5°C and a temperature increase
below 2°C. Both necessitate a significant reduction of greenhouse gas emissions in
the upcoming years. For a temperature increase below 1.5°C, the greenhouse gas
emissions, quantified in COqe unitsﬂ must, with a confidence of 83 %, be reduced
to below roughly 1.1t COge per person per year from now until 2050 (378, 380].

The COge emissions of the work performed in this thesis are evaluated in this
appendix. Only direct emissions from the author due to the use of computers,
servers and computing grids are considered. The emissions arise from producing
datasets and samples of reduced sizes (“ntuple production”), the statistical analysis
of the tW+DM search, the combination of the OL, 1L and 2L channel regions as well
as the usage of individual personal and network computers to produce plots and
presentations and to optimise the tW+DM search regions. In addition, emissions
due to long-distance travelling (> 150km) are considered as a comparison. Emis-
sions from other sources, e.g. due to the computer usage of other people involved
in the tW+DM search, the production of the full-size samples, earlier sample size
reductions (“DAOD?”), the detector and accelerator operation, office and laboratory
infrastructure and operation, etc., are not accounted for. The aim of this appendix
is to draw attention to the greenhouse gas emissions that are produced directly from
the work of a single PhD student.

The following COze emitting sources are accounted for:

e “grid computing”: the production of smaller size samples from larger size ones
(“ntuple production”) was conducted using the Worldwide LHC computing
grid (WLCG) [381], accessed via the Production and Distributed Analysis
system (PanDA) (382, 383].

e “batch system”: the statistical analysis of the tWW+DM analysis and the com-
bination of the 0L, 1L, and 2L channels was carried out on the DESY computer

1CO4e abbreviates CO» equivalent and is the amount of greenhouse gas emitted with the same
global warming potential as one metric ton of CO2 [379|. It is calculated according to Equation
A-1 in 40 CFR Part 98.
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cluster batch system. It was accessed via the HTCondor software [384].

e “local computing”: summarises all the sources originating from the usage of
the personal computer and from using DESY network computers to produce
e.g. plots and presentations, as well as used to define the search regions.

The COse emissions are estimated by determining the single-core CPU usage time
of the described sources. The power consumption due to the non-stop availability
of the grid and network resources is not accounted for. The obtained usage times
are input into the Green Algorithms tool [385] version 2.1, assuming a generic,
single-core CPU (setting “any”) and a RAM of 2 GB per computer. Note that the
COse emission increases with the size of the RAM and given that many computers
have a RAM greater than 2 GB, the estimate gives a lower bound of the greenhouse
gas emissions.

The particularities of calculating the COze emissions of the grid computing are
discussed in the following. The grid computing executes computing jobs on servers
all over the world. The COse emissions depend on the power-station infrastructure
(“energy mix”) in the different countries in which the jobs are executed. For ex-
ample, a high fraction of electricity produced by coal-fired power-stations leads to a
large COqe emission per usage hour of a single-core CPU compared to a high fraction
of electricity from renewable sources. The single-core computing time is therefore
determined per country for the grid computing. The computing time per country
in the PhD time of the author is obtained using the webpage in Reference [386] and
input into the Green Algorithms [385] tool to obtain COge emissions per country.
The average energy mix per country is used in the COge calculation, opposed to
e.g. a further division into (federal) states or provinces. Note that this assump-
tion comes with a high uncertainty. If assuming that all the grid computers in the
United States were situated in California for example, the COse emissions of the
thesis work from the grid computers in the United States are reduced by more than
50% from ~ 21t to ~ 9t. A breakdown of the grid computing emissions of the
thesis work per country is shown in Table[AT] The highest emissions stem from the
grid computing jobs executed in the United States, which sum to 20.91t of COqe
with a single-core CPU usage of 329.9 y. The emissions caused by grid computers in
Germany are roughly 4.5 times higher than the ones caused in France, even though
the CPU usage time is roughly double in France. This is due to the energy mix
in France being dominated by atomic power-stations with a relatively low COqe
emission per kW h of electricity, compared to the large fraction of coal-, gas- and
biomass-fired power-stations in Germany, which have a much higher COse emission
per kW h [387]. The total COqe emission from grid computing amounts to roughly
39t.

The greenhouse gas emissions from grid computing are compared to the emis-
sions from the other computing sources in Table[A:2] Compare to the grid comput-
ing, the COqe emissions of the batch system as well as the personal and network com-
puting are negligible with 0.31t, 0.12t and 0.07t, respectively. The batch system
single-core CPU usage time is obtained from HTCondor using the condor_userprio
-allusers command. The COse emissions from the personal and network com-
puters are estimated by assuming that two CPU cores are used for nine hours per
day over a timespan of 4 years and 2.5 years, respectively, with 210 working days
per year. This roughly corresponds to the usage time of these resources during the
PhD time of the author.

The comparably large COqe emissions of the grid computing are due to the long
single-core computing time, which sums to roughly 1200y. This long computing
time is due to a memory leak in the used software, a robust retry management
of PanDA if an executed computing job failed, and inexperienced usage of the grid
resources.
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CPU usage [y] COqe emission [t]

[CERN] (France) 130.59 0.71
Canada 73.97 1.34
France 248.38 1.35
Germany 118.86 6.29
Italy 28.65 1.36
Netherlands 13.45 0.85
Norway 99.47 0.16
Russia 13.37 0.61
Spain 26.98 0.83
Taiwan 12.34 0.88
United Kingdom 103.26 3.66
United States 329.90 20.91
Total 1199.22 38.95

Table A.1: Single-core CPU usage time in years and COse emission due to grid
computing from the author during his PhD work. The emissions are divided into
the different countries and [CERNl The electricity used by is assumed to
mainly origin from France.

Ttem CPU usage [y] COge emission [t]
Grid computing 1199.22 38.95
Batch system 4.46 0.31
Personal computer 0.86 0.12
Network computers 0.54 0.07
Total 1204.98 39.45

Table A.2: Single-core CPU usage time in years and COse emission due to comput-
ing resources directly used by the author during his PhD work.
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Source COze emission [t]
Computing - Grid 38.95
Computing - Batch 0.31
Computing - Local 0.19
Travelling - Train 1.05
Travelling - Plane 0.75
Total 41.25

Table A.3: COqe emissions due to computing and travelling during the PhD thesis
time of the author.

The single-core computing time of the author on the grid computers has been
compared to other users. It must be regarded as an extreme case, caused by the
memory leak. The single-core CPU computing time of other users executing com-
parable tasks in a comparable timespan was found to be in the range of 80 y—230y,
corresponding to COse emissions of roughly 3 t—8+t, assuming the same distribution
of the computing time across the countries. In any case, assuming a PhD time
period of three years, the greenhouse gas emissions are comparable to or exceed the
1.1t of COze emission per person to remain within the 1.5 °C increase of the global
temperature until 2050 [378] [380]. More elaborate code testing before accepting
tasks on the grid computing system and a more strict job retrial policy may help
to avoid grid computing COse emissions as high as caused by the author. In gen-
eral though, the COse emissions of computing must be reduced by using less COse
emitting energy sources to power the computers and by making the computations
more efficient.

The greenhouse gas emissions due to the PhD-related long-distance travelling
of the author are also calculated and compared to the emissions from computing.
Because of the restrictions during the Corona pandemic, the travelling possibilities
of the author were limited compared to students without any travelling restrictions
within their PhD time. The travelling COqe emissions of other PhD students not
affected by the pandemic may therefore be higher, though the exact emissions de-
pend a lot on the geographic location of the student, their interest in travelling and
the travel budget.

For the author, the distances travelled by train and by plane were estimated
using Reference [388] and converted into COgze emissions using the numbers pub-
lished in Reference [389]. The resulting COqe emissions are compared to those from
computing in Table The COqe emissions due to train and plane travelling sum
to 1.05t and 0.75t, respectively. Whilst the ratio of these two numbers is roughly
1.4, the number of kilometres travelled by train (20870km) is roughly the 4.7-fold
of the distance travelled by plane (4400 km). The total travelling COze emissions
sum to 1.8t. This is negligible compared to the COse emissions due to computing,
which sum to 39.45t.

Split across the PhD time of the author of four years, the COse emissions due
to travelling do not exceed the 1.1t of COse emission per person per year. These
numbers are however impacted by the pandemic travelling restrictions, which came
into action 1.5y after the author started his PhD. Students not limited by the
pandemic may have produced the double amount of COse emissions due to travelling
within their three year PhD period. This would yield a total of 3.6t COse emission
or 1.2t per PhD year, exceeding the 1.1t COse emission per person per year. In
any case, travelling is not the only source of greenhouse gas emission and emissions
due to travelling should be kept as low as possible. For every travel, the purpose,
distance and means must be considered and traded off against the alternative of a
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virtual meeting.

In conclusion, the author emitted a total of roughly 41t of COse during his
PhD thesis work. While this is a rather extreme case, COze emissions must be
reduced in computing and travelling to reach the goal of a global warming limited
by 1.5°C. The fraction of renewable energy sources must be increased and the
necessity for in-person meetings must be traded off against virtual meetings. To
increase the fraction of renewable energy sources, computing sites may want to
consider installing solar panels or wind turbines in the vicinity. In spite of the
emissions reductions necessary in computing and travelling, it is worth noting that
more than 70 % of [CERNIs COqe emissions stem from gas detectors and detector
cooling of the [LHC| experiments [390]. Such emissions have not been accounted
for here. It is therefore indispensable to undertake massive immediate action in all
parts of particle physics to reduce the greenhouse gas emissions such that the global
temperature is not increased by more than 1.5°C.
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