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Abstract

This dissertation presents two analyses that search for signs of physics beyond the standard
model, which describes all known particles and their interactions at the most fundamental
level. While experimental evidence has proven the theory to be highly robust, it has also
shown that the model is incomplete. A number of open questions remain unsolved within the
standard model framework. In order to address these open questions, new models that serve
as extensions to the standard model have been proposed.

Both searches described in this work use a dataset recorded by the CMS experiment between
2016 and 2018, corresponding to a total integrated luminosity of 137 fb~!. The first probes
this dataset for signs of electroweak superpartner particles that would point to the existence of
a supersymmetry. This is done using a mixture of classic cut-based search regions and novel
neural network architectures. A wide range of simplified models that propose a final state of
two same-sign leptons or three leptons or more are considered in the design and interpretation
but this dissertation will focus on the contributions of the author to the final states with
a hadronically decayed tau lepton. No excess of events over the predicted background is

observed. Stringent limits on the cross sections of all considered models are placed.

The second analysis looks for hints of promptly decaying Dirac and Majorana heavy neutral
leptons (HNL) in events with three leptons of which at most one is allowed to be a t lepton.
The existence of such particles could explain why the standard model neutrinos have such
low masses or why there is more matter than anti-matter in the universe. Sterile neutrino
masses in the range of 10 GeV to 1.5 TeV are considered in models that pose the addition of a
single HNL to the standard model. In these models, the HNL couples exclusively to a single
standard model neutrino flavour. The search scrutinizes the same 2016-2018 dataset using
a combination of cut-based search regions and boosted decision trees. No excess of events
over the predicted background is observed. Improved limits on the interaction strength as a
function of HNL mass over the state-of-the-art exclusion limits are produced in scenarios with
exclusive coupling to one of the light flavour standard model neutrinos. The analysis also

provides the first such limit for scenarios with exclusive tau neutrino coupling from the LHC.
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Samenvatting

Deze thesis presenteert twee analyses die zoeken naar tekenen van fysica buiten het stan-
daardmodel, dat alle gekende deeltjes en hun interacties op het meest fundamentele niveau
beschrijft. Hoewel experimenteel bewijs heeft aangetoond dat de theorie enorm robust is, heeft
het ook aangetoond dat het model onvolledig is. Binnen het kader van het standaardmodel
blijven er een aantal open vragen onopgelost. Om deze open vragen in te vullen, werden

nieuwe modellen voorgesteld die het standaardmodel verder uitbreiden.

Beide analyses die in dit werk worden beschreven, maken gebruik van een dataset die is
opgenomen door het CMS-experiment tussen 2016 en 2018, wat overeenkomt met een totale
luminositeit van 137 fb~ . De eerste analyse gaat in deze dataset op zoek naar tekenen van
nieuwe elektrozwakke superpartner deeltjes die wijzen op het bestaan van een supersymmetrie
met behulp van zowel cut-gebaseerde zoekregio’s als nieuwe neurale netwerkarchitecturen.
Een breed scala aan vereenvoudigde modellen die eindigen in het verval naar een toestand van
meerdere leptonen wordt onderzocht in de analyse. Desondanks zal deze thesis zich focussen
op slechts één model dat zal dienen als ondersteunend materiaal om de bijdragen van de
auteur in eindtoestanden met een hadronisch vervallen tau lepton te beschrijven. De resultaten
tonen een goede overeenkomst tussen waargenomen data en voorspelde achtergrond. Strenge

limieten worden geplaatst op de crosssecties van de beschouwde modellen.

De tweede analyse zoekt naar de aanwezigheid van Dirac- en Majorana-type zware neutrale
leptonen in evenementen met drie leptonen, waarvan er maximaal één een t lepton mag zijn.
Het bestaan van zulke neutrale leptonen zou kunnen verklaren waarom de neutrinomassa’s in
het standaardmodel zo laag zijn of waarom er meer materie dan antimaterie in het universum
is. Steriele neutrino’s met massa’s in het bereik van 10 GeV en 1.5 TeV worden in rekening
genomen in modellen die slechts één extra zulk neutrino in het standaardmodel voorspellen
en waarbij dit deeltje enkel mag koppelen met een van de drie standaardmodel neutrino’s
per keer. De zoektocht onderzoekt dezelfde dataset van 2016-2018 met behulp van een
combinatie van cut-gebaseerde zoekregio’s en boosted decision trees. Ook hier komt de data
overeen met de voorspelde achtergrond. In vergelijking met voorgaande analyses worden er
verbeterde limieten op de koppelingssterkte als functie van steriele neutrino-massa geplaatst
in koppelingscenario’s waar het steriele neutrino koppelt met een electron- of muonneutrino.
Deze analyse levert ook de eerste limieten voor scenarios met exclusieve koppeling tussen

T-neutrino en steriel neutrino aan de LHC.
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Résumeé

Cette these présente deux analyses qui recherchent des signes de nouvelle physique au-dela
du modele standard. Ce dernier décrit toutes les particules connues et leurs interactions au
niveau le plus fondamental. Alors que les mesures expérimentales ont prouvé que la théorie
était tres robuste, elles ont également montré que le modele est incomplet. Un certain nombre
de questions ouvertes restent non résolues dans le cadre du modele standard. Afin de répondre
a ces questions ouvertes, de nouveaux modeles qui servent d’extensions au modele standard

ont été proposés.

Les deux recherches décrites dans ce travail utilisent un jeu de données enregistré par
I’expérience CMS entre 2016 et 2018, correspondant a une luminosité totale de 137 bt
Le premier sonde cet ensemble de données a la recherche de signes de nouvelles particules
superpartenaires électrofaibles qui indiqueraient 1’existence d’une supersymétrie. Cela se
fait en utilisant un mélange de régions de recherche classiques basées sur des coupures et
de nouvelles architectures de réseaux neuronaux. Une large gamme de modeles simplifiés
qui proposent un état final de deux leptons de méme signe ou de trois leptons ou plus sont
pris en compte dans la conception et I’interprétation de 1’analyse, mais cette thése se con-
centrera sur les contributions de 1’auteur aux états finaux avec un lepton tau se désintégrant
hadroniquement. Aucun exces d’événements par rapport au bruit de fond prévu n’est observé.

Des limites strictes sur les sections efficaces de tous les modeles considérés sont placées.

La deuxieme analyse recherche des indices de désintégration rapide des leptons neutres lourds
(HNL) de Dirac et de Majorana dans des événements avec trois leptons dont au plus un est
autorisé a étre un lepton tau. L’existence de telles particules pourrait expliquer pourquoi les
neutrinos du modele standard ont des masses si faibles ou pourquoi il y a plus de maticre
que d’antimatiere dans I’univers. Les masses de neutrinos stériles comprises entre 10 GeV
et 1,5 TeV sont prises en compte dans les modeles qui imposent I’ajout d’un seul HNL qui
se couple exclusivement au neutrino de 1’électron, au neutrino du muon ou au neutrino du
tau du modele standard. Cette recherche examine le méme ensemble de données 2016-2018
en utilisant une combinaison de régions de recherche basées sur des coupures et des arbres
de décision améliorés. Aucun exces d’événements par rapport au bruit de fond prévu n’est
observé. Des limites améliorées sur la force d’interaction en fonction de la masse de HNL par
rapport a I’état de I’art sont produites dans des scénarios avec un couplage exclusif a I’'un des
neutrinos du modele standard de saveur 1égere. L’ analyse fournit également la premiére limite

de ce type pour les scénarios avec couplage exclusif des neutrinos du tau du LHC.
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Introduction

The observable universe around us consists of vast amounts of matter clumped into fascinating
structures. The idea that this matter is compiled from a limited number of fundamental building
blocks goes back as far as the 6th century BC in Indian and ancient Greek philosophy [1}2]]. In
the 20th century, the scientific community made this hypothesis concrete with the development
of the standard model of particle physics (SM)), which describes all elementary particles and
their interactions in a mathematical framework. Today, it has evolved into a highly robust
model that superbly describes a wide range of experimental observations and is still being
backed up by additional measurements and discoveries. One of the latest such discoveries
was the one of the Brout-Englert-Higgs boson by the Compact Muon Solenoid and
A Toroidal LHC Apparatus (ATLAS) experiments at the European Laboratory for Particle
Physics in 2012 [346]]. By observing the — up until then — last undetected particle
predicted by the this discovery has further established the robustness of the model.

While the validity of the is generally undisputed, there are a few areas that show that
it can not be complete. Theorists have devised a plethora of extensions to the that can
cleverly close these open issues. Experiments like the aforementioned and [ATLAS] put
these theories to the test by performing searches for signs of the new physics models in their
detectors. This work contains a description of two such searches to which the author has
contributed. The first of these is a search for supersymmetry (SUSY]), which adds an additional
symmetry to the[SM]theory along with an accompanying new “superpartner” particle for every
BMlparticle. As the author was not one of the main analysers for this analysis, we will stick to
a brief description of parts of that search that are most relevant to the author’s contributions.
The search itself looks for signs of electroweak production of superpartners with subsequent
decay to fully leptonic final states. In this dissertation, we will limit ourselves to final states

containing three charged leptons of which at least one is a hadronically decayed tau.

The second search will be the main focus of this work. It looks for signs of the presence
of heavy neutral leptons in proton-proton collision events in the detector. These new
neutrinos could explain why the SMIneutrinos have such low masses. As such, this search aims
to contribute to the neutrino sector by either discovering new heavy neutrinos or by placing

exclusion limits on their existence. This is done by studying benchmark models with a single

1



1. Introduction 2

additional heavy neutrino that is produced in the decay of a W boson. In these benchmark
models, there is exclusive coupling of the heavy neutral lepton to one of the [SM] neutrinos.
Final states of three charged leptons are probed in order to search for signs of a heavy neutrino
with a mass in the range of 10GeV to 1.5 TeV. Not only does this search improve on the
existing exclusion limits from[CMS] it also offers the first results on the exclusive coupling of

such new neutrinos to the T neutrino from any experiment at the Large Hadron Collider (CHC).

To provide context to the analyses and clarify any terms in the last paragraphs that might
be unfamiliar to the reader, this dissertation will open with a few words on the theoretical
framework. To this end, Chapter 2] will provide an introduction to the of particle physics
with a discussion on the open questions at the end. Chapter [3] will then go into extension
models to the that are relevant to the further chapters. All the work performed by the
author was done as part of the experiment and uses data, simulation and tools provided
by said collaboration. Chapter 4 will therefore cover the architecture of the detector
as well as the tools and framework used to reconstruct signatures and perform the analyses.
[CMS|Imembers are expected to participate in service work for the maintenance, upgrades and
operation of the detector. Chapter [5| will be dedicated to the contribution of the author to such
service work in the context of the trigger system and its preparation for the next years of
data-taking. We will finish with the two aforementioned analyses in Chapters [6|and[7} Finally,
in Chapter [§] we will take a look back, draw conclusions and use them to look towards the

future.

Contributions by the author

The author has made contributions to the tau trigger development and maintenance in a
search for electroweak production of electroweak superpartners and was the main analyser for
a search for heavy neutral leptons in multilepton final states. The personal contributions made
to these three projects are outlined at the end of Chapters[5] [6]and [7] Below an overview is
given of the publications directly contributed to by the author and the presentations given in
the scientific community. It should be noted that the paper for the search on heavy neutral

leptons is not yet published but is in the final stages of internal review.

Publications

* [7] CMS Collaboration, “Search for electroweak production of charginos and neu-
tralinos in proton-proton collisions at /s = 13 TeV”, JHEP 04 (2022) 147.

In preparation

* CMS Collaboration, “Search for heavy neutral leptons in decays with electrons, muons,

and hadronically decaying tau leptons in proton-proton collisions at /s = 13 TeV”
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Talks

e “Search for heavy neutral leptons in multilepton final states in full Run II data”, at
EXO Group Workshop 2020, 27-30 Oct 2020

» “Search for electroweak SUSY production in leptonic and hadronic final states with the
CMS experiment”, parallel at EPS-HEP 2021 conference, 2630 Jul 2021

* “Search for EWK SUSY production and HNLs at CMS”, at EOS equinox meeting, 9
Sep 2021

Through the work described in Chapter [5] the author has made contributions to the following
detector performance summary note:

* [8] CMS Collaboration, “Performance of tau lepton reconstruction at High Level
Trigger using 2022 data from the CMS experiment at CERN”, CDS, CMS-DP-2023-
024 (2023).



1. Introduction



The standard model

All our knowledge on the fundamental building blocks of the universe and their interactions —
with the exception of gravity, which currently can not fully be described as a quantum field
theory — is contained in the of particle physics. It describes the components that make
up all the visible matter in the universe, the messenger particles that allow interplay between
them and all their properties. When we start stripping this model down to its essence, we
see that it is a gauge theory that is described by a select number of symmetry groups [9].
Section [2.T| will first introduce what we mean by gauge theories and will attempt to establish
the structure of the at its core level.

The full theory and mechanisms behind the are extensive and complex, however. To
stay within the scope of the work performed by the author, the reader is referred to external
references for more details [[10-12]]. Instead, a phenomenological description of the particle
content and gauge interactions that roll out of this gauge theory is provided in Section[2.2] We
will go over all the particles contained in the and their properties as well as their interplay
with the fundamental forces and each other without deriving them from first principle.

Once all the players are on the board, a concise introduction to the theoretical aspects of the
is provided in Section [2.3]to give some context to later chapters. It is not meant to give a
full theoretical foundation of the complete [SM] but instead to give a better understanding to
the reader of topics relevant to the analyses discussed in the last two chapters. It will mainly

lead up to discuss the symmetry breaking in the that provides particles with their mass.

To finish the chapter, both points of view will be brought together to discuss some of the open
issues the [SMlis currently not able to explain in Section[2.4] Some of these open questions are
the driving factor behind the importance of the new physics searches and show the need for
experiments like [CMS]to explore the high-energy frontier in search of answers to them.

2.1 Symmetry in nature

The concept of symmetry, referring to invariance under transformations, is paramount to all

laws of nature [[13,|14]]. Not only does it introduce perceived beauty into our universe, it is

5



2. The standard model 6

also responsible for a plethora (if not all) of phenomena we observe. Maxwell’s equations
of electromagnetism follow from symmetry of the electromagnetic field. Einstein’s theory
of relativity is linked to the symmetry of space-time itself. Emmy Noether showed in 1918
that symmetry and conservation laws are closely linked [15]]. For every continuous symmetry,
there is a time-independent quantity that is conserved. This quantity is often referred to as a
charge. It can be shown that conservation of momentum is a direct result of the translational
symmetry of space. Similarly, energy conservation is linked to the translational symmetry of

time.

A symmetry is labelled as global when its transformations take effect in every point of
space. Performing a global rotation during an experiment means that both experiment and
observer perform the same rotation. Local symmetries or gauge symmetries on the other hand
are evaluated at a specific point in space. The [SM]is described by such a symmetry: the
invariance of fields under local transformations in certain symmetry groups dictates the laws

of fundamental particle physics.

A fundamental symmetry group can be assigned to each of the fundamental forces. While
rotational symmetry is easy to imagine, these symmetry groups are somewhat more abstract.
The strong force that keeps atomic nuclei together, for example, is described by the SU(3)
symmetry group. This is the special unitarity group of degree three, the fundamental represen-
tation of which are the 3 x3 unitary matrices with determinant one. Similarly, the weak force
governing nuclear beta decay is described by the SU(2) group and the electromagnetic force is
described by the U(1) group. Together these three form the group SU(3) x SU(2);, x U(1)y
that governs the gauge theory called the [1OH12].

2.2 A phenomenological description of the standard model

The quantum field theory called the describes all fundamental particles as a superposition
of quantum fields that are evaluated at every point in space-time. The physical particles that
we observe are then resonances of those fields that form real, local particles. All particles
in the can be split into two main groups depending on the value of an internal degree
of freedom of the particle called “spin”. It is a quantum number that will determine the
behaviour of the particle in a system. Particles with a half-integer value for their spin will
follow Fermi-Dirac statistics [[16]]. This means that the quantum states are distributed over a
Fermi-Dirac distribution of energy states where no two particles can occupy the same state.
This type of particle is appropriately called a fermion. Bosons on the other hand are particles
with integer values for their spin. They instead follow Bose-Einstein statistics and are not
limited to one particle per quantum state. An overview of all fermions and bosons in the

is given in Figure We will go into each of them in the subsections below.
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Standard Model of Elementary Particles
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Figure 2.1: Overview of the[SM]of particle physics [[17]].

2.2.1 Fundamental interactions and gauge bosons

Spin-1 bosons have a very close connection to the fundamental forces of nature. Their quantum
fields mediate the three fundamental forces of nature described by the[SME the electromagnetic
force, the weak force and the strong force. Every single one of these forces is linked to a
fundamental symmetry of nature and will interact with particles that contain a certain charge

linked to that symmetry.

In the case of the electromagnetic force, this property is the well-known electric charge of
particles. All particles that contain such a charge will feel each other’s presence and interact
accordingly. In the [SM] the aforementioned SU(2); X U(1)y symmetry group breaks down
to U(1) zas (see Section , which is responsible for the electromagnetic interaction. The
theory behind this interaction is also referred to as quantum electrodynamics (QED). The
gauge boson that mediates the electromagnetic force is the massless photon. Due to the

Abelian nature of the U(1) 5, group, it does not have an electric charge.

The strongest of the fundamental forces is appropriately called the strong interaction. It has
a relative strength that is a factor 137 higher than the electromagnetic force and takes effect
on all particles that contain a colour charge. While there is a single charge in there are
three charges in the case of colour charges: red, green and blu The theory behind the strong
interaction is called quantum chromodynamics and is described by the non-Abelian
group SU(3) . As such, 8 massless gauge bosons — called gluons — that interact with coloured

particles roll out of the theoretical invariance requirements of this group. All gluons contain a

"This naming framework is purely conventional and there is no link between the colour charge and what we

perceive as a colour linked to the wavelength of light.
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net colour charge themselves and are therefore allowed to self-couple to other gluons.

The fact that gluons contain a colour charge brings about an interesting concept called colour
confinement. When we take two electromagnetic particles and start to separate them, the
electric field between the particles will decrease as the field lines spread out. The opposite
thing happens for two particles with a colour charge. When we start to separate them, the
gluons will interact with each other and the field lines will not spread out. Instead, a tube
of constant energy density is formed between the two coloured particles as illustrated in
Figure[2.2] As the particles are separated, more and more energy needs to go into maintaining
this constant flux tube until at a certain point there is so much energy that new coloured
particles are produced to form pairs. This causes coloured particles to never exist in isolation

but to bundle together into colourless compound particles.

Figure 2.2: (a) Illustration of the self-interactions between the gluon fields between two quarks being
separated. Electric field lines (b) are spread out and disperse at higher separation while strong field
lines (c) form a tube of constant energy density [[11].

Similarly, there is a related concept called asymptotic freedom. The “constant” that determines
the strength of the coupling (called the coupling constant) does not remain constant but varies
with the energy scale. When a charged particle is at a certain point in space, there will be
unstable, short-lived particle-antiparticle pairs in the vacuum around it. For electromagnetic
interactions, the further away two particles are from each other, the more these pairs “hide”
the effective charge and the weaker the interaction becomes. The closer you get, the less
of these pairs obscure the effective charge and the stronger the interaction gets. This effect
is called “screening”. For the strong interaction, the effect is the opposite due to the colour
charge of gluons. The smaller the length scale (or equivalently the higher the energy scale),

the weaker the strong interaction gets.

The final force on the list of fundamental interactions is called the weak force with interactions
that are described by the non-Abelian SU(2);, group. This means that similarly to gluons, the
gauge bosons propagating the weak force are subject to self-interaction. The main difference
with gluons is that the weak gauge bosons are massiveEI

There are three gauge bosons that mediate the weak force. One of them is an electrically

neutral boson called the Z boson clocking in at a mass of 91.19 GeV and the other two are

>The weakness of the weak interaction actually stems not from a low coupling constant, which has a value of
31—0 [11]], but from the mass of its gauge bosons. The propagators describing these interactions in quantum field

theory are highly suppressed at low energies.
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electrically charged states of a W boson (W+ and W) with a mass of 80.38 GeV [18|. The
first mediates neutral current interactions where the total charge in the initial and final states
is electrically neutral. The charged W bosons allow for charged current interactions where
the charge from the initial state can be transferred to the final state. A fascinating observation
was made in 1956 by C.S. Wu and her collaborators when studying the radioactive decay
of Cobalt 60 [19]. While the strong and electromagnetic interactions are symmetric under
parity transformations (inverting the sign of the spatial coordinates), they noticed that parity is
violated in the charged current weak interactions. Similar observations were made by Stanford
Linear Accelerator Center in 1978 in the neutral current weak interactions [20]].

To understand what this means we need to introduce the concepts of helicity and chirality. The
first is defined as the relative alignment of the spin and momentum vectors of a particle. When
the two vectors are aligned in the same direction, particles are called right-handed while spin
and momentum vectors with opposite directions are referred to as left-handed. The chirality
of a field is an internal quantum mechanical property related to projection operators. We will
not go into the mathematical background here but it is important to know that in the massless
limit, chirality and helicity become identical. Because of this, the names left-handed and
right-handed are often adopted for chirality but it is important to remember that unlike helicity,
chirality is an internal property that can not be changed by switching to a different frame of
reference for massive particles. Parity conservation tells us that a force couples to left-handed
and right-handed particles in the same way. Interestingly the abovementioned experiments
found that the weak force violates this parity conservation and can distinguish between two
particles with different chirality. In fact, the weak interaction is an extreme case of parity
violation referred to as a V-A theory where there is no coupling at all between the weak force

and right-handed particles or left-handed antiparticles [21},22].

An honourable mention goes to the gravitational force, which is not included in the
While its effects are invaluable to our ability to not detach from the surface of our planet,
it can currently not be described as a quantum theory. This is not an issue for present-day
particle accelerator research as quantum gravity effects are expected to only become relevant
at the Planck energy scale of order (’)(1016 TeV). The highest energies reached at accelerators
are of the order of O(10TeV), a scale where gravitational effects are negligible.

Another elementary boson that was not yet touched upon in this section is the Brout-Englert-
Higgs (BEH) boson H. While the force-carrying bosons discussed before all have a spin of 1,
the H boson is a scalar (spin-0) boson. Its field is responsible for giving mass to elementary
particles through the mechanism of electroweak symmetry breaking (EWSBI). Any particle
that couples to the H field receives a mass because of it. We will divulge this mechanism in
Section

2.2.2 Fermions

The[SMlcurrently contains twelve spin—% fermions that can be divided into two main categories.
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Leptons

The six fermions without a colour charge are called the leptons. While they are all able to
interact weakly, only three of them have an electric charge that is one negative fundamental
charge unit in size. The lightest of these three is the world-renowned electron with a mass
of 0.51 MeV, responsible for the electric current powering the laptop I am currently working
on. The two other electrically charged leptons, namely the muon u and the tau lepton t are
identical to the electron in every way except for their mass. A muon has a mass of 105.65 MeV,
a little over 200 times larger than the electron mass, while the t lepton tops out at an astounding
mass of 1.78 GeV, making it the heaviest lepton [23]]. These three variations of nearly identical
particles are also called “generations” with the electron being the first generation, the muon
the second generation and the tau the third generation. A single generation is also referred to

as the flavour of the lepton (electron, muon or tau).

Every generation is linked to an electrically neutral lepton in an SU(2); pair: electron
neutrinos, muon neutrinos and tau neutrinos. Since these neutrinos do not have a colour charge
or an electric charge they can only interact through the weak interaction, making interactions
with neutrinos a rare occurrence. While their exact mass is still unknown, upper limits have
been set at the eV level [24]. This means they have an incredibly low mass when compared to
all other massive particles in the We will come back to this topic in Section[2.4.2] and
Chapter[3]

So far, we have described matter with their charge as we encounter them in our daily lives,
such as the negatively charged electron. However, quantum field theory also postulates
the existence of antiparticles that are the same as the matter described so far in every aspect
except for the sign of their charges. As such the negative electron has a positive “positron”
counterpart. When a particle and antiparticle come together, they annihilate into energy and
potentially different particle-antiparticle pairs.

A concept called lepton number conservation was brought into existence to explain the absence
of a few expected processes in experiments [|25,26]. For every lepton flavour, a lepton flavour
number is introduced with a value of 1 for leptons of the relevant family, -1 for antileptons of
the relevant flavour and O for all other particles. The electron number L, is for example 1 for
electrons and -1 for positrons. Originally, lepton number conservation postulated that the sum
of lepton numbers for each flavour separately should be conserved. A process where a particle
with electron number O decays to 2 electrons would not be allowed. Over time we have found
this number to only be approximately conserved as phenomena like neutrino oscillations (see
Section [3.2.2) break lepton flavour number conservation. However, as far as we know, the
total lepton number of all three families combined is a conserved quantity.

Quarks

The remaining six fermions that do have a colour charge are called the quarks. They follow

a similar generation structure as the leptons, with every generation containing a quark with
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positive electric charge ¢ = +% and a quark with negative electric charge ¢ = —%. The three
generations of quarks with positive electric charge are called up, charm and top quarks, which
will be referred to as up-type quarks from now on. The other three quarks are called the down,
strange, and bottom quarks and will similarly be referred to as down-type quarks. Similarly to

the leptonic case, the higher the generation, the higher the quark mass.

Due to the principle of colour confinement, quarks can not exist as solitary particles. They
are always bundled together into colourless combinations called hadrons. More specifically,
hadrons made up of a quark-antiquark pair are called mesons while bound states of three
quarks are called baryons. The most famous baryons are protons, consisting of two up quarks

and a down quark, and neutrons, made up of two down quarks and an up quark.

In a similar fashion to lepton number conservation, a conservation law regarding baryons
exists. A quantity called baryon number is defined as %(nq — ng) with n, the number of
quarks and n; the number of antiquarks in the bound state. The total baryon number sum in

each process should be conserved.

2.3 Some concepts from Quantum Field Theory

In classical mechanics, a particle on a trajectory can be described by a Lagrangian L. The
least action principle postulates that the trajectory that follows the classical equations of
motion is the one where the integral of this Lagrangian over time, also known as the action, is
minimized [27]). This concept can be expanded to a field theory where we no longer look at
the description of a particle at a specific point in time and space but of fields that have values
at every point in space-time. The Lagrangian is then replaced by a Lagrangian density £ and

the action is defined as

S = /d4x£. 2.1)

The least action principle once again dictates that minimization of this action results in the

field equations.

Quantum field theory marries the concepts of classical field theory, quantum mechanics and
relativity. The underlying physics is also described by a Lagrangian density defined in space-
time as a function of quantum fields and their derivatives. Following quantum mechanics,
quantum fields are now defined as operators in each point in space as opposed to physical
values. The technical details will not be covered here but in the spirit of quantum mechanics,
fields can be quantized into an infinite sum of annihilation and production operators. While
these fields are not physically measurable, particles come into existence as excitations of these
fields [[10,28]].
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2.3.1 The standard model

The of particle physics is also described by a Lagrangian density. This density contains
terms that describe free particles, interactions between particles and mass terms for the massive

particles and is defined as:

1
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The different fields in this Lagrangian density are defined as follows: G is the gluon field
of the strong force, W and B are the gauge fields of the SU(2); and U(1)y groups of
electroweak interactiorﬂ [ are the lepton fields with ey the right-handed charged leptons, g,
is the left-handed quark field while ug and dp, are the right-handed up- and down type quarks

respectively. Let’s take a moment to dissect this Lagrangian density line by line.

The first line shows the gauge terms for the strong SU(3). and the electroweak SU(2);, X
U(1)y theories. They mitigate the kinematics of the gauge fields and the self-coupling of the
electroweak bosons and gluons. The second line represents the scalar H field, more specifically
its kinematics and coupling to gauge bosons, its mass and its potential. The third line in turn
is responsible for the kinematics of the leptons and quarks as well as the interaction of these
particles to the gauge bosons. Both aspects are contained in the derivates ). For the term
Z{ilDl { for example this derivative is defined as
Y o’

dipt, = iv*]o, - ig15 B, + z‘gQEW[;] i 2.3)
where 7" are the gamma matrices, Y is the weak hypercharge and o are the three Pauli
matrices. The first term describes the free kinematics of the leptons while the second and third
term show coupling to the electroweak bosons (with g a coupling strength). Returning to the
Lagrangian density in equation [2.2] the fourth term describes the coupling of leptons to the
scalar H field and therefore the mass of these leptons. In a similar fashion, the last line shows
the coupling of quarks to the H field. The summation in the last three lines runs over all three

flavour generations.

*The W and B fields mix into the photons, W bosons and Z bosons of the electromagnetic and weak
interactions discussed in the last section through the mechanism of
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2.3.2 Spontaneous symmetry breaking

Gluons, weak bosons and photons are all directly linked to one of the fundamental forces of
nature but for the H boson, this is not the case. Why do we need this scalar boson in our model
then? To answer this question we once again have to look at the importance of symmetry in
physics. The fundamental interactions rising from the third line of the Lagrangian density in
equation [2.2] are a direct consequence of the requirement that the Lagrangian should not only
be globally invariant, but also locally invariant under gauge transformations at every point in
space-time. The problem with this is that we know that W and Z bosons have a mass and the
ad hoc inclusion of mass terms for these bosons to the Lagrangian would break local gauge

invariance, leaving us with a contradictory and broken theory.

We are faced with an issue that was shipped in together with the parity violation in the weak
sector. W bosons only interact with left-handed fermions (or right-handed anti-fermions) but
do not “see” their right-handed partners whatsoever. If we want our fermions to have a mass
however, we need a mass term for them in the Lagrangian of the form m1). One can also

write it out in the following form:

mapp = m(Urbg + L) (2.4)

which will break gauge invariance under weak gauge transformations. To solve this issue while
having masses for all the abovementioned particles, the concept of spontaneous symmetry
breaking comes in [[29-32].

Spontaneous symmetry breaking can be found in a plethora of systems such as ferromagnets
and superconductivity. To understand the core concept behind it, we can look at an example
of a marble being thrown in a bowl. The spherical symmetry of the bowl causes the ground
state of the marble to be in the centre of the bowl, where it will be stable and thus will settle
at the end of its trajectory. Imagine the centre of the bowl is now raised (like the bottom of
a wine bottle) as illustrated in Figure There is still a local extremum of the potential
energy in the very centre of the bowl but it will be a maximum, meaning it is unstable and the
smallest interaction will cause it to fall off. The ground state will now be settled at the ring
at the bottom. However, there no longer is just one ground state but a multitude of ground
states all set in that ring. Because one of these ground states has to be chosen, the symmetry
is spontaneously broken. In other words, spontaneous symmetry breaking occurs when the
ground state does not share the symmetry of the underlying physics. It is this exact idea that is
behind the H field and how it gives mass to most particles through the mechanism of

(@) (b)
e

Figure 2.3: Illustration of an unbroken (a) and spontaneously broken (b) symmetry [32].



2. The standard model 14

By adding a complex scalar SU(2) doublet field ¢ of the form

¢1 + iy

¢= ¢35+ iy

. (2.9)

this phenomenon can be introduced into the [SMl through the second term in[2.2] The potential
u2¢)T¢ — %)\(QZ)%)Q has such a collection of ground states when uz is negative. We can pick

one by defining the ground state as:

0 0
Pvac = [ 1 ] = [ ] : (2.6)
V2X v

This can be interpreted as ¢3 in equation 2.5 being a real scalar field that causes fluctuations
around v while ¢4, ¢, and ¢, are three “unphysical” fields (also called Goldstone bosons) that
bring one ground state to a different ground state. By setting these last three to zero (called
the unitary gauge) and inserting ¢, into the first term on the second line of the Lagrangian
density in equation [2.2] one can see mass terms for the weak bosons appear in the Lagrangian
density. Because the three Goldstone bosons disappear and three massive gauge bosons appear
along with a massive scalar boson, people also refer to this as the Goldstone bosons being

absorbed by the gauge bosons.

In order to also get mass terms for the fermions into the Lagrangian density, we have to look
at the interaction terms between the H field and the fermion fields. In equation [2.2]these are
shown on the fourth and fifth lines. Let us take a closer look and choose ¢ as an expansion
around the unitary gauge again: ¢ = [0 v+ h]T where h represents the real scalar field. The
fourth line of 2.2] becomes:

3
ﬁh,lep == Z ylf (Z£¢l{? + zé(z)Tl{)
f=1

- (. e ept+epl0 vt hl |
yl(( L) vt h R rl ]eL

] >+ muon and tau terms

= —yj (veéLeR + vEger )+ interaction terms + muon and tau terms

= —y; vée+ interaction terms + muon and tau terms , 2.7

which are the mass terms for the leptons in a gauge invariant setting. The mass of the fermions
is directly proportional to the coupling of the fermion to the H field, also referred to as the
Yukawa coupling. It can be seen that the H mechanism in itself does not generate masses for
the neutrinos. These can be added through other methods which will be discussed in the next

chapter. Similarly, the coupling terms for quarks to the H field determine the quark masses.
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2.3.3 Feynman diagrams

When we get into the realm of calculating probability amplitudes, decay rates or scattering
Cross section{'—] for interactions from the Lagrangian, the concept of perturbation theory kicks
in. These calculations break down into a sum of contributions ever-increasing in the power
(also called order) of a small-valued parameter, meaning that every higher-order term makes
increasingly smaller contributions to the value of the total sum. In our case, this parameter is

the coupling constant.

Every term in the perturbation theory can be associated with a set of Feynman diagrams. This
is a mathematical tool that allows us to visualize all contributions and to break them down into
components that can be digested more easily instead of simply having an “abstract” formula.

An example for a common production mode in proton-proton colliders, called Drell-Yan (DY)
productioﬂ is given in Figure

M (q+q = +0r) = + + + ...

Figure 2.4: Feynman diagrams representing [DY] production.

Time is represented on the horizontal axis. One can see that for every vertex that is added,
one goes higher in order. Besides being used for calculations in perturbation theory, Feynman
diagrams are also used to visually represent a certain process, as is done in chapters [6|and[7]

For this last purpose, we will always stick to the leading order (LO) diagrams for simplicity.

2.4 Limitations of the standard model

24.1 The Hierarchy Problem

in the[SMl predicts the existence of the scalar H boson and we have actually discovered
this boson in the and experiments at the in 2012. It truly was a great
discovery, but also one that left us with a question we do not quite understand. This has
everything to do with the mass of the scalar particle that was observed, which is settled at

*The cross section in particle physics terms is a measure of the probability that a specific process will take
place.
DY] production refers to the resonant production of dilepton pairs.
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125.25 GeV [23]]. When taking a look at the one-loop quantum corrections to the H boson
mass, they can be seen to add the following terms to the H boson mass squared due to a Dirac
fermion [33]]:

Y A 1
aMjy =Ny [ A%+ 6m3 log e 2m] + O(-5)- 2.8)

Here m is the mass of the fermion in the loop, Ny is the number of fermions with mass
my, Ay is the Yukawa coupling to the fermion and A is the so-called cut-off scale. This last
variable is the energy scale at which the [QFT|breaks down and new physics takes over. We
can set it for example at the Planck scale where quantum gravitational effects grow strong
((’)(1019 GeV)). From the quadratically divergent behaviour observed in equation one
would in that case expect the H boson mass to be very close to the Planck scale and not at
the value it is observed at. In principle one could get away with careful fine-tuning on a very

precise level, but this would be very unnatural.

2.4.2 Neutrino mass

It was concluded earlier that EWSBIdoes not generate masses for the neutrinos in the absence
of right-handed neutrinos. Observations of neutrino oscillations, which we will return to in
the next chapter when we discuss neutrino physics and related extensions to the show us
that at least two of the neutrinos in fact have to be massive particles. This means that we need
mass terms for these particles in the Lagrangian density. In principle it is possible to add such
gauge invariant mass terms by introducing right-handed Dirac neutrinos but they would be
directly proportional to the H vacuum expectation value v [34]]. Because there are upper limits
on the neutrino masses at the eV level [[35-37], this would pose a new uncomfortable situation
in the form of a hierarchy problem. Why is the neutrino mass so much lower than that of
all other massive [SM| particles? This question is one of the key motivations for the research
presented in this dissertation. One possible answer is to introduce additional heavy neutrinos
in the model, as will be explained in the next chapter. These additional heavy neutrinos will
be the main topic of the search in Chapter|[7]

2.4.3 Dark matter

Experiments in the fields of cosmology and astrophysics have observed a number of results
that point towards the existence of dark matter. This is matter that does not seem to interact
through the electromagnetic force and therefore can not be seen with light. One of these
observations is the velocity of rotation of spiral galaxies as a function of radial distance [38].
Most of the mass in these spiral galaxies is contained in the centre of the galaxy which would
lead one to expect that the rotation velocity will decrease with radial distance as per Kepler’s
second law. What is observed, however, is that the velocity remains stagnant as can be seen in
Figure This could be explained by the existence of a dark matter halo around the galactic

centre.

There is a wide range of other results to back up the existence of dark matter such as
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Figure 2.5: Observed rotation curve of the M33 galaxy versus the curve expected without dark
matter [38]].

fluctuations in the cosmic microwave background and structure formation after the Big
Bang [39.{40]]. While there is an argument for a modified theory of relativity to explain some
of these observations, there are other observations that are much harder to explain by such a
modified theory, one of which is the Bullet Cluster [41]]. This is a cluster that is being formed
from the collision of two predecessor clusters. X-ray images show that the visible matter is
not in the same location as the bulk of the mass observed through gravitational lensing. It can
be seen in Figure [2.6]that the visible mass lags behind the bulk of the mass, which can easily
be explained by dark matter but is not as straightforward with modified relativity theories.

56
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Figure 2.6: X-ray images of the bullet cluster. The green contours show the mass distribution obtained

through gravitational lensing observations [41]].

As it stands, the does not offer a candidate for dark matter. Most particles in the are
electrically charged and are thus immediately disregarded in this context. The only stable,
electrically neutral particles that are contained in the are the neutrinos. Here we run into a

cosmological wall however. As neutrinos are created ultra-relativistically at the earlier stages
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of the universe on account of having a low mass, they do not allow for the structure formation
we observe nowadays [42]. The neutrinos would simply stream freely. Therefore, if dark
matter is a type of particle, it must be one that we currently do not have included in our [SM]

2.4.4 Matter-antimatter asymmetry

Taking a look at the overview of the content immediately raises one question. Where
is all the antimatter? In our daily lives, we mostly encounter matter but from cosmological
models, one would expect them to be created in equal amounts just after the Big Bang [43]/44]].
Experiments like the Alpha Magnetic Spectrometer detector are looking for signatures
of antimatter stars by looking for the presence of anti-helium but so far nothing has turned
up [45]]. There are mechanisms in the [SM]that allow for so-called CP violation [46] — meaning
charge-parity symmetry violation — to end up with slightly more matter than antimatter but it
is far from sufficient to explain the large difference we observe in the universe. To explain
the matter-antimatter asymmetry question at the level of differences we observe, additional
sources of CP violation that are currently not part of the should be included.



Extending the standard model

It is clear from the last chapter that the has not yet reached its final form. Many open
questions have either an unsatisfying solution in the or no solution at all. In order to
address these questions, physicists have constructed numerous models that expand or adapt
the Two of them form the subject of searches described in later chapters where the goal
was to either discover the presence of new particles predicted by the models or exclude them

as best as we can. We will take some time to highlight them in this chapter.

We will start with an overview of (331[47,/48] in Section followed by a description
of the specific type of model that is relevant to the search in Chapter [6] Because it can offer
an explanation to a wide range of questions like the hierarchy problem and the origin of dark
matter, SUSYlhas grown into a popular theory among particle physicists. The first of these,
the hierarchy problem, will be used to introduce the concept of in Section|3.1.1

Section [3.2] will then move on to delve into extensions of the in the neutrino sector. The
first subsection expands on the issues in this sector that were touched upon in the last chapter.
This will be followed by an introduction to the seesaw mechanism along with the necessary
theory and models to prepare us for the search for heavy neutral leptons in Chapter[7} Finally,

an overview of the current state-of-the-art of such searches is given to close out the chapter.

3.1 Supersymmetry

3.1.1 Solving the hierarchy problem

Equation [2.8| showed us that the contribution of the one-loop corrections due to fermions to the
H boson mass squared is quadratically divergent. We can do the same exercise for one-loop

corrections due to a scalar particle. This correction takes the following form [33|:

A A
™

ANg o A 1
— v | =142log— | +0(—), (3.1)
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where this time mg is the mass of the scalar, Ng is the number of scalars with mass mg,

Ag is the coupling between the H boson and the scalar and v is the vacuum expectation

19
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value of the H field. This correction has a familiar shape to that of the fermionic one-loop
corrections. In fact, if one assumes Ng = 2N and )\? =—)Ag = 2mfc / v, the fermion and
scalar contributions to the H boson mass become:

Y A m 1
AME = Nfﬁ [(mfc — m%)log s +3mj log mi] + O(P) (3.2)

and the quadratic divergence is gone. There is still a logarithmic divergence present in
equation 3.2/ but when mg = my, even that divergence disappears. This means that when the

following conditions are met:

1. The number of scalars with mass mg is twice the amount of number of fermions with

mass ’I’)’Lf

2. The bosonic and fermionic couplings are related in a scale-invariant way

the quadratic divergences disappear. This can be achieved by a symmetry that links bosons
and fermions as well as their couplings. The idea of cancellation of quadratic divergences can
be also propagated to the other particles in the [SM]such as the W and Z bosons by introducing

fermions with couplings to the H boson that are linked to those of the weak bosons.

A glance at the content shows that the two conditions above are not met within the
Therefore we would have to introduce a new symmetry that brings along additional fermions
for every boson and vice versa. This is exactly what[SUSYldoes. Ideally, these extra fermions
and bosons would have the same mass as their[SM] counterparts. From experiments, however,
we know that this is not the case or we would have already observed these particles. That
means that would need to be softly broken, a concept we will return to later on. In
order to avoid another hierarchy problem with the logarithmically divergent terms, the masses

of these new particles are expected to be below the order of 1 TeV.

3.1.2 Supersymmetry and soft breaking

The idea behind supersymmetry is to have a symmetry that relates bosons and fermions. [SUSY]
generators Q transform one into the other:

Q |fermion) = |boson) , Q |boson) = |fermion) . (3.3)

The[SMlparticles and their superpartners (sparticles) can be combined into superfield multiplets
that contain equal fermionic and bosonic degrees of freedom. There are many candidate
symmetry groups which with one can construct a supersymmetric model but as discussed in
the last section they all should be broken at the energy scale of the electroweak theory. As the
masses of the new sparticles can not be too high, since that would introduce a new fine-tuning
problem, we call this soft breaking of

Up to now, no fully satisfactory solution has been found to fundamentally break [SUSY]
Instead, it is often chosen to work with effective field supersymmetric theories where the
breaking terms are added to the Lagrangian density by hand [49,/50]. The concept
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behind an effective field theory is that the actual breaking mechanism happens in a “hidden”
sector that is at an energy scale higher than the soft scale, which is potentially out
of reach in this day and age. This would be a sort of black box that causes the effects that
warrant the existence of the breaking terms in the Lagrangian density at the electroweak energy
level. The same idea can be translated to e.g. nuclear physics, which can be interpreted as an
effective theory of the interactions at lower energies. One example of such an effective
theory that we will go into in the next subsection is called the Minimal Supersymmetric
Standard Model (MSSM) [51]).

3.1.3 Minimal Supersymmetric Standard Model

The is an effective supersymmetric model that aims to introduce with the
least number of additions to the The number of generators Q in the is one. An
overview of the particle and gauge content is provided below.

Matter content

As the changes to the are kept minimal, the contains the same three generations
of quarks and leptons, which are all supplemented with spin-0 supersymmetric partners. As
all fermions come in left-handed and right-handed chirality — except for the neutrinos —, left-
and right-handed superpartners have to be added to maintain the same number of degrees of
freedom. Notice, however, that since these sparticles are scalar and thus have no spin, the
naming left- and right-handed have nothing to do with their chirality. Instead, it simply refers
to the chirality of their [SM] superpartner. The according superfields Q, Ur, Dy, L, E, are
made up of the left- and right-handed [SMl fields along with their superpartners. An overview
of these superfields and their matter content is shown in Table [3.1]

Table 3.1: The superfields of the MSSM] corresponding to the [SMl fermion content. Each row shows a

different superfield and its contents.

Names ‘ spin-0 ‘ spin-%

squarks, quarks | Q | (up, d ) | (up dp)
(x 3 families) | Up Up UgR
Dy | dg dr

sleptons, leptons | L (v er) (ver)

(x 3 families) | Eg €R eRr

Gauge and Higgs content

All spin-1 gauge bosons in the are supplemented by a fermionic spin—% superpartner in
the These superpartners are referred to as gauginos. The eight gluons have eight
superpartners called gluinos (g) while the electroweak sector receives four extra fermions. In
the sector, it is important to note that in order to be able to give mass to both up-type
and down-type quarks in the MSSM] and to avoid chiral anomalies, a second [BEH] doublet
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H, with opposite weak hypercharge to the already described BEH| doublet H; needs to be
introduced [33]]. This means that after there are five particles: two neutral
bosons h and H, a pseudoscalar A boson and two charged H * bosons. The two original
doublets each have two fermionic higgsino superpartners, one of which is electrically neutral

and one of which is electrically charged.

These four superpartners of BEHI sector will mix with the electroweak superpartners to form
mass eigenstates. As such we end up with four neutral fermions called neutralinos )Z? and four
electrically charged fermions called charginos )2?[ , two with a positive charge and two with a
negative charge. The subscript 7 ranks charginos and neutralinos according to their mass. A
chargino with subscript 1 will have lower mass than a chargino with subscript 2. An overview
of the charginos and neutralinos in the is given in Table[3.2] Chapter [6|describes a
search for the production of the lightest charginos and neutralinos in the detector.

Table 3.2: Superpartners of the SM]boson sector.

Superpartner names ‘ [SMlboson ‘ spin—% superpartner

gluino g g
£ 0 ~0 -0 =0
W=, Z,h X1> X25 X3 X4
+ - ~ —— =

H’ A’H XT’X;’ Xl’X2

chargino, neutralino

3.1.4 R-parity

One aspect of that was not touched upon so far is conservation of lepton and baryon
numbers. In the these numbers are not necessarily conserved. This has a rather
problematic consequence for the stability of the protons, which now have the option to decay
through the process p — et 4 [48]. Experimental evidence shows that protons are stable

particles with lifetimes way beyond the lifetime of the universe [23]], however.

A solution to maintain the stability of the proton in supersymmetric models is to introduce a
new conservation law in the form of a new multiplicative quantum number called R-parity. It

is defined as:

PR _ (_1)23+3B+L ’ (34)

where s is the spin of the particle, B is the baryon number of the particle and L is the lepton
number of the particle. Particles contained in the will have R-parity number +1 while their
supersymmetric partners will have R-parity number -1. The product of this number for all
particles in a process should be conserved, which has the important implication that a sparticle
can not decay to a fully final state as it is impossible to get -1 from the multiplication of
+1*n. Likewise, sparticles can only be produced from [SMl particles in pairs.

Conservation of R-parity actually supplies us with a great opportunity to define dark matter.
Since the lightest sparticle will be massive and stable, it is the perfect candidate for this elusive

matter type if it is not charged.
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3.1.5 Supersymmetry at the LHC

The [LHC experiments have a very broad programme for searches of signatures that
aim to scan a large range of possible configurations. We will take a moment now to
look a bit more closely at this landscape here. It should be noted that due to the very high
number of free parameters in the models, it would be nearly impossible to perform a
search and interpretation where all of the parameters are kept free. Instead one often makes
use of simplified benchmark [SUSY|models that describe a subset of predicted sparticles, their
production and their decay based on phenomenology [52-54].

The main production processes for squarks, gluinos, sleptons and gauginos at hadron colliders
are shown in Table[3.3] It can be seen that there are two main types of sparticle production at
hadron colliders, namely strong production and electroweak production. The cross sections

for both types at the[LHC|are shown in Figure[3.1] as a function of sparticle mass.

. pp, VS =13 TeV, NLO+NLL - NNLOapprox+NNLL
10

102

100 A

1072 A

cross section [pb]

10—4 4

1076

250 500 750 1000 1250 1500 1750 2000
particle mass [GeV]

Figure 3.1: Production cross sections for different superpartner pairs in simplified MSSM topolo-
gies [56].

Table 3.3: Main production channels for sparticles in hadron colliders [|55].

Interaction Process

9q = X X, XXy ud = XXy du = YKy
qq = L1, v ud > 1,v, du—1.v
gg — 22,49,q;
gq — gq;
qq — 22,99
qq — £¢£,4,9;

Electroweak

Strong
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Squark and gluino production occurs through the strong interaction process between quark
and/or gluons. As expected, the production cross sections for these interactions are also the
highest at the This makes the strongly produced SUSY]processes exquisite probes to
perform searches for[SUSY] at the LHC|experiments. The exact decay channels of the squarks
and gluinos will highly depend on the model parameters and sparticle masses. So far no
sign of in these production modes has been observed in any of the experiments.
Instead, exclusion limits on the masses of these hypothetical sparticles have been derived.

The latest summary plot from[CMS] on gluino pair production is shown in Figure It shows
searches in multiple decay modes to quarks and the lightest supersymmetric particle (LSP)
that exclude gluino masses around 2 TeV. [ATLAS| has performed similar searches and places
exclusion limits on gluino masses up to 2 TeV as well [57]. A similar summary plot from [CMS]
on squark pair production can be found in Figure It shows searches for scalar stop pair
or b squark pair production in various decay channels that provide exclusion limits on their
masses up to 1.25 TeV. Searches for light squark production show exclusion limits on their
mass up to 1.75 TeV. Results from[ATLAS]|on the same production channels show comparable
limits [57].

The fact that these excluded masses already go well into the TeV range can have multiple
implications. The mass of the colour sparticles might be too high to detect at the or the
mass spectrum could be too compressed - i.e. the masses of the produced sparticles are very
close to one another - and the final state particles are very low in energy. In that case, it might
be more advantageous to probe electroweak production channels. While their processes
have lower cross sections, their models are generally less constrained. The latest summary plot
of the latest[CMSlresults, which was produced in 2021, can be found in Figure [3.4]and shows
exclusion limits on the mass of charginos and neutralinos in simplified MSSM|up to 1.3 TeV
and on the mass of sleptons up to 700 GeV. The search in Chapter [6] falls in the category
of electroweak sparticle production and targets general chargino-neutralino production in
multilepton final states at[CMS]

Lastly, it should be mentioned that while we focussed on MSSMHtype simplified models, both
and [CMS] perform searches for different models and exotic signatures. As they fall
outside the scope of this thesis, they will not be discussed here and the interested reader is
referred to the public results pages of both experiments[lﬁ

1https://cms—results.web.cern.ch/cms—results/public—results/
publications/SUS/index.html

‘https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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Figure 3.2: Latest summary plot from [CMS|showing the mass reach of Run II CMS [SUSY]results for
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Figure 3.3: Latest summary plot from [CMS|showing the mass reach of Run II CMS [SUSY]results for
processes with squark pair production [@]

3.2 Neutrino Physics

3.2.1 Introduction

In Chapter [2] the smallness of the neutrino masses was listed as one of the open questions
of the This leaves one to wonder why it has to be a problem, can neutrinos not just be
massless particles? The answer to this by experimental observations in the form of neutrino
oscillations is a resounding no. In the next subsection, we will go over the concept of neutrino

oscillations and why it means that at least two of the neutrinos must have a nonzero mass
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Figure 3.4: Latest summary plot from [CMS] showing the mass reach of Run I CMS results for
electroweak production processes [58].

as well as the experimental observation of this phenomenon. Afterwards, we will explore
different hypothetical mechanisms to give neutrinos their small mass values and set them up

in light of the search for new physics in the neutrino sector in Chapter |7}

3.2.2 Neutrino Oscillations

Neutrinos have been defined in their flavour base up to now. Electron, muon and tau neutrinos
are flavour eigenstates corresponding to the flavour of their charged lepton counterpart. There
is no reason however that the flavour eigenstates have to correspond to the mass eigenstates
that have a definite mass. In fact, one can define a mixing matrix that can be used to translate

the flavour eigenstates into superpositions of the mass eigenstates and vice versa.

Things get interesting when we start propagating these superpositions through space. Imagine
an electron neutrino is produced at a certain source. As this neutrino propagates, the different
masses of the different mass eigenstates will cause them to propagate with a different phase.
This difference in phase causes the neutrino to no longer be the superposition of mass
eigenstates that defines an electron neutrino but could be a superposition of different flavour
eigenstates. An electron neutrino that propagates through space could very well be measured
at a different point on its trajectory as a muon neutrino! In the case of two flavours the

probability of measuring a different flavour neutrino is given by:

L
P = sin® 20 sin” (1.27Am2E> : (3.5)

where L is the distance travelled between the source and the detector expressed in km while £
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is the energy of the neutrino in GeV. The mixing angle, denoted by 6, defines the amplitude
of the neutrino oscillations. If it is O or 7, it would mean there is no oscillation between the
two involved states. Am? = m% — m? in turn is the squared mass difference between the two
mass eigenstates and it is exactly this dependency that forces us to the conclusion that at least
two neutrinos must have mass. If two of the three neutrinos are massless, their squared mass

difference would be zero and there would be no oscillation between the two states.

3.2.3 Dirac, Majorana and Weyl fermions

There are three types of fermions that could hypothetically exist, namely Dirac fermions, Weyl

fermions and Majorana fermions [59].

Lets us start with the Dirac fermions, as all charged fields in equation are of such type.
They obey the well-known Dirac equation [[11]]:

(in"0, —m)¥ =0, (3.6)

where U is the Dirac field, which is described by four-component Dirac spinors carrying four
degrees of freedom. Depending on the representation one is working in, these components are
open for interpretation. There is for example the chiral representation of these spinors that
provide a description in terms of chirality. In the popular Dirac representation [[60], the four
components describe particle-antiparticle in spin-up and spin-down states. Important to note
is that Dirac fermions have a clear distinction between particles and antiparticles. They are

different objects with opposite charges and identical masses.

When fermions are massless, they can be described by the simpler Weyl equation [59]:

V9, =0. (3.7)

This time the solutions can be described by two-component spinors or so-called Weyl spinors.
As the mass of Weyl fermions is zero, it is not possible to boost into a frame where the helicity
changes sign. The helicity is therefore unambiguously positive or negative and equals the
chirality of the fermion; they are either left-handed or right-handed. It is possible to construct

Dirac fermions from two Weyl spinors: one left-handed and one right-handed spinor.

Lastly, we come to the Majorana fermions. They are a construct by Ettore Majorana to see
if neutrino mass terms could be written down without the need for right-handed neutrinos [61]].
He succeeded in finding these terms by defining a type of fermion where the particle is its
own antiparticle. The implication of this is that Majorana fermions need to have zero charges.
As most fermions in the have some type of gauge charge, this means only neutrinos
are potential candidates to be Majorana fermions after This type of fermion is
characterized by a four-component spinor where only two components are independent as the
fermion and anti-fermion components are equivalent. While Majorana and Weyl spinors are
not equivalent, it is possible to build a four-component Majorana spinor from a two-component

Weyl spinor. Notice that since Dirac fermions can be built from two Weyl fermions, they can
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also be built from two degenerate — i.e. having the same mass — Majorana fermions. A Dirac

fermion is thus equivalent to two degenerate Majorana fermions [[62]].

3.2.4 Massive neutrinos

Of the two types described in the last subsection, neutrinos could theoretically be either
Majorana or Dirac fermions. This means that additional neutrinos can get their mass from
either Dirac mass terms, Majorana mass terms or both. Let us take a closer look at the
implications of both types [[62].

Dirac mass terms are defined by the existence of a left-handed and right-handed particle and

are of the form:

mapp = m(Pbg + Ypir) - (3.8)

It can be interpreted as the coupling of the process where a left-handed particle is created and
a right-handed particle is destroyed and vice versa. They are the type of mass terms that were
discussed in Chapter [2| when dealing with spontaneous symmetry breaking. Section [2.4.2
showed that the absence of right-handed neutrinos causes the BEH mechanism to not generate
neutrino masses. One can, however, manually add a set of three right-handed neutrinos to the
[SMI that are singlets under every gauge group to re-introduce such mass terms. Taking another

look at the Lagrangian density with these added right-handed neutrinos shows us:

3
[’Ellrac _ Z ylff z]]j(bV}J; + h.c. (3.9
£F=1

for which the relevant neutrino mass terms after symmetry breaking are

3

. ,U ! !

Lo = VG Z oyl vk + e, (3.10)
L=t

/
so that the neutrino masses after diagonalization of ylf 7 are

v
m, = ﬁylf . (3.11)

With v being the BEH vacuum expectation value, this means that the smallness of the neutrino
masses would have to be explained by the Yukawa coupling ylf , which raises the question of
why it is so much smaller than that of the coupling of other fermions to the H boson. Thus a

new hierarchy problem is born.

Since neutrinos carry zero electric charge, it is not necessary for right-handed neutrinos to
exist in order to define Majorana mass terms, as Ettore Majorana showed. One could look
towards the charge-conjugated left-handed field to build a mass term from purely left-handed

fields. The charge conjugation operation is defined as the operation that inverts all charges of



3. Extending the standard model 29

a particle, turning it into its antiparticle. Majorana mass terms can then be written down as

follows:

3
L Majorana _ —% > m, vy + hec. . (3.12)
f=1

While we will not go into detail here, it can be shown that it can be obtained from a mass term
before symmetry breaking that is a dimension 5-point interaction between the neutrino and
the H field. The mass m,, will then be of the form av® where « is inversely proportional to a
new physics scale [63]]. In contrast to the Dirac fermions, this proportionality does naturally
explain the large difference in neutrino mass and the mass of all other particles. A major issue
here is that this term will break SU(2); X U(1)y- symmetry, an issue that can be resolved by
adding heavy right-handed neutrinos as will be discussed in the next section.

Before moving to this discussion, let us close the subsection with two final observations on
Majorana mass terms. Firstly, the mass term can be interpreted as the process that creates
two neutrinos and will thus break lepton number conservation. Secondly, it is important
to note that because Dirac neutrinos can be written as a combination of two degenerate
Majorana neutrinos, it is possible for Dirac neutrinos to have two Majorana mass terms:
one left-handed Majorana neutrino and one right-handed Majorana neutrino. Similarly, two

degenerate Majorana neutrinos can be described by a Dirac mass term.

3.2.5 The Seesaw Mechanism

To solve the electroweak symmetry violation issue from the last subsection, one needs to
introduce new, heavy particles. One way to achieve this is through the so-called seesaw
mechanism. There are commonly three types of seesaw models. The first, appropriately called
the Type-I seesaw mechanism, introduces heavy, right-handed singlet neutrinos, also referred
to as heavy neutral leptons (HNLk), into the model. It is the mechanism of interest for the
search in Chapter [7]and will be the focus of the next sections. A second type, called Type-II,
adds a scalar triplet to the model, which extends the sector of the [164,/65]]. One of
the new H bosons is doubly charged, which can decay to same-sign decay products that create
an interesting signature in collider experiments [66-68]]. A third type of seesaw mechanism,
called type-III, adds an additional fermion triplet to the [[69]]. This expresses itself as the
addition of two charged leptons and a neutral lepton to the model, which can be looked for
in collider searches [70]. We will not discuss these last two seesaw models any further here
and instead turn our attention to the Type-I seesaw model. Let us start by writing down the

possible mass terms we can have after introducing singlet neutrinos [71]].

We could have a Majorana mass term for the left-handed neutrino:

1 _
L’fL = —§m£Luzl/L + h.c. (3.13)

LL

But in order not to violate electroweak symmetry, m,,~ should be equal to 0. Similarly, we
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can have a Majorana mass term for the right-handed neutrino:

1
cht — —§m5RDRl/fg + hec. (3.14)

Since these right-handed neutrinos are sterile, meaning they are neutral with respect to all
SMI| gauge interactions, this mass term does not cause any issues and the mass ml},m does not
have to be zero. Finally, we can also add the Dirac mass terms for the left- and right-handed

neutrinos as well as the charge conjugates:

LER = —mPoav, — mPUivs + hee. (3.15)

where mVD is the Dirac mass, which has to be equal for both terms. Combining all three mass

terms gives us:

1 - ¢ 1 Rr

_ D D =
= =5y VLV = gm, UpVE —m,, Upvy — m,, ViVg + h.c. (3.16)
D
c — 0 my, vy,
=—(z vrR)| p 1 Rr c | The
v 5M,y, VR

This matrix can be transformed into a diagonal one in order to find the physical neutrino
eigenstates and their masses. The calculations will not be performed here but we quote the

final conclusions.

Diagonalisation of the mass matrix ends up in two eigenstates vy and v, that are linear

combinations of v;, and v§. Their mass eigenvalues are:

1
Mg = 5(mf + 1/ (mB)? + 4m%) : (3.17)

If one makes the assumption that mf > mp, one can see that the two mass eigenvalues
become m; = @ and my, =~ mf . The second mass eigenvalue becomes equal to the
large vr mass wnﬁiule the first mass eigenvalue is inversely proportional to the mass of the
right-handed neutrino. The Type-I seesaw mechanism therefore offers a natural solution to the

small neutrino masses. This mechanism can further be extended to multiple neutrinos.

Without deriving their exact form, we will just pose that the neutrinos in the flavour base are
a linear sum of mass eigenstates. The coupling between the flavour neutrinos and the heavy
mass eigenstates that follow from the previous assumption of fmf >> mp can be expressed
in terms of a coupling matrix V;, . The coupling strength, meaning how large the contribution
of the heavy neutrinos to the flavour eigenstates is and thus how likely it is to create
in experiments, turns out to have the proportionality |V} N\2 ~ ™D for a single generation.
This means that while the Type-I seesaw offers a natural solution 1;2; small neutrino masses, it
also comes with large mass values for the states and thus small coupling to the flavour

eigenstates, which makes it hard to observe these in experiments.
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To conclude, note what happens when we set mfR to zero. The two eigenstate masses both
degenerate into the Dirac mass m p (with opposite CP phase) and we end up in the scenario of

Dirac neutrino masses.

3.2.6 Low-scale models

There exist extensions to the Seesaw model that try to overcome the low mixing and the need
for [HNIk with untouchably high mass. They find a way to place the mass of the [HNIk at
TeV level or below so that they can be produced in particle colliders and are appropriately
dubbed low-scale seesaw models. One example of such models is known as the inverse seesaw
model [72]].

It starts from the assumption that there is not one type of singlet neutrino but two types per
generation, one of which is the familiar right-handed neutrino v alongside a second type X .

The mass matrix for a base of (v;, vf X) then becomes

0 mp 0
0 Mpr px

The diagonal terms are once again the terms that are responsible for lepton number violation
while the others conserve this number. If one makes the assumption that the lepton violating
contributions are very small and that p1p, ux << mp < Mp, one finds mass eigenvalues for

the light masses after diagonalization of

My ~ MhMppx' MgMp, . (3.19)

We observe here that the smallness of the neutrino mass no longer stems from a large heavy
neutrino mass as in the regular type-I model but from the smallness of lepton number violation
in the model. If the lepton number violation is small enough, it is very well possible to have

heavy neutrino masses of TeV level or below.

3.2.7 State-of-the-art constraints

The playing field for searches or constraints on[HNL is extensive. Depending on the model,
masses could range from eV to Grand Unified Theory (GUT)) energy scales [73] that
are many orders of magnitude larger than we can reach with present-day particle accelerators.
While no sign of [HNIk was found yet, a plethora of observations provide constraints in
the relevant parameter space. Although the is sterile and can not have direct gauge
interactions, these observations can rely on their mixing with [SMlneutrinos. An overview of

the experimental and theoretical constraints is compiled below based on references [[74}75]].

Limits on [HNLk are typically expressed as a function of the mass of the right-handed neutrino
and the coupling squared |V} N\2. The latest such results in both the experimental and theoreti-

cal landscape are shown in Figure In these plots, all filled-in areas are experimentally or
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theoretically excluded parameter space while all lines are projections of expected results in

the next 10 to 30 years.

The plots start at[HNL] masses of 100 MeV. Below this mass, there are a few considerations
and observations that rule out the existence of [HNLk. For masses below 1 eV, neutrino
oscillation data are the source of exclusion. If[HNIk existed at those masses, they would
have a larger impact on the neutrino oscillations. Meanwhile in the range of 10 eV to 1 MeV,
important constraints on the coupling between electron neutrinos and an come from
neutrinoless double beta decay [76,/77]. This last type of search is not limited to the quoted
range but can provide constraints beyond the TeV mass scale.

The neutrino mass range of 1 MeV to 1 GeV opens up to peak searches for leptonic decays
of mesons. When charged mesons decay to a charged lepton and a neutrino, processes where
the neutrino is the [HNI]add a monochromatic peak to the energy spectrum of the charged
lepton in the decay when observed in the meson rest frame. This idea can be extended up
to the use of heavier charged baryons, as done by Belle in 2012 [78]], where they looked at
B — X/¢N the HNLIN decaying through N — ¢zn. Future B-factories have the potential to

also place stringent constraints on the coupling |V 2, which is currently less-probed than its

lighter lepton variants, by producing large amounts of hadronic tau decay events where the tau
neutrino mixes with an [79].

A lot of results in the same mass region of up to 1 GeV also stem from beam dump experi-
ments. As the name suggests, these experiments dump the beam into material that absorbs
all particles from interactions except for neutrinos. Because of their mass, heavy neutrinos
will decay and a detector placed at a distance behind the dumping point can measure its
decay products. Examples of such beam dump experiments are PS191 [80], NuTeV [81] and
CHARM [82-84]]. The DUNE experiment [85]] (labelled LBNE in Figure , estimated to
be online in the near future, will provide near-detector observations at a length of 30 m of
neutrinos produced in charm decays. It has the potential to probe much lower values of the

coupling in this mass range than our current observations.

A third type of searches that probe the mass range up to O(GeV) consists of searches for
lepton number violating decays in mesons where a meson X decays to X — /¢ £ N and the
neutrino of Majorana nature further decays to N — £ iX; . LHCb has performed such a
search in the channel B~ — "~ [86]. The resulting limit is shown in the middle plot of

Figure

The two previously mentioned types of searches have the disadvantage over the peak searches
in the sense that they require the to decay. This means that its decay and its resulting
decay products need to be found within the detector volume, which ends up in a suppression
of the number of signal events. Experiments like the SHiP [87] will be able to overcome this
challenge by highly increasing the flux of incoming hadrons. SHiP will do this by placing a
beam-dump facility at the Super Proton Synchrotron (SPS) ring at[CERN] that will receive a
high-intensity proton beam. It will probe decay distances of the order O(50m). Figure
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shows two projections for this experiment. This is because the production fraction of B,
which contributes to the [HNLI production channels, is not measured at the SHiP centre-of-mass
energy and is treated as unknown. Two assumptions are made for this cross section: one
according to the and one without B, decay [88]].

Two other experiments popping up in Figure [3.5] are called FASER [89}/90] and MATH-
USLA200 [91]]. Both of them are (or will be) [CERNFbased experiments. The first of these
two, FASER, is an experiment that capitalizes on the loss of particles along the beam direction
due to the lack of detectors in the very forward direction at the interaction point.
By placing a forward detector down the tunnel it can catch forward leptons from light and
weakly interacting particles. At the time of writing this section, Run III has just commenced
at CERN and the FASER experiment has started taking its first data [92]]. While the Run III
data will not be enough to be competitive with other sterile neutrino experiments that probe
light lepton neutrino coupling, FASER?2 [93]], expected to start running at the end of 2027,
has the potential to improve on the current limits in the mass region up to a few GeV. It will
probably be one of the first experiments to follow DELPHI in probing tau neutrino coupling
for this mass region. The second experiment, MATHUSLA is an experiment planned for 2025
that places detectors above ground over an interaction point at[CERNL It has the potential to
provide great improvements to the current limits for light lepton neutrino coupling.

Most of the exclusion results from outside the LHCltend to focus on[HNL] masses below 1 GeV
where the [HNLE are long-lived. The lifetime of an[HNLIis proportional to both its mass and
its coupling in the following way: Ty o mKISV[NQ [94]]. This typically means that for those
searches the will travel for a while before decaying. When we start going up to
masses of 20 GeV and above, we can start to see that for a large range of mixing parameter
values, the mass is high enough for the HNL]to have such a short lifetime that it does not get
the opportunity to travel and it will decay immediately where it was produced. This is often

called prompt decay.

When going to these higher mass ranges above O(GeV), one of the biggest results so far
stems from the DELPHI collaboration at the Large Electron-Positron Collider (LEP) [95]].
Their limits between 1 GeV and 80 GeV masses were obtained by analyzing Z decay events.
They performed four different searches: 2 for short-lived [HNIE and 2 for long-lived [HNLE.
From these searches limits on the process Z — v N were obtained as shown in Figure[3.5] To

this day, the results from DELPHI still provide very competitive results in this mass region.

Last but not least there are the direct collider results from experiments like and
These analyses look for signs of on-shell HNLk with masses of the order of the electroweak
scale that are directly produced at colliders. The mass range studied by both experiments
varies from a few GeV to about 20 TeV. For the lowest masses up to 20 GeV, both
and [CMS] have published results using displaced signatures to target[HNL]signals with non-
negligible lifetime. One of these looks at[DYHike [HNL] production in final states with three
leptons of which two show displaced signatures [96,97]. The result places stringent

limits on models with exclusive coupling between the and the light-flavour neutrinos
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while the experiment produced exclusion limits in mixed-coupling scenarios. Both
searches have excluded mixing parameter values down to 2 X 107 in the mass range of 2 to
20GeV.

The same channel and final state have also been studied for higher [HNLI masses without the
displaced signatures [98/[99]. The search also targets exclusive coupling to light-flavour
neutrinos and is shown in Figure [3.5| while the search focuses on coupling between
[HNLI and muon neutrino and put constraints on the mixing parameter down to 10~ for[AND
mass values between 4.5 and 50 GeV. Both searches have been performed in a subset of
the Run II data. The search in Chapter [7]expands on Ref. [98] by using the full 2016-2018
dataset and by adding results for coupling between tau neutrinos and a promptly decaying
[HNLl While the displaced search by [ATLAS]in Ref. [97] includes mixed couplings involving
7 neutrinos and [CMS]has a paper on the way with a displaced search to probe similar mixed
couplings in final states with two leptons and a displaced jet 100, so far there were no results

available yet for instantaneously decaying [HNLE coupling to T neutrinos.

Other results can be found in the production mode with two same-sign leptons and jet final
states that violate lepton number conservation [101]]. At the high mass range above 700 GeV,
and have performed searches that target vector boson fusion (VBF) production
of the[HNL] [[102}[103]], which is the dominant production mode at those masses. The exclusion
limits from those searches are the strongest ones available for the muon neutrino coupling
scenario in the mass range above 700 GeV with exclusion in the mixing parameter down to
0.1.

There are a few theoretical constraints in Figure [3.5]that have not been addressed yet. One
of them is the seesaw line. For any mass-coupling point below this line, the mixing of the
with the active — i.e. non-sterile — neutrinos would simply be too small to produce the
observed neutrino oscillations in the assumption of one [104}/105]. Similarly, there
are constraints that stem from Big Bang Nucleosynthesis (BBN)) arguments. If[HNLs would
couple too weakly to active neutrinos at low enough masses, it would end up in overproduction
of Helium-4 in [106]]. Finally, there is a band of exclusion obtained by performing a fit

to electroweak precision data [[107].
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Figure 3.5: Theoretical and experimental constraints on the mass of a single [HNI]and its coupling to
electron neutrinos (top), muon neutrinos (middle) or tau neutrinos (bottom). For each coupling type,

only coupling to that generation is assumed to be non-zero [EI]
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The CMS experiment

4.1 The Large Hadron Collider

Even though the describes the existence of a range of fundamental particles, only a
fraction of them can exist as stable particles in nature. Massive particles will decay to particles
with lower mass if allowed by conservation laws. Weak bosons for example will decay to
lighter particles on a timescale of the order of 10~ %5 [23]. Unfortunately this means that
these particles can not readily be observed in nature and we need a way of producing them
ourselves if we want to perform studies. This is where particle colliders come into play. By
accelerating stable particles to speeds near that of light and colliding them, the energy in the
collision can be converted into the production of massive or exotic particles at the interaction
point. These particles will still decay of course, but their production and decay will occur in

an environment under control.

The at[CERNIis such a particle collider based near Geneva and is designed to accelerate
hadrons. Most of the time the accelerated particles will be protons but occasionally heavy ions
are injected for special runs. The [LHC is the largest particle collider in the world, consisting
of a circular accelerator that is 27 km in circumference and was built in the tunnel that housed
its predecessor accelerator, [LEP, an electron-positron collider. One of the main advantages
of accelerating protons instead of electrons and positrons is that protons have a mass that is
about 2000 times higher. When particles are forced to follow a circular track, the constant
change in acceleration means they will emit synchrotron radiation, which will steal some of
the original energy and take it away. The probability for emission of such radiation is inversely
proportional to the mass of the particle squared, which means that the heavier proton is less
prone to losing energy to synchrotron radiation than an electron. This allows to reach much

higher centre-of-mass energies in their collisions.

Additionally, protons are composite particles consisting of three valence quarks and a sea of
virtual quarks, anti-quarks and gluons. The actual collisions at the will occur not through
the protons as a whole but between their constituents (called partons), for example between a
quark and a sea anti-quark. This is an advantage for searches for particles of which we do

not know the mass yet. Since the momentum of the proton is distributed among the quarks

37
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following parton distribution functions (PDFs) [11]], the actual momentum of the colliding
particles, and thus collision energy, is variable, which makes it perfectly suited to scan a range
of potential new particle masses in one dataset. The disadvantage here is that there will be
significant hadronic background in the detectors due to [QCD|processes involving the other
partons in the protons. Lepton colliders have a much cleaner signal in that sense. It also means
that most of the time the lab frame is not the centre-of-mass frame and there will be residual
momentum along the beam direction. This removes conservation of momentum along the

beam direction as an effective tool for event reconstruction.

Particles at the LHC] are accelerated in different stages before entering the main ring. Protons
in particular are generated by stripping electrons from hydrogen atoms using electric fields.
They are then launched by a linear accelerator into the circular Booster. Next, they
make their way to the Proton Synchrotron (PS)) followed by the[SPS] both of which are circular
accelerators that predate the[LHCl In the[SPSIring, protons are accelerated up to 450 GeV, at
which point they are ready for injection into the LHCl An overview of the path that protons

follow during acceleration is given in Figure 4.1}

The CERN accelerator complex
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Figure 4.1: Accelerator chain at[CERN| ||

The LH ring consists of two adjacent beam pipes where particle beams are accelerated in

opposite directions. Dipole magnets bend the particle beams to follow the circular track while
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quadrupole magnets focus the beam. Since accuracy is of the essence, higher-order magnets
make small corrections to magnetic field fluctuations. The particle beams are accelerated
up to their target energies by special radiofrequency (RF) cavities [[109], which are metallic
chambers containing an electric field with a radiofrequency of around 400Hz that provides
the beams with a resonant “push” as they pass through. It takes about 20 minutes for the
particle beams to reach their maximum energy after being injected from [SPSl At different
points on the ring, there are places where the beams can be redirected to collide. Detectors like
and can be found at such interaction points to observe and study the resulting

outbursts of particles.

The output performance of particle colliders can be quantified in terms of their luminos-
ity [[110]], which is a process-independent measure of the rate of collisions at the interaction
points that is related to the flux of the beams and is collider-dependent. The expected rate for
a specific process can be estimated by combining the luminosity and cross section, the latter

being a quantum-mechanical probability for the process to occur.

dN
=, . 4.1
dt mst(t)o- ( )

Here % is the rate of a process at time ¢ and o is the cross section of the process. L;,,.; stands
for the instantaneous luminosity, which is a measure of the luminosity at a specific time ¢. The
target instantaneous luminosity for which the was built is 10** cm™?s™*. The expected
number of events of a certain process in a collider over a period of time can be obtained from

the integrated luminosity:

N = /Lmst(t)adt =Lo. 4.2)

Here L denotes the integrated luminosity. The has completed two main periods of
data-taking at this point in time. The first run, appropriately labelled Run I, ran from 2010
to 2012 at centre of mass energies of 7 TeV before 2012 and 8 TeV during 2012. It delivered
an integrated luminosity of 29.4 fb~'. The conventional unit used here is the barn b of which
one unit is equivalent to 10”2 ¢m?. The famous H boson discovery was obtained using
data from this run. Run II ran from 2015 to 2018 at a centre of mass energy of 13 TeV and
delivered a whopping 139.9 fb!. The highest instantaneous luminosity recorded during this
period is 2 X 10%* em s, twice the target luminosity of the It has helped us greatly in
improving precision measurements, discovering processes with low cross sections predicted
by the and excluding large parameter space areas of new physics models. The searches
described in chapters [ and [7]] make use of data gathered in the years 2016 to 2018 of Run II.
On July 5th of 2022, commenced Run III, which is planned to run for 4 years.

One last collider-dependent parameter that should be mentioned is called pileup. So-called
in-time pileup is defined as the number of collisions that occur in a single bunch proton-proton
crossing. An increase in luminosity often comes hand in hand with higher pileup as beams are
focused better or bunches contain a larger number of protons. Higher pileup comes with the

obvious advantage that having more interactions means a higher probability of producing rare
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processes. On the other hand common processes like QCD processes will leave traces in the
detector alongside the interaction of interest and contaminate its signature. It also means that
the detectors will be hit with a colossal amount of radiation and will need to be designed to
be radiation-resistant. During the Run II data-taking period, the value for the average pileup
was around 30. Because the time for the subdetectors to settle back after observing a signal
is non-zero, it is also possible that there will be event contributions from previous bunch
crossings to the current beam crossing. This is referred to as out-of-time pileup.

4.2 The Compact Muon Solenoid

One of the interaction points located in Cessy, France houses the experiment, a multi-
layered detector where every layer is optimized to detect a specific type of particle signature.
All the work performed by the author was done so as a part of the collaboration.
Therefore, we will take some time here to get into the specifics of the detector.

4.2.1 The CMS coordinate system

Before we get into the different subdetectors that make up the detector, let us first
establish the coordinate system that is conventionally used across all analyses. The very
centre of this coordinate system is chosen to be the interaction point where the two beams
in the LHC ring are forced to collide, which is also the centre of the detector. The z-axis -
also called the longitudinal direction - is chosen as the direction in which the proton beams
travel with the positive direction in the counter-clockwise direction of the ring. The x-
and y-axis are defined transversely to the beam direction with the y-axis pointing vertically
upwards and the x-axis pointing towards the centre of the ring. Together the x and y

axes form the z-y or transversal plane. The exact definition of these axes can be seen in

Figure [4.2]

The direction of a particle measured in the detector is often expressed in terms of two angles
with respect to these axes. The first of these is the azimuthal angle ¢, which is defined as
the angle a particle makes with respect to the positive z-axis in the transverse plane and is
restricted to values between —7 and 7. The second is called the polar angle 0, defined as the
angle between a particle direction and the positive z-axis. An inconvenient property of the
polar angle is that differences in polar angles are not Lorentz invariant under boosts along
the z-axis. A preferred variable that conveys this angular information where the difference is

Lorentz invariant under such boosts is the rapidity y defined in equation .3

1 E+p
=1 Z) 4,
Y 2 H<E_pz> ( 3)

However, as one can see, this variable is energy dependent. A third variable that depends only

on the polar angle, called the pseudorapidity ), can be defined as:

L O\ _ 1. (Ipl+p:
) b) e
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Figure 4.2: The coordinate system at[CMS|[111]]. The bottom part shows the coordinate system of
[CMSJin the context of the LHCJring while the top part in the box shows a zoomed-in version giving a
detailed overview of the coordinate system in the context of the detector.

Figure 4.3: The relation between the polar angle and pseudorapidity [112].

In an environment such as the [LHC where all particles are highly relativistic and have masses
with values much smaller than their momentum, the rapidity and pseudorapidity become the
same variable. Therefore, we use pseudorapidity as the main variable to express the direction
of particles with respect to the longitudinal direction. To get a better understanding of the
relationship between 7 and 6, the reader is referred to Figure[#.3] A second advantage of the
rapidity is that the particle flux is expected to be constant as a function of the rapidity, which

is also approximately true for the pseudorapidity.

In the next sections on detector components, you might often see a mention of barrel and
endcap regions. The reason why we make such a distinction is that the detector is not infinitely
long and is open on the sides. Particles with high pseudorapidity will thus suffer from edge
effects in reconstruction. To mitigate this as much as possible, the high-pseudorapidity

region is closed off with so-called endcaps. While the barrel region in the low and medium
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pseudorapidity range contains detectors concentric around the beampipe, endcap subdetectors
are oriented in the transverse plane so they can target particles with high pseudorapidity.
Concrete examples of this can be found in Figures [#.4]to[4.8]

To wrap up this subsection on the coordinate system, I would like to give some attention to
a commonly used variable in analyses, namely the transverse momentum pt. When
two proton beams meet, their partons interact. The longitudinal momentum of these partons
is not fixed, however, but is distributed according to a[PDH and the momentum of the two
interacting partons is not necessarily the same. Therefore it is likely that the child products
of the interaction receive an initial boost among the longitudinal axis of which the size is
unknown. Since the protons are accelerated in the longitudinal direction only, the initial
partons have only small intrinsic momentum in the transverse plane. The projection of the
total momentum vector in the transversal plane is called the transverse momentum vector
and its size is called the transverse momentum pr. Because, unlike the total momentum, the
sum of all transverse momenta is conserved if all particles are detected and the transverse
momentum is z-boost invariant, it is commonly preferred to use transverse momentum in

analyses over the total momentum of particles.

4.2.2 The CMS detector

The [CMSl detector is made up of layers of subdetectors, each designed to target a different
aspect of the signatures left behind by electrons, muons, photons, neutral hadrons and charged
hadrons, and a strong solenoid that provides a magnetic field in the subdetectors that bends
charged particles in the transverse plane. A cross-sectional overview of the different subdetec-
tors can be found in Figure.4] each of which, starting from the inner layers and making our
way out, will be the subject of the next few sections.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T
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MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
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FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
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HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 4.4: The|CMS|detector ||
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Silicon tracker

Particles produced in collisions will first make their way through the silicon tracker. The main
goal of the tracker is to accurately reconstruct the track followed by any charged particle that
passes through it. Because of the presence of the strong magnetic field, charged particles will
follow a curved path with a curvature defined by the radius:

pr
R=—7= 4.5

B’ 4.5)
where pr is the transverse momentum of the particle, g is its charge and B is the strength of
the magnetic field. This means that we can get a measure of the transverse momentum by
accurately measuring the radius of the curvature of the track and the sign of the charge from

the direction of this curvature.

The silicon tracker operates on the principle of ionisation. Charged particles passing through
the submodule create electron-hole excitations which are in turn guided towards electrodes by
an electric field. By stacking layers of lightweight material, charged particles leave ionisation
hits in each subsequent layer. Linking the positions of the hits in each layer and performing a

fit allows for the track of the charged particle to be reconstructed.

The material of choice for the tracker system of the detector is silicon. It is lightweight
and thus will allow charged particles to pass through without significant interactions. At the
same time, it is radiation resistant, which is an important necessity given the position of the

silicon tracker as the first to be greeted by an immense flux of highly energetic particles.

There are two distinct parts to the silicon tracker: the pixel detector and the silicon strips. The
pixel detector is the part of the tracker that makes up the first few layers. Three sheets of
silicon cubes of size 100 x 150 ,um2 make up a barrel layer while the endcaps are made up
of two such sheets. To each of these regions, an additional layer was added in the shutdown
period between 2016 and 2017 data-taking. The pixel detector allows for a high granularity,
which is of utmost importance as the first layers are hit with a lot of decay products that are

not yet spread out.

Following the pixel detector are layers of strip modules which operate on the same principle
as the pixels but are wider and thus have lower granularity. The barrel area contains 10
such layers distributed over what is called the tracker inner barrel (TIB)) and tracker outer
barrel (TOB)). Contained within the inner barrel are also 6 tracker inner discs (TIDb) while the
endcaps are made up of 9 layers of strips. An overview of the silicon tracker can be found in

Figure 4.3

Electromagnetic calorimeter

Whereas the silicon tracker is designed to accurately measure the transverse momentum of
charged particles, the calorimeters are designed to measure the energy of particles. The
electromagnetic calorimeter specifically targets electrons and photons. The core idea

behind the calorimeter is showering of the particles. An electron passing through will emit
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Figure 4.5: A quarter of the silicon tracker in the y-z plane during the 2017-2018 period of data-taking.
The pixel detector, shown in green, had one less layer before 2017. The red and blue segments show
single-sided and double-sided strip modules respectively. The latter contain two modules that are
orientated differently in the plane of the module [[114].

bremsstrahlung photons while a photon passing through will interact with the calorimeter
material and produce secondary particles. In both cases, the final products will in turn interact
with the material and continue the showering cycle. Scintillator material in the calorimeter
will get excited by the shower tracks and emit light pulses. By measuring the number of light
pulses, one can recreate the energy of the original particle after calibration. Unlike the tracker,
calorimeters stop the particles to measure their energy and as such perform a destructive

measurement.

The detector uses a layer of lead-tungstate crystals for its They have a high
density so the electrons and photons interact with them, are optically transparent so the light
pulses can travel through, and scintillate when electrons or photons pass through. Each crystal
is fitted with a photodiode in the back that measures the produced light and translates it into a
signal. The barrel region consists of the pseudorapidity region |n| < 1.479 while the endcap
makes up the region 1.635 < |n| < 3.0. A single crystal in the barrel has a size covering a
region An X A¢ = 0.0174 x 0.0174 (translating to an area of 22 x 22 mm? on the front
side of the crystal), allowing for a high granularity. In the endcap region, the size of the
crystals is increased to 28.4 x 28.4 mm? on the front side. The endcap area is also fitted with
preshower detectors right in front of the crystals with the purpose of making a distinction
between high-energy photons and closely-spaced photon pairs from ° decay. A geometric
overview of the detector and its components can be found in Figure §.6]

Hadronic calorimeter

The is followed by the hadronic calorimeter (HCAL), which serves the purpose of
absorbing hadrons and measuring their energy. It is made up of alternating layers of absorber
plates and plastic scintillators. The absorber plates will cause hadrons to interact with its
nuclei and produce a cascade of particles that keep interacting with the [ HCAT] until they are
fully absorbed. When these cascades — also called showers — pass through the scintillator
layers, they induce light emission which similarly to the ECALlis measured as a proxy for the

hadron energy.
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ECAL (EE)

Figure 4.6: A schematic overview of a quarter of the [ECAT]detector in the r-z plane. ||

A geometric overview of the is given in Figure The main parts of the
are the HCAL barrel (HB) and the HCAL endcaps (HEk). They cover a region of |n| < 1.3
and 1.3 < |n| < 3.0 respectively. The absorber material in the [HBland [HElis brass, chosen
due to its short hadronic interaction length of 16.42 cm and because it is ferromagnetically
neutral. The granularity of this detector is lower than that of the [ECATL] with towers of size
An X A¢ = 0.087 x 0.087 for |n| < 1.6 and An X A¢p = 0.17 x 0.17 for |n| > 1.6.
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Figure 4.7: A schematic overview of a quarter of the [HCAT] detector in the r-z plane. ||

A part of the [HCAT is situated outside of the magnet and is called the outer HCAL (HQ).
Since the [CMS] detector is such a compact detector, parts of the hadronic showers might make
it to the magnet where they can be further absorbed. The HO places scintillators beyond the
magnet to catch the tails of these showers. In the pseudorapidity range around 0, where there
is less absorber material, these scintillators are preceded by iron plates.

To cover the pseudorapidity range of forward jets close to the beamline, a forward HCAL (HE)
is put in place. It covers the range of 3.0 < |n| < 5.0 and makes use of steel as the absorber
material. Quartz fibres run through the [HE and allow the light to be measured. Here, the

electromagnetic component can emit Cherenkov radiation which can in turn be measured.
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Solenoid

The magnet is one of the defining features of and is responsible for bending the charged
particles so that their transverse momentum can be measured in the trackers. It is a large
solenoid built from niobium-titanium coils and was designed to provide an axial, homogeneous
magnetic field of 4T inside the solenoid. In reality, the solenoid operated at 3.8 T to increase
its lifetime. Outside the solenoid, iron layers are intertwined with the muon trackers, which
will be discussed in the next section. We call these layers the return yoke and it guides the
magnetic field outside of the solenoid and ensures that a magnetic field strong enough to

measure the momentum in the muon detector is maintained.

Muon detectors

It was mentioned that the main way of losing energy and initiating a shower for electrons
occurs through bremsstrahlung. While the exact way particles interact with the detector
material is non-trivial [23|], the rate of energy loss is inversely proportional to the mass of
the particle squared. This means that this rate is suppressed for muons by a factor (mg / mi)
compared to electrons. Unlike their lighter counterparts, muons will generally not interact

with the calorimeters and make their way further outwards.

In order to detect muons and measure their kinematic properties, dedicated muon trackers are
placed outside of the solenoid, interleaved with the return yoke. With the large amount of
material in between the beamline and the muon system, the potential for particles that are not
muons — with the exception of particles invisible to the detector such as neutrinos — to make it

into the muon trackers is very small and therefore muon signatures are quite clean.

Three types of muon trackers were operational during Run II: drift tubes (DTk), cathode strip
chambers (CSCk) and resistive plate chambers (RPCk). A geometric overview of all three
detectors is shown in Figure 4.8] The first on the list, DT, are tubes 4 cm in width that
contain gas and a single wire with a positive charge. When a charged particle such as a muon
passes through the tube, it ionizes the gas. The resulting electrons follow the electric field
towards the wire and by measuring where along the wire they arrive as well as the distance
of the muon from the wire, a position in 2D space can be determined. The distance from the
wire can be calculated from the nearly constant drift velocity of the electrons in the gas. DTk
cover the barrel area of the detector up to || < 1.2. They are placed in layers where the
wires are parallel to each other and 4 such layers are stacked in a zig-zag pattern into so-called
superlayers. Four DT chambers are fitted in the barrel, each of which contains 2 or 3 such
superlayers. The inner superlayer measures the position along the beamline while the outer

layers measure the position in the transverse plane.

Generally, the rate of muons in the barrel will be lower than in the endcaps. To compensate
for this, the muon detectors in the endcap area will need to operate faster. The detectors
that cover the region 0.9 < |n| < 2.4 meet this requirement. They consist of chambers filled
with a gas and a range of positive anode wires with orthogonal to them a range of negative

cathode strips. When a muon ionizes the gas, the electrons will make their way to one of the
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anodes while the resulting ion will drift to the nearest cathode. By measuring the position
where the cathode and anode are hit, two-dimensional coordinates for the muon position can
be determined. Four detector chambers, each made up of 6 layers of [CSCk, make up the

section of the muon detector.

The third type of detector in the realm of muon detectors in Run IT is the They
are important to the trigger system due to their time resolution of O(ns). The concept behind
the RPCk is to have two parallel resistive plates over which a large voltage is applied. These
two plates are separated by a layer of gas. Muons passing through the gas will create electrons
which will in turn create an avalanche of electrons by interacting with that gas. The avalanche
will pass through the plate and will instead be recorded by metallic hit strips attached to the
plate. The RPC system is placed both in the barrel and endcap region and covers the region

up to |n| < 1.6.
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Figure 4.8: A schematic overview of a quarter of the muon detectors in[CMS]in the y-z plane. DTk
are shown in yellow, [CSCk in green and [RPCk in blue ||

4.2.3 Trigger system

The has the potential to provide collisions every 25 ns. This leads to an input rate of
40 MHz, which is too high to be able to store all events for offline analysis. Therefore the
experiment uses a two-tiered trigger system that selects events of interest to the physics
programme for storage. An extensive overview and discussion of the trigger system at[CMS]
will be provided in Chapter 5}



4. The CMS experiment 48

4.3 Object reconstruction in CMS

Particles traversing the detector will interact with the different subdetectors in different ways.
Electrons and photons will shower in the while hadrons will start to shower in the
[ECATLIbut will mainly move through to the and be absorbed there. Electrons and the
charged hadrons will leave a track in the silicon tracker as opposed to the photons and neutral
hadrons that do not interact with it. Finally, muons will leave tracker hits in both the silicon
tracker and the muon system and leave ionisation energy in the calorimeters without showering.
The strength of the particle reconstruction comes from combining the information from
all subdetectors to construct individual particles in the so-called Particle Flow (PF) algorithm.

Let us briefly go over the components of particle reconstruction in the following subsections.

4.3.1 Tracking and vertex reconstruction

After charged particles leave hits in subsequent layers of the trackers, the tracking algorithm
collects them and uses these hits to construct tracks that describe the particle’s original
trajectory. This is done iteratively using a combinatorial track finder that builds and fits
the tracks [[118]]. Three main stages make up the procedure. Firstly seeds are built close to
the interaction point from a limited number of succeeding hits that show great potential for
forming a track. The second step where the actual tracks are formed starts from these seeds to
build tracks using a Kalman Filter (KF)) [119]. The initial seed track is extrapolated and a hit
in the following layer that is consistent with the track is added if available. After adding a hit,
the track is refitted and the new track parameters are determined. This procedure continues
until the final tracker layer is reached. At the end of the procedure, a final fit is performed to
the track from which the track parameters are determined. Tracks failing a goodness-of-fit test

are rejected.

To improve the efficiency of the algorithm an iterative strategy was adopted. High-energy
particles that originate close to the interaction point are the easiest to handle with the fitting
procedure as they form well-defined tracks that have low curvature. Once these types of
tracks have been reconstructed, the algorithm moves on to the next iteration of tracking
reconstruction. When a track has been reconstructed, the hits associated to it are masked,
meaning they will no longer be regarded for the reconstruction of other tracks. This allows
harder tracks such as displaced tracks or low-energy tracks to be reconstructed in a less

crowded environment.

Once all tracks have been defined, one can move on to vertex reconstruction. A vertex is
defined as a point of origin for events where all tracks of a certain event come together. For this
step, all high-quality tracks that originate from the beam spot — defined as the luminous region
of the LHC where the beams interact — are selected and the z-coordinates of the track origins
are collected. An adaptive vertex fitter [120] first determines the positions of potential vertices
and assigns tracks to them. At the same time, a weight is calculated for each track, which
quantifies the probability that the tracks actually originate from the vertex. If the weighted

sum of all tracks in a certain vertex does not beat a certain threshold, the vertex is rejected.
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Once all vertices have been reconstructed a single vertex is chosen to be the primary vertex,
being the vertex with the highest capacity to be an interesting event in terms of the physics
programme of In reality, this choice is made by selecting the vertex corresponding to
the hardest scattering in the event as described in Section 9.4.1 of Ref. [[121]].

4.3.2 Calorimeter clustering

Most particles will be absorbed in either of the calorimeters. Constructing the energy deposits
from single particle candidates allows us to determine their energy and direction, separate
different contributions in jets and improve the electron resolution by measuring the contribu-
tions due to bremsstrahlung photons [[118]]. The calorimeter clustering algorithm will start by
selecting seeds. In the context of the calorimeters, these seeds consist of cells where the energy
deposit passes a certain threshold and is higher than that in the neighbouring cells. Secondly,
so-called topological clusters are constructed by adding cells that share one corner with the
cluster and where the energy deposit outweighs the noise by a factor two. Finally, a Gaussian
mixture model algorithm fits different clusters — different particles — to this topological map.
The calorimeter clustering is performed separately for the barrel and endcaps, the
barrel and endcaps, the and the two preshower layers.

4.3.3 Particle Flow

With all tracks, vertices and calorimeter clusters in hand, the [PH algorithm will start to link
matching elements into [PHblocks. From these blocks, individual particles are reconstructed,
after which the elements that were used are removed from the block. By exploiting the
knowledge of the intrinsic energy and momentum resolution of each subdetector, the [PH
algorithm can perform this combination in the most accurate way. To get an in-depth idea
of the ins and outs of [PH, the reader is referred to external sources [122]. The algorithm
outputs five different particle types, namely electrons, photons, muons, charged hadrons and
neutral hadrons. They form the basic building blocks with which more complex objects such
as hadronized quark or gluon jets and t leptons are reconstructed. It should be noted that the
tracking for electrons and muons contains a few extra steps as opposed to the basic tracks
discussed before.

4.3.4 Muon reconstruction

Muons in have the unique advantage that they are the only charged particles to pass
through both the tracker and muon detectors. The silicon tracker is a highly optimized tracker
that can provide us with high-precision momentum and direction measurements. The muon
detectors are protected from most particles due to absorption in the calorimeters and thus have
a high purity and identification efficiency for measuring muons. By combining the information
of both subsystems, one can get a highly pure and efficient muon reconstruction. Three types
of muon track candidates are defined.

The first of these are the standalone muons. They are muon track objects built purely from

hits in the three muon detector types. The seeds for these types of track candidates are
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generated from hits in the [DT] or [CSC| detectors. The full standalone muon tracks are then
built from a fit of these seeds to hits in the DTk, [CSCk and RPCk.

The second type consists of global muons. By starting from standalone muon tracks and
extrapolating to the silicon tracking system, one can try to find a matching track. When there
is such a match between a standalone muon track and a track in the silicon tracker, a fit is
performed to the hits from both subdetectors. This results in a higher momentum resolution
than can be obtained with the separate subdetectors for muons with a p1 over 200 GeV [117].
When a muon penetrates multiple planes of the muon system, they tend to be reconstructed as
global muons.

When a muon has a low pr of the order of 10 GeV, it might not be properly reconstructed as a
global muon due to scattering in the return yoke. In this case, the third type of muon tracks, the
tracker muons, tend to recover them. Whereas global muons start from fully reconstructed
standalone muons and work their way inwards, tracker muons start from silicon tracks and
make their extrapolation outwards to try and find a matching [DT] and/or [CSC] segment. The
tracker muon is then defined as the corresponding track from the silicon tracker.

When a global muon and a tracker muon share the same track in the silicon tracker, the two
candidates are merged into a single candidate. The three types of muons discussed here are
then all given as input to the [PH algorithm, which has different conditions for each type of

muon.

4.3.5 Electron reconstruction

Electrons will leave a track when they traverse the tracker and will then shower in the
where they are absorbed. Two strategies for reconstructing electrons are applied and combined
by the [PH algorithm to produce the final collection of electron candidates. The first starts
from energetic clusters and is appropriately called the [ECAL-based approach. From
the cluster position and shape, one deduces the location of origin in the innermost
tracker layers. Most electrons will emit bremsstrahlung while traversing the tracker, which
will propagate to the and produce their own clusters. The ECAT}based approach tries
to account for that by forming a supercluster from all clusters within a certain window around
the electron direction. This window is small in the 7 direction but is made to be wider in the ¢

direction to account for bending in the magnetic field.

The [ECALlbased approach works well for electrons that emit no bremsstrahlung or emit
only a small amount of energy in bremsstrahlung but less so for electrons that lose large
fractions of their energy to bremsstrahlung. To account for the electrons that are missed
by the ECAL}based approach, a tracker-based approach is introduced. The energy loss of
electrons radiating bremsstrahlung photons is highly non-Gaussian and a new fitting algorithm
is used to produce electron seeds. It uses all tracks from the iterative tracking phase and
makes a preselection on X2 of the track and the number of missing hits. Electrons that emit

low-pT photons tend to have high XQ while the emission of high-p photons causes sudden
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changes in electron p and thus track direction that causes tracks to be reconstructed with
a high number of missing hits. The selected tracks are then refitted using a gaussian-sum
filter (GSE) which does not rely on a Gaussian energy loss but as the name implies makes
use of sums of Gaussians [[123]]. It can take into account the sudden direction changes due to
photon emission. The [ECALlbased and tracker-based seeds are combined and a final fit is
performed to get the final candidate.

4.3.6 Jet clustering

Because of colour confinement, coloured particles can not exist in isolation and will hadronize.
Quarks and gluons produced in events in the [CMS] detector are no exception and will produce
a shower of hadronization particles. We call this collection of particles a jet. In order to
accurately reconstruct information regarding quarks or gluons, one must be able to reconstruct

the jets resulting from their hadronization.

In[CMS] this is done using what is known as the anti-kp algorithm [124]]. The clustering is
performed using a custom distance measure d,; between any two[PH candidates i and j in the

event. It is defined as follows:

A2
L2 2\ By
dij = min(pr, prj)—y (4.6)
with pi?i the squared inverse transverse momentum of candidate ¢ and A?j = (y; — yi)2 +
(¢; — ¢i)2 where y is the pseudorapidity and ¢ is the azimuth. A similar parameter is defined

to describe the distance between a particle and the beam:

dip = pr; - 4.7)

The values of the distances d;; and d;p are calculated for all particle or jet candidate combina-
tions. If the smallest value is the distance between two candidates, the two are combined into
a single candidate and all values are recalculated. If the smallest value is the distance between
a candidate and the beam, that candidate is labelled as a jetﬂ and not considered for further
clustering. This algorithm continues until there are no more candidates left. At[CMS] a value
of 0.4 is used for R.

The strength of this algorithm comes from the inverse dependence of the candidate py. It
means that the distance between soft particles E| will be much larger than that between a soft
and a hard particle. The anti-kr algorithm will therefore cluster the soft particles around a
hard particle into the hard particle before clustering the two soft particles themselves. This
will make the algorithm collinear and infrared safe and allows great robustness against soft

radiation.

'"The name jet here is used for the purpose of the algorithm but could exist of singular particles such as
electrons.

*Soft particles refer to particles with low transverse momentum. At typical energy scales for low-
momentum particles are found around transverse momentum values of a few GeV to a few 10 GeV, depending on

the context.
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Particles coming from pileup events can end up being part of the jet clusters by accident. In
order to remove the pileup contributions, a few countermeasures are taken. Firstly, charged
particles that are used in the reconstruction of a pileup vertex are removed from the jet.
Remaining pileup contributions such as neutral hadrons are then estimated by studying the pr
distributions of jets in simulation with and without pileup. These contributions are then also

subtracted.

Reconstructed jets need to be calibrated so that the measured jet energy corresponds to the true
jet energy as closely as possible. This is done using so-called jet energy corrections (JEQ) that
first correct the jet response both in observed and simulated events based on measurements
performed in simulation and then correct the jets in data for residual differences with jets in
simulation. Another set of scale factors applies smearing to jets in simulation to account for
the worse jet energy resolution in data. We will not go into the details of these two
calibrations, the interested reader is instead referred to external references [[125./126]).

4.3.7 Heavy Flavor identification

Processes that include the production of top quarks are an essential part of the [CMSI| physics
programme. Because of their high mass, they will decay before forming a hadron. In more
than 99% of the cases, this decay will result in the creation of a b-quark, which will then
hadronize and shower. In order to have a good grip on top quark production, but also on
channels of importance to studies in the BEH] sector, such as H — bb, it is vital that we can
identify jets resulting from b-quarks. The first will be especially important in the analyses in
chapters [6|and [7)in order to reduce the background contributions due to processes including

one or more top quarks. This process of identifying b-jets is called b-tagging [[127].

B-tagging algorithms in make use of the properties of b-hadrons produced in the
hadronisation of b-quarks. Firstly the lifetime of b-hadrons is around 1.5 ps, which means
that depending on their momentum, they first travel up to 1 cm before decaying. This long
lifetime means that we observe a secondary vertex in the jet from the decay of a b-hadron as
shown in Figure [.9] Additionally, b-quarks have a larger mass than up or down quarks and a
harder hadronisation which will result in harder decay products. In around 20% of the cases, a
charged lepton will be present in the b-hadron decay.

All of the abovementioned properties are used in machine learning algorithms that produce an
output score assigning a probability that a jet is a b-jet and not a jet from a different source.
The two main algorithms that are also of important to the analyses in later chapters are called
DeepCSV [127] and DeepFlavor [[128].

4.3.8 Tau Leptons

Because t leptons have a relatively high mass (m, = 1.78 GeV), they are inherently unstable
particles with a mean lifetime of 2.9 x 10" s, which is smaller than the timescale of event

propagation in the detector [23]. Therefore t leptons in the detector can not be observed
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Figure 4.9: Illustration of a b-jet with its primary vertex (PV) and secondary vertex (SV). The figure
also illustrates the impact parameter (IP) variable, defined as the distance between the PV and the
closest approach of the extrapolation of a particle’s trajectory. [[127].

directly but can only be reconstructed from their decay products. Table[d.1]lists the main decay
modes for t leptons along with their according decay products and branching fraction. One
of the first things to notice in this table is that there are two types of decay modes: leptonic
decays and hadronic decays. The first end up in electrons or muons as well as the needed
neutrinos to conserve lepton number, causing the decay products to be nearly indistinguishable
from light leptons from other sources. Hadronic decay modes on the other hand look like
jets with specialised features such as low multiplicity, lending themselves as much easier
candidates for © tagging. As such we only use hadronic decay modes for T reconstruction,
labelled as t;,. From now on we will use the term t lepton in the context of only in

reference to a hadronically decayed t unless the decay mode is explicitly specified.

Hadronically decayed t’s are reconstructed at|[CMSI| by using the Hadrons-Plus-Strips

algorithm [129-131]). It starts from reconstructed jets as described in the previous section and

defines a cone-shaped region in 7 and ¢ with size AR = 4/ An2 + A¢2 = 0.5 around the
jet axis. A few different steps address the different components of hadronic decay as seen in
Table namely Tt neutrinos, charged hadrons, and neutral pions 7°. The first of these will
go undetected as they do not interact with the detector. The charged hadron component will
at this stage have been reconstructed by the [PE algorithm and are contained in the jet as is.
That leaves us with the ©° component. In 99% of the cases, a neutral pion will decay into

two photons, which in turn can convert to et

e pairs. The “Strips” part in the name of the
algorithm now has the job to reconstruct these photon pairs by reconstructing so-called strips
of electromagnetic activity in the jet, starting from the most energetic electromagnetic particle
as the centre of the strip and aggregating all other nearby electromagnetic particles that pass
a distance condition into it. It then continues to build a new strip from leftover energetic
electromagnetic particles. All particles that are in the end not contained in these strips will no

longer be considered part of the t jet and will instead be used for isolation and identification
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Table 4.1: Main 7 decay modes, their meson resonance and branching fraction 5 [23]]

t Decay Mode Meson resonance 5(%)

Leptonic Decays T e +Ve+V 17.82
T R TVt 17.39

Hadronic decays T = h 4V 11.51
(One prong) T h 41’4y, p(770) 25.93
b +210 4, a1 (1260) 10.81

Hadronic decays T =20 +hT v, a,(1260) 9.80
(Three prong) T 2h + R+’ v, 4.76
Other hadronic 1.8

decay modes

purposes.

In order to mitigate overestimation effects in the isolation variables due to particles moving
outside of a strip to which they should belong when using a fixed strip size, the processing in
Run II software made use of a dynamic strip reconstruction algorithm. First, the electron or
photon with the highest pr is chosen to seed the strip. The next step then looks for the highest

electron or photon that is within a range:

An = f(p7) + F(p™)

stripy (48)
A¢=g(pT) +9(pr ")

where p% is the photon/electron p1 and pfffip is the py of the strip. The functions f and g
are optimized in such a way that 95% of all electromagnetic t;, decay products are contained
within a strip. Every time a new particle gets added to the strip, the position of the strip is
recomputed as a pp-weighted average of its particle content. If there is no further electron or
photon within the window determined by eq.[4.8] the current strip reconstruction reaches its

end and a new strip clustering starts if a new electron or photon is available.

After all components have been gathered, the algorithm proceeds to the reconstruction of
73, candidates. This is done based on the main decay modes as seen in Table One-prong
decay modes are targeted with t;, candidates containing one charged hadron and up to two 7%s
while three-prong decay modes are targeted with three charged hadrons and up to one n°. The
absolute value of the total charge of the candidate must be equal to one for these decay modes.
Lastly, in more recent years there is also support for decay modes with two charged hadrons
and up to one n°. These target boosted three-prong decays where one of the charged hadrons
is lost. It is important to note that while the recovered three-prong decays with these two
prong decay modes are not negligible, it suffers from a reduced charge assignment efficiency.

For that reason, they are recommended for use only in analyses that are not limited by low
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background event yields. Because none of the analyses described in this thesis satisfy that

requirement, these decay modes are vetoed in the analyses described in chapters [6]and [7]

As a last step, a single t;, candidate is chosen from all the candidates reconstructed in the
previous step. A few conditions are taken into account to make this decision. One of these
is the mass consideration: the candidate must have a mass that is compatible with either the
according resonance of their decay or in the case of one-prong decays the mass of charged
pions. Secondly, all charged hadron and strip components must be inside of a predefined
signal cone. If multiple candidates pass all conditions, the candidate with the highest p is

chosen as the reconstructed ty,.

4.3.9 Missing energy

Neutrinos and other non-interacting particles will generally traverse the entire detector without
interacting with it and thus without leaving a signal. This makes it impossible to directly
observe and measure their momentum. We do, however, have an indirect handle on their
transverse momentum. Momentum conservation dictates that the total transverse momentum
vector of all particles to come out of an event is zero but neutrinos will carry away a part of
this momentum. Therefore, by inversely summing the transverse momentum vectors of all

observed particles in an event, we have a measure of the py of all missing particles:

P = ZﬁT,i - (4.9)
i

This inverse vector sum is referred to as the missing transverse momentum vector and its
magnitude is denoted as pp°. Whenever we talk about the missing transverse momentum

(MET), we will be referring to the magnitude.

4.4 Event simulation

All components so far have shown us how the detector can record high-energy collision
processes for us to analyse. In order to do any meaningful analysis of the observed data,
however, we will need a handle on what we expect to see, such as signal and background
predictions. In the bulk of the cases, the way to go about this is by simulating the processes
that would take place in proton-proton collisions and how they interact with the detector.
Typically one does not go about simulating general proton-proton collision events including
all possible processes and final states as we would have in reality. If we did, the main part
of the resulting processes would be inelastic scattering events that will be thrown away in
processing anyway. In order to perform any useful predictions we would need to simulate a
colossal number of events. Additionally, it would take a lot of processing time to sift through
all of them in post-processing. What is done instead is to simulate a specific process, such as
the hard scattering processes of interest. By simulating the most important contributions to an
analysis and putting the samples together, one can achieve the same end result as a general

simulation.
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At[CMSl these simulations are performed using Monte Carlo (MC)) techniques [132,[133]]. It
should be noted that the full simulation chain and the theory behind it is a highly complex
subject. The interested reader wanting to learn more about it is referred to external sources
such as Ref. [[134]. In order to provide some context for some of the more technical parts of the
analyses discussed later on, I will spend the rest of this section on giving a brief introduction
to the three main steps of generating simulations. These consist of matrix element (ME)
level calculations to simulate the core of the hard scattering process, the further decay and

hadronization of these initial particles and lastly their interaction with the detector.

4.4.1 Matrix element-level calculations

The first steps of event simulation start with simulating the core process of interest. The [ME
in the name actually refers to the scattering matrix element in that links the initial and
final states and that is used to calculate experimental observables such as the cross section and
decay width of a process resulting from parton interactions [[135]]. It is possible to express
this scattering matrix in terms of the Feynman amplitude which in turn can be expressed
as a sum of Feynman diagrams. In fact, this is exactly what was depicted in Figure 2.4] 1
realize that some of the terms used in the last few sentences come out of nowhere for the
inexperienced reader. The main takeaway is that the raw, hard scattering processes between
partons involve high momentum transfers. The same idea behind asymptotic freedom as
described in Section 2.2. 1 now also states that at the considered momentum transfers in these
processes, the strong coupling constant ag is relatively small (at least smaller than one). The
Feynman amplitude could then be calculated in a perturbation theory in terms of the strong
coupling constant with each order adding an extra strong vertex and thus an extra factor ag,

therefore making their contributions to the sum smaller with each order.

It is important to remember that these [ME] calculations mentioned so far describe the cross
section of an interaction between partons. At the LHC|, however, we do not collide isolated
partons but protons. The partons inside a proton no longer reside in the same high-energy
regime and their behaviour can not be calculated perturbatively. In practice, the proton-proton
cross sections for processes at the[LHClare calculated using the factorisation scheme that states
the high-energy and low-energy regimes can be treated separately [136}/137]]. In simplified

form, the proton-proton cross section can be written as:

1 1
o :Z/o dﬂ?i/o d; fi(wi, pp) (@, up)o(Le, pr) (4.10)
i\j

where the sum runs over parton types, x,; represents the fraction of total hadron momentum
carried by the parton, f; is the[PDF which describes the distribution of z; in a hadron for a
certain parton and J;; is the hard-scattering cross section between the two partons. The last
contains the asymptotically free part of the interaction and can be calculated using perturbation
theory as described before. The however contain the soft part of the confined partons
and can not be calculated perturbatively. Instead, it has to be parametrized from measurements.

One last thing to point out is that in order to remove singularities from the calculation, f; and
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7;; are made to be a function of what are called a factorisation scale p and a renormalisation
scale pp. The choice of these scales is somewhat arbitrary but the and hard-scattering
cross sections will vary with varying scales. They will return as some of the most prominent
sources of uncertainty in the analyses that follow. Also, the exact choice of the will be

an important source of uncertainty.

In short, the[ME]level event simulation is two-fold: to compute the differential scattering [MEk
and to integrate them over the phase space of all involved particles. This way the cross section
is calculated and it can be used for[MCl event generation.

4.4.2 Decays and hadronisation

After the level simulation comes the further decay of unstable particles and hadronisation
of parton showers. This latter occurs when there is a coloured particle in the final state of
the hard process or one is radiated off of one of the final state particles. In either case this
coloured particle will end up in a cascade due to colour confinement. At every step, the energy
of the cascade components is lowered until one reaches a region where perturbation theory
breaks down. In the simulations, this showering is simulated in a probabilistic way to produce
new particles until the nonperturbative stage is reached. The coloured particles then hadronize

into colourless particles, a process which is simulated from phenomenological models.

Additional initial or final state radiation is added in this step as well. To make sure there is no
double counting with radiation from the level calculations, matching schemes remove
radiation that was added in the previous step. Aside from the hard-scattering process, other
soft interactions between partons may occur and the remnants of the proton — which are now
coloured — will hadronize as well. The collection of both effects is called the underlying
event. As they are also in the nonperturbative region, their modelling is also performed
phenomenologically.

4.4.3 Detector simulation

The core process and its decays are now fully simulated. What we are missing at this point
is its behaviour in the detector. In all samples used throughout this thesis, a program
called GEANT4 [138] is used in their production to fully model the detector. It creates
a geometric model of the detector and takes into account the different materials and their
position and density, the interaction of particles with said material, the detector response and
readout, and even imperfections in the detector. The result is a signal readout in the same
format as we would get in measured data. This can be used in the exact same way as the
data so we can make a fair comparison. It should be noted that detector simulation can never
be 100% accurate. This is the reason why we need to perform detailed data-to-simulation
comparison and perform all the corrections mentioned in the next chapter to the simulated

samples.
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4.5 Statistical tools

In new physics searches such as the ones described in Chapters [6] and [7] it is paramount to
have procedures to quantify potential excesses of events over the prediction or place
exclusion limits on the cross section of a model. Analyses at the[LHCl typically share the same
statistical methodology, which allows for consistent comparison of results [139]]. This section

will provide a small introduction to this specific methodology for use in later chapters.

Take an analysis that produces output histograms containing /N bins where the predicted signal
yield, the predicted background yield and the observed yield in bin ¢ are denoted by s;, b,
and n; respectively. Considering that we expect each bin to follow a Poisson distribution, we
can write down the likelihood to measure the observed yields given the predicted signal and

background yields as follows:

N n;
L(r) = H We‘”i‘bf . (4.11)
This is called a binned likelihood function, in which we have introduced a dependency on the
signal strength modifier r. This last variable modifies the cross section of the signal. A value
of zero means that no signal is expected while a value of one means one predicts signal yields
corresponding to the input cross section. The higher the value of the binned likelihood, the
better the agreement between data and prediction. Realistically, an analysis will come with
systematic uncertainties, which are implemented as so-called nuisance parameters 6 in the
binned likelihood function as additional factors in equation .11} These nuisance parameters
are allowed to vary around their nominal values according to probability distribution functions
defined by the corresponding uncertainty in order to maximise the binned likelihood function
L(r,0). This essentially performs a fit of the data to the prediction taking into account all

uncertainties on the yields.

This binned likelihood function can be used to construct a test statistic q,, which in turn can
be used to gauge the compatibility between data and a specific hypothesis. It is defined as
follows:

, (4.12)

where ér in the numerator is the set of nuisance parameter values that maximises the likelihood
for a specific value of r, and # and 6 in the denominator are the combination of signal strength
and nuisance parameter values that maximise the likelihood globally. The higher the value of
this test statistic, the worse the compatibility between the data and the hypothesis for . One
can now determine the probability distribution function of ¢, under the signal+background
hypothesis and the background-only hypothesis (r = 0). This can be done by generating
pseudo-data using the best-fit nuisances éT and éo for the corresponding hypothesis. In later
chapters, however, you might see mention of the asymptotic approximation, which means

these probability distribution functions are approximated using functional forms [[140].
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In a last step, p-values are estimated from these probability distributions functions as the

obs ,
-

probability for g, to be larger than the observed ¢

p, = P(q, > qus\signal + background) @.13)
1—p,=P(g > q,?b5|backgr0und—0nly) . .
A confidence level can then be estimated as the ratio of these two p-values
cL, = - 2r (4.14)

S l-py
A signal hypothesis is then said to be excluded with a certain confidence level (CL) X if
CL, < X. In order to find the 95% upper limit on the signal strength, r is varied until
CL, = 0.05. Similarly, we quantify an excess not by estimating the probability distribu-
tion function of g,., but by estimating the probability distribution function of ¢, under the

background-only hypothesis and calculating a p-value based on it.
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Triggers at CMS

5.1 Personal Foreword

As part of my membership in CMS, I, like all members of CMS, have performed service
work within the experiment. Most of this was concentrated around work regarding triggers
developed and maintained by the Tau particle object group (POG)). In 2018, I started out by
optimising the strategy for fitting trigger scale factors, which was followed by measuring the
scale factors for all Run II triggers and studying the effect of correlation between the two
trigger candidates in double 7 triggers among other smaller tasks over the course of the next
two years. At the beginning of 2020, I was approached by the Tau POG conveners with the
question, “Would you be interested in taking over from the previous L3 1 trigger convener
after their mandate ends?”. As you might have guessed from the existence of this chapter, I
humbly accepted the offer and started my two-year term as L3 convener on September 1st
2020.

To briefly sketch the role of an L3 trigger convener, my duties came down to attending the
general trigger studies group (TSG) meeting and reporting anything relevant to the Tau POG
group, supervising the validation of 7 triggers in new CMS Software (CMSSW)) releases as
well as data quality monitoring during data-taking, leading the developments of new
algorithms and paths for the Run III period, providing trigger corrections and keeping up
with any other matter t trigger related. It should be noted that these responsibilities refer to
the second part of the two-tiered trigger system, namely the high-level trigger (HLT). The
first step, called the level-1 (LI) step, is handled by a different group. At any given time this
convenership is shared between two people who usually bring a different manner of expertise
to the table. As my most direct contributions were to the management and development of
Run III = triggers, the focus of this chapter will be on that aspect of my work. My mandate
ended at the end of August 2022, shortly after Run III data-taking commenced. A lot of
components in the trigger definitions are subject to updates over time or need to be quickly
adapted once the run starts and unexpected or unwanted behaviour is observed. Therefore we
will restrict ourselves to the development up to the beginning of Run III. Lastly, I would like

to mention that this chapter is not meant to give a detailed, technical overview of the Run III
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trigger menu development. Instead, it will be kept short and provide a conceptual overview of

the type of work that was performed.

5.2 Introduction

As mentioned in Chapter [4] the has the potential to create collisions every 25 ns. If
every collision event was to be reconstructed and stored, with about 1 MB of data per event
on average, this would lead to a data influx of around 40 TB/s. It is clear that with a limited
bandwidth of around 1000 full events per second, this amount of data is over the capacity of
what can be promptly reconstructed. Fortunately — or unfortunately, depending on your point
of view — a large fraction of the collision events at the are not interesting to store when
viewed in line with the physics case of Processes that are relevant for new physics
analyses have a rate smaller than 10 Hz [141]]. By whittling down the incoming data to a
selection that incorporates these processes, we can create a data stream that fits comfortably

within our bandwidth.

A two-tiered trigger system is set in place to process collision events during data-taking and to
apply filters that decide whether the event is interesting for analysis purposes before storage.
Thanks to this trigger system, the data-taking rate is reduced from 40 MHz to about 1000 Hz
and contains events in line with the physics case. The other side of the coin is that the
triggers have to be carefully designed, validated and monitored as any event that does not pass

the filters is discarded forever.

In the context of the service work performed by the author, this chapter will start by providing
a general description of the two tiers of the trigger system at [CMS] as it was designed for
Run I in Section[5.3] The same section will then follow up with a more in-depth explanation
of the core ideas behind the t trigger paths. This will be followed by a description of the
upgrades in the trigger system for Run III in section [5.4] With all the previous sections in
hand, the way is paved to a chapter on how the 7 trigger strategy was adapted for Run III in
Section[5.5] Finally, a conclusion and outlook on the triggers is provided in the final section
of the chapter.

5.3 Triggers in Run II

The trigger system at[CMS] consists of two stages that run consecutively called the [LT] trigger

and the[HLCT] Let us take a moment to put each of them into context.

5.3.1 L1 Trigger

The level 1 trigger, also called [LTltrigger, is a hardware-based trigger system located at the
detector. Its aim is to very coarsely process the incoming information in order to provide a

first selection of interesting events and as such reduce the massive influx of collision events
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to levels that are manageable by the next step in the triggering process, namely the HLCTI Tt
has a fixed latency of 3.8 us and reduces the incoming rate of 40 MHz to about 100 kHz. For
a complete description of the hardware that constitutes the [LT] trigger, the reader is referred
to the Technical Design Report [142,|143]]. In the scope of this work, it suffices to know that
the signals from the detector are duplicated at the front-end and placed on hold in front-end
buffers where it awaits the trigger decision. Meanwhile, the input signals for each subsystem
are translated into so-called trigger primitives, which are objects that serve as building blocks
for the next step. They are used to reconstruct the [L] trigger objects which are in turn fed into

the global trigger where a final decision is made.

In the case of t triggers, for example, calorimeter information is divided up in grids of so-
called trigger towers where the energy in the and is summed. A clustering
algorithm then reconstructs clusters around local energy maxima and subsequently constructs
[L1lt trigger primitives from them. The isolation variables are calculated using the unused
towers in the neighbourhood of the [L1lt. The [L1] trigger then filters on the number of isolated
objects of interest in the event. A double t[LI]trigger, for example, will then make a selection
on the presence of at least two isolated [LT]t’s in the event. Because the focus of this chapter
lies on the we will not go over all [L1l trigger algorithms here. Instead, the interested
reader is referred to Ref. [144]. It is important to note that this hardware filters only on the
inputs coming from the calorimeters and muon detectors. No information from the tracker is

processed at this stage.

If the event is accepted, the full event moves on to full readout so the [HLT can take charge
of the next step, where information related to the [LI] trigger objects is often used as a seed
to more complex algorithms. Otherwise, the information in the buffers is discarded. The [LT]
trigger menu consists of a range of [L1] triggers that filter the incoming information in line with
the [HLTI menu and thus the physics case.

5.3.2 High Level Trigger

The next stage in the trigger system is the [HCT] and it aims to further reduce the rate
from 100 kHz to around 1 kHz. It is a software-based system with access to the full detector
readout that runs on a cluster farm with about 24000 processor cores [141}/145]|146[]. Because
of the lower incoming rate, the available reconstruction time at the [HLCTlis higher than at[LT]
namely around 300 ms. This allows us to perform reconstruction using techniques that are
closer to the offline event reconstruction than those at the [LTltrigger. In fact, the [HLCT software
is a streamlined version of the offline reconstruction that runs in the same software
but was adapted to reduce the central processing unit (CPU)) time consumption. This also
means this is the first stage in data-taking where the tracker information is used and one can

reconstruct charged particle tracks.

The structure of the [HCT] system consists of a collection of paths, each of which is a series

of modules that either produce new collections of objects (such as electrons, muons, jets,



5. Triggers at CMS 64

taus, etc.) or filter on particular collections. Once a filter fails, the path is terminated and
the remaining modules will no longer be executed. Producers are more resource-intensive
than filters and as such generally take longer to run. By alternating the usage of producers
and filters, one eliminates the need to further run all following producers when a path fails.
Furthermore, the modules in a path are arranged in order of complexity, meaning that modules
that require more computation time are placed later on in the path. This means that the faster

modules are run more often than the more time-consuming modules.

Two main differences between the offline reconstruction and the reconstruction at[HLCT can be
found in the use of regional reconstruction and a simplification of the track reconstruction.
The first refers to the limitation of detector unpacking and reconstruction to a specific region
of interest. This region could be based around an [Tl seed or an already existing higher-level
candidate. The second point on track reconstruction is key to being able to bring the [PH
algorithm to the [HLT] which allows for improved energy resolution of [HCT] objects and brings
the reconstruction closer to the offline algorithm. The online tracking algorithm starts from
pixel tracks that have hits in all four pixel layers and then performs two iterations where it
looks for tracks in the full tracker in order of most frequent topologies — first higher pr tracks
followed by lower pr tracks — similar to the offline algorithm. A third iteration loosens the
requirement on the number of hits in the pixel tracker to three and makes use of regional
tracking [[147]. In 2017, an issue occurred in the pixel detector where some pixel modules
became inactive. Therefore an additional recovery iteration was introduced in 2018 data-taking
that uses two pixel hits as a seed if there are two overlapping non-active pixel modules in the

region of the track.

The efficiency and fake rate of this tracking algorithm as a function of track p as measured
in a simulated tt sample is shown in Figure The efficiency is defined as the fraction of
simulated particles that are matched to a reconstructed track. Figure|5.1|shows the cumulative
contribution from every iteration to the final efficiency. When using all iterations, efficiencies
up to 80% are observed. The fake rate is defined as the number of tracks that could not be
matched to a simulated particle. Both the efficiency and fake rate were measured using a map
that emulates the inactive modules. Both distributions are also shown in the case there are no

issues in the detector.

The [PE algorithm is used to create electron, muon, jet, missing transverse energy and hadroni-
cally decayed t lepton objects at[HLTl Often the reconstruction of these objects starts with
less complex algorithms and finishes with the full reconstruction in order to reduce the timing
of the paths. Electrons are first reconstructed from superclusters that are matched to pixel hits
and then move to the full reconstruction. Muons are first reconstructed using only information
from the muon detectors before moving to the stage where the full detector information is
used. Similarly jets and transverse missing energy objects are first reconstructed using only the
information from the calorimeters before moving on to the [PHreconstruction. In Run II, two
algorithms for b-jet tagging became available at[HCTl The first is the Combined Secondary
Vertex (CSV]) method that was used in all paths up to 2018 data-taking. The second is the

DeepCSV algorithm, which became the go-to module in 2018. Tau leptons are reconstructed
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Figure 5.1: Efficiency (left) and fake rate (right) of the tracking algorithm in Run II [[147]].

in different stages, as will be further explained in the next section.

The [HCTI menu in 2018 contained around 400 paths which are grouped into different blocks
corresponding to primary datasets. There are for example triggers that focus on electrons or
photons that are grouped under the “EGamma” primary dataset. Any event that passes the OR

of all paths within the EGamma block is saved under that primary dataset.

5.3.3 Anatomy of tau triggers

There is a multitude of paths in the [HCTI menu that focus on final states containing a hadroni-
cally decayed 7 lepton. These triggers can be listed under different categories depending on
the final state: single 7 triggers, double t triggers, e+t triggers, p+t triggers and MET] + t
triggers. They all share a similar structure in their paths and go through a few stages before
reaching their final filter. The general progression of all T triggers employed in Run II is
schematically represented in Figure[5.2] All paths start by filtering on the relevant LIl seeds.
They then move on to two or three main reconstruction processes, each more complex but
more accurate than the last, where somewhere along the line the [PH algorithm is employed.
Finally, a set of final filters on the most accurate set of trigger candidates from the L3 step is

enforced. Let us briefly go over the different reconstruction steps below.

Level 2

The first stage of any trigger should be low in complexity in order to respect the limited timing
budget and should perform a crude selection that filters out the clear cases of events that do not
have the final state of interest and retains the more interesting ones for the next steps. The level
2 modules of the pure t triggersﬂ do this by only looking at energy deposits in the calorimeter
with no input from the trackers. In order to save time, the reconstruction of L2 t;,’s is done
regionally around the[LI]t, ’s using the anti-k algorithm with a distance parameter of 0.2. A

'"Pure © triggers refer to triggers that only filter on the presence of 1, objects such as a single t or a double ©

trigger.
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Figure 5.2: The general progression of a ©[HLCT] path. The L2.5 step is only applicable to double t
paths.

filter module that selects on the size of the transverse momentum of the L2 candidates makes
the final decision to move on to the next step or remove the event. For cross-triggers such as
the e+t and p+t triggers the L2 step will instead rely on the second, non-t object for the first
set of filters.

Level 2.5

Full reconstruction as described in the level 3 stage is quite time-consuming for t;, objects,
being high level objects that need to be built up from all their decay products. Whereas e+,
p+t and METH+ triggers can rely on the second object in its final state to perform initial filters,
the double 7 triggers would immediately start the full reconstruction of not one but at least
two hadronically decayed t’s. In order to decrease the average timing of the path, a third stage
is introduced in the double t and single 7 triggers to filter out failing events before the full PR

reconstruction takes place.

The algorithm uses both the L2 1, ’s and pixel detector information as input. Tracks are formed
from hits in a region around the L2 1, ’s which are subsequently used to form vertices. If no
vertex is found, the path moves on to the L3 stage. In case at least one vertex is found, the
vertex with the largest sum of squared transverse momenta is chosen as the primary vertex. A
charged isolation is computed by summing the transverse momentum of all tracks that are
found in the neighbourhood of the 1, candidate and that have at least 3 hits. Finally, a filter on
this charged isolation terminates the path for that event if this quantity is higher than a certain
threshold.
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Level 3

In the final steps of the t triggers, hadronically decayed t leptons are reconstructed using
the [PH candidates from their decay products. For most of the t paths, t;,’s are reconstructed
globally. The only exceptions to this are the double t paths, which are [CPUlconsuming
triggers, where the reconstruction is performed regionally around L2 7, ’s. Up until 2018, all
t-related paths used a cone-based reconstruction [148]] for building the t;, objects. After that,
the double 1, e+t and p+t triggers moved to the algorithm, which is more in line with
offline reconstruction and allows for the separation of the 1, objects according to their decay
mode. Once the 1, candidates are reconstructed, their isolation is computed as the sum of
all charged hadrons and photons that are not part of the t, candidate and are found within
AR = 0.5 of the leading charged hadron. Finally a filter is applied on the number of such

isolated ty,’s.

5.4 Triggers in Run III

With the Run III data-taking period, the aims to go beyond Run II by doubling the
integrated luminosity. This is done by aiming for a high peak luminosity and maintaining it
for hours on end. At the same time the centre-of-mass energy is bumped up to 13.6 TeV and
the mean pile-up is expected to be higher compared to Run II [[149]. In order to be up for the
challenge of optimally processing this data at a target output rate of 1.3 kHz, had to
update its trigger strategy [[150].

One of the main upgrades that also has the High-Luminosity upgrade after Run III in mind
comes with the addition of graphical processing units (GPUK) to the [HCIl farm. Every node
has received an NVIDIA to offload some of its tasks to and speed up processing. In
order to prepare the software for this addition, the Patatrack project [[151]] was launched. Its
main purpose was to create algorithms that could perform pixel tracking and vertexing on
[GPUk. Simultaneously some of the algorithms pertaining to calorimeter reconstruction were
updated for[GPUl compatibility as well. If an event takes place and gets to an [HCT] farm node,
the software will check if the [GPUlis available and run the track and vertex reconstruction
on there. This technique allows for great time reduction and to employ these pixel tracks at
earlier stages. These new features come with some improvements in the tracking algorithms
as well. Instead of the multiple iterations as was used in Run II, this time a single global
iteration is employed that starts from Patatrack pixel tracks that have at least three pixel hits.

The efficiency of this new algorithm compared to the one we had in Run II can be seen in

Figure

Further improvements can be found in the [L1] sector, an overview of which is given in
Ref. [149]. It is interesting to note that due to upgrades in the electronics and the
addition of new variables in the muon sector, Run IIT will herald the first time that the
algorithms can identify long-lived particles. [HCT paths targetting long-lived signatures

were developed accordingly. These paths benefit from improved muon and t;, reconstruction
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Figure 5.3: Efficiency (left) and fake rate (right) of the tracking algorithm in Run II and Run III [|150}
152].

as well as b-tagging with the use of Patatracks.

5.5 Tau Triggers in Run III

In preparation for Run III, we took a look at the existing T paths and established the areas
where we could make some improvements. It was found that the greatest advancements could
be made in the reconstruction techniques and filters of the L2, L.2.5 and L3 stages by making
use of the new infrastructure as well as porting offline identification techniques to the
HLTl These come to life in the two main projects of the t for Run III developments,
namely an improved L2 sequence and the inclusion of the DeepTau@HLT algorithm. The next
two subsections will be dedicated to them. A third subsection will then go over the smaller

upgrades and what the final menu in terms of 1 triggers looks like along with its performance.

5.5.1 Improved L2 sequence

As mentioned earlier, the level 2 and 2.5 sequences were introduced in pure t paths to reduce
the impact of the large time cost of the full 1, reconstruction. They are not designed, however,
to withstand the increased instantaneous luminosity and pileup of Run III. Furthermore, they
do not make use of the new patatracks in an optimal way. Additionally, since the [TSGl group
has found the CaloTowers to be obsolete for Run III, the dependency of the L2 sequence on
them is no longer desired. To address these issues, maintain a high efficiency and keep the
timing under control, a new machine learning strategy to tag hadronic t,, in the early stages of
the HLCT] was designed.

From a technical point of view, this new machine learning technique is based on a convolutional
neural network (CNN) [[153] that was designed, trained and validated by Valeria D’ Amante,
who was the driving person behind the improved L2 sequence. We will refer to this as
the L2NN. work exceptionally well on image recognition, which is something we can
adapt to t’s in the detector by translating their components into an image grid around

the seed. The idea is to remove the modules and sequences that perform the L2 and L.2.5
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reconstruction and filtering and replace them with a few modules that calculate L2NN scores
on which we can filter accordingly. The updated algorithm starts from the L1, candidates
and gathers patatrack and calorimeter information within a cone of AR < 0.5 around them.
This information is divided into a 5 x 5 grid in the 1 X ¢ plane around the respective [LI]
candidate where each cell has a size of 0.2 x 0.2. These information grids, along with the
number of vertices and the [L1] candidate observables, then serve as input variables to the
L2NN. As such there is no need for 1, reconstruction in the early stages and one only uses

existing input variables.

An L2NN output score is calculated for every [L1] candidate, which is accordingly marked
as “good” if the score is higher than a path-dependent L2NN score threshold or has a large
pr (higher than 250 GeV). The event then passes the L2 stage if there are enough “good”
candidates according to the specific path needs, i.e. two good candidates in the double t path.
The exact value of the L2NN threshold is determined by measuring at which value the rate of
this sequence is equal to a set target rate. As this depends on the data-taking conditions, the
threshold needs might vary over time. At the start of Run 3 however, the L2 target rates were
set to 5.4 kHz for the double t path and 1.9 kHz for the single t path.

The efﬁciencyﬂ of the new method compared to the cut-based sequence can be found in
Figure [5.4] It can be seen that for the double 7 trigger, the efficiency of the new L2NN
sequence is equal to or higher than the one obtained using the cut-based strategy. There is
some efficiency loss at high pseudorapidity, which is probably due to the low statistics in this
phase space for training. The new single T sequence sees a slight drop in efficiency compared
to the cut-based sequence that can be traced back to the fact that the neural net was only
trained on double t events. Future iterations will make sure to perform a separate training.
The main advantage of the new L2 sequence comes in a great timing reduction of 9 ms (or

39%) in the single t trigger.

5.5.2 DeepTau@HLT

For offline 7, identification, a neural network called DeepTau was developed by Konstantin
Androsov et al. during Run II [[154] to improve on the existing identification methods. It is
a deep neural network (DNN)-based algorithm that makes use of high-level and low-level
inputs to simultaneously discriminate genuine hadronically decayed t’s against jets, electrons
and muons. One of its main features is the convolutional layers processing the activity in the
detector in the neighbourhood of 1, signatures. Starting from 1, candidates reconstructed
by the [HPS| algorithm, one collects information from reconstructed particles close to the 1,
axis and translates them into two overlapping grids in 1 X ¢: a fine-grained inner grid of
11x11 cells with size 0.02x0.02 and a coarser outer grid of 21 x21 cells with size 0.05x0.05.

*The efficiency is defined as the fraction of events with at least one (two) t,, (’s) that pass the L2 threshold of

the single t (double 1) trigger.
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Figure 5.4: Efficiency of events with one (two) t;, (’s) to pass the new L2 requirement of the relevant
sequence as a function of visible p (left) and visible 7 (right). Shown on the top for the double t

sequence and on the bottom for the single t© sequence. Plots made by Valeria D’ Amante.

Each cell contains for each of the type of object the relevant information of the candidate
of that type with the highest pr present in the cell. Together with high-level variables such
as the t;, four-momentum and charge, isolation variables, properties of the secondary vertex
if applicable, and observables related to the energy distributions in the strips, these serve as
inputs to the neural network.

An overview of the architecture of the DeepTau network is shown in Figure[5.5] There are
three subnetworks, each handling a different type of input: One for the high-level variables,
one for the inner grid and one for the outer grid. A final set of layers uses the outputs produced
as a result of these subnetworks and produces four outputs corresponding to genuine taus,
jets, muons and electrons. The subnetwork for the high-level variables consists of three fully
connected layers, the outputs of which are fed directly into the final network. The inner and
outer grid subnetworks first process the input variables through a number of fully connected
layers in order to reduce the dimensionality of each cell. The 64 output variables in each cell

are then used in convolutional layers, the output of which goes to the final layers.

There are seven types of objects in CMS that are relevant to the DeepTau network. These consist of
charged hadrons, [PHneutral hadrons, electrons, [PHelectrons, [PH photons, muons and [PH muons.
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Figure 5.5: Architecture of the DeepTau neural network [[154].

This discriminator was integrated into the t-related [HLT] paths in preparation for Run III
with a focus on the discrimination against jets. As the[HCTI menu runs in the same
framework as offline reconstruction, the code for evaluating the neural network was already
available. However, since offline and online processing uses different, incompatible input
collections, the code in question had to be adapted to work with all input collections and
to compute any input variable to the that would not be readily available in the online
collections. The main change is in the electron and muon input components for the inner and
outer grid. The collections that go into the neural network are exchanged for empty collections
due to a lack of out-of-the-box availability of all the necessary components, namely fully
reconstructed electrons and muons. If the dependency on these variables would be kept, it
would mean triggers like the double t trigger would also need to run additional modules to
make sure electrons and muons are available. This is clearly an undesired dependency to have
in an environment where processing time is limited. At the time of writing, the training used at
the[HLTlis the same as the offline training although there are plans in the making to perform a
retraining dedicated to the trigger system. Nonetheless, the performance of this discriminator
is greatly improved over the previous cut-based sequence as shown in Figure[5.6] These show

the efficiency and rate of [HLT paths that make use of the DeepTau discriminator at L3.

Once the technical implementation in [CMSSW]and the first validations were performed, we
could move on to defining DeepTau working points for actual use in the [HLCT] paths. As the
rate at high 7y, pr is significantly lower than the rate at low pr, it was chosen to make these
working points pp-dependent. This allows to maximise efficiency in the high p spectrum
where there are fewer incoming events while at the same time reducing the rate at low pr. The
exact function of the threshold is obtained by maximising the algorithmic efficiency of the L3
sequence while targeting a specific rate. For all trigger paths, we started from a collection of

linearly decreasing functions as illustrated in Figure where the parameters %, 1, and 5
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Figure 5.6: Efficiency versus rate for a double 1 trigger (top left), a single t trigger (top right), an e+t
trigger (bottom left) and a u+t trigger (bottom right). Plots made by Anna Mascellani.

are optimised. The target rates used for this process were kept the same as in the 2018 trigger
menu but were scaled up to an instantaneous luminosity of 2.0 x 10** em %571,

Optimisation of DeepTau@HLT working point

DeepTau score

P11 P12
pr(7)

Figure 5.7: Example of the type of DeepTau score vs pt function used to create the pr-dependent
working points for the DeepTau@HLT sequence. For set values of p, the values for ¢y, ¢; and ¢, are
optimised in terms of efficiency for a certain target rate. Figure by Anna Mascellani.

5.5.3 Final strategy and performance

With these two improvements in place, we can put together the final paths for the Run III

menu. The general structure of t paths in Run III is shown in Figure[5.8] where the positions
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of all updated sequences are highlighted. As you can see the L2 and L2.5 sequences are taken
out and replaced by one improved L2 sequence and the L3 sequence remains but now uses the
DeepTau module for isolation requirements. In Run II paths the L3 sequence was followed by
a quality cut on[LTlmatching requirements of the selected t,,’s. In order to reduce the timing of
the paths, this module was adapted to fit in front of the DeepTau sequence so only [LTFmatched
7’s get their DeepTau score calculated, a process which can be rather time-consuming.

Updated L2

L1Ts PF reco L3 reco Final filters
sequence
Select events on Perform full PF Reconstruct T's from Final quality cuts on
relevant filters from the reconstruction PF candidates using the trigger object
L1 trigger. either cone-based candidates

reconstruction or the
HPS algorithm and

Figure 5.8: The general progression of a Tau [HCTI path. The L2.5 step is only applicable to ditau
paths.

Two other areas where improvements were made are found in the reconstruction areas. In
the 2018 menu, the L3 sequence used cone-based reconstruction in some paths and the
algorithm in others. All © trigger paths intended to be active in Run III have now been unified
to make use of the algorithm. This is not only a desired update in general but also a
required one to be able to run the DeepTau algorithm. Unlike the cone-based reconstruction,
the [HPS| reconstruction provides the candidates with decay mode information which serves as
input to the DNNL Secondly, all paths have been updated to use global reconstruction instead
of regional reconstruction. In the past, it was shown that for the double t path in particular,
this brought about large increases in timing (of the order of 10 ms) but it was found that
with the [GPUlbased tracking in place, this timing increase is not as severe. A disclaimer
should be placed here that all aspects discussed in this subsection, but especially the global
reconstruction, can be subject to changes during the Run III data-taking to meet timing and
rate needs of the menu depending on what is observed in the[DQM]| Everything described

here is how the first menu was designed to be used at the start of the run.

The final four proposed t trigger path types then consisted of a double t path, a single t path,
a pu+t path and an e+t path. The observation was made that in 2018 the pure rateEl of the t
+MET trigger was negligible and the phase space where the trigger reached useful efficiencies

*The pure rate refers to the rate of data-taking that is not covered by any other trigger and purely stems from

passing the trigger in question.
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was almost fully covered by the single t triggers. In order to reduce the timing contribution of
T triggers to the total timing, it was decided to therefore remove all t© HMET] triggers from the

menu.

For validation purposes, every t trigger came with a monitoring trigger. They consist of a
u+t trigger where the t parts are identical to the parent trigger. This way, a tag-and-probe
method can be used later on where the muon serves as a tag and the t leg serves as the probe.
Lastly, it should be noted that as a contingency the old paths using the old L2 and L.2.5 stages
as well as cut-based isolation in the L3 stage were updated to Run III standards and retained
in the menu. They are disabled by default, however, meaning that in normal conditions these
paths will never be run. In case it is observed in[DQM] that despite the thorough validation in
development something goes wrong with the machine learning sequences during data-taking,
one can exchange them with the old paths that are tried and tested by Run II for the remainder

of the run.

A comparison of the total efficiency of the t leg in the e+t, p+t and double t paths as used in
Run IIT and the Run II version of the path can be found in Figure[5.9] These were measured
using the monitoring triggers in a tag-and-probe method. For all pt values, an increase in
efficiency of the total path is observed and in the plateau, the efficiency is around 86% for the
double © path. Similar observations are made in the cross triggers where the efficiency in the
plateau reaches 90%. Note that while the e+t and p+r triggers use the same sequences for the
1 section of the paths, they do not necessarily have the same efficiency as there are differences
in L1 seeds, pt thresholds and L2NN and DeepTau score thresholds.

5.6 Conclusions

In this chapter, we discussed the trigger system with a focus on the HCTI While this
overview was rather general, a more in-depth discussion on the structure of t paths took place.
This was followed by the evolution of the trigger system and t paths into Run ITII. We saw that
the inclusion of machine learning techniques allowed for high-efficiency triggers that operate
at similar or better time scales and rates. This will continue to evolve with preparations for a
dedicated DeepTau training at[HLCT]in progress as we speak. Also, the L2[CNN|keeps evolving
and carefully crafted plans are being made for a new training that will deal with some of the
open issues such as efficiency loss at high pseudorapidity and separate trainings for different

trigger types.

This will continue to evolve in data-taking eras after Run III. Dedicated teams are already
designing paths for Phase II, which will follow after Run III, where the detector is upgraded
with new subdetectors. They are preparing the paths to incorporate these changes and are
updating the DeepTau module for that purpose. During Phase-II, tracking information will
already be available at[LIl which will open new doors for the trigger menu [155]]. With great
improvements in areas other than t’s already implemented or lined up, we keep pushing the

boundaries of the system into better menus that allow for tougher but greater data-taking
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Figure 5.9: Comparison of the total efficiency of the et,, path (top left), ut,, path (top right) and 7,7,
(bottom) path as a function of offline t;, pr in Run II (blue) and the Run III (black) working point [8]].

conditions as well as difficult candidates such as displaced objects.

Personal contributions

My contributions to T triggers had already started before I became 7 trigger convener. This came
in the form of service work with purely technical tasks. I started by optimising the fitting pro-
cedure used in calculating scale factors for all T trigger paths. This was followed by the actual

measurement and validation of full Run II t trigger scale factors. Not long after, I performed
the study of factorisation in the double t triggers, found there to be some issues with it, de-

signed a procedure to obtain corrections to address these issues and measured these corrections.

When I became a 1 trigger convener my tasks were twofold. On one hand, I had manage-
rial roles. I was in charge of the development of t triggers for Run III and supervised the
students working on the different subprojects. I followed all trigger meetings and gave
regular reports there as well as chaired the t trigger meetings where all important infor-

mation from the general meetings was propagated by me. At the same time, I supervised
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the tasks and was responsible for the bookkeeping of service tasks in the group.

On the other hand, I kept performing technical work: development of the code to calculate Deep-
Tau scores at HLT and the implementation in the CMSSW framework, design of the new t trigger
paths for Run III that included all new updates and their implementation in the trigger menu,
implementation of new updates in triggers that included t’s but were not part of our group, up-

dates of trigger bits in the offline framework, and timing and rate measurements of the new paths.




A search for supersymmetry in a
multilepton final state

6.1 Personal foreword

After wrapping up my traineeship at CERN and returning to Ghent in the summer of 2017, I
sat together with Professor D. Dobur to discuss a subject for my master’s thesis. Searches for
came up and as my younger self had a bit of a fascination with the theory, I eagerly
accepted. I had come into contact with the theory side of this extension to the[SMlin lectures
but I had very little feeling with the experimental side. For the next academic year, I worked
together with Willem Verbeke, who was experienced in searches for signs of the presence
of this additional symmetry in data taken with the detector. Here I was focusing on
probing new variables that have good discriminating power between signal and background
and that could be used by Willem in his analysis. While the original idea did not work out, it
was a great learning experience not only regarding in practice but regarding searches at
experiments at the in general. The remnants of this work were archived in my master’s
thesis [55]].

When the time arrived to write a proposal for PhD funding, I once again sat together with
Professor D. Dobur. I preferred to perform a search for new physics again, but this time in a
different area than While we decided to write a proposal on a search for[HNLk and
their coupling to tau neutrinos, which will be the subject of the next chapter, we also agreed
that I would first work alongside Willem Verbeke for a year while he was working on a new
search for[SUSY] this time using Run II data, to learn more on the structure of an analysis
and to get insight into different analysis techniques. Within the context of the work, I focused
on the hadronic tau sections, as they were most relevant for the following analysis. More
specifically, I worked mostly on finding the optimal 1, identification and subsequently on

background estimation of nonprompt ty,.

Because I was not the main analyser of this search and focused on only some aspects of the

analysis, I will refrain from giving a full description of the search and all its search channels.

77
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The intention of this chapter is not to illustrate the search from A to Z where we go
through all signal models with their motivation and the complete analysis strategy but to
highlight the work I have performed in the first year of my contract. Therefore, I will instead
stick to a subset of signal processes and channels that support that work. However, as there
is a large overlap in the methodology used in this analysis and the one presented in the next
chapter, I will take the time in some places to give more detailed explanations of the concepts
and techniques behind these overlapping aspects. This will be the case in the object selection,

nonprompt light lepton background and systematics sections.

6.2 Introduction

Chapter [3|introduced as an extension to the that inserts an additional symmetry
between fermions and bosons. The existence of such a supersymmetry comes with the
implication that there are superpartners for all the [SM] particles, which in turn means we can
target these new particles in searches. The experiment has been active in such
searches since the first years of data-taking and hunts for[SUSY]signatures in a wide range of

final states. So far no sign of new superpartner particles has been observed.

One of these analyses in the electroweak production category is described in Ref. [[7]. It
explores the direct production of charginos and neutralinos in processes with multilepton
final states using a dataset of proton-proton collision events recorded by the detector
during the Run II data-taking period. To accomplish this, it applies a strategy that uses a mix
of cut-based search regions and parametric neural networks. This chapter describes a subset
of that analysis that focuses on two varieties of a slepton-mediated decay model that favour
decays to t leptons. In this context, events with three leptons of which at least one is a 1, are
investigated. While it is true that events with three light leptons will also contribute slightly to
the final sensitivity to these models, we will not consider them further in this chapter. R-parity
conservation is assumed in the analysis, meaning at least two [LSPk will be present in the final
state. They will not interact further with the detector and lead to missing transverse energy

signatures.

The structure of this chapter is as follows. The foundation of the analysis, namely the signal
models under consideration, will be highlighted in Section This will be followed by a few
words on the data and simulation in Section We then move on to an explanation on object
identification and selection in Section[6.5]after which the analysis strategy and event selection
are presented in Section[6.6] All elements that go into the background prediction are laid out
in Section The last remaining ingredient at that point is the systematic uncertainties that
creep into the analysis, an overview of which is provided in Section Finally, we are ready
to look at the results and interpretation in Sections [6.9]and [6.10}]

The details of this analysis were transcribed in the analysis note linked to it. This chapter is

heavily inspired by that note and the paper, both in content and in structure [/7].
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6.3 Signal Models

Due to the high number of free parameters in the MSSM| we make use of simplified [SUSY]
models in this analysis. The only free parameters in these simplified models are the masses of
a handful of sparticles [52-54]. The full analysis considers three such models of which one,

referred to as slepton-mediated decay, is described below.

All slepton-mediated models in this analysis assume wino-like )Zg and ﬁc— meaning they
are mass-degenerate mixtures of the charged and neutral winos — that have the same mass
while the [LSP]is assumed to be bino-like, meaning that 5(? ~ Bﬂln scenarios where sleptons
have a mass that is settled between the mass of the chargino )ﬁt and the mass of the [LSP| )2(1),
sleptons can act as the mediator of the decay of the original chargino-neutralino pair. The
diagrams considered for this type of process are shown in Figure [6.1] The chargino can decay
to a lepton and a sneutrino, which will further decay to a neutrino and an[LSPl Alternatively,
the chargino can also decay to a neutrino and a slepton. In that case, the slepton will in turn
decay into a[SM]lepton and the The heavy neutralino 5(8 would decay to either a slepton
and a lepton or a sneutrino and a neutrino. The final state of the last option would lead to

events with a single lepton so we will not consider it further.
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Figure 6.1: Diagrams depicting processes where a chargino-neutralino pair is produced and subse-

quently decays via a slepton and a sneutrino (left) or via sleptons (right) [7].

Within the slepton mediated models regarded in this analysis, there are multiple different
submodels hypothesizing the type of slepton that mediates the decay. Scenarios where the
chargino only couples to right-handed sleptons while the neutralino decay can still occur
through left-handed sleptons, is called the T-enriched scenario. The origin behind the name is
that in this scenario, right-handed sleptons would only couple to the Higgsino component of
the chargino. This results in a preferred decay to t leptons since they have the highest of the
three lepton masses and thus the largest Yukawa coupling. If light flavour sleptons have such
a high mass that they are decoupled, it would only be possible for the chargino and neutralino
to decay through t sleptons, implying an exclusive decay to t leptons. This last scenario is

called the T-dominated scenario.

'Winos and binos are the superpartners of the electroweak bosons in the [SM]|before spontaneous symmetry

breaking.
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The kinematics of the leptons in the event as well as the amount of missing transverse energy
will depend on two mass differences: the one between the original chargino/neutralino and the
[LSPland the one between the slepton mediating the decay and the The first-mentioned of
these mass differences will be further denoted as om = Mo — Mmoo and will have an impact
on the energy available to the leptons in the final state. The mass difference between the
sleptons and the [LSP| will have an impact on the relative distribution of the available energy
between the leptons in the final state and will be further characterized by a parameter z, the
definition of which can be found in equation

my = x~’m)~<g+(1—x)-m)~<c1> (6.1)

Three values for x are studied in the analysis:

e 2 = 0.05 : The mass of the slepton is close to the [LSPImass. This means that there is
little energy left for the lepton produced in the decay of the sleptons which means that
they typically will be soft.

e = 0.5 : With a mass exactly halfway between m.o and m.o, the phase space available
to each lepton will be the same due to the identical mass difference at each stage of the

process. This means the momentum spectrum of all leptons will be similar.

* z = 0.95 : This situation is comparable to the first scenario but this time the mass of
the slepton is close to mLo. The leptons produced in the decays of )Zg and ﬁc will have

a low transverse momentum spectrum due to the compressed phase space.

6.4 Data and event simulation

6.4.1 Collision data

Three sets of proton-proton collision data at /s = 13 TeV, corresponding to three years
of Run II data-taking, are scrutinized in this search. They consist of 35.6 b~ ! of 2016
data, 41.5fb™" of 2017 data and 59.7 fb~ " of 2018 data for a total integrated luminosity of
1372101, collectively referred to as Run II. As running conditions were slightly different
across the three years, they are treated separately in the analysis with each having their own
set of simulations, calibrations and validations and forming separate inputs to the final fit. The
analysis uses events from the single-electron, single-muon, double-electron, double-muon
and electron-muon primary datasets. These have been cross-cleaned to remove any potential

double counting.

6.4.2 Event simulation

All simulation samples follow the same structure of the datasets, with one set of simulations
per year of data-taking. The signal samples for all models described in the last section have
been generated with the MADGRAPHS5_aMC @NLO program [156,[157] at[LOlin the strong
coupling constant and with up to two additional partons in the matrix element computations.

Background process samples for WZ production and ZZ production through the qq — ZZ
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and H — ZZ channels were generated at next-to-leading order (NLO) using the POWHEG v2
generator [158-161]] while the ZZ process in the production mode gg — ZZ was produced at
using the MCFM v7.0 generator [162]. With the exception of background processes that
consist of two top quarks along with two massive bosons, which were generated at[LOl all
other processes were generated at[NLO| with the MADGRAPHS5_aMC @NLO program.

6.5 Object selection and identification

All particle candidate objects used in the analysis are reconstructed using the [PH algorithm
discussed in Section[4.3.3] Not all of the reconstructed lepton candidates are useful to the
analysis, however. They could be fake, for example from misreconstructed hadrons or photon
conversions in jets, or they could be genuine leptons that originate from sources that are not of
interest to the signal process, such as leptonic b-jet decay. In general, we refer to leptons that
originate from sources of interest — i.e. the decay of electroweak bosons or superpartners — as
prompt leptons and leptons from all other sources as nonprompt. In order to make sure that
we select prompt leptons as efficiently as possible, additional identification criteria are applied

for the different lepton flavour candidates.

In general, there are three working points of identification criteria for the object candidates
called loose, medium and tight, each being more strict in their selection than the last. The
loose working point is designed as a baseline selection that rejects most misidentified jets and
leptons while maintaining a high efficiency for prompt objects. For the object to be regarded
in any step in the analysis, it has to pass the loose working point. The medium or fakeable
object (EQ) working point is designed with nonprompt background estimation in mind and
is built to select a good portion of nonprompt objects along with the prompt ones. The tight
working point is regarded as the final working point and is intended to select prompt leptons as

purely as possible. All objects selected in the final selection need to pass this working point.

6.5.1 Muons

The loose baseline selection is built on a few core principles regarding impact parameters and
isolation. Firstly, loose muons must be observed within the muon system, which spans up to
|n| < 2.4, and must have a pp higher than 5 GeV. Secondly, the track must have small impact
parameterﬂ in the zy-plane |d,,| and in the z-direction |d,|. Also, the significant impact
parameter value in all three directions, defined as the impact parameter in 3D-space
divided by the uncertainty on this value, must be lower than the threshold of 8. This selection
helps to reduce the contributions of genuine nonprompt leptons from i.e. b-quarks, which

usually have a high impact parameter due to the lifetime of their parent.

Thirdly, we expect little hadronic activity in the neighbourhood of a genuine, prompt muon.

Misidentified muons from jets or muons from heavy quark decay will typically be surrounded

*The impact parameter is defined as the distance between the primary vertex and the point of the track closest

to the primary vertex.
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by the other hadrons. Therefore gathering information on the crowdedness in the vicinity of
muon candidates by taking the scalar sum of the p of all [PH candidates in a cone around the
muon can offer valuable information on its origin. This value is called the (absolute) isolation

I and is defined as

_ charged neutral hadrons Y neutral pileup
L = Zcharged Py + max [0’ Zneum\l hadrons PT + Zy b —Pr . (62)

Here the contribution due to charged particles requires them to originate from the primary
vertex in order to reject pileup contributions from other vertices. For the neutral particles,
where this track information is not available, the contribution from neutral pileup (1179;’um11 pileup)
is predicted using the effective area technique described in Ref. [[163]] and is subtracted from
the neutral contribution to the isolation. In this analysis, the isolation variable of choice is
called mini-isolation, which is defined by the fact that the size of the cone will vary with muon

pr following the definition:

10 GeV
min(max(pr, 50 GeV), 200 GeV)

The advantage of using a variable cone size is that it takes into account that the higher pt

AR(pr) =

(6.3)

jets in which the muons are embedded are more collimated. By using a smaller cone size for
higher-p muons, we reduce contamination of the isolation sum by sources other than the jet.
The final variable for isolation used to select loose muons is the relative mini-isolation, which

is defined as the mini-isolation divided by the reconstructed muon pr.

Identification requirements are placed on the matching between the muon segments in the
tracker and the muon system. These are referred to as the PF-medium requirements, more

details on which can be found in reference [117].

In order for a muon to pass the working point, it should pass the loose working point
along with an increase in the aforementioned p cut to 10 GeV. Furthermore, the muon can
either pass the same lepton multivariate analysis (MVA)) cut as for the tight working point or,
if that fails, it should at least pass two additional cuts. The first of these is a requirement on

ratio

the pt , which is defined as the ratio between the muon pt and the pt of the closest jet. In
case a muon is part of a jet, this ratio will be relatively low as the jet pr is distributed across
all its constituents. Secondly, there is a selection on the DEEPFLAVOR b-tagging score of the
closest jet to discriminate against leptons that originate from heavy quark decays. In the case
of muons, the threshold on this latter cut is made to be a sliding cut that adapts to the p of

the lepton.

Tight muons are required to pass the loose and analysis working points as well. To
increase the discrimination power between prompt and nonprompt muons, a cut on the output
score of a gradient boosted decision tree (BDT)) is applied. This[BDT] was trained to operate
for both muons and electrons [7,(164}|165]. Among the input variables are the properties
of the jet that contains the light lepton such as its DEEPFLAVOR b-tagging score [|166], the
ratio of the lepton p to the jet p1 and the component of the jet momentum transverse to the

direction of the lepton, as well as impact parameter variables and isolation variables. With
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this tight selection, an identification efficiency for prompt muons running between 90% and
99% is obtained with a 5 to 10% misidentification rate. Here, the identification efficiency
(misidentification rate) is defined as the fraction of prompt (nonprompt) muons passing the
baseline selection that also passes the BDT] working point. A summary containing the exact

definitions of all muon working points can be found in Table[6.1]

Table 6.1: Selection requirements that define the muon ID WPs. Cuts that are labelled with T are
applied in the case that the muon does not meet the lepton MVA requirement The sliding cut on

DEEPFLAVOR?™™ is defined as a linear interpolation between two thresholds as a function of the

muon pr. This linear interpolation runs from a threshold on DEEPFLAVOR™™* of Medium WP at 10
GeV to 22 WE 3t 50 GeV in 2017 and 2018 data. In 2016 data these thresholds take on the values

L°°ff5WP and L°°S5e WP at 10 and 50 GeV respectively.

Cut Loose | Fakeable Object (FO) | Tight
In| < 2.4 v v v

pr (GeV) > 5 > 10 > 10
|,y < 0.05cm v v v
|d,| < 0.1cm v v v
SIP;p < 8 v v v
I'e <04 v v v
PF-medium v v v

lepton MVA - - > 0.4
DEEPFLAVOR™®® | _ < sliding cut' -
pratio - > 0.35 -

A few corrections are applied to all muons in simulation to address small differences between
simulation and data. The first set of corrections are called Rochester corrections [[167]] and aim
to bring the energy spectrum of muons in simulation closer to that observed in data. A second
set of corrections comes in the form of scale factors on the efficiency of the identification.

They correct the efficiency of the selection in simulation for that observed in data.

6.5.2 Electrons

In the same fashion as the muon ID, loose electrons should be found within the confines of
the tracker, leading to a || cut of 2.5, the impact parameters and their significance should be
small (see Table [6.2) and the electron should be isolated. Additionally, the track can have
no more than one missing hit. In order to avoid double counting and selecting electrons

that are wrongly reconstructed from muon signatures, all electrons that are within a cone

AR =4/ An2 + Ang < 0.05 from loose muons are disregarded.

The working point requires a few additional selections based on the shape of the [ ECAL
and clusters and the matching between the track and the cluster. For genuine
electrons one expects most of the shower to be contained in the with only a small
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punch-through to the As such, we can look at the fraction of energy in the
found within a cone of AR < 0.15 around the cluster direction to the energy deposit
in the[ECAIL] H/E. Secondly, a selection is made on the shower shape in the in the
form of the oy,
Additionally, the information between tracker and should agree. For this purpose, a cut

variable, the exact definition of which can be found in reference [168].

on 1/E — 1/P compares the momentum measured at the closest point to the primary vertex
P to the energy in the [ECAT]cluster E. One extra source of background electrons is found in
photon conversions into two electrons. These are rejected using a conversion veto that requires
there to be no tracks present in the tracker that are matched to a conversion vertex and point in
the direction of the [ECAL] cluster.

Additional requirements are placed on the output score of an[MVAltrained in a[DYIMC sample

using discriminating variables such as the ones described in the last paragraph. The purpose of

this[MVAlis to provide a handle on discriminating prompt electrons from those misidentified

from jets. It is different from the lepton [MVAIl described in the muon section and the tight

selection in the next paragraph and does not use isolation variables as inputs. It is labelled as

the electron MVA. To top off the selection, a selection on the DEEPFLAVOR score of the
ratio

closest jet and pt  is applied, the pt threshold is raised to 10 GeV and there are no missing

hits in the tracker allowed anymore.

The tight working point requires an electron to first pass the [FO| working point. On top of
that, a selection is made on the same lepton [MVA] that was introduced in the muon section.
Similarly as for the muons, energy scale corrections are applied to electrons in simulation along
with scale factors on the identification efficiency. The first set will bring the reconstructed
electron energy spectra in simulation and data closer to each other while the second takes
slight differences in the behaviour of the identification selections between data and simulation
into account. On top of this, reconstruction efficiency corrections are applied to match
the efficiency of the electron reconstruction algorithms in simulation and data. The final
selection efficiency for tight prompt electrons is 75% in the three-lepton selection with a

misidentification rate of around 5% as measured for both with respect to the baseline selection.
6.5.3 Tau Leptons

As defined in Section4.3.8] T leptons are reconstructed from their hadronic decay products
and will have similar characteristics to jets. It is not uncommon that the algorithm
erroneously reconstructs a[QCD]jet as a ty, jet. Therefore it is important to perform further
quality selections on reconstructed 7 candidates in order to retain as many of the genuine t;,’s

and remove as many of the misreconstructed t;,’s as possible.

A baseline selection on the transverse momentum and pseudorapidity of 73,’s of respectively
pr > 20 GeV and |n| < 2.3 performs a selection on the fiducial region for 1, reconstruction.
Furthermore, a decay mode finding discriminator selects only candidates with a vertex accord-

ing to a 1-prong decay or a 3-prong that has no additional 7°. In order to discriminate genuine
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Table 6.2: Selection requirements that define the electron ID WPs. Cuts that are labelled with " are
applied in the case that the electron does not meet the lepton MVA requirement.

Cut Loose Fakeable Object (FO) Tight
In| < 2.5 v v v

pr (GeV) > 7 > 10 > 10
|dyy| < 0.05cm v v v
|d,| < 0.1cm v v v
SIP,,, < 8 v v v
e <04 v v v
H/E <0.1 - v v
Timin < (0.011/0.030) | - v v
1/E—1/P > —0.04 - v v
conversion veto - v v
number of missing hits | <2 =0 =0

electron MVA - Loose ( WP90' ) Loose

lepton MVA - - > 0.4
DEEPFLAVOR®** - < tight WP -
pratio ~ | >0.6'(2018)/0.7 (2016 — 2017) | -

7’s against those whose signature was faked by a muon or an electron, all t;, found within a

cone AR = 0.4 around loose light leptons are removed from the candidate collection.

At the time of the development of this analysis, a few different 1, identification methods to
be used on top of the baseline selection were available. Besides a cut-based identification
method, a few iterations of were available. The DeepTau algorithm already referred
to in Chapter [5] was still under development and considered experimental at the time. In
order to probe which algorithm would give the best performance in light of the signal process
under consideration, a comparison of efficiency versus misidentification rate was performed.
The results of such a comparison in M between a cut-based discriminator, the 2015 and
2017v2 versions of the MVA both for the old decay mode reconstruction and the new decay
mode reconstruction (which contains 3-prong vertices with an additional 7r0), and the deepTau
discriminator can be found in Figure [6.2)for the definitions of efficiency and misidentification

rate defined in the next paragraphs.

The efficiency is measured by first selecting all 73, candidates flagged as genuine in simula-
tion and that pass the baseline selection. One can then check how many of those pass the
corresponding working point of the algorithm in question. The ratio between the number of
candidates passing that working point and the number of t’s passing the baseline selection is
then taken as the efficiency. Because of the large range of models and signal masses, a WZ

sample was used as a proxy for the signal in order to measure this efficiency. The definition of
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the misidentification rate is defined in a similar fashion but instead of selecting genuine t’s,
all candidates must be not matched to t leptons on a simulation truth level. The sample used
for this measurement is a[DY]sample.

It can be seen from the receiver operating characteristic curves in Figure [6.2]that the
cut-based approach is outperformed by all other methods. Among the [MVAK, a convergence in
performance is observed when going to tighter working points. Lastly, the deepTau algorithm
offers lower misidentification rate for the same efficiency but due to the experimental nature
of this neural network at the time, it was decided to go with the 2017v2
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Figure 6.2: Efficiency and misidentification rate of several 7;, isolation ID algorithms as measured in
2016 Monte Carlo samples. Efficiency is measured in a WZ sample while misidentification rates are
measured in a DY sample.

A study of the significance S/+/S + B where S is the signal yield and B is the total background
yield as a function of all possible working point combinations was performed in order to
choose which one offers the highest sensitivity to our signals. For this study, a variety of
tau-enriched and tau-dominated signal samples was used. All events that go into the study
need to pass the full event selection as listed in Section[6.6] The results of this comparison for
a compressed scenario with meo = 150 GeV and meo = 250 GeV can be found in Figures @
It can be seen that the tight working point of the offers the best sensitivity balance for
the single tau and ditau channels. The same study was performed with signal samples at
different superpartner mass points. These studies showed that the tight working point offers
the most balanced discrimination for both compressed and uncompressed scenarios and high
sensitivity to final states with more than one 7,. In order to remove most of the remaining

7y, that are faked by light leptons that passed the cleaning process from electrons and muons,
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the loose working points of discriminators against such leptons (called againstElectron
and againstMuon) are applied. A summary of the full selection can be found in Table [6.3]
The loose working point in this table signifies the working point to be used in nonprompt
background estimation, which will be further explained in Section The final selection,
marked as tight, has a 50% efficiency in selecting prompt t;, with a misidentification rate

below 0.2% with respect to the baseline selection.

Table 6.3: Selection requirements that define the t,, ID WPs.

Cut Loose 1, selection | Tight t,, selection
Inl < 2.3 v v
pr (GeV) > 20 > 20
againstMuon WP Loose Loose
againstElectron WP Loose Loose
MVA2017v2 isolation WP Loose Tight

Energy scale corrections for genuine t;, and t,, faked by electrons that bring the energy
profile of 1, candidates in simulation closer to what is observed in data are applied to the
relevant candidates in this analysis. Similarly, scale factors to correct for differences in
the identification efficiency in data and simulation that are applied to genuine t;, muons

misidentified as t;, and electrons misidentified as t;,.

6.5.4 Jets and b-tagging

All jets used in this analysis are [PH jets reconstructed as explained in Section[4.3.6 Just like
in the case of the objects discussed so far, a few identification requirements are applied to
jets as well. Firstly, all jets must pass a set of standard jet identification requirements that are
referred to as the Tight jet ID [[169]. Furthermore, all jets where a[FQ]electron, muon or 1,
was found within a cone of AR < 0.4 centred on it are removed from the final jet collection.
Additionally, the pt of the jet should exceed 25 GeV and the candidate should be found within
|n| < 2.4. All jets have the and corrections mentioned in Section applied.

Jets that originate from b-quarks are selected from the pool of identified jets and tagged using
the DeepCSV algorithm [127]]. The main purpose for b-tagged jets will be for vetoing events
that contain such a jet. In order to correct for known differences in the b-tagging efficiency

between simulation and data, scale factor weights are applied to every event in simulation.

6.5.5 Missing transverse energy

The missing momentum vector pp  is defined as the inverted vector sum of the transverse
momentum of all [PH candidates. The aforementioned uncertainties are taken into account
in this sum. The size of this vector is referred to as the missing transverse momentum

miss miss

pr . In order to remove anomalous high-p1 "~ events from reconstruction failures, detector

malfunctions or non-collision backgrounds, MET] filters are applied in this analysis.
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Figure 6.3: Number of !/7;, events (top) and /7,7, events (bottom) passing full event selection where
the 7, passed the according object selection in 2016 simulation. Different working points for the 2017v2
[MVA] are shown on the x-axis while different working points for the againstElectron discriminator are
shown in different columns. In both cases, the loose working point of the againstMuon discriminator is
applied. Background yields are represented in the filled-in distributions. The yields for three different
slepton-mediated signal scenarios are shown as coloured points: T-dominated in black, t-enriched with

x = 0.5 in red and t-enriched with x = 0.05 in blue.

6.6 Analysis strategy and event selection

A multitude of final states is targeted in this analysis in order to be sensitive to a wide range
of models. All of them share the presence of multiple leptons and a substantial amount of

missing energy due to the [LSPk.
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The goal of the analysis is to use what we know about the signal properties to design variables
that have different distributions for signal and background events, also called discriminating
variables. By creating regions — collections of events that have to satisfy a number of well-
defined selection requirements — from these discriminating variables that are highly enriched in
expected signal while having low background yields, we can study the presence of a potential
excess of events on top of the predicted background in the data. In case no such excess is
observed, a fit to the data is performed in order to produce exclusion limits on the signal cross

section in the relevant parameter space.

As a baseline selection, all events should pass at least one of the single light lepton or double
light lepton triggers used at the time of data-taking. These triggers each come with their own
online thresholds that define the turn-on curve. In order to be coherent in the offline and online
selection, a number of pr cuts are applied that make sure we reside on the plateau of constant
efficiency. Additionally, events must have at least three [EQ]leptons or two [EQllight leptons of
the same sign. Events where these leptons pass the tight working point are kept to be used
in the signal regions as the nominal selection. Events where one of the leptons fails the tight
requirement are retained for further use in the data-driven background estimation methods. In
order to reduce the backgrounds that contain top quarks, a veto on the presence of a b-tagged
jet is put in place. Similarly, events that contain an opposite sign and same flavour (OSSH)
pair that has a combined invariant mass that does not exceed 12 GeV are discarded to decrease

contributions from photon conversions and low-mass resonances.

All surviving events eventually get distributed into different search categories based on the
number of leptons, flavour content and the number of lepton pairs, for each of which
a set of dedicated search regions are designed. As mentioned in the first sections, we will
limit the scope of this chapter to the final states relevant to the 1, studies performed by the
author, namely trilepton events including hadronically decayed t’s. However, it should be
acknowledged that there are other final states considered in the analysis, such as two same-sign
light leptons or three light leptons. In fact a number of interesting developments, such as a
novel parametric neural network technique, have been made for these final states and they
offer the bulk of the sensitivity to the flavour-democratic scenario of slepton-mediated decay
models. Be that as it may, these final states and their results will not be discussed any further.

The interested reader is referred to the paper instead [/7]].

Three charged leptons with one or more tau leptons

Channels with three charged leptons of which at least one is a t;, are especially sensitive to the
tau-enriched and tau-dominated slepton-mediated models. While it is possible that t leptons
decay leptonically and thus help form a final state with only light leptons, the bulk of the
sensitivity for these two types of models will come from final states with at least one t;,. The

exact final states in this category used in this analysis can be split into three subcategories:

* One light lepton pair + 1}, (3¢C):

These events are very sensitive to t-enriched models but come at the price of high
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background yields. As will be shown in Section [DYl events with an additional
jet can fake this signature. This background can already largely be reduced by vetoing
events where the light lepton pair has an invariant mass within 15 GeV of the Z boson
mass, however. A second large background comes from tt events with a nonprompt ;..
For events with pT*° below 300 GeV, this background is reduced with cuts on a variable
referred to as the stransverse mass, My [[170]. It is a complex variable designed for
processes with two semi-invisible decays of mother particles with the same mass. In
order to understand it, we need to first define the transverse mass variable M, which is
designed for processes with a single semi-invisible decay. For a system with a lepton

and missing transverse momentum, it is defined as follows:

My = J 2p7p P> (1 — cos(Ag)) (6.4)

where pgf is the transverse momentum of the lepton and A¢ is the angle between the
lepton and the missing momentum vector in the transverse plane. This quantity will by
definition have a smaller value than the mass of the mother particle of the semi-invisible
decay and will thus have a sharp drop-off at the mass of the mother particle, making it
effective against backgrounds that contain for example leptonic W decay.

In a similar fashion, the stransverse mass is calculated in such a way that it falls off
sharply beyond the mother particle mass in processes with two semi-invisible decays. In
short, this is done by running over all possible splittings of the total missing transverse
momentum vector and minimizing the maximum value of each decay’s transverse mass.
For more details and mathematical background, the reader is referred to the reference

material.

For higher missing energy values we depend on the transverse mass of the combined
miss

system of the two light leptons and pp
definitions of the search regions can be found in Table

(M%l) for this discrimination. The exact

* Non{OSSHIlight lepton + 1}, (3¢D-3/E):
This subcategory is in itself split again into two categories, namely events where the

light lepton pair have opposite sign (OS) and those where they do not. Events with
opposite sign and different flavour (OSDE) light leptons are categorized under category
3¢D while events with two same sign light leptons fall under 3/E. In scenarios where
a Z boson decays to two 1’s, the event can contribute to these final states if either one
or both t’s decay leptonically. In that case, the reconstructed mass would not be the Z
boson mass because the neutrinos in the t© decay escape with a part of the momentum.
It has been shown that the expected reconstructed mass for such Z decay is around
50GeV for eu final states and around 60 GeV for It final states. With this in mind,
search region bins as a function of the invariant mass of the lepton pair with opposite

sign are created. In the case of [OS|light leptons, this will be their invariant mass (My).
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In case the light leptons have the same sign, this will be the invariant mass of the light
lepton and 1}, combination that is closest to the expected value of 60 GeV (Mj, ). When
the light leptons have the same sign and also share the same sign with the T}, candidate,
this mass variable is set to 0 GeV. Lastly, the stransverse mass M4 is added into the
mix. It is calculated using the two light leptons if they have or the leading light
leptorﬂ and the 1, in the other case. Due to the sharp drop in the distribution beyond
the W mass, it adds a lot of discriminating power to this category. The exact definitions
of the search regions can be found in Tables[6.5]and [6.6]

* Two t,, candidates (3(F):
Events that contain two 1, candidates are especially sensitive to the tau-dominated
slepton mediated decay models. The two variables that are the foundation of the binning
for this category are based on the leading 1, and the light lepton. The first of these is the

invariant mass of this pair My, , which tends to be large for uncompressed scenarios

while the second is the stransverse mass of the pair in combination with the missing

transverse energy vector, Mz, (It;)). The exact definitions of the search regions can be
found in Table [6.7]

Table 6.4: Definition of the search regions for events with an[OSSHlight lepton pair and a t,, (3¢C).

miss

P (GeV) | MF (Gev) || My, <80GeV | 80 < Mypy < 120GeV | My > 120Gev

50-200 >0 C01 C02 C03
200-300 >0 C04 C05 C06
0-250 Co7
> 300 250-500 C08
> 500 C09

Table 6.5: Definition of the search regions for events with an light lepton pair and a t;, (3¢(D).

Mrs(6,6) GeV) | P (GeV) || My <60GeV | 60 < My, < 100GV | My, > 100Gev

50-100 D01 D06 DIl
100-150 D02 D07 D12
0-100 150-200 D03 D08 D13
200-250 D04 D09
D14
> 250 D05 D10
50-200 D15
> 100
> 200 D16

*The term leading lepton refers to the lepton with the highest pr while subleading and trailing leptons
respectively refer to the lepton with the second highest and third highest p.
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Table 6.6: Definition of the search regions for events with a same-sign light lepton pair and a t,, (3¢E).

Mrpo(£,1y,) (GeV) | p™ (GeV) My, <50GeV | 50 < My, < 100GeV | My, > 100GeV
50-100 EO1 E04
0-80 100-250 E02
E05
> 250 E03
50-150 E06
EO8
>80 150-200
EO07
> 200 E09

Table 6.7: Definition of the search regions for events with two 1, candidates and a light lepton (3/F).

Mo (€,1y,) (GeV) \ PSS (GeV) H My, <100GeV | My, >100GeV

50-100 FO1 FO7
100-250 FO2 FO8
150-200 FO3 F09
0-100
200-250 FO4
250-300 FO5 F10
> 300 F06
50-200 Fl1
> 100
> 200 F12

6.7 Background Estimation

Even after all the effort of reducing the background contributions to the final yields, there
will always be some level of background creeping through. It is now of utmost importance
to understand what these backgrounds are and to accurately predict them. In this search
specifically, there will be four main types of background contributions to our final selection.
The first of these are events where one of the selected leptons is actually nonprompt. An
example of this would be a event that decays to two [OSSH light leptons but in which a
final state radiation jet mimics a hadronically decayed tau. While there are no three prompt
leptons, when the nonprompt lepton slips through our selection, it will look like there are. The
background due to nonprompt leptons forms the main background for the trilepton channels
that include a t,. To predict it, a data-driven technique is employed. We will go a bit more

into detail on this technique in the following subsection.

A second dominant type of background is due to processes with the same final state,
such as a WZ or ZZ process ending up in 3 or 4 lepton final states. The contribution from
prompt [SM] processes is predicted from simulation. Conversions make up the third type of
background. They are events in which a photon evolves into an electron-positron pair. Two
mechanisms through which this can happen exist: internal and external conversion. The first
is simply the splitting of a virtual photon while the second is due to a real photon interacting
with the detector material. Just like the prompt background processes, we will predict its

contribution from simulation.
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6.7.1 Nonprompt background processes

Data-driven background estimation methods are employed for the prediction of the contribu-
tion of this type of background. More specifically, a fake rate or “tight-to-loose” method forms
the foundation of the prediction in this background category. While the specific measurement
and application will differ for nonprompt light leptons and nonprompt <, , the main principle
is the same. One can select a control region in the data that is orthogonal to the signal region
selection and is enriched in nonprompt leptons of the flavour in question. By counting the
number of nonprompt leptons that pass the [FQ| selection and the number of those leptons that
then also pass the tight analysis object selection, a map can be formed of the probability for
a nonprompt lepton to pass the full selection. This map is called the fake rate and is for our

intents and purposes a function of the lepton pr and |7].

With this fake rate map in hand, one can estimate the contamination of nonprompt backgrounds
in the signal region by selecting a sideband region in data. The latter is defined similarly
to the signal region with the exception that at least one of the leptons should pass the
selection and not the tight selection. One can then define and apply a transfer factor that
is a function of the fake rate to translate the events in the sideband to the contribution of

nonprompt backgrounds to the signal region.

In the hypothetical scenario where there can only be one nonprompt lepton and therefore

just one lepton in the sideband that fails the tight selection but passes the selection, this

)
I f(pr. 1))

where f(pr,|n|) represents the fake rate of a lepton with transverse momentum pp and

transfer factor is found to be
(6.5)

pseudorapidity 7. Note that the denominator in the transfer factor is needed because of the
definition of the denominator of the fake rate, namely all nonprompt leptons regardless
of their passing of the tight working point. As the sideband is defined as consisting of
leptons that do not pass the tight working point, the denominator in equation [6.5]essentially
translates the“tight-to-loose” ratio into a “tight-to-loose-but-not-tight” ratio. This can shown
as follows: if the number of nonprompt leptons passing the tight selection is denoted by
N(t), the number of nonprompt leptons passing the loose selection by N (/) and the number
of nonprompt leptons passing the loose selection but not the tight selection by N (I|!t), the

transfer factor can be written down as:

_N® N N f
_N(l|!t)_N(z)_N(t)_1_&?—1_f. (6.6)

w

In the scenario where it is possible that there are multiple nonprompt leptons, the transfer
factor to apply as a weight to the event becomes more complicated since one must take into
account additional corrections due to combinatorics [[171]]. Imagine two-lepton events where
the signal region of two tight leptons can have background contributions from events with one

or two nonprompt leptons. The first can be estimated from the sideband of events with one
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tight lepton and one [FOlbut-not-tight lepton by applying the transfer factor f;/(1 — f;) we
have already encountered. The “problem” is that this sideband selection is not pure in events
with one nonprompt lepton but also contains events with two nonprompt leptons where one of
them actually passed the tight selection. At first sight, this is a good thing because it therefore
provides a prediction of both the contribution from one-nonprompt and two-nonprompt lepton
events. However, for the latter type, there are two combinations in which one lepton passes
the tight working point and thus there is a double counting of events with two fake leptons.

This double counting can be counteracted by estimating the contribution of events with two
nonprompt leptons from a sideband of events with two [FOlFbut-not-tight leptons (where there
is no combinatorial ambiguity) and subtracting it from our estimation from the sideband with
one [FOtbut-not-tight lepton and a tight lepton. The final weight to be applied to the event
can be factorised and it can be shown that it can be generalized for multilepton final states as
follows [[172]:

—h
w=(—1) x ) (6.7)
=1 H 1—fi
where the product runs over all leptons that fail the tight selection but pass the loose selection

and f; is the fake rate at the pp and |n| of the according lepton.

Nonprompt light leptons

In order to measure the fake rate maps for nonprompt light leptons, a[QCD| multijet region is
selected in data that is enriched in this type of lepton. Before measuring the fake rate, there
are first two effects that need to be taken into account. Firstly there is the matter of the fake
rate dependency on the pt of the mother parton that was the source of the jet that contains the
nonprompt light lepton. The transverse momentum that is reconstructed and assigned to the
nonprompt lepton is not the same as the pr of that mother parton. If the light lepton is, for
example, a nonprompt lepton that is contained in a[QCD]jet, it will only contain a fraction
of the energy of the original parton. Imagine that for the same reconstructed pr, one lepton
originates from a low p parton while another originates from a high p parton. The activity
around the second lepton is likely to be higher than in the case of the first lepton. This will
of course have an impact on the probability of passing the full selection for which we highly
depend on isolation variables. Secondly, there is the matter of the nature of the mother parton.
Nonprompt light leptons in the signal region come mainly from and tt processes that
respectively have more fakes from light flavour quarks and heavy flavour quarks. The different
structures in their resulting jets will cause different behaviour in their fake rates. In order to
take this into account, a working point called the fakeable object working point is defined as
providing a similar tight-to{FQl ratio for heavy and light flavour jets.

To address the first point, a so-called “cone-correction” that translates the nonprompt lepton
pr to a proxy of the mother parton p is applied to all nonprompt leptons, i.e. leptons that
pass the selection but fail the tight selection. A good proxy for the mother parton p is
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the pr of the resulting jet, which can be obtained by dividing the original p1 with the earlier

ratio

defined p . That means that this cone-correction comes down to multiplying the nonprompt
lepton pt by a factor -5 where x is a scale factor that corrects for the discontinuity in the
resulting transverse mg?nentum spectrum of the leptons. This discontinuity can be attributed
to the fact that the correction is only applied to leptons that fail the tight selection. If one was
to plot the average value of the cone-corrected pp (p ) as a function of the lepton MVA
used for light lepton identification, one would see a jump in the spectrum as demonstrated
in Figure Therefore this value x can be obtained by rescaling the distribution below the
tight selection cut to smoothly connect to the rest of the distribution again. For muons and

electrons, these values were found to be 0.65 and 0.85 respectively.

The second point is addressed by defining a large range of [FO| definitions and probing which
one provides hadron-independent fake rates. In practice, this is done by measuring the tight-
to-loose ratios for each of those [FO| definitions in a simulated sample and checking how
well they predict the number of events in both tt and [DY]samples that have three tight leptons
from a sideband of events where at least one light lepton fails the tight working point (but
passes the [EQl working point). The definition of the working point that provided the best
hadron-independent predictive power was already defined in Tables and

After performing these measurements in simulation as described in the previous paragraph,
the tight-to-loose ratio maps were measured in the same multi-jet region in data. The
contribution in data due to prompt light leptons was estimated from simulation and subtracted
from both the numerator and the denominator. The resulting tight-to-loose ratio maps can
be found in Figure as a function of pr and |n|. Due to the high contamination of prompt
leptons above a p value of 45 GeV, the tight-to-loose maps are truncated at this value.
Comparison with the fake rate maps obtained from simulation shows good agreement for the
bins below this trunction. It also shows that for values above this truncation, the fake rate
is not completely flat. However, the contribution from nonprompt light leptons with a pp

above 45 GeV is relatively small and closure tests show that this effect is covered by a 30%

© (Gev)
© (GeV)
3
T
|

~
=)
T
|

-

Average pi“"
~ ©
o o
T
Average p™"
(2]
o
T
|

@
S
T
|

60[-
N wb i
so[- b E

r 30 -
40(~

T N P P P P I 200 1]
-1 -08 06 04 02 0 02 04 06 08 1 -1 -08 06 04 02 0 02 04 06 08 1
lepton MVA lepton MVA

Figure 6.4: The average value of pT" without additional correction factor as a function of the

leptonM VA for electrons (left) and muons (right) as measured in [QCD]simulation. Plots by Willem
Verbeke.
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systematic uncertainty.
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Figure 6.5: Tight-to-loose ratios for nonprompt electron (left) and muon (right) estimation as measured
in a[QCD] control region using data corresponding to 2017 data-taking. Plots by Willem Verbeke.

Nonprompt taus

While the fake rate for t;,’s is also dependent on the origin of the object faking the 1y, it is not
possible to solve this issue in the same way as for nonprompt light leptons. The loose working
point used for t;, identification is completely bound by the definition of [MVAl working points
and is not easily tweaked by the user to have similar fake rates for light jet and heavy jet
fakes. To facilitate this difference in fake rate for each origin, which mainly comes from the
different flavour content in these two types of jets, not one but two fake rate measurement
regions were defined. One of these is a[DYlenriched region where the main source of t;, fakes
comes from light flavour jets. The second control region selects mainly on tt events and their

corresponding heavy jet activity.

The [DY] control region is characterized by a Z boson in the form of the presence of two[OSSH
light leptons passing the full object selection. The invariant mass of this pair is required to
have a value within 15 GeV of the mass of the Z boson. In addition to this light lepton pair, a
7y, candidate that passes the loose selection as defined in Table[6.3]should be present in the
event. Outside of these three lepton candidates, there can be no other loose t;, or [FO| light
lepton in the event for it to be retained in this control region. Finally, the missing transverse

momentum is required to be less than 50 GeV in order to remove contributions with a prompt

Th-

The tt control region is formed by selecting events with a single electron, a single muon and a
single ty,. Similarly to the DYl control region, the light leptons are required to pass the tight
selection while the t;, should pass the loose selection. Any additional [FOlleptons imply a veto
of the event. Contrary to the [DY]region, this region is required to have at least 1 b-tagged jet
passing the tight working point of the DeepCSV] algorithm. Furthermore, the invariant mass
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of the electron-muon pair must be larger than 20 GeV to suppress events.

As a proof of concept, the measurement is first performed and validated in simulated samples
in order to verify the efficacy of the method in the context of nonprompt t,, estimation. To
remove the prompt contribution in these measurements, all selected t,;, are required to be
nonprompt on a simulation truth level. The fake rates obtained in both control regions in
simulation can be found in Figure [6.6] where it can be seen that there is indeed a small
difference between the heavy flavour jets and light flavour jets fake rate with lower fake
rate values in the tt region. Similar values of the fake rate were found in the other years of
data-taking.
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Figure 6.6: Tight-to-loose ratios for hadronic T from a[DY](left) and tt control region (right) dominated
by fake 7, from jets. Given for simulation samples corresponding to 2017 data-taking.

These measurements are subsequently tested with the use of closure tests in a 1, -fake enriched
control region. This means that a sideband region of events with at least one t;, that fails the
tight working point is selected and used to predict the number of events where all t;,’s pass
the tight working point. The light flavour jet closure tests in a[DYlregion were performed in a
similar region as the fake rate measurement region but with an inverted p** cut while the tt
control region remains the same. Additionally, there should always be at least one 1, in the
event that is nonprompt on a simulation truth level. The results of these tests as performed in

simulation can be found in Figures[6.7]and [6.8] for the categories relevant to the search.

After observing the efficacy of the method for 1, ’s in simulation, the tight-to-loose map
measurements and subsequent closure tests are performed in data. The control regions used
for this have the same definitions as the measurements in simulation. In order to remove
contamination from prompt t4,’s, their contribution is measured in simulation and subtracted
from the data. In all closure tests the prompt contribution is also plotted on top of the “cleaned”
prediction. The tight-to-loose ratio maps in 2017 data can be found in Figure [6.9]and their
closure tests in 2017 data in Figures[6.10]and [6.11] The same behaviour was observed in 2016
and 2018 data.
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In the final strategy, the choice of which fake rate map to use for nonprompt background
estimation is different for each search region and is made based on the expected dominating
nonprompt t,, source in the region. In search regions 31D and 3IE, tt processes are expected to
make the largest contributions and thus the tt fake rate maps are used for the final background
estimation. The story is different in search regions 31C and 31F, where we expect[DY]to be the
leading contributor. As such the fake rate maps are used on those search regions.

6.7.2 Prompt backgrounds

When studying prompt background sources in the 3 lepton channels, it becomes clear that the
dominant contributions come from WZ and ZZ processes respectively where the W decays to
a charged lepton and a neutrino while the Z boson decays to a lepton-antilepton pair. Both
of these are predicted from simulation in dedicated control regions designed to be depleted
from signal process events. For the WZ process, this region is a subset of the search regions
with three light leptons containing an [OSSH pair. On top of the existing selection criteria, the

following requirements are made:

o |MM — le < 15GeV

« 50GeV < pI™ < 100 GeV

50GeV < My’ < 100GeV

° |M3g — Mz| > 15 GeV

In order to get a normalization factor that can be applied to the WZ simulation, a fit is
performed to the data in this region with all relevant uncertainties taken into account and in

the assumption there is no signal present. From this fit a factor of 1.17 % 0.05 is obtained.

In similar fashion to the WZ case, a control region was designed to select ZZ events and
determine a normalisation factor. Again a fit is performed that includes all uncertainties and
assumes there to be no signal while the ZZ normalisation is allowed to float freely. The

normalisation factor obtained from this fit is 1.02+0.10.

Further prompt background contributions come from processes with one or more top quarks
and electroweak bosons where the largest contributions come from events with a top quark-
antiquark pair and a boson (ttZ, ttW, tth) along with the double top-antitop quark (tttt) —
also called four top — production. Collectively these will be labelled as ttX. Processes with
a single top quark and one or more electroweak bosons, labelled tX, contribute in lower
amounts due to their small cross sections. Even smaller contributions come from events with
a top quark-antiquark pair and two electroweak bosons, labelled ttXX. All of these are very

suppressed by the b-tagged jet veto in the analysis and are estimated from simulation.

We can also expect prompt contributions from events with three or more electroweak bosons.
However, these processes are rare and only contribute in very small quantities. They are

estimated from simulation.
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Figure 6.7: Closure tests performed in a 2017 DY MC sample using the fake rate measured in the
DY control region for category 31-C (l+lfrh) (top), category 31-D (ept;,) (middle) and category 31-F
(It,,7;,) (bottom) events as a function of t,, pr(left) and 7, (right) of all selected 1y, ’s.
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Figure 6.8: Closure tests performed in a 2017 tt MC sample using the fake rate measured in the
tt control region for category 31-C (1+1_'ch) (top), category 31-D (ept;,) (middle) and category 31-F
(Ity,71,) (bottom) events as a function of t,, pr (left) and n (right) of all selected t’s.
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Figure 6.9: Tight-to-loose ratios for hadronic t from a[DY](left) and tt control region (right) dominated

by fake t,, from jets. Given for 2017 data.
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Figure 6.10: Closure tests performed in 2017 data in a control region with an OSSF light lepton pair

with an invariant mass within a 15 GeV mass window to the Z boson mass and a single hadronic tau. A
veto on b-tagged jets is applied as well as a cut of E?iss > 50 GeV. The contribution of prompt t’s to
the observation has been estimated from MC. Shown as a function of t}, p (top left), t,, 7 (top right),

miss

mass of the light lepton pair M,, (bottom left) and p (bottom right).
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Figure 6.11: Closure tests performed in 2017 data in a control region with an electron, a muon and a

hadronic tau. The two light leptons are required to have and to have a combined invariant mass

above 20 GeV. At least 1 b-tagged jet needs to be present in the event. The contribution of prompt

7’s to the observation has been estimated from MC. Shown as a function of t;, p (top left), t,, n (top

right), mass of the light lepton pair M, (bottom left) and pt

miss

(bottom right)
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6.7.3 Photon conversions

Processes where a photon converts either internally or externally to two leptons creep into
all analysis categories. For the categories with three or more leptons the main contribution
comes from Zy events where the Z boson decays leptonically. When the conversion happens
asymmetrically in such a way that one lepton gets most of the energy while the other has very
low p, it is possible that this latter lepton never gets reconstructed or identified, causing the
event to be a trilepton event. This background type is estimated from simulation and validated
in a dedicated control region that selects on events with low missing energy, a trilepton mass
within 15 GeV of the Z boson mass and no[OSSH pair with an invariant mass within 15 GeV
of the Z boson mass. A normalisation factor of 1.12 4 0.10 is obtained, which is applied to

all conversion background simulation samples.

6.8 Systematic uncertainties

There are two types of uncertainty in the analysis. The first is a random uncertainty due
to the statistical fluctuations that arise from the limited number of events in the simulation
samples and the data. Its randomness comes from the fact that if one was to perform the
same measurement multiple times, the yields will vary around the true value in a random
way. The second type of uncertainty is labelled as systematic uncertainty. They are not
statistical in nature but arise from limitations in the experiment. All aspects of performing an
analysis, such as gathering data, running simulations, and predicting the expected background,
inherently come with systematic uncertainties. A certain background process simulation could
for example come with an uncertainty on the cross section and the true cross section will lie in
a range with a size characterized by the size of the systematic uncertainty around this input
cross section. This means that we are consistently slightly over- or underpredicting events
belonging to that background. It is of utmost importance to locate all systematic uncertainties
in the analysis and estimate their size and impact on the yields. These uncertainties can then

be provided to our final fit where the potential variations are taken into account.

This analysis is affected by systematics regarding the simulated samples, systematics regarding
uncertainties in the theoretical calculations that form the foundation of the simulation of the
signal samples and systematic uncertainties on the data-driven background estimation. For
each source of systematic uncertainty, the predicted signal and background yields are varied
up and down in the relevant distributions and these variations are used to construct nuisance
parameters in the fit. Below, all systematic uncertainties relevant to this analysis are listed and
briefly discussed. You will see that there are two main categories of uncertainties described,
namely flat uncertainties and shape uncertainties. With a flat uncertainty, we mean that the
uncertainty only affects the total yield or equivalently that every bin in the search region bins
will be affected in the same way. When a flat uncertainty number is quoted, it means that all
bins are varied up and down with that factor. Shape uncertainties on the other hand affect
each bin differently. Say the event gets weighted with a certain scale factor in the analysis,

that weight for each event is scaled up and down to get the uncertainty. As this scaling will
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potentially be different for different events, there might be trends in the uncertainties of the
input shapes. Another concept that pops up is correlation between years. This simply refers
to whether the systematic is independent for each year separately or not. In the final fit, the
distributions of all three years form separate inputs to the simultaneous fit. If a systematic
is independent, e.g. when it comes from a statistical limitation of the method which will be
independent for each year depending on the available statistics in your samples, the systematic
is called uncorrelated and is treated as a separate nuisance per year that is disabled for the
other years in the fit. If a systematic uncertainty is correlated, the source of the systematic is
shared between the years, e.g. stems from a method that is equivalently used across the years,
the systematic is treated as a single nuisance that is turned on for all years at the same time.
The most important systematic uncertainties are the following.

* The uncertainty on the luminosity measurement used to scale simulation sample yields
to those expected during data-taking is a shared uncertainty among all analyses.
It is a flat uncertainty that is different for each year of data-taking and is partially
correlated among different years. The size of the luminosity uncertainties is of the order
of 2.5%.

* The pileup distribution as a function of the number of true interactions per bunch
crossing during data-taking depends on the instantaneous luminosity, which is not
always known when producing the simulated samples. Using the measured luminosity
and a total inelastic proton-proton interaction cross section of 69.2 mb, the expected
pileup distribution is estimated in data [[163]]. Simulation events can then be reweighted
so that this distribution in the sample matches the expected one. To get weights for
the up and down variations, the inelastic cross section used for the estimation of the

expected distribution is scaled up and down by 4.6%.

* In order to gauge the agreement in trigger efficiency between data and the effi-
ciency of the combined light lepton triggers used in the analysis was measured in an
unbiased, orthogonal event set that triggers on plqlwliss and hadronic momentum. The
uncertainty on these measurements is split into two components, one that looks at
the possible biases in the method and one that describes the statistical limitations of
the method. The first of these two is correlated among the years while the second is

uncorrelated.

* The lepton identification criteria described in Section [6.5 might have slightly different
effects in data and simulation. In order to account for these differences, the efficiency
for light leptons to pass the requirements is measured using a “tag-and-probe” method
in a Z-enriched region in both data and[MCl Scale factors are then applied to simulation
to correct for those differences. These corrections come with their own uncertainties on
the efficiency measurement and the extrapolation to the signal regions. Because signal
leptons are often expected to be quite high in pr, these identification efficiencies were
measured separately in events with reconstructed Z p above and below 80 GeV. An

uncertainty on these efficiencies based on the difference between these two regions
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is then applied as well. Similarly, such corrections were produced for 1, candidates
with pr below 100 GeV in events with a pt, final state. When the t;, pr is below
60 GeV, this region is enriched in events while above it the region is designed to be
tt enriched. Above 100 GeV, single 1, events in a region targetting highly virtual W

bosons are used to derive corrections.

It was mentioned before that corrections to the jet energy scale and resolution are
applied. These of course also come with their own uncertainty. In practice, these are
obtained for the JEC|by varying the jet energy up and down for each jet and propagating
the changes in the event through the analysis setup. This will result in different selections
and different values for kinematic variables such as p?iss which will end up in a shape
uncertainty on the JECl The same thing is done for the JERIby varying the energy of
the smeared jets.

* The b-tagging algorithm and its working points come with centrally provided scale
factors that correct simulation to match the efficiency in data. Along with these scale
factors, up and down variations are provided from which the uncertainty band is obtained
by replacing the nominal weight by one where the b-tagging scale factor is replaced by
one of the variations. This is done separately with variations of light jet fakes and heavy

jets.

* The uncertainty on the data-driven nonprompt background estimation technique is
derived from the level of closure in the validation results. A separate flat uncertainty with
a value of 30% is included for the light lepton nonprompt background, the nonprompt ty,
contribution from [DY] processes and the nonprompt t;, contribution from tt production.
This value is obtained from a study of the level of agreement in the closure tests. They

are treated as correlated among all years but uncorrelated relative to each other.

* Prompt backgrounds estimated from simulation get assigned a flat uncertainty. For
the ZZ and conversion processes the size of this systematic is 10%, estimated from the
propagation of the other systematics involved in the control region. They are further
constrained by including their control regions in the fit. The same flat uncertainty of
10% is applied to WZ events but on top of that uncertainties on the corrections to the
modelling of the M%/V tail are applied. These tail uncertainties are shape uncertainties
estimated from the difference between data and simulation in the Wy control region as
a function of M%/V and p?iss. Their size ranges from 10% at low M%/V and low p?iss to
20% at high p*. All other prompt backgrounds receive a flat uncertainty that reflects

the precision of theoretical predictions or experimental measurements.

* Our knowledge of the proton [PDFs, which describe the probability that a certain parton
carries a certain fraction of the total proton momentum, is limited and this can be
reflected in the modelling in simulation. The uncertainty on these is estimated
by replacing the nominal models by a copy where parameters are varied [[173[]. This
leads to a total of more than 100 different PDEs, of which the root mean square is

taken to be applied as the uncertainty shape for this systematic. Similarly, there are
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two other aspects of modelling that come with their own uncertainty, namely the
factorisation and renormalisation scales. Their uncertainty is obtained by varying
them simultaneously up and/or down by a factor two and using the envelope as a shape.

An overview of all systematics, their size, the samples they are applied on and their correlation

scheme are given in Table[6.8]

6.9 Results

Now that we have all the ingredients in hand, we can unblincﬂ and look at the observed and
predicted yields in all discussed search regions. All predicted background yields are obtained
as described in Section and the total uncertainty includes all systematic uncertainties as
described in Section The final results can be found in Figures to

In all search region bins, it can be observed that the data agrees with the background prediction
in the[SM| hypothesis. This can also be observed in Figure [6.15] which shows a comparison
between the observed test statistic and the expected test statistic distribution for a background-
only fit to the data. When there is agreement, the observed test statistic is expected to be within
the bulk of the expected distributions. It should be noted that also in the search channels that
were not described in this chapter, no excess of events was observed.

From the results in Figures[6.12]to it can be seen that the nonprompt background is the
dominant one in most bins and search channels that include a t;,. It shows the importance of
the nonprompt t,, estimation work performed in the analysis. In all bins where the nonprompt
background is the main background, the data is found to agree with the prediction well within
uncertainty, both for bins where signal is expected and those where no signal is expected.
While this unfortunately means no signal is observed, it also shows the robustness and good

performance of the nonprompt estimation methods when used in the signal region.

4During the development of an analysis, we do not look at the observed data in the signal regions until all parts

of the analysis are in place. This procedure is called blinding and aims to remove bias in the development process.
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Table 6.8: An overview of the systematics in the analysis, their size, what processes they apply to and

how they are correlated across years .

Correlation across

Source Typical uncertainty (%) Processes applied on
data-taking years
e/p efficiency 1-2 per lepton Background and signal MC Correlated
Ty, efficiency 1-3 per lepton Background and signal MC Correlated
Pileup 1-2 Background and signal MC Correlated
Integrated luminosity 1.8 Background and signal MC Partially correlated
Trigger efficiency 1.4-5 Background and signal MC Partially correlated
Jet energy corrections 1 Background MC Partially correlated
Jet energy corrections (fast simulation) 1 Signal MC Correlated
b-tagging efficiency 1-3 Background MC Correlated
b-tagging efficiency (fast simulation) 1-3 Signal MC Correlated
[FDR 1-10 Signal MC Correlated
Renormalisation and factorisation scales 1-10 Signal MC Correlated
Signal initial state radiation {ISR) 1-5 Signal MC Correlated
Signal pi** 1-2 Signal MC Correlated
WZ shape 5-30 WZ MC Uncorrelated
‘WZ normalisation 10 WZ MC Correlated
ZZ normalisation 10 77 MC Correlated
Conversion normalisation 10 Conversion MC Correlated
Nonprompt normalisation 30 Sideband data Correlated
ttX normalisation 15 tX MC Correlated
Multiboson normalisation 50 Multiboson MC Correlated
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Figure 6.12: Observed and predicted event yields in the search region bins for events with two
light leptons and a single t;, (3¢C). The solid red and dashed green lines show two models
of )2?)2(2) production with t-enriched slepton-mediated decays in scenarios with dm = 300 GeV and
om =900 GeV respectively, both at x = 0.5. The masses of the superpartners for these two hypotheses
are given in the legend as (miglmﬂ) in units of GeV. Figure from Ref.
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Figure 6.13: Observed and predicted event yields in the search region bins for events with an et

u’ pair and a single 7y, (3¢D). The solid red and dashed green lines show two models of )Zli )Zg

production with t-dominated slepton-mediated decays in a compressed scenario with dm = 100 GeV

and an uncompressed scenario with dm = 500 GeV respectively, both at = 0.5. The masses of the

superpartners for these two hypotheses are given in the legend as (miglmi?) in units of GeV. Figure

from Ref.
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Figure 6.14: Observed and predicted event yields in the search region bins for events with a same-sign
light lepton pair and a single t;, (3¢E) and one light lepton with two t, candidates (3¢F). The solid
red and dashed green lines show two models of ﬁ;zg production with tT-dominated slepton-mediated
decays in scenarios with dm = 100 GeV and dm = 500 GeV respectively, both at z = 0.5. The masses
of the superpartners for these two hypotheses are given in the legend as (mig /m).(?) in units of GeV.
Figure from Ref.
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Figure 6.15: Comparison between the observed test statistic value (black dots) and the expected test
statistic distribution for a background-only fit for the search regions in the different event categories.
The shaded area shows the probability density of the expected test statistic distribution with a green
and an orange line that show the 68% and 95% expected range respectively. Figure from Ref.
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6.10 Interpretation

The unblinded results show good agreement between data and the SMlonly hypothesis. The
next logical step in line is to establish exclusion limits on the studied benchmark models.
A simultaneous fit is performed to the observed and predicted yields in all relevant search
region and control region bins to obtain a 95% upper limit on the production cross section
of the signal process in question. In this fit, the three years of data-taking are treated as
separate inputs. If the theoretical production cross section is higher than this upper limit, it is
referred to as excluded at 95% Here we make use of the CL criterion [174,/175[ with the
asymptotic approximation of the distribution of the profile likelihood test statistic [[139.|140].
The systematic uncertainties discussed in Section [0.8]are included as nuisance parameters to
the fit. The aforementioned flat uncertainties are included in log-normal probability density
functions. Shape uncertainties are included via the template morphing technique [[176] and
assume a Gaussian distribution. The statistical uncertainties of the included samples are taken

into account using the Barlow-Beeston approach [[177].

For each signal type, the sensitivity in the fit will be driven by different signal regions. For
)fo(g production with slepton-mediated decay, both the t-enriched and t-dominated scenarios
get their main bulk of sensitivity from the trilepton regions. In the case of t-enriched scenario,
the main sensitivity comes from the category with an[OSSH light lepton pair and a t,, (31C)
with smaller contributions from the other channels. It should be mentioned that also the three
light lepton final state, which was not discussed in this chapter, contributes non-negligibly
due to signal events with leptonic decay of the t lepton. In tau-dominated scenarios, where
we expect higher t activity, the final state with two 1, candidates provides the dominant
contribution to the sensitivity. In this scenario the contribution from channels not discussed in

this chapter is negligible.

The obtained limits for ﬁc )28 production models with slepton-mediated decay in the tau-
enriched assumption are shown in Figure [6.16] The coloured blue and red lines show the
expected exclusion limits as a function of meo and meo while the black line shows the
observed exclusion limit. The green line shows the exclusion limits from the predecessor
analysis [[178]]. An improvement in the limits compared to the previous analysis as a function
of m o can be seen of up to 150 GeV and 100 GeV as a function of meo. Exclusion limits
for t-dominated )Zli )Zg production on the other hand can be found in Figure Here,
improvements in the limits of up to 350 GeV in chargino mass and up to 200 GeV in
mass are observed . It is clear that in the compressed scenarios, the performance considerably
degrades compared to the tau-enriched model. This is due to the high pt thresholds needed

for t;, reconstruction and identification, which greatly affects the acceptance.
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Figure 6.16: Interpretation of the results for )Zf )28 production in the tau-enriched scenario for three
different values of the mass parameter . The shaded colour represents the 95% CL upper limit on
the )ﬁ)}g production cross section. The contours show the mass regions that are excluded at 95% CL
when assuming the cross section computer at NLO plus NLL. The black contour shows the observed
exclusion limits along with the +16y,y, meaning the standard deviation of the theoretical cross
sections. The red line shows the expected limit and its +10yperiment band. The green contour shows
the previous [CMS]limits using 2016 data [178]]. Figure from Ref. [[7]
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Figure 6.17: Interpretation of the results for ;ﬁ;zg production in the tau-dominated scenario for three
different values of the mass parameter z. The shaded colour represents the 95% CL upper limit on
the )H—L 5(3 production cross section. The contours show the mass regions that are excluded at 95% CL
when assuming the cross section computer at NLO plus NLL. The black contour shows the observed
exclusion limits along with the +16y,y, meaning the standard deviation of the theoretical cross

sections. The red line shows the expected limit and its +10yperiment band. The green contour shows
the previous [CMS] limits using 2016 data [178]]. Figure from Ref. [[7]
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6.11 Summary

This chapter described part of an analysis searching for the presence of in multilepton
final states. This was done by analysing data from proton-proton collisions at a centre-of-
mass energy of 13 TeV recorded in 2016-2018, corresponding to a total integrated luminosity
of 137fb™ ", Search categories were formed by dividing the events up along the number
of leptons, their signs and flavours and were then further binned into search regions using
discriminating variables that produced phase space regions of high sensitivity to the signal
processes. Events were further selected to contain exactly three leptons of which at least
one was a Ty,. Techniques for nonprompt background estimation, which forms the dominant

background in these channels, are developed and optimised.

An agreement of the data with a [SMlonly hypothesis was observed. The data was then
interpreted to provide upper limits on the production cross section of two variations of signal
models describing )Zf 5(8 production in a slepton-mediated channel. These models assume
that either the )ﬁ decays exclusively to t leptons (tau-enriched) or that both the )ﬁ and )Zg
decay exclusively to t leptons (tau-dominated). For the 5&;}8 production with tau-enriched
slepton-mediated decay, the observed data translated to 95% CL exclusion limits on the
chargino mass up to 1150 GeV. For the second scenario with tau-dominated decays, such

limits exclude chargino masses up to 970 GeV.

To finish this chapter, let us briefly discuss the other results of the analysis that fell outside
of the scope of this thesis. It should be noted that this analysis has a very high sensitivity to
xf;zg production in flavour-democratic slepton-mediated scenarios as well as scenarios where
there is direct decay to a W boson and a Z boson. This is obtained through the development
of parametric neural networks where the mass difference between )28 and )2(1] serves as an
additional parameter to the training. The inclusion of this mass difference as a parameter
allows for a single training to accurately make predictions for a large range of kinematics as
well as make accurate interpolations to mass points for which the network was not trained.
This strategy allowed us to push forward the meo limit by 400 GeV and the mo limit by
500 GeV in the flavour-democratic slepton-mediated scenario as compared to the predecessor

analysis.

These carefully designed upgrades in the analysis strategy and the novel techniques made the
analysis so effective. Upon publication, it provided the most stringent limits for chargino-
neutralino production in the hardest phase-space to probe, namely for m close to the Z
boson mass. The analysis shines in all slepton-mediated )ﬁc )28 models, providing the most
stringent limits in all considered decay modes. The biggest improvements were found in the
flavour-democratic scenario where the limit on the chargino mass of 1450 GeV. At the time of
publication, this was the highest exclusion value obtained for the production of electroweak

superpartners.
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Personal contributions

My contributions to this analysis are found in the t;, sector. I collected and compared all
available t,, identification algorithms at the time and optimised the final t;, selection of
the analysis. I also studied the background due to nonprompt t, by measuring the fake
rates and performing the closure tests in both simulation and data. Outside of technical

analysis work, I have written the documentation on t,, identification and nonprompt 1, in

the analysis note and answered all questions and comments on the subject during the in-
ternal review. Additionally, I have presented an update presentation on this anal-

ysis at week and gave a conference talk on the topic of electroweak searches for

at the EPS conference in 2021, which included the analysis discussed in this chapter.
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A search for heavy neutral leptons in
a multilepton final state

7.1 Personal foreword

After exploring the world of searches guided by the expertise of Willem Verbeke, the
time came to start my own analysis. In the summer of 2019, I performed the foundational
studies for our search for[HNIk in multilepton final states so we could continue to build on
them at the start of 2020. This analysis initially envisioned probing the coupling between
v, and an but this scope was broadened to also encompass the light flavour couplings
as searched in the predecessor analysis that used only the 2016 dataset. As I was the main
analyser of this analysis and it constituted the largest fraction of my PhD, we will go into

more detail than we did for the last analysis.

7.2 Introduction

Chapters [2| and [3| have aimed to convey the message that heavy neutrinos can be a solution
to multiple problems in the The most prominent of these was the inexplicably small
masses of the[SMIneutrinos, but also the matter-antimatter asymmetry observed in our universe
and the question of what constitutes dark matter could be addressed by these particles. The
search described in this chapter looks for signs that point at the presence of in a dataset
collected by the collaboration during the Run II period of the Benchmark models
with a single Type-I Seesaw [HNL] - a singlet under the gauge group— of Majorana or
Dirac type that couples exclusively to one [SMlneutrino flavour at a time are considered. In
these models, the mass of the my and the mixing parameter |WN\2 are the most relevant
parameters. Since the [HNLis sterile, it will not undergo gauge interactions with [SM] particles
and its interplay with known particles will depend on their mixing with neutrinos. Such
models have been studied in depth and their signatures in proton-proton predictions have been
well predicted [74,(94}/179-183]].

This search targets promptly decaying and studies three different coupling scenarios in

final states with three leptons of which at most one can be a 1;,. Events with more than one
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74, are not included due to low signal acceptance and enormous background yields. For this
search, [HNL] masses in the range of 10 GeV to 1.5 TeV are considered. These are split into
two mass categories, one with[HNLI masses below the W mass and one with sterile neutrino
masses above the W mass. Both categories are treated orthogonally. The results in this chapter
supersede a similar search performed using only the 2016 dataset [99]. The Run II analysis
presented here not only updates Ref. [99] with a larger dataset, but also with improved lepton
identification, background estimation techniques and an updated search strategy based on
machine learning. It also updates the final states with the inclusion of a t;, making it the first
result that probes exclusive t neutrino coupling to at the[LHC

In this chapter, we will first get into the signal models and their properties in Section A
brief overview of the data and background samples employed will be given in Section
This will be followed by the different ingredients needed for the analysis, starting with object
selection in Section and then with trigger strategy in Section Next comes the body
of the analysis in the form of event selection and search strategy as described in Section
Section|/7.8|will then give an overview of the main backgrounds and their estimation methods.
Finally, all sources of uncertainties are described in Section before moving on to the
results, interpretation and discussion in Sections and[7.11]

7.3 Signal model

The process under study in this analysis consists of the production of a W boson which in turn
decays into an This can decay into either a W boson and a charged lepton or a Z
boson and a[SMlneutrino. When the [SM]boson decays leptonically, this will end up in a final
state of three charged leptons and a[SMIneutrino. As the [HNL]to Z decay is subject to a large
background of processes with a Z boson, the focus will lie on the W decay mode. The
corresponding Feynman diagrams in the dominant production mode for masses up to 600 GeV
can be found in Figure In the case of Dirac [HNIk, the charge of the lepton produced
directly from [HNL] decay will need to have opposite charge to the one produced in the initial
W decay. For a Majorana[HNL] this can both be same-sign or opposite-sign.

It should be noted that the production mode as shown in Figure which we will call the DY]
production mode from now on, is not the only one. While it is by far the dominant process
at the lower [HNL] masses considered in this analysis, up to a few 100 GeV, a second type of
production called VBE grows in importance for[HNLI masses above this range, as illustrated
in Figure [184,/185]. This latter production mode is shown along with the [DY] production
in Figure It is characterized by the presence of an additional quark in the final state that

will end up forming a jet.

As mentioned in the introduction, we limit ourselves to benchmark models where only one of
the coupling matrix elements has a non-zero value, meaning that the [HNL] will only couple to
one flavour at a time. For each vertex in the Feynman diagram directly linked to the

this will imply that the charged lepton can only have flavour equal to the generation for which
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Figure 7.1: Example diagrams for the production of an HNL through the decay of a W boson, in
final states with three charged leptons and one SM neutrino. The processes in the upper row are only
possible for an HNL of Majorana nature. The processes in the lower row can be realized with an HNL
both of Dirac or Majorana nature.

the coupling has a non-zero value. Take for example that |V, \2 # 0. The process where the
[HNL] decays to a W boson necessarily must then have two muons, namely from the first two
charged leptons. In more complex models where multiple V,y entries can be non-zero, this

flavour conservation is not present.

While these models where only one flavour couples to the are rather simplistic, they
serve as benchmarks for the analysis that are well understood and allow for analysis design
that highlights the different coupling aspects. Later re-interpretation techniques can be used to
interpret the obtained results in the context of realistic coupling scenarios [[186,/187].
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Figure 7.2: Normalized cross sections of the DY (black) and VBF production (blue) channels as a
function of mass [184](left) and the relative contribution of the two channels in the final selection of

the analysis as measured in the simulated samples with exclusive coupling to electron neutrinos (right).



7. A search for heavy neutral leptons in a multilepton final state 120

q N
W+

q o

Figure 7.3: Example diagrams for the production of an HNL via DY (left) and VBF (right).

7.3.1 Simulated samples

It is paramount to have signal samples that accurately describe the processes in a
search for[HNLl The samples for[DYland [VBH production that were produced for use in this
analysis are done so using the MADGRAPHS _aMC @NLO generator [[157] using the HeavyN
model [94,|182,/184}/185.|188]]. The model itself allows for up to three right-handed Majorana
neutrinos that are singlets under the SM] gauge groups. In this analysis, we constrain ourselves
to samples where there is a single such neutrino that couples to only one lepton flavour at
the same time. All three lepton flavours are considered for this exclusive coupling. The time
of flight information for the [HNIX is not run in these samples, meaning they will all decay

promptly in the simulation. In our case, the value of the coupling is set to the value of 0.01:

001 0 O 0 00 0 00
Vin=1 0 0 0], Vyn=1001 0 0}, Vin=1| 0 0 0],
0 00 0 00 001 0 O
(7.1)
with V , being the active sterile neutrino mixing matrix:
Ve N;
Vi | =V [Ny | - (7.2)
Ve N3

While the value of the coupling strength is set to a fixed value, we can use these samples to
emulate other coupling values. The reason for this is that the production cross section and
the coupling strength squared are proportional to each other. By simply scaling the cross
section up or down, we can study different coupling strengths and we do not need to produce
a new sample for every coupling we want to probe. The mass of the is a different
story, however. As this parameter affects both cross section and event kinematics, we need
to produce a new sample for every mass point. For samples where the active coupling to a
light lepton is activated, the mass range generated runs from 10 GeV to 1500 GeV in steps
of 10 GeV for masses below the W boson mass, 25 GeV for masses between the W boson
mass and 200 GeV, 50 GeV for masses between 200 and 500 GeV and steps of 100 GeV above
a mass of 500 GeV. This range is slightly shorter for tau coupling, where we only go up
to 1000 GeV. At masses above this value, the cross section becomes too small for physics
interpretation in this analysis. These discussed ranges were valid for the DY production

channels. Because from masses of a few 100 GeV onwards, the VBH channels become more
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important, additional samples in this production channel have been generated starting from
600 GeV mass points and above. The generation by MADGRAPHS_aMC @NLO was done at
for models where the HNL]has a mass lower than 80 GeV and at[NLOI for all other mass
points [[188]]. The NNPDF3.1 sets [189] were the PDEs of choice for all simulated samples.
The hadronization, parton showering and underlying event simulation is taken care of by
PYTHIA v8.230 [[190], using the CP5 tune [191] for all 4 datasets. Double counting between
PYTHIA and MADGRAPHS aMC @NLO is removed using the MLM matching scheme [[192]
for[LOl generation and the FxFx matching scheme [[193]] for generation.

In order to increase the statistics in the final selection, filters on the pt of generated particles
were applied in the PYTHIA step of the sample generation. These filters aim to bring the
generated pr thresholds close to the p thresholds applied at the analysis level. By doing this,
events that would be discarded by the analysis thresholds are already removed in the first steps
of sample generation and do not have to go through the more time-intensive following steps
of generation. This means that these samples have a higher acceptance in the final selection
than samples without such a filter with the same number of total events. The first filter targets
fully light lepton final states and requires there to be at least three light leptons with a pp
larger than 5 GeV in the generated event. The second filter targets final states containing a
7y, and thus requires the presence of at least one 1}, with visible p — meaning not taking
the neutrinos from the t, decay into account — larger than 18 GeV. This reflects the fact
that offline t;, reconstruction starts from a p requirement of 20 GeV and takes into account
that reconstruction will not be perfect by using a 2 GeV buffer that ensures we do not lose
acceptance. Additionally, this filter requires at least one light lepton with pp > 15 GeV to
reflect trigger requirements, as will become more clear in Chapter[7.6] The light lepton filter
is applied in all coupling scenarios with exclusive coupling to light flavour neutrinos. As
both light lepton final states and final states containing a 1, are used to study scenarios with
exclusive coupling to T-neutrinos, two sample types were generated. One of these uses the

light lepton filter and the other uses the T, filter.

Because the search looks for prompt [HNL] decay, the bulk of our signal samples is prompt,
meaning the lifetime of the [HNI]is neglected. At the lowest [HNL] masses, there is some
displacement to be expected. In the simulated signal process with an[HNL] mass of 10 GeV and
[Vox|? = 1072, for example, an average lifetime of the [HNI] of about 0.4 mm is observecﬂ,
which can translate to displacements of a few cm in the frame. We will have to take this
into account when evaluating our final yields. Likewise, all samples are generated assuming
the neutrinos are Majorana in nature. In the end, we do not want to constrain ourselves to this
single assumption and also provide an interpretation of models with a Dirac Both of

these aspects are briefly discussed below.

"The average lifetime is expressed here in a length scale as c7 where c is the speed of light and 7 is the average

lifetime of the[ANI]in its own rest frame in seconds.
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Taking into account displacement

Due to the relation between [HNLI mass and lifetime, when one goes below masses of 20 GeV,
the assumption that there will be no displacement in the decay breaks down. Because
the prompt samples ignore time of flight, there will be an overestimation of events that
pass the selection. The reason for this is that the displaced leptons would in reality not pass
the object selection where quality cuts on the impact parameters are made. We solve this by
producing more samples. This time, however, we take into account proper displacement and
do this only for samples with a mass of 20 GeV or lower. At this point, the flexibility of being
able to probe different coupling strengths by simply scaling the cross section is lost. For a
fixed mass, going to a different coupling strength means going to a different average lifetime
which will affect the signal selection efficiencies and thus the signal yield. At first, it looks
like a different sample would have to be generated for every coupling strength value. This is
not feasible when it comes to limit production as we would have to iteratively produce new
samples to inch closer to a signal strength of one (see Section[7.10.I).

Instead, we use a reweighting strategy using the analytical form of the decay probability
distribution:
dN(t) 1 —t/T™n

_— 7.3
dt 7'N€ ’ ( )

which determines the probability distribution for[HNIk with mean lifetime 1 to have a proper
lifetime t as measured in the [HNI]rest frame. Because the average kinematics of the event
will not significantly depend on the mean lifetime but only on the [HNLI mass and momentum,
it is perfectly possible to emulate a specific target mean lifetime 74,4, by reweighting events
from a sample with the same mass but different mean lifetime 7 by using the proper
ratio of probability distribution values for the proper lifetime of the [HNLE

o dNtaTget (t)/dt . ) e_t/Tta'rgct

T(t) = = 7.4
( ) dNO(t)/dt Ttarget e_t/TO ( )

This means that in order to probe [HNL] scenarios with the same mass but different coupling
squared values we will have to weight each event in the original sample with the usual cross

section reweighting — the ratio of the coupling squared — and the lifetime weight T'(¢).

Probing Dirac scenarios

The practical difference between Majorana and Dirac scenarios is that the first allows for
lepton number violating events where the lepton from original W-production and the one that
is directly produced in the decay have the same sign, meaning they are both leptons or
anti-leptons. Dirac-type can not allow this violation and will result in events where the
first two leptons have opposite sign. Taking a closer look at this difference, it means that a
Majorana[HNI]has twice the amount of decay channels than a Dirac[HNL] with the same mass
and coupling values, which also means it has exactly twice the resonance width and half the

lifetime.
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With the exception of the lifetime — for which there is already a reweighting procedure in place
— this difference is only seen in final state combinatorics. It is possible to obtain information
on Dirac-type [HNLk from our already existing Majorana samples. For prompt samples, this
simply comes down to checking all events in the original, unskimmed sample, identifying
the lepton from initial W decay and the light neutrino from decay on generator level,
requiring that they have opposite lepton number and adding them to a counter to be used in
luminosity scaling. This latter counter of the total number of opposite-sign events should be
around a factor of 0.5 of the total number of events. For displaced samples the procedure is
identical but this time a factor of 0.5 is needed in the exponents of the lifetime correction 7(t)

to account for the decreased mean lifetime.

7.3.2 Signal compression

One important realization to make before designing an analysis to probe for processes of
the type shown in Figure is that the event kinematics will be quite different for
masses below and above the W boson mass. When the mass of the is smaller than that
of a W boson, it can be seen from the Feynman diagram that the W produced in the [HNT]
decay has to be a virtual boson. Additionally, the kinematics will depend on the size of the
difference between the and W masses. For mass points such as a 20 GeV where
this difference is relatively large, the energy will go into the charged lepton coming directly
from the initial W decay while less energy will be available for distribution among the three
[HNL] decay products. In scenarios where this mass difference is rather small — also referred
to as compressed —, such as a 60 GeV the scenario is inverted and the initial charged

lepton will be relatively soft.

When inverting the relative mass scale between and W boson, the initial W boson
will have to be a virtual one, which has two consequences. Firstly it is the reason why the
production cross section for the signal process drops so steeply with increasing my once we
go higher than the W mass. The production cross section in the DY production mode takes
the following form [[94}/194]]:

o(pp — L11,W) = (2 = §j152)0(pp — 11N)Br(N — 1,W)

2

= (2 = d112) 0
S [Venl?

where 0((N) is called the bare cross section and is mainly dependent on the W production
cross section. This cross section is shown as a function of mass in Figure Br
denotes the branching ratio, which describes what fraction of the decays of a certain kind of

particle will occur through that specific decay mode.

Secondly, it implies that the virtual mass of the initial W boson will mostly reside as close
to myy as possible since the cross section will be the highest there [[195]]. This means that in

scenarios where the has a mass that is much higher than the my, mass, although the
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Figure 7.4: The bare cross section for[HNL] production as a function of mass in different collider
assumptions [[194].

lepton momenta spectra are typically harder than their low-mass counterparts, the charged
lepton from initial W decay tends to be relatively soft compared to the decay products.

In general, the signal process will thus have at least one relatively soft lepton. In compressed
scenarios, even the leading lepton might still have a p1 lower than 40 GeV. We need to keep
this into account when designing the object selection, trigger selection and search strategy as
we need to go as low as possible in p to retain signal acceptance.

7.4 Data and background simulation

All data and simulation used in the analysis are part of the ultra-legacy (UL reprocessing
campaign of the Run II data-taking period. This reprocessing deals with a detector issue in
2016 due to highly ionizing particles [[196]. When there are inelastic interactions between
hadrons and the silicon detector, fragments can be produced that saturate the front-end chips
temporarily. This causes dead-times that last around 700 ns. The issue was patched in the
middle of the 2016 data-taking period by tweaking the settings of the front-end electronics
and was addressed in the [ULl reprocessing by using adapted reconstruction techniques for the
affected part of the dataset. At the same time, the [UL]reprocessing came with updated calibra-
tions and scale factors for the different subdetectors and the reconstruction and identification
algorithms. The most prominent of these new calibrations can be found in the There,
a relative improvement in the electron energy resolution of up to 37% can be found in the

regions of highest pseudorapidity [[168},197,198]].

7.4.1 Collision data

We make use of Run II data but, unlike the three years of data-taking in Chapter[6] it is split up

into four sets of proton-proton collisions. Two of them are the familiar 2017 and 2018 datasets,
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each bringing 41.48 fb ' and 59.83 b~ " of integrated luminosity respectively The other two
sets correspond to the first 19.5 b ! 0f 2016 data where the detector issue was present and the
last 16.8 fb~ ! where the issue was resolved. They will be referred to as pre-VFP and post-VFP
2016 data respectivel Default reconstruction methods were used for the processing of the
post-VFP dataset while adaptations were made in the pre-VFP dataset in order to mitigate the
issue. The four sets are processed independently in the analysis and will each have their own

set of simulations, calibrations, etc.

7.4.2 Standard model process simulation

Simulated samples have been produced centrally for each of the [SM]background processes
in all four datasets. This was done so in the Summer20UL16, Summer20UL17 and Sum-
mer20UL18 campaigns. The MADGRAPHS_aMC @NLO [156,/157], POWHEG v2 [158161]]
and MCFM [162] programs are used for generation of the samples. More specifically, POWHEG
was the generator of choice for all tt, t-channel single top, tW and qq production modes of
diboson processes and H boson production. All aforementioned samples were simulated at
in the strong coupling constant. Diboson processes where the initial state consists of
two gluons were generated using the MCFM generator at[LOl All other background samples
were produced using MADGRAPHS _aMC @NLO either at[LOlor[NLOlin

Just like the signal simulation, the chosen[PDEs are the NNPDF3.1 sets [189] for all simulated
samples. Also here, the hadronization, parton showering and underlying event simulation
are taken care of by PYTHIA v8.230 [[190]] using the CP5 tune [[191] for all 4 datasets and
double counting between PYTHIA and MADGRAPHS _aMC @NLO is removed using the MLM
matching scheme [192] for generation and the FxFx matching scheme [193] for [NLO|

generation.

7.5 Object Selection

In the same way as in the [SUSY] search, all particle objects are reconstructed using the
algorithm and jets are clustered from reconstructed particles using the anti-k1 algorithm with
a distance parameter of 0.4 (AK4) [[124]]. While the baseline selection is very similar, the

identification techniques have been updated in this analysis.

7.5.1 Light Leptons

Also here, leptons are the stars of the show. In contrast to the last iteration of the analysis, the
decision was made to go for a machine learning-based approach for light lepton identification.
The lepton used are not the same as described in Chapter [f] but are more up-to-date

*You may have noticed that the integrated luminosity for these two years is slightly different than in Chapter@
This is the case because the [JL]processing comes with an updated catalogue of certified events that can be used
for analysis purposes.

The name VFP comes from the Pre-amplifier Feedback Voltage Bias parameter which was set to zero in the

post-VFP data-taking to fix the issue.
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[MVAE trained in-house at Ghent University in the context of searches for processes with top
quarks [[199]. E| Again a system of three working points to cover baseline selection, sideband
selection and final selection is employed.

Lepton MVA

The lepton employed here are a result of the hard work of Kirill Skovpen, who
developed highly efficient[BDTk designed for use in light lepton identification. Although it
was initially designed for searches involving top quarks, no performance is lost when using
them outside of these searches. In order to have a unified strategy across our working group
with well-validated and cross-checked discriminators, it was ported for use here. Taking a
look behind the scenes, the leptonMVAE consist of gradient [BDT] trained using the TMVA
package [200]. They are trained to discriminate prompt leptons, defined as non-displaced
signal-type leptons from W, Z and t decay, from nonprompt leptons, defined as leptons from

background sources such as heavy-flavour jets or jet fakes.

Different[MVAk were trained for discrimination against muons and electrons. This is done
using input variables that describe the kinematics of the lepton candidate, the isolation in the
vicinity of said candidate, impact parameters of the lepton candidate, properties of the closest
jet, electron MVAIID (see Section[6.5.2) and compatibility of track segments of the muon in
different subdetectors. The first set describes the baseline properties of the lepton such as pr
and n. The second set, namely the isolation parameters, are expected to have small values
for prompt leptons while nonprompt leptons tend to have larger hadronic activity in their
neighbourhood. The impact parameters help to discriminate non-displaced leptons against
displaced leptons while the nearest jet properties give more insight into nonprompts from jets
and heavy-flavour quarks. In the latter case, the nearest jet is defined as the jet with which the
lepton shares a[PH candidate.

We will not go into the details of the architecture here. Instead, we will simply quote the
performance of the in Figure The working point that will be used for muons is
labelled as Medium and for electrons as Tight on the “TOP-UL” curve in this figure. It
can be seen that we reach over 95% per lepton while retaining high background discrimination.

Muons

Muon selection cuts on pr, ||, impact parameters, isolation and muon[POG]ID in the same
way as described in Section The main difference comes from the use of the different
lepton Additionally, the object makes use of selections on the prqetio and the b-
tagging score of the closest jet (DEEPFLAVOR ") for both of which the selection of the
closest jet is identical to the way it is done in the training of the A full overview of
all selections for all three working points is given in Table All muons have Rochester

corrections [[167] and identification scale factors applied.

*The lepton MVA referred to from Chapter@refers to the final lepton MVA used in the tight selection, not the
electron MVA.
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Figure 7.5: Performance of Top Lepton MVA ID in tt events for electrons (left) and muons (right),
with pp > 25 GeV (top) and 10 < pp < 25 GeV (bottom). Plots by Kirill Skovpen.

Electrons

In the analysis, we came across a lot of variables describing the shape of the cluster
and the matching between the ECAT] cluster and the track of the electrons. This information
is now included in the and was not filtered on in the preselection of its training. For that
reason, we also do not include most of these in the electron preselection and let the do
its work. A list of all selection cuts that are applied can be found in Table[7.2] On top of these
selections, all electrons that have a loose muon within a distance of AR < 0.05 are removed
from the analysis. Electron scaling and smearing corrections are propagated to all simulated
electrons used in the analysis in order to match the energy of the reconstructed electrons in the
analysis closer to their true energy, and reconstruction scale factors are applied to all simulated
electrons passing the loose working point to correct the reconstruction efficiency in simulation.
Additionally, a set of identification scale factors for lepton efficiency were applied.

7.5.2 Tau Leptons

Tau leptons form a new addition to the prompt [HNIL] analysis and were not present in the
previous iteration. Their reconstruction is performed using the algorithm we are familiar
with at this stage and the baseline identification consists of the regular 20 GeV pt cut and the

requirement that the 7y, is found in the fiducial region of |n| < 2.3.

At this point in time, the DeepTau algorithm was no longer an experimental project but fully
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Table 7.1: Selection requirements that define the muon ID WPs. Cuts that are labelled with * are
applied in the case that the muon does not meet the muon MVA requirement.

Cut Loose FO Tight

pr (GeV) >5 >10 >10
In| < 2.4 v v v
|dy, | < 0.05cm v v v
|d,| <0.1cm v v v
T <04 v v v
op3p < 8 v v v
PF-medium v v v
pratio — >045%
Deepflavour(closest jet) — <0.025* —
lepton MVA > 0.64 — — v

Table 7.2: Selection requirements that define the electron ID WPs. Cuts that are labelled with * are
applied in the case that the electron does not meet the electron MVA requirement. Cuts with multiple
defined values refer to the respective cuts for 2016 and 2017/2018. Additionally, all electrons are

required to be AR > 0.05 away from a loose muon.

Cut Loose FO Tight

pr (GeV) >10 >10 >10
In| <2.5 v v v
|dyy| < 0.05cm v v v
|d.| <0.1cm v v v
Tnini < 0.4 v v v
opsp < 8 v v v
missing hits < 2 v v v
Conversion veto — v v
electron MVA —  WP-Loose ¥ —
pratio —  >05/04% —
Deepflavour(closest jet) > 0.1 — vE —

lepton MVA > 0.81 — — v
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fleshed out and validated. As such, we have used DeepTauv2pl1 as the identification algorithm
of choice in this analysis. To accompany it, a selection is performed on the decay mode of the
reconstructed t;, candidate, allowing only for decay modes with one or three charged pions
and a number of n°. The algorithm has taken strides in its identification efficiency and low
misidentification rates compared to its predecessor as can be seen in Figure In
order to keep the balance between low misidentification and high efficiency to get optimal
sensitivity in the final state, the medium working point of the DeepTauVSjet output is used to
filter t;, against jets faking their signature. To remove fakes from electrons and muons, the
tight working points of the relevant output scores are applied. A final cleaning removes any t;,
from the object list if it is found to be within AR < 0.5 of a tight electron or muon. This is
done to further reduce fakes and avoid potential double counting.
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Figure 7.6: Efficiency versus jet misidentification rate of the DeepTau algorithm and two versions
of the[MVAldiscriminator. The efficiency is measured in an [HNL] sample with exclusive T neutrino
coupling while the misidentification rate is measured in a[DY|sample.

In contrast to the light leptons, it is not easily possible to create a[FQlselection that works for
our baseline selection when using the DeepTau working points. Therefore we will find ways
to circumvent the need for this type of working point as we will discuss in Section|7.8.1|and
instead stick to a loose and a tight working point. For this loose working point, the selection on
the DeepTauVSjet output score is loosened to the loosest working point available (vvvloose).
An overview of the selections that define both of them can be found in Table 7.3l

In the same way as in Section [6.5.3] corrections for tau energy scale and identification are
applied using the same recipe but this time using the relevant corrections for the DeepTau ID.

7.5.3 Jets

All AK4 jets that want to qualify as useful to the analysis should have a p higher than 20 GeV,
be within the calorimeter region of |n| < 2.4, pass the Tight jet ID (see Section and
contain no loose light lepton within AR < 0.4 and no tight 7}, within AR < 0.5. Also here
and corrections are applied.
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Table 7.3: Selection requirements that define the t lepton ID WPs.

Cut Loose Tight
pr (GeV) >20 >20
Inl < 2.3 v v
|d.| < 0.2cm v v
DeepTau VS jets vvvloose WP medium WP
DeepTau VS electrons tight WP tight WP
DeepTau VS muons tight WP tight WP

B-tagged jets are selected from this baseline jet selection with the difference that the cleaning is
loosened. Instead of the loose lepton working point, b-jets should not reside within AR < 0.4
of [EQ|leptons. To perform the tagging, the Deepflavour algorithm — which we recognize from
the analysis — is used to select two working points. A loose selection aims to select
b-jets to be used in the b-veto that we will introduce in later sections. The tight working point
has only the selection of b-jets in a tt control region in mind. B-tagging scale factors are

applied to all b-jets in simulation using the same recipe as in Section[6.5.4]

7.5.4 Missing transverse energy

.. . .. —miss -
To get a handle on the missing momentum in the events, a missing momentum vector p 18

defined as the inverted vector sum of the transverse momentum of all [PH candidates (PFMET).
The missing transverse momentum is then defined as the size of this vector. The previously
mentioned will impact the calculation of this quantity and thus these corrections are

—Mmiss

propagated to the pt . In similar fashion as the analysis in Chapter@, [MET! filter are applied.

7.6 Trigger strategy

In the search for electroweak [SUSY]signatures, it was briefly mentioned that all events need
to pass a certain combination of triggers. It is important that we apply the same strategy here.
As the trigger system forms the basic “garbage disposal” of uninteresting events, we need to
make sure the data and simulation start from the same baseline. This is done by requiring that

the events we select pass at least one trigger of interest to the final state of this analysis.

7.6.1 Strategy

There are three types of lepton triggers: single lepton triggers, double lepton triggers and
trilepton triggers. In order to keep the rate under control, single lepton triggers have higher
online pr thresholds than double and trilepton triggers. Keeping in mind that our signal

signature is characterized by soft leptons, the trigger cocktail is designed to contain all
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available light lepton triggers with the lowest p thresholds that are not prescaleﬂ As such,
we end up with a mixture of single light lepton, double light lepton and triple light lepton
triggers. This allows to make the pt selection for the leptons as low as possible. While there
are triggers available that select on the presence of a 1, as described in Section [5 it was
chosen to not use them here. The reason for this is that the online thresholds are quite high
and the turn-on curve of the triggers is slow. This makes them very useful for analyses with a
hard t;, spectrum but not as much so here. To use these triggers would mean applying high
thresholds on the offline objects, which in turn means that they do not add much efficiency to
the total cocktail while at the same time making the trigger analysis more complex. A full
overview of all triggers used in this analysis is given for 2016, 2017 and 2018 data separately
in Tables[Z.4] to

Table 7.4: Summary of 2016 HLT triggers grouped by channel.

Channel HLT paths

3e HLT Elel6_Elel2 Ele8_CaloIdL_TrackIdL

2e, 1u HLT Mu8 DiElel2 _CaloIdL_TrackIdL

le, 2u HLT DiMu9_ Ele9 CaloIdL_TrackIdL

3u HLT TripleMu_12_10.5

2e HLT Ele23.Elel2_CaloIdL.TrackIdL_IsoVL.DZ

le, 1u HLT Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL
HLT Mu8_TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL.DZ
HLT Mu8_-TrkIsoVVL._Ele23 CaloIdL._-TrackIdL_IsoVL
HLT Mu23_.TrkIsoVVL_Ele8_ CaloIdL.TrackIdL_IsoVL.DZ

2u HLT Mul7_TrkIsoVVL Mu8 TrkIsoVVL
HLT Mul7_TrkIsoVVL Mu8_TrkIsoVVL_DZ
HLT Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL
HLT Mul7_TrkIsoVVL_.TkMu8_TrkIsoVVL_DZ
HLT TkMul7_TrkIsoVVL_TkMu8_ TrkIsoVVL
HLT_TkMul7_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ

le HLT Ele27 WPTight Gsf

1n HLT_IsoMuZ24
HLT_IsoTkMuz4

7.6.2 Offline thresholds

The next step in the trigger strategy is then to make sure that all triggers operate in the high-
efficiency plateau. A baseline selection of three leptons with p > 15, 10, 10 GeV covers the
events with three muons or two muons and an electron. On top of this baseline selection, we
apply an offline threshold strategy based on the leading and subleading light leptons in the
event. Events should either have a leading light lepton with a pt high enough to be in the

5Prescaling refers to a practice performed in the triggering system when the rate of a path is too high for the

budget. When a prescale is set to i.e. 2, it means that only one out of two events that pass the trigger will be stored.
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Table 7.5: Summary of 2017 HLT triggers grouped by channel.

Channel HLT paths

3e HLT Elel6. Elel2 Ele8 CaloIdL_TrackIdL

2e, 1u HLT Mu8 DiElel2 _CaloIdL_TrackIdL

le, 2u HLT_DiMu9_ Ele9 CaloIdL_TrackIdL_DZ

3u HLT TripleMu_.12_10.5
HLT TripleMu_10_.5_5_DZ

2e HLT Ele23 Elel2 CaloIdL_TrackIdL_-IsoVL

le, 1u HLT Mu23_TrkIsoVVL_Elel2 CaloIdL_TrackIdL_IsoVL.DZ
HLT Mu23_TrkIsoVVL Elel2 CaloIdL_TrackIdL_IsoVL
HLT Mu8_TrkIsoVVL Ele23 CaloIdL TrackIdL_ IsoVL.DZ
HLT Mu8_-TrkIsoVVL._Ele23_CaloIdL_-TrackIdL_IsoVL

2u HLT Mul7_TrkIsoVVL . Mu8_ TrkIsoVVL
HLT Mul7_TrkIsoVVL Mu8 TrkIsoVVL._DZ
HLT Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ Mass8
HLT Mul7_TrkIsoVVL Mu8_TrkIsoVVL_DZ Mass3p8

le HLT Ele32 WPTight Gsf

1n HLT IsoMu24
HLT_IsoMu24_etalpl
Table 7.6: Summary of 2018 HLT triggers grouped by channel.

Channel HLT paths

3e HLT Elel6 Elel2 Ele8 CaloIdL_TrackIdL

2e, 1u HLT Mu8_DiElel2 CaloIdL_TrackIdL

le, 2u HLT DiMu9_Ele9 CaloIdL_TrackIdL._DZ

3u HLT TripleMu-12_10.5
HLT TripleMu_10_.5_5_DZ

2e HLT Ele23.Elel2_CaloIdL.TrackIdL_IsoVL

le, 1u HLT Mu23_TrkIsoVVL Elel2 CaloIdL_TrackIdL_IsoVL.DZ
HLT Mu23_TrkIsoVVL Elel2 CaloIdL_TrackIdL_IsoVL
HLT Mu8_TrkIsoVVL Ele23 CaloIdL TrackIdL_ IsoVL.DZ
HLT Mul2_TrkIsoVVL_Ele23 CaloIdL.TrackIdL_IsoVL.DZ

2u HLT Mul7_TrkIsoVVL Mu8 TrkIsoVVL
HLT Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ
HLT Mul7_TrkIsoVVL Mu8_TrkIsoVVL_DZ Mass8
HLT Mul7_TrkIsoVVL Mu8_TrkIsoVVL._.DZ Mass3p8

le HLT Ele32 WPTight Gsf

HLT_IsoMuZ24
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high-efficiency region of any relevant single light lepton trigger or have leading and subleading
light leptons that reside in the plateau of the relevant double light lepton trigger. The way
this is done in practice is shown in Table Here every row represents offline thresholds
that correspond to a single trigger. On the left-hand side, the lepton requirements for that
specific trigger are displayed. When an event passes at least one of the rows, it is retained in

the analysis.

Table 7.7: Additional requirements on the light lepton pr depending on the flavour combination of
the event to be applied on top of a baseline selection of three leptons with p > 15, 10, 10 GeV. The
columns give the numbers of electrons and muons in the event (V. and N,)), and the pr of the leading
electron, subleading electron, and leading muon, respectively. All events are required to pass the
conditions of at least one of the rows. The values in parentheses give the threshold applied in 2017 and
2018, where it is different from 2016.

Ne N, | pr(e;) [GeV]  pr(ey) [GeV]  pr(ny) [GeV]
> — >30 (35) — —
>1 — — >25
>1 >1 >25 — >10(15)
>1 21 >10 (15) — >25
>2 >25 >15 —
— >2 — — >20
1 =2 — — —
— =3 — — —

7.6.3 Trigger efficiency
Trigger efficiency in simulation

In order to check the efficacy of the offline threshold strategy, the total trigger efficiency is
measured in simulation as a function of subleading and trailing lepton pr. In order to perform
the measurement, a region of events with three leptons that pass the tight working point and
that pass the offline thresholds is selected. The efficiency is then defined as the fraction of
events that also pass the triggers. The efficiency for different types of final state and kinematics
are shown in Figures|/.7|and Apart from a few exceptions, the efficiency is 90% or higher

everywhere.

Trigger efficiency in data

Now that the efficiency of the triggers has been validated to be in the high-efficiency regime, a
check of this efficiency in data needs to be performed as well. The reconstruction techniques
in data and simulation will respond slightly differently and by comparing the efficiency in both,
we have a handle on how good the agreement is and whether we need additional corrections.

In order to be able to compare data and simulation, we need to perform a preselection of
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Figure 7.7: Trigger efficiency in WZ MC samples for events with 3 electrons (top left), 3 muons (top
right), 1 muon and two electrons (bottom left) and 1 electron and two muons (bottom right) where the

leading lepton has p1 > 15 GeV in Run II data.
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Figure 7.8: Trigger efficiency in WZ MC samples for events with 1 1, and 2 electrons (top left), 1
Ty, 1 electron and 1 muon (top right), and 1 t;, and two muons (bottom) where the leading lepton has
pr > 15GeV in Run II data.

unrelated triggers so they are both on the same footing. One catch here is that we need to
be careful not to bias our measurement due to correlations between the preselection triggers
and the analysis triggers. For that reason, the trigger efficiency measurement is performed
in a baseline of missing energy and jet primary datasets (MET, JetHT and MTMHT) where
no lepton requirements are present and which are thus orthogonal to the data sets used in
the analysis. Events are required to pass at least one of the triggers in the relevant primary

datasets, an overview of which is given in Table[7.8]

Unfortunately, this comes with the disadvantage that we need to perform the measurement in
a barren land full of events that have little lepton activity, making the selection of trilepton
events a challenge. For that reason, all three years of data-taking as well as all final states
are combined. The only splitting in final states that we will still make is in the flavour of the
leading light lepton in the event. The efficiency is then once again measured by selecting
events with three leptons that pass the full offline selection and checking how many pass one
of the triggers. The results of this measurement in a WZ sample and the JetMET data set can
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Table 7.8: List of HLT triggers used with the JetMET Data set for the measurement of the trigger

efficiency in data.

2016

2017

2018

HLTMET200

HLT_PFMET300

HLT_PFMET170_HBHECleaned
HLT_PFMET120_PFMHT120_IDTight
HLT_PFHT300_PFMET110

HLT_PFHT350 DiPFJetAve90_PFAlphaT0p53
HLT PFHT400DiPFJetAve90_PFAlphaT0p52
HLT_PFHT400_SixJet30_-DoubleBTagCSV_p056
HLT_PFHTS00

HLT PFHT650 WideJetMJJ900DEtaJJlp5
HLT CaloJet500 NoJetID

HLT_PFJet500
HLT_PFMET140_PFMHT140_IDTight
HLT_PFHT500_PFMET100_PFMHT100_IDTight
HLT_PFHT700_PFMET85_PFMHT85_IDTight
HLT_PFHT800_PFMET75 PFMHT75_IDTight
HLT CaloJet500 NoJetID
HLT_AK8PFJet500

HLT CaloMET350_HBHECleaned
HLT_CaloJet500NoJetID
HLT_AK8PFJet500
HLT_AK8PFJet400_TrimMass30

HLT DiJet110_35Mjj650_PFMET110

HLT PFHT800_PFMET75_PFMHT75_IDTight
HLT PFHT700_PFMET85_PFMHT85_IDTight
HLT PFHT500_PFMET100_PFMHT100_IDTight
HLT_PFHT1050

HLT_PFJet500

HLT PFMET120_PFMHT120_IDTight

HLT PFMET250_HBHECleaned

HLT PFMET200_HBHE BeamHaloCleaned

HLT PFMETTypeOnel40 PFMHT140_IDTight

HLT PFMETTypeOne200_HBHE BeamHaloCleaned
HLT TripleJet110.35.35Mjj650_PFMET110

be found in Figure both for a split in leading light lepton flavour and inclusive in all final
states. Good agreement is observed between data and simulation, which causes us to knot
apply additional corrections to the analysis but instead to apply a flat 3% uncertainty on the
trigger systematic. Because the statistics in the first few bins are much lower than at high pr,

a binned statistical uncertainty is applied in the analysis on top of that 3%.

7.7 Analysis Strategy

Now that we are settled on the object selection and triggers, we can get to the heart of the
analysis, namely the analysis strategy. There are multiple ways to approach signal extraction
in an analysis like this. Two of these have been studied for application in this analysis and
were eventually used in tandem. The first is a classic cut-based approach, where one selects a
region enriched in the signal process, called a search region, and divides it into a plethora of
bins in terms of variables that have high discriminating power between signal and background.

This helps to create bins with a lot of signal and little background as well as create bins that
have the opposite effect in order to have a handle on the background in the fits. The main
advantage of this strategy is that the underlying physics of the search region bins is relatively
straightforward to understand. Take for example a certain reconstructed mass variable, an
excess in a certain mass region could imply new physics at that mass. A disadvantage
compared to the approach that will follow next is that it is very dependent on human creativity
and ingenuity to cleverly design variables and search regions with the highest discriminating

power possible.

The second approach, namely using machine learning techniques, does not suffer from
this human “limitation”. One of course still has to be creative, ingenious and clever in
designing the machine learning algorithm but the algorithm takes care of finding correlations
between variables that lead to the highest discriminating power possible, often finding hidden
connections. The main disadvantage, of course, becomes that the physics behind the machine

learning algorithm becomes less straightforward to interpret.



7. A search for heavy neutral leptons in a multilepton final state 137

138 fb™* (13 TeV) 138 th™ (13 TeV)
> 13"‘—s‘uu“‘|:|v4/zmc" > 13"“—su‘u“|:|‘wzm‘c
8 E CMS at. Unc. (MC) ] 8 E CMS at. unc. (MC) E
o 1.2 preliminary JEtMET (data) - o 1.2F Preliminary JetMET (data) -
o C | o E ]
R e - ]
> TF 1 > 11— -
Q L - Q [ -
c E ] c r ]
o 11— [ — ] F m
o = + —— E c I __ — =
E 0 9: 0= : E g 1

“F ] 0.9 4

0.8 = - ]

E 1 0.8~ -

0.7F = E ]

C ] 0.7 -

0.6 e B ! [ ! ! B

%1%51 = []stat. pred. Error ror  Avg. Rat. = 1.02 E % ed. Error - Avg. Rat. = 1.01

1058 ! ) o

09% 1620 30 40 50 60 70 80 90 i0C 60 70 80 90 ioC

pT(Ilght lep 1) [GeV] pT(Ilght lep 2) [GeV]

138 fb* (13 TeV) 138 th™ (13 TeV)
> Ll e ey > Ll e g
31,055 CMS  —statunc. | |wzmo) | |setMET (date) 7 31052 CMS  —stat. unc. I:IWZ (MC) | |JetMET (data)
o E Prelirhinary E o E Preliminary E
= E —_—— = = E E
30.955 1 - 30.95=+— e
8 = = 8 F 3
o 0.9 E 8 0.9F -
°o E E 2 £ B

0.8 E 0.8 =
0.75: E 0.75E E
07- 5 07 E
0.65¢- E 0.65/ =
B b b b b b b b b b 4 Cov b b bvvn o Lo b bv Lo d
[as]
QD J1E Cseeederor  [rorpred eror Avg. Rat.= 102 E O 115 [sawrederor  [7orpred Eror Avg.Rat. =101
t”1A051 . E "’1.051 =,

010 20 30 40 50 60 70 80 90 10C 09352630 40 50 60 70 80 90 10
pT(Ilght lep 1) [GeV] pT(Ilght lep 2) [GeV]

138 fb* (13 TeV) 138 th™ (13 TeV)
s Ll e > Ll e e
3 ECMS —sttunc I:IWZ(MC) JetMET (data) 7 81 05 CMS  —stat. unc. I:IWZ(MC) JEtMET (data) 1
© 1 Preliminary e ok Preliminary B
S T = E s -
3 095 3 =0 o5b E
e : 3095 ]
q:) C ] 8 0.9 =
© 0.8 = o Tk E
o E ] 085 E
0.6 = 0.75- E
= ] 0.7 E
0.5 - E E
F B 0.65 —
B b beve s b b Lo b b Lo b A Ervv v bvv e bevn s bvvn s b Lo Lo L A

o E Q [t rrea eror [ 7oupred Eror Avg. Rat. = 101

& 111;7 [stat. prea. s__m:!:z Avg. Ral:]i‘ 7 51.%)'517 O m 9

0 10 20 30 40 50 60 ( 10 20 30 40 50 60 le

70 80 90 10 70 80 90 10
pT(I|ght lep 1) [GeV] pT(Ilght lep 2) [GeV]

Figure 7.9: Trigger efficiency in Run I WZ MC and JetMET data samples for events with 3 leptons
as a function of leading light lepton p (left) and subleading light lepton pr (right). Results are shown
for all final states combined (top), events where the leading light lepton is a muon (middle) and events
where the leading light lepton is an electron (bottom).

Both strategies start from the same baseline search region selections that make sure our playing
field will be one that is enriched in signal processes. This baseline selection is the topic of
the first subsection and will promptly be followed by an overview of both approaches in the

following two subsections.
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7.7.1 Event selection

Processes with an [HNL] that has a mass lower than the W boson mass have quite different
kinematics compared to models with an [HNL] that has a mass higher than the W mass.
Therefore it is quite natural to split the analysis into two orthogonal signal regions: one to
cover the first type and one to cover the latter type. They are appropriately called the low-mass
region and the high-mass region. Both regions share a baseline selection before they apply

their own region-specific cuts.

Baseline selection

To start off, all events should pass at least one of the triggers. Furthermore, all events that
do not contain exactly three tight leptons (e, p or t;,), of which at most one is allowed to be
a 1y, are taken out of the signal region. In case one of the three leptons does not cross the
threshold to be considered tight but does pass the working point, the event is not thrown
away but kept in a sideband region for later use in the background estimation. If the three
leptons all have the same sign, the event is discarded. Likewise, the presence of a fourth
lepton heralds a veto of the event. Finally, the trilepton system must adhere to the offline pp
thresholds as described in Table[7.7|on top of a baseline selection of leading, subleading and
trailing lepton pr higher than 15, 10, and 10 GeV.

As our core process, as shown in Figure does not produce jets (let alone b-jets) except for
initial state radiation, a limitation on the presence of b-jets in the event is put in place. In case
a jet passing our object selection with a p larger than 25 GeV also passes the loose b-tagging
working point, the event is vetoed. Due to the overwhelming presence of backgrounds
containing a Z boson and a limited amount of person power, the choice was made to focus on
the W decay channel and place a veto on the presence of an pair that has an invariant
mass within a 15 GeV window around the Z boson mass, which unfortunately also removes
sensitivity to the Z decay channel of the[HNLlin scenarios where the [HNL] mass is higher than
the W boson mass. Additionally, all[DSSH lepton pairs in the event should have an invariant
mass larger than 5 GeV. This is done to remove low-mass resonance contributions as well as

photon conversions.

Low-mass region selection

Reminding ourselves of the kinematics of processes with an[HNLI mass lower than the
W boson mass as described in Section we recall that the initial W will most likely be
real while the W from [HNLI decay has to be virtual and will be on the low-pt end of the
spectrum. As the initial decay of the W boson has to distribute its energy over both the [HNT]
and its decay product lepton, also the first lepton will have a relatively low p with values
often found below roughly 40 GeV in the simulated samples. Therefore these processes are
typically described by a generally low p1 spectrum, which shows up both in the visible lepton
pr and the p[r}liss, as well as a relatively low trilepton invariant mass m(3¢) with values around

or below the W mass.
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The three cuts employed in the low-mass region address each of these characteristics. Firstly,
the leading lepton in the event should have a pt no larger than 55 GeV. This requirement
removes 71% of the tt-type events that passed the baseline selection from the background.

miss

Secondly, pt should reside below 75 GeV, thereby removing events with a typically larger

p?iss such as WZ and tt while the signal yield is nearly untouched (< 1.5% drop in signal
yield). Last but not least there is a requirement on the invariant mass of the trilepton system.
This quantity should be lower than 80 GeV, which removes backgrounds with asymmetric
conversions. In those cases one of the leptons from conversion runs away with most of the
energy and the other lepton can be missed in reconstruction. For this type of background, the

trilepton mass typically is found around the Z boson mass.

High-mass region selection

Signal processes with an [HNI] mass larger than the W boson mass can only be produced in
the decay of a virtual W boson. While the initial lepton will suffer from this with low pp
features, there is usually more energy in the [HNL]decay. Therefore the leading lepton, p%liss
and m(3/) are not bound by low values and could be allowed to roam free. An orthogonal cut
on at least one of them is needed, however, to keep this region separated from the low-mass
region. Studies by my colleagues for the 2016-only iteration of the analysis have shown that
the optimal of the three orthogonal cuts is the one on the leading lepton. Therefore a selection

of pr(¢;) > 55GeV is enforced.

A selection on pr(¢y) > 15GeV and pr(€5) > 10GeV is used to remove a decent portion
of the background due to nonprompt leptons at the price of losing some signal acceptance.
Although the m(3¢) variable is allowed to take on any value, we do keep a veto on trilepton
systems that have an invariant mass within a 15 GeV of the Z boson mass in order to retain the
suppression on asymmetric conversions that we also strive for in the low-mass region. Lastly,
a few additional requirements are uniquely applied to events with two same-sign electrons
and a muon. This is done in order to remove the large contribution of backgrounds due to
charge misidentification of one of the electrons. Firstly, both electrons should pass a charge
consistency cut on all methods of charge identification. Secondly, the mass of the same-sign

electron pair should not be found within 15 GeV of the Z boson mass.

7.7.2 Cut-based search bins

In the most basic form, one could simply collect the expected and observed yields in a single
cut-and-count bin and feed that as input in the final fit. One can however increase sensitivity
to the signal by creating search region bins in variables with high discriminating power. Some
bins will be more sensitive to a certain type of signal and provide boosted sensitivity in the
final fit while other bins will be sensitive to a different type of signal or the background. The

collection of bins can then serve as a shape input to the fit.

Just as in the event selection, the split in low-mass signal region and high-mass signal region

is continued here. For both a selection of highly discriminating variables and their binning
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needs to be made. While these differ for both regions, one important trend that will be found
in both is a splitting into bins containing events that have an[OSSH pair present and events that
do not. The latter are typically characterized by very small background yields and provide
large sensitivity, especially for the low-mass region, while the first contains significantly more
[SMlbackground events involving Z bosons. The choices made here are based on the search

region bins employed in the previous iteration of the analysis.

Low-mass region

For[HNLE with a mass lower than that of the W boson, two discriminating variables form the
definition of the search bins. The first of these variables is the leading lepton pt, from which
a splitting into two categories is generated by keeping events with p(¢;) lower than 30 GeV
separated from events with p(¢) higher than 30 GeV. The idea behind this is that when an
[HNL]has a mass that is close to the W mass, there is very little phase space left for the lepton
from the original W decay and all leptons are relatively soft. In scenarios where the [HNL]is so
low that there is a greater mass splitting between the [HNI]and the W boson, the same lepton
can be relatively hard. The bins with pp(¢;) < 30 GeV will thus be more sensitive to models

with low |my — myy | while the orthogonal bins cater to models with higher such values.

A second variable that provides very high discriminating power is the mass of the lepton
pair that has the lowest invariant mass: min m(2¢|0S). The power of this variable is found in
the fact that the two leptons from [HNL]decay have[OSland thus will thus cause the distribution
to fall steeply at the HNLI mass. The shapes of both variables in the expected background and
a few signal points can be found in Figure [7.10] for three different coupling scenarios while

the exact definition and names of the low-mass region search bins can be found in Table

High-mass region

Three variables are used to define the high-mass search region bins, the choice of which is
again based on the previous iteration of this analysis. There, a range of variables was conjured
up and all the ones that visually showed shape differences were picked out and used to define
a set of preliminary search regions. By performing a simultaneous fit to these preliminary
regions and then comparing the obtained expected limits, the highest-performing variables and
their combinations were selected. Out of all variables, two stood out in terms of performance.
These were the min m(2¢|OS) discussed in the low-mass region bins and the transverse mass
of the remaining lepton that is not part of the minimum pair in combinations with the

missing transverse momentum: M¥V . It is calculated in the following way:

My = \/ 2pTpl (1 — cos Ag) . (7.6)

A third variable, the mass of the trilepton system Ms,, was found to provide additional
discrimination and this mainly for the higher-end [HNLI mass spectrum where M3, reaches

values over 1 TeV for the highest mass points considered. The shapes for these three variables
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Figure 7.10: Signal and background distributions of pp(¢;) (left) and min m(2¢|0S) (right) in the low-
mass signal region. The ratio on the bottom shows the signal yield over the background yield. Shown
are the light-lepton final states with HNL models for three different masses coupling exclusively to
electron (first row), muon (second row), and tau (third row) neutrinos (with identical SM backgrounds
in each row), and the final states with a t, with HNL models for three different masses coupling

exclusively to tau neutrinos (fourth row).
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are shown in Figure [7.T1] for three different coupling scenarios. The exact definition and

naming of the search region bins from these three variables can be found in Table[7.10}
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Figure 7.11: Signal and background distributions of m(3¢) (left) and min m(2¢|0S) (middle) and
M%}V (right) in the high-mass signal region. The ratio on the bottom show the signal yield over the
background yield. Shown are the light-lepton final states with HNL models for three different masses
coupling exclusively to electron (first row), muon (second row), and tau (third row) neutrinos (with
identical SM backgrounds in each row), and the final states with a t;, with HNL models for three
different masses coupling exclusively to tau neutrinos (fourth row).
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Table 7.9: Search regions for events in the low-mass categories.

pr(¢y) m(3¢) minm(2¢|OS) Binname

OSSF pair
(GeV) (GeV) (GeV)
No <30 <80 <10 SR Lal
10-20 SR La2
20-30 SR La3
>30 SR La4
30-55 <80 <10 SR La5
10-20 SR La6
20-30 SR La7
>30 SR La8
Yes <30 <80 <10 SR Lbl
10-20 SR Lb2
20-30 SR Lb3
>30 SR Lb4
30-55 <80 <10 SR Lb5
10-20 SR Lb6
20-30 SR Lb7

>30 SR Lb8
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Table 7.10: Search regions for events in the high-mass categories.

pr(¢y) m(3¢) minm(2¢|0S) My Bin name

OSSF pair
(GeV) (GeV) (GeV) (GeV)
No >55 <100 any <100 SR Hal
>100 SR Ha2
>100 <100 <100 SR Ha3
100-150 SR Ha4
150-250 SR Ha5
>250 SR Ha6
100-200 <100 SR Ha7
>100 SR Ha8
>200 any SR Ha9
Yes >55 <75 any <100 SR Hbl

100-200 SR Hb2
>200 SR Hb3

>105 <100 <100 SR Hb4
100-200 SR HbS

200-300 SR Hb6

300-400 SR Hb7

>400 SR Hb8

100-200 <100 SR Hb9
100-200 SR Hb10

200-300 SR Hbl1

>300 SR Hb12

>200 <100 SR Hb13
100-200 SR Hb14

200-300 SR Hbl15

>300 SR Hb16
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7.7.3 Boosted decision trees

The second prong of the strategy falls back on machine learning to find any exploits in the
kinematic features that we could not find ourselves. Although we have skimmed over the
term [MVAl and [BDT] before, we never went into detail as it was part of someone else’s work.
With the MVA] strategy for event binning, however, the story is a bit different. In order to
understand the choices behind the strategy, let us very briefly look at the basics of [201]].

Introduction to boosted decision trees

Decision trees are a machine learning application that can be used for classification and
regression. The concept of a decision tree has been around since the mid-20th century and the
first algorithms for pattern recognition were developed in the 1980s. The idea behind it is fairly
straightforward. You start from a node that imposes a certain condition on an event feature
and depending on the outcome you move further to the next node connected to that outcome.
This process is repeated until you hit the final node of the path that gives the final decision. In
principle it could be compared to a cut-based analysis where every output node represents a
category, however, in the context of this analysis we will only consider binary decision trees

where an output node either tells you an event is classified as signal or as background.

It is trained by checking at each node recursively what variable provides the best separation
power between signal and background events and at what splitting value this occurs. During
this training, the tree is allowed to reuse previously employed variables so it can find intervals
of interest instead of a single cut. While it is human-readable, quite simple in concept and is
not sensitive to proper input variable manipulation, there are some drawbacks to it. It is quite
a greedy algorithm that is prone to overfitting, meaning it will design a tree that works very
well on the training set but focuses on a few aspects of the training set that are not general
features and therefore will not be optimally trained for signal to background discrimination
in new events. A change in the training set may lead to severe changes in the tree structure
if the training set is not large enough, causing the algorithm to be unstable. Additionally,
decision trees give discrete outputs, causing the final decision to be dependent on the purity of

all previous nodes.

To overcome these drawbacks, a machine learning technique called boosting can be applied
to decision trees. The idea behind boosting is to iteratively combine weak learners — i.e.
classifiers with an efficiency that is not that much better than random assignment — into a
single strong classifier with high efficiency. Boosted decision trees are an example where this
technique works remarkably well. There are many different algorithms for creating boosted
decision trees but in general, they all follow the same idea. One starts with a decision tree that
is trained on a certain dataset. A weight is then assigned to the specific decision tree and the
training set is modified in a way that highlights different information. The process is repeated
by training a new decision tree on the modified training set and so on. In the end, one gets an
ensemble of decision trees from which the final output comes as a quasi-continuous output

score which is the weighted sum of the output scores of all trees in the ensemble. The main
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advantages are that the collection of trees is less prone to overfitting and actually improves
the predictive accuracy of the model. Because the pattern recognition is divided over a large
number of decision trees, the final training will not be prone to the whims of a single tree

when the training set is varied but will be more robust to noise and variations.

The most commonly used boosting algorithm in the context of boosted decision trees is called
AdaBoost [202]]. After a weak classifier decision tree is trained, the normalized training
error is calculated using the absolute differences between the true class labels y,, and the
corresponding predictions f(z,,) for the input variables x,,, where n represents the index of a
training event. The normalized training error is computed as € = 25:1 |f(x,) — y,| where
the sum runs over all training events. The decision tree weight « that is to be assigned to
the tree in the weighted sum is then defined as & = 8 x In % where [ is a parameter that
will define the learning rate. Each event in the training set is then weighted with a weight w
defined as w = Wyrevious €XP(| f(75,) — Yy |) Where wypeyious 1s the weight from the last round
of boosting. The next tree is then trained on the reweighted dataset and the process is repeated
until a stopping condition is met. The final output score for a new event is then obtained as

Z%zl o, fm () where m runs over all trees in the ensemble.

A second popular boosting technique is called gradient boosting and works on the principles
of gradient descent. Instead of giving a higher weight to wrongly classified events as in the
case of AdaBoost, gradient boosting will try to minimize a loss function in the next iteration
by training for the residual y — f(x) of the ensemble instead of the truth y. In this way, the
new training will try to counteract the residual of the previous iteration and will gradually
converge to an ensemble with accurate classification with every added tree. While gradient
boosting often gives predictive accuracy that is higher than other algorithms, because it keeps
trying to minimize the error with every iteration, it is prone to overfitting out the errors. At the

same time, this makes them computationally a bit more demanding to train.

Boosted decision trees in HNL

How can we use these [BDTk in our analysis? If you think about it, the output score of a
BDTlis a highly optimized discriminating variable. By defining a binning for the number
of events as a function of the output scores, one again has a set of search regions that
are enriched in signal or background. These bins can be used as input to the simultaneous
fit in the same way the search regions are used. We train different [BDTk for the low- and
high-mass region since they are kinematically divergent and also train a separate [BDT] per
coupling scenario. Furthermore, because of differences in kinematics within one of the signal
regions, the relevant signal masses are split up into ranges corresponding to signal scenarios
where the kinematics are comparable enough. A different training is performed for each of
these sub-mass ranges. Additionally, in the scenario of N-v; coupling, a split is made in final
states with or without a t,,. For further bookkeeping, the notation “BDT(my, ¢, it,)” will be
used to denote the for mass range my, coupling to flavour / and the number of 1,

in the final state.
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This training is done using the TMVA package for ROOT [200]. A range of hyperparameters
is defined and a training is performed for each combination. The resulting trainings are then
ranked by their area under the curve (AUC) ﬂ and the one that is the highest in the list and
passes a visual inspection for overtraining is selected for final use. In total there are four

hyperparameters that are varied:

* Boost type: To get an idea of which boost type works the best, trainings were performed

using gradient boosting, AdaBoost and a variation of AdaBoost called RealAdaBoost

e Number of trees: This refers to the total number of trees to be used in the ensemble.

Typically the gradient boosting algorithm can benefit from a large number of trees.
However, we are dealing with limited background statistics in the training for certain
regions. In such cases, a large number of trees will cause overtraining. Therefore a
range starting from a very low number of trees is used in our trainings, namely the range
25-400 trees.

* Max depth: The maximum number of decision node layers in a tree. For boosted
ensembles, we benefit from combining simple, weak learners. Therefore the maximum

depth of the trees is kept low to the range of 2-4 layers.

 Shrinkage: This refers to the learning rate for the gradient boost algorithm. The lower
this value, the lower the learning rate. A large learning rate results in large updates of the
“weights” in the algorithm and thus more drastic steps. A lower learning rate typically
leads to slower but more controlled convergence, translating to more robustness and
less overfitting. However, lower learning rates also require a higher number of trees.
For the training here, we experimented with a range of learning rates starting quite low

and ending quite high, namely from 0.1 to 1.

The training was performed using[MCl simulation and the lack of statistics in these samples
was the biggest enemy in training these BDTk. In order to battle this, simulated samples
corresponding to all 3 years of data-taking are combined. The background samples consist of
prompt[DY] prompt tt, prompt WZ and nonprompt simulated events. The last of these four
backgrounds is obtained from a sideband in[DY] tt, and WZ simulation to once again enhance
the statistics of the training sample. For each sub-mass range, the samples with relevant mass
and coupling are combined. Each of the background samples is reweighted to their cross
section. All signal events on the other hand are scaled to unity and normalized according to

their relative sample size in order to avoid bias to a specific scenario.

As a[BDTlis not really sensitive to the number of input variables — it will ignore the ones that
are not interesting completely — we started training with a wide array of inputs. Included in the

input variables were lepton properties, reconstructed mass variables, information regarding

9AUdis a measure of the performance of a[BDT]in a binary classification task. It represents the area under the
curve of the[ROC] plot, which plots the true positive rate against the false positive rate at different classification
thresholds. [AU( values range from 0 to 1, with higher values indicating better model performance. An[AUClof 0.5
indicates a model with no discrimination ability, while an[AUClof 1 indicates a model with perfect discrimination.
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the two leading jets if present and angular information between all leptons and jets. A full

overview of all variables employed can be found in Table

Low-mass region training

In the cut-based strategy section, it was noted that there are two main types of event categories
in the low-mass region: events that contain an[OSSH Iepton pair and events that do not. The
first of these two contains the bulk of the background from e.g. WZ or ZZ processes
while the latter only contains background in very low quantity. This makes the events without
a decidedly important contribution to the final sensitivity. As a matter of fact, the
previous iteration of this analysis did not consider events with an pair in the low-mass
region as the backgrounds were simply too large [99]. The reason it was added now is that
with a[BDT]approach, it is possible to create enough separation between the large backgrounds

and the signal to make these events useful again.

There are some considerations one needs to make carefully, however. If one was to merge both
types of events for training, the sensitivity from events without pair gets completely
washed out by the much larger background. However, when the two types of events were
kept separated and different[BDTk were trained on both of them, we found that the number of
events in the background was simply too low in the no{OSSH type of events for any sensible
training. On one hand, we do not want to wash out the sensitivity but on the other hand, the
reason for this high sensitivity throws a spanner in the works in terms of training. As
will be seen later, the solution was to drop the strategy for events without [OSSH lepton
pairs in favour of cut-based techniques and to move forward with the BDT] training for events

that do contain such a pair as they lend themselves very well to this technique.

There are two main kinematic domains for signal in the low-mass region. There are scenarios
where the mass is quite far removed from the W boson mass and there are scenarios
where the [HNL] mass is relatively close to the W boson mass, leading to uncompressed
and compressed scenarios respectively. To account for both types, two submass ranges are
defined: one running from 10-40 GeV and one running from 50-75 GeV. These submass
range definitions are the result of a process of trial and error where various combinations of
mass points were trained and evaluated. The final two ranges were then selected as the having
the best discriminating power and the highest expected sensitivity for the relevant mass points.
Their resulting trainings are shown in Figure The preselection employed for the training
sample is the same one as described in Section [/.7.1|under the header of low-mass region

selection.

High-mass region training

The situation is a bit simpler in the high-mass region. The difference in sensitivity described in
the previous section is less apparent in this mass region due to the relatively higher background
yields in search regions Ha when compared to the low-mass regions La. For this reason, events

with and without an [OSSH pair are combined here. Another difference with the low-mass
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Table 7.11: Overview of all input variables for the BDTs. Variables denoted with * are only used as

inputs for the low-mass region BDTs, while variables denoted with  are only used in the BDTSs trained

in low-mass region events with light lepton final states. The last column gives the default value used

when the observable is undefined (e.g., no OSSF pair or no jets in the event).

Variable Description Default
" pr(¢;) Transverse momentum of the charged leptons, with? = 1,2, 3 for —
é the leading, subleading, and trailing charged lepton
3 In(€,)] Absolute value of the pseudorapidity of the charged leptons —
o(l;) Azimuthal angle of the charged leptons —
Ly Sum of the pt of all charged leptons —
flavour(?) 1 flavour of each lepton, with O for electrons, 1 for muons, 2 fort;,, —
charge(?) t Charge of each lepton —
pI{«liss Missing transverse momentum —
- min m(2¢|0S) Minimum value of the invariant mass among all OS lepton pairs —
% M}/V Transverse mass of the missing momentum and the lepton not —
= contained in min m(2¢|0S)
m(30) Invariant mass of the trilepton system —
M%/V (37) Transverse mass of the trilepton and missing momentum system  —
m(l;¢;) Invariant masses of all dilepton pairs —
max m(2¢|OSSF) Maximum value of the invariant mass among all OSSF lepton —1
pairs
. pr(7;) Transverse momentum of the two leading jets, withi =1,2for 0
= the leading and subleading jet
In(5:)] Absolute value of the pseudorapidity of the jets 0
o(7;) Azimuthal angle of the jets 0
Hy Sum of the pr of all jets —
N; Number of tight jets in the event —
= AR, ¢ j) Angular distance between all different lepton pairs —
2 AR[minm(2¢|0OS)]  Angular distance between the OS lepton pair chosen for —
E min m(2¢|0S)
; AR[maxm(2¢|OSSF)] Angular distance between the OSSF lepton pair chosen for —1
ED | max m(2¢|OSSF)
< AR(,pr ) * Azimuthal angle distance between each lepton and the missing —
transverse momentum vector
ARG, P % Azimuthal angle distance between each of the leading two jets —1

and the missing transverse momentum vector
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Figure 7.12: BDT output shapes for the two types of trainings in the low-mass signal region: 10—
40 GeV (left) and 50-75 GeV (right). Shown per row from top to bottom as training for muon coupling,
electron coupling, tau coupling in leptonic final states, and tau coupling in 7, final states.
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region is that we do not perform trainings for final states with one t,,. The reason for this
is mostly historical. We only trained preliminary tests in the initial setup of the framework.
As we noticed the trainings were particularly tricky and we could not get good results in our
tests, we dropped them as we thought these final states would no longer be part of our analysis
anyway for collaboration reasons. We added the 1, final states in the high-mass region again
afterwards when we saw the increase in sensitivity they brought but had no time to optimize a
for these final states.

Also here a few my ranges are defined for training, namely 85-100 GeV, 100-250 GeV and
250-400 GeV. No trainings were performed for masses above 400 GeV as we found there
the strategy was outperformed by the cut-based strategy. The reason for this is that
above this mass point, the cross section of the signal becomes too small for the signal to
overcome the background in the tail of the BDTscore. The resulting trainings can be found in
Figure Once again the preselection for the training sample followed the ones as defined
in Section under the header of high-mass region selection.

7.7.4 Combined strategy

The final sensitivity on the cross section for each mass point will be obtained by
performing a simultaneous fit of the signal strength to a selection of distributions. These
distributions are selected from the two abovementioned strategies per fit based on the optimal
expected limits for each set of distributions. An overview of the distributions going into the fit
for each scenario can be found in Table

For scenarios where the [HNL]mass is found below the W boson mass, input distributions from
the cut-based strategy and the BDT strategy are used simultaneously. Events without an[OSSH
pair (which are contained in search regions La) provide high sensitivity but did not lend well
to the BDT strategy. Events with an [OSSH pair, however (contained in search regions Lb),
suffer from large backgrounds but gain big improvements from the BDT] technique. Therefore
we select the distribution of search region bins La for events with no and the
relevant to the signal scenario for the other type of events and use both shapes simultaneously
in the fit.

For scenarios in this mass range with exclusive coupling to a light lepton flavour, we only
regard these distributions for events that have a purely light lepton final state. Events with
eee and eep final states are kept separate from events with upp and epp final states in the fit.
In the end, a simultaneous fit that uses 4 input distributions (BDT score and search regions
for both final state types) is performed. The idea behind these final state splittings is that in
models where there is only coupling to e.g. electron neutrinos, the first two leptons in the event
can only be electrons. These models are sensitive to the eee/eep final states and insensitive to
the ppp/epp final states. Both final states are kept into the final fit however so that there is a
good handle on background-dominated bins from the latter final states.

For scenarios where the mass is lower than the W boson mass but where there is

exclusive coupling to t-neutrinos, these light lepton final states are topped up with the relevant
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Figure 7.13: BDT output shapes for the three types of trainings in the high-mass signal region: 85—
100 GeV (top), 100-250 GeV (middle) and 250-400 GeV (bottom). Shown per column from left to
right as training for muon coupling, electron coupling.
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search region and [BDT output score distributions as described in the last paragraph for eety,
events, puty, events and ept,, events separately. The last category of events is further split into
events with OS] electron and muon and those with same-sign electron and muon. Again all

these distributions are combined into a single shape.

For signal scenarios with my, < my < 400 GeV and exclusive coupling to light lepton neutri-
nos, the strategy vastly outperformed the search bin strategy. Therefore a simultaneous
fit is performed to the relevant[BDT] output score for that specific scenario, once again split

into eee/eep and pup/epp final states, and the search regions were not regarded.

For signal scenarios with my > 400 GeV and exclusive coupling to light lepton neutrinos, the
[BDT] strategy starts to suffer from the tiny cross sections of the signal at these high masses.
The signal peak in the tail gets lost in the background that is still making its way there. It turns
out that the cut-based strategy is able to provide better sensitivity for these masses. This is
the reason that the input distribution to the simultaneous fit in these scenarios is made up of
search region bins Hal-9 and Hb1-16. Also here, only light lepton final states are used and
they are split up into eee/eep and pup/epp final states.

Last but not least there are the scenarios with my > my and exclusive coupling to tau-
neutrinos. For these signal types, we do not use the BDT] strategy. The input distributions
to the final fit consist of search region bins Hal-9 and Hb1-16 for events split into eee/eep,
ppp/epy, eety, eep and epty, final states where the last category again is split into same-sign
and opposite-sign electron and muon. The final shape is a combination of the search region

shapes of all these different final states appended into a single shape.

7.8 Background Estimation

At this point, we have a good handle on object reconstruction, event selection and signal
extraction but we are missing a handle on the background prediction. Let us delve a bit
deeper into that aspect of the analysis in this section. As one might have guessed, this search
deals with similar backgrounds as the [SUSY] search in Chapter [f] A large portion of the
expected background yield comes from events with one or more nonprompt leptons, which
constitute the largest background in the low-mass regions as well as the single 1, channels
in the high-mass regions. Other dominating backgrounds are WZ, ZZ where one lepton
is not reconstructed and asymmetric photon conversion events from i.e. Zy. They will be
estimated from simulation and validated in control regions. Other minor backgrounds such as
the production of tt in association with[SMlbosons or processes involving three [SMIbosons

are also estimated from simulation but we do not reconstruct control regions for them.

7.8.1 Nonprompt background

Once again we opt for the data-driven “fake rate” technique as described in Section to

estimate the nonprompt backgrounds in the analysis. Overall the methodology applied is very
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Table 7.12: Summary of the selections, categories, and distributions used in the template fit for each
of the HNL signal points.

HNL model Selection Categories OSSF Fitted distributions

(1040GeV,e) low-mass Oty no Lal-8
Oty yes  BDT(10-40, e, Oty)
(1040GeV, u) low-mass Oty no Lal-8
Oty yes  BDT(10-40, u, Oty)
(1040GeV,t) low-mass Oty no Lal-8
Oty yes  BDT(10-40, t, Oty)
Ity no Lal-8
I, yes  BDT(10-40, 1, 11y)
(50-75GeV,e) low-mass Oty no Lal-8
Oty yes  BDT(50-75, e, Ot})
(50-75GeV,u) low-mass Oty no Lal-8
Oty yes  BDT(50-75, u, Oty)
(50-75GeV,t) low-mass Oty no Lal-8
Oty yes  BDT(50-75, 7, Oty)
Ity no Lal-8
Ity yes  BDT(50-75, 1, I1})
(85-150GeV, e) high-mass Oty any BDT(85-150, e, Ot;))
(85-150GeV, n) high-mass Oty any BDT(85-150, u, Oty)
(85-150GeV, t)  high-mass Oty any Hal-9, Hb1-16
(85-150GeV, t)  high-mass It, any Hal-9, Hb1-16
(200250 GeV, e) high-mass Oty any BDT(200-250, e, Ot},)
(200250 GeV, u) high-mass Oty any BDT(200-250, u, Ot;)
(200-250GeV, 1) high-mass Oty any Hal-9, Hbl-16
(200-250GeV, 1)  high-mass Ity any Hal-9, Hb1-16
(300400 GeV,e) high-mass Oty any BDT(300-400, e, Oty,)
(300400 GeV, u) high-mass Oty any BDT(300-400, p, Ot;)
(300-400GeV, 1) high-mass Oty any Hal-9, Hbl1-16
(300400 GeV, t)  high-mass Iy, any Hal-9, Hb1-16
(>400GeV, e) high-mass Oty any Hal-9, Hbl-16
(>400GeV, u) high-mass Oty any Hal-9, Hb1-16
(>400GeV, 1) high-mass Oty any Hal-9, Hb1-16

(>400GeV, 1) high-mass Ity, any Hal-9, Hbl-16
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similar to the analysis. We will briefly go over the results and highlight any differences
in obtaining them between this analysis and the search.

Background from nonprompt light leptons

The tight-to-loose ratio for nonprompt light leptons is again measured separately for electrons
and muons in a QCD-enriched region characterized by the presence of one light lepton passing
the [FQland at least one jet that is spatially separated from it by AR > 0.7. There are no other
loose leptons allowed in this selection. In similar fashion as the search from the previous
chapter, differences in light-flavour and heavy-flavour jet fakes are taken into account by using
a[FQlworking tuned to the lepton selection and for isolation effects by measuring the
fake rate as a function of the p of the mother parton from which the jet originated. The same
type of study of the discontinuous jump in the average p spectrum as a function of the lepton
score due to the use of uncorrected pr for light leptons that pass the tight working point
and parton pr for those that do not as described in Section was performed. From this,

the following cone correction factors were found:

D 0,66 /025 for muons, a7
pr%arwﬂ =0.72 pr /prftio for electrons. ‘

In order to validate the method using simulation truth information, fake rate maps are first
measured in simulation in the region described before. An overview of the resulting
fake rate maps in 2017 simulation can be found in Figures and[7.15] Similar maps were
found for the other years of data-taking. The next step is to perform closure tests in a very
general selection using these fake rates in a simulated and a simulated tt sample. In both
samples, we require the presence of at least two leptons which need to have same-sign if
they are the only two leptons in the event. At least one of them should be nonprompt, which is
decided using simulation truth by checking for the presence of generator-level light leptons in
the vicinity of our candidates. The resulting closure tests in 2017 simulation can be found in
Figure Here the nonprompt leptons can be either electrons or muons. Similar behaviour

was observed in the other years of data-taking.

Background from nonprompt taus

In the previous chapter, it was described how the contribution from nonprompt taus was
estimated from data using two sets of fake rate maps, one measured in a[DY]control region
and one in a tt control region. The final fake rate applied in a certain region depended on
the dominating nonprompt background type. Most of the time these were light-flavour jet
nonprompts for events and heavy-flavour jet nonprompts for different flavour (DE)
events. We found that in this analysis it was not always clear during development how to make
this split. While the principle behind nonprompt tau prediction stayed the same — measure
a fake rate in and tt and apply accordingly — application evolved into the usage of a
weighted sum of fake rate weights. The and tt fake rates were summed with a weight

that corresponds to the estimated fraction for each type of nonprompt in simulation in the
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Simulated fake rate map for 2017 muons
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Figure 7.14: Fake rate maps obtained from 2017 QCD multijet simulation for muons. Courtesy of
Luka Lambrecht.
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Figure 7.15: Fake rate maps obtained from 2017 QCD multijet simulation for electrons. Courtesy of
Luka Lambrecht.
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7. A search for heavy neutral leptons in a multilepton final state 158

signal region. The relative contributions for each type of nonprompt 1, is summarized in
Table per year. It can be seen that the overwhelming majority of the fakes originate
from DY-type fakes. In the high-mass region, however, the contribution of tt-type fakes is not
negligible. Large differences in the latter region can occur depending on the final state, with
relative contributions of up to 60% by tt-type nonprompt t,, events in final states containing an
electron, a muon and a 1, lepton while final states with two light leptons of the same flavour
were dominated by DYl type nonprompts. For this reason, the final weights are made final

state-dependent.

The measurement regions for the fake rate maps both in simulation and data are more or
less the same as in the last chapter. The measurement region consists of a selection of
two light leptons that have an invariant mass within a 15 GeV window around the Z
mass along with a[FQlt). The presence of any other [FOllepton warrants a veto of the event.
Additionally, the missing transverse momentum in the event should be below 50 GeV. This
last cut is in place to reduce the contribution of prompt events. It was found that this region
is 99.6% pure in DY events. The ttbar measurement region on the other hand requires the
presence of a tight light lepton pair of opposite flavour and opposite sign along with a
Ty,- The invariant mass of the light lepton pair should be above 20 GeV in order to suppress
IQCD| contributions. At least one tight b-jet should be present. With all selections in place,
we see that the relative contribution of ttX to this region is 96.1%, followed by tX with 3.6%.
The resulting fake rate maps in both data and simulation for the 2017 dataset can be found in
Figure[7.17] The maps measured in the 2016 and 2018 datasets contain comparable values.

The validation of these fake rates in both simulation — in order to test the validity of the method
— and in data — in order to test the validity of the fake rate maps — is done in three different
control regions. The first of these is a general closure region that is designed for validation
in simulation and attempts to be as broad as possible in phase space. It is characterized by
the presence of three objects, at of which at least one is required to be a nonprompt 1y,

at the generator level. What this last statement requires is for the t,, to not be matched to

Table 7.13: Relative contributions of nonprompt t events from [DYFype and tt-type events in the

signal regions.

Fraction DY Fraction tt

2016 (pre-VFP) 0.987 0.013
2016 (post-VFP) 0.980 0.02
low-mass SR
2017 0.982 0.018
2018 0.982 0.018
2016 (pre-VFP) 0.859 0.141
) 2016 (post-VFP) 0.826 0.174
high-mass SR
2017 0.798 0.202
2018 0.783 0.217
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Figure 7.17: Tight-to-loose ratio for nonprompt hadronically decayed tau leptons as measured in the
DY (left) and tt (right) control region for the 2017 dataset. The upper row shows the results in 2017
simulation samples, while the lower row shows the results in 2017 data samples.
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electrons, muons or genuine t’s in simulation. Furthermore, there should be no b-jets in the
event and the leptons should pass the offline requirements as defined in the trigger section.
The closure tests for the fake rate maps as measured in DY are evaluated in a DY sample
with the aforementioned selection applied. Likewise, the validation for the tt fake rate maps
is performed in tt simulation in this general selection. The results can be found for 2017
samples in Figures and Closure tests in the other years show similar results. As
usual, the observed contribution represents the number of events where all leptons are tight
and the predicted distribution shows the prediction from the sideband events with the proper

fake rate weight value applied.

The next two control regions aim to validate both types of fake rate maps in data. The first
of these is called the DY closure region. It is defined in almost the exact same way as the

miss

DY measurement region with the exception of the pt cut, which has been inverted, and the
presence of a loose b-jet veto. The purity of this region in DY events is found to be at 98.6%.
The closure tests in data using the DY fake rate are shown in Figure The second region
is called the tt closure region. After playing around with a few variables, it turned out to
be quite hard to create a control region that was both orthogonal to the signal region and the
tt measurement region. Since the fraction of light jet fakes in the signal region is so much
higher than that of the heavy jet fakes and since there is good agreement in the closure tests in
simulation, we have opted to keep the tt closure region the same as the measurement region
and validate for the presence of any systematic shifts in distributions not relevant to the fake
rate map binning. The resulting agreement can be found in Figure In both the DY and tt
closure tests, the predicted distribution is obtained from a sideband in data where the 7, in
the event passes the selection but not the tight selection and the prompt contribution is
obtained from simulation. For all closure test types, a good agreement between observed and

predicted distributions is observed in all four datasets.

7.8.2 WZ background

The production of a W boson along with a Z boson where both of them decay leptonically does
not look unlike an[HNL]event due to the presence of three charged leptons and missing energy
from the neutrino in the W decay. It is an important background to the analysis, especially
in the high-mass region, and it is important that we understand and validate our prediction.
The expected yield from WZ events in both signal regions is obtained from simulation. In
order to validate how well our WZ simulation predicts reality, we define a control region that

is enriched in WZ events and is defined as:

* exactly three tight light leptons with pp > 25, 15, 10 GeV;

¢ no fourth [EQ]light lepton;

* two leptons have OSSF and |m/(2¢|OSSF) — my| < 15 GeV;
* no loose b-jets;

PR > 50 GeV (to account for neutrino from W decay);
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Figure 7.18: Closure tests of the tau fake rate method using a fake rate measured in DY in simulated
DY samples corresponding to the 2017 dataset. Shown as a function of min m(2¢|0S) (top left), My
(top right), p7>* (bottom left) and transverse momentum of the trailing lepton (bottom right). The event

selection consists of events passing a general trilepton selection.
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Figure 7.19: Closure tests of the tau fake rate method using a fake rate measured in tt simulated tt
samples corresponding to the 2017 dataset. Shown as a function of min m(2¢|OS) (top left), M%/V (top
miss

right), pt = (bottom left) and transverse momentum of the trailing lepton (bottom right). The event
selection consists of events passing a general trilepton selection.
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Figure 7.20: Closure tests of the tau fake rate method in the DY closure region using a fake rate

measured in DY in 2017 data. Shown as a function of min m(2¢|0S) (top left), My (top right), p5

(bottom left) and transverse momentum of the trailing lepton (bottom right).
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Figure 7.21: Closure tests of the tau fake rate method in the tt closure region using a fake rate
miss

measured in tt in 2017 data. Shown as a function of min m(2¢|0S) (top left), MY (top right), 5
(bottom left) and transverse momentum of the trailing lepton (bottom right).
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* trilepton invariant mass |m(3¢) — my| > 15GeV (to remove Zy).

This selection is about 80% pure in events that find their origin in WZ production. Half of the
remaining 20% is due to nonprompt events, mainly from[DYl The results of this validation
where predicted and observed events are compared can be found in Figure[7.22] As good
agreement between the yields is observed, no further normalisation factor is derived. We do,
however, apply an uncertainty of 10% to this background type based on the level of agreement

between data and simulation in the kinematic shapes observed in this control region.
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Figure 7.22: Comparison of the predicted (coloured histograms) and observed (points) yields in the
WZ control region. Shown as a function of the leading lepton p (upper left), the missing transverse
energy (upper right) and the transverse mass of the lepton not included in min m(2£|OS) (lower left).
The lower right plot shows the total yield.

7.8.3 ZZ background

Because of the presence of the fourth[FOl veto in the baseline selection, a fair amount of ZZ
production is removed early on. The remaining collection of ZZ events in the background
mainly comes from events where misreconstruction was present or where one of the leptons
simply did not pass the selection. Their contribution to the total background yield is estimated

from simulated samples. Similar to the WZ background, a validation is performed in a
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dedicated control region which is defined as follows:

* exactly four tight light leptons with pp > 15, 10, 10, 10 GeV;

no fifth [EQllight lepton;

* the four light leptons form two OSSF pairs with }m(% |OSSF) — mZ’ < 15GeV;

* no loose b-jets;

» for each OS light lepton pair, m(2¢|OS) > 12 GeV (to remove low-mass resonances).

If there are four leptons of the same flavour in the event, the two candidates Z; and
Z, are chosen in such a way that the mass difference between each pair and the Z mass is
minimised. In any case, Z; is defined as the pair with mass closest to the Z mass.
The purity of ZZ in this control region is close to 97%. An underprediction was observed
in this control region and therefore a scale factor of 1.12, derived as the ratio of the total
yields in data and simulation, is applied to all simulated ZZ samples. The comparison of
expected and observed yields in this region after application of this scale factor can be found
in Figure Good agreement is observed and an uncertainty of 10% is applied to cover any
residual difference between data and simulation.

7.8.4 Background from photon conversions

Asymmetric photon conversion background, especially Zy, is a non-negligible contribution to
the analysis. Mainly in the entire low-mass region and the phase space of low min m(2¢|0OS)
and M3, in the high-mass region, it is a important contributing factor to the total background
yield. It is once again estimated from simulation and validated in a Zy-enriched control region.
This control region is based on the presence of three leptons with an invariant mass that is

close to the Z boson mass. It is defined as follows:

» exactly three tight light leptons with pt > 15, 10, 10 GeV;
* no fourth FO light lepton;

* trilepton invariant mass ‘m(3€) — mz‘ < 15 GeV (to select Zy events where the photon

is radiated from one of the Z leptons);

* two leptons have OSSF and ‘m(% |OSSF) — mz| > 15GeV (to remove nonprompt
DY and WZ contributions);

* no loose b-jets.

The purity of this selection is 70%. Half of the remaining events are due to nonprompt
contributions, similarly to the WZ control region. It was found that the observed yield was
larger than the simulated prediction. Similarly to the ZZ simulation, we apply a scale factor
of 1.11 to all simulated Zy samples. The results of this control region after applying this
scale factor can be found in Figure Good agreement is observed and again a systematic

uncertainty of 10% is applied to cover any residual differences between data and simulation.
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Figure 7.23: Comparison of the predicted (coloured histograms) and observed (points) yields in the
7.Z. control region. Shown as a function of the invariant mass of the lepton pair closest to the Z boson
mass (upper left), the invariant mass of the other lepton pair (upper right) and the invariant mass of the
4 lepton system (lower left). The lower right plot shows the total yield.
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Figure 7.24: Comparison of the predicted (coloured histograms) and observed (points) yields in the

conversion control region. Shown as a function of the leading lepton p; (upper left), the missing

transverse energy (upper right), min m(2¢|OS) (lower left) and the number of muons in the event

(lower right).
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7.8.5 Charge misidentification background

In most of the search regions, background contributions that are due to the charge of an
electron being misidentified are rare. The main exception is found in search region Ha
(see Table for final states with two same-sign electrons and a muon where additional
selections are performed to filter out most of this background type. In order to estimate
the surviving contributions, predictions from simulations where the charge of one of the
reconstructed electrons is not the same as its generator match are used. However, past analyses
have shown there to be discrepancies between simulation and data when it comes to charge
misidentification in 2017 and 2018 [199,203]]. Therefore, we apply scale factors to all such
events with the following value: 1.03 in 2016, 1.48 in 2017 and 1.34 in 2018. They were
obtained by performing closure tests in a[DYlenriched region using large data and simulation

samples. As such, the statistical uncertainty on these numbers is negligible.

7.9 Systematic uncertainties

There are quite a few similarities between this analysis and the analysis, which causes
the systematic uncertainties in both analyses to be comparable. The systematics on the
luminosity, pileup and b-tagging use the exact same methodology as discussed in Section [6.8]
Their exact values, however, might be different from the ones quoted in the last chapter
due to updated calibration and validation in the samples. Because the other systematic
uncertainties were estimated using methodologies that differ from the ones described in

Section|[6.8] we will briefly go over them below:

» The uncertainty on the trigger efficiency is once again split into two components: one
to quantify the statistical limitations of the efficiency measurement and one to quantify
the systematic component of the method. The first is uncorrelated between the different
years of data-taking and is obtained from the statistical uncertainty on the ratio between
the efficiency in data and simulation as evaluated at the pt of the leading light lepton.
The second is obtained from the difference between the aforementioned ratio and 1,

which results in a value of 3%.

» Systematic uncertainties related to the light lepton reconstruction, identification and
isolation corrections are applied in the analysis. For the electron reconstruction scale
factors, the accompanying up and down variation weights are applied as a systematic
uncertainty in the fit. As no reconstruction corrections are applied to muons, there are
no reconstruction systematics for this lepton flavour either. The effect of the variations
to the electron and muon energy scales was studied and was found to be negligible for
the electron smearing and muon momentum scale systematics. The variations for the
electron scaling were small but non-negligible. Therefore, no muon scale and electron
resolution systematics are implemented and a flat 0.3% uncertainty per electron in
the event is applied to account for the electron scaling. Lastly, the muon and electron
identification and isolation uncertainties come from the measurement of the scale factors

linked to the lepton[MVAI They are determined and applied separately for muons and
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electrons and done so as a function of light lepton p and |7|. While a single set of
uncertainties take into account both identification and isolation, a split is made between
the statistical limitation of the scale factor measurement and the systematic uncertainty

of the method. The latter is the dominant contributor to the uncertainty.

* The DeepTau algorithm also comes with systematic uncertainties on t,, identification
and isolation that were obtained using the tag-and-probe method. They come in the
form of scale factors for up and down variations to be applied per genuine t,, electron
faking t;, signatures and muon faking 7, signatures in the event. The uncertainty on the
Ty, energy is applied by varying the 1, pr of all candidates in simulation up and down
and propagating the changes through the analysis. Usually, this is done for both genuine
7y, and 1, faked by electrons. As the impact of the latter turned out to be negligible,
there is no t;, scale uncertainty applied for this type of 1, candidate. The energy scale
uncertainty for genuine t,, is applied, however, and is taken to be uncorrelated across
years and decay modes.

* The analysis is sensitive to leptons but not as much to jets. Therefore, we do not
apply the full and unclustered MET uncertainties that warrant varying all
relevant variables up and down one by one and rerunning the analysis. This strategy
was studied but yields incoherent fluctuations in the variations. Instead, two flat 3%
uncertainties are applied, one of which is uncorrelated across all years of data-taking

while the other is correlated.

* For the nonprompt lepton background systematics, a slightly different approach is
used between the three flavours, which are all decorrelated from each other. The data-
driven nonprompt t;, background contribution receives a 30% flat uncertainty, which is
derived from the goodness of closure in the closure tests. The same flat uncertainty is
applied to muons as well. In case of electrons, the situation is slightly different, however.
Because there is a clear structure in electron closure as function of leading light lepton
pr, it is instead opted to make the systematic uncertainty on nonprompt electrons
dependent on this variable. The exact values of the systematic uncertainty applied
are 15% for pr < 35GeV, 30% for 35 < pr < 55GeV and 50% for pr > 55 GeV.
Because the nonprompt 1, sources in events with and without an light lepton
pair tend to be different, the systematic uncertainties on nonprompt t contributions
are decorrelated between those two types of events in order to better constrain the

nonprompt contributions.

» All prompt backgrounds are predicted using simulation. In the case of background
from ZZ processes, WZ processes and conversions, these predictions were validated
in dedicated control regions. There, data and simulation were found to agree within
10%. Therefore, a flat 10% uncertainty is applied to these three background sources.
The other prompt backgrounds do not have a dedicated validation region. Instead, their
uncertainties are obtained from literature. In the case of backgrounds with three
bosons these come from predictions of their production [204-207]], which have
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a precision of 10%. Measurements of ttX processes in show that the ones of
interest to this analysis have an experimental precision of 10% [203,[208.[209], which
is consequently the value assigned to the systematic uncertainty of this background
category. All the remaining [SM] processes that contribute little to the analysis are
bundled together. Vector-boson-associated H boson production is the main contributor
to this collection and therefore the systematic uncertainty is set to the corresponding
20% experimental uncertainty [5].

* The main source of systematic in the charge misidentification background comes from
the scale factors that are applied to the simulation. It is addressed by applying a flat
15% uncertainty on the relevant background contribution. This number is obtained from

closure tests performed in previous analyses [[199,203]].

* Itis not just the background prediction that comes with uncertainties. The theory pre-
diction of the HNL] processes comes with uncertainties on the theoretical calculations
and event simulation as well. There are a few main contributing factors that need to
be considered. The first is due to the renormalisation and factorisation scales (up and
ug) that are needed in the [QCD| calculations to avoid singularities. They are estimated
by varying their values up and down by a factor two independently and taking the
envelope of maximum variations [210]]. Secondly, the choice of the will come with
uncertainties. To estimate them all parameters in the are varied and the root mean
squared is calculated [[173]]. For the signal models with my < myy, we used[LOl
samples, which means they come with large uncertainties of up to 20% on the factorisa-
tion and renormalisation scales. In order to reduce these uncertainties, LOMo-NNLO
K-factors for W + jets production are evaluated and applied [96]]. Their value lies at
1.089 and allows the uncertainty to be contained to a flat 4% instead. In the mass region
with my > myy, no such K-factors are applied as the samples are generated at[NLOl A
study was performed instead to look at the effect of the renormalisation and factorisation
scales and the choice. The results can be found in Figure which shows that
for[DYl production of [HNLK, the scale variations are the dominating systematic while
production is much more sensitive to the choice. The conclusion was then to
apply a 3% flat uncertainty due to scale variations for the first type of production and to
apply a 15% flat uncertainty due to choice to the latter.

* Over the course of data-taking in Run II, and especially in 2017, an issue with the L1
trigger caused it to throw away events unjustly every now and again. This issue is called
the prefiring issue and was found in both the electron/photon and muon sector. Over
time the crystals used in the systems get darker. This causes the trigger tower
to be assigned to the previous bunch crossing by accident. As the probability of this
happening depends on the opacity of the crystals, this issue worsened over time. In the
muon system, similar effects are caused by the limited time resolution. To account for
it, correction weights are applied to all simulations to emulate the issue. The uncertainty

that comes with these weights is used in the analysis as a systematic uncertainty.

An overview of all the systematics used in the final fit is given in Table[7.14]
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Figure 7.25: Comparison of the renormalisation-factorisation scale systematics (ME) and the [PDH
systematics as measured in an [HNI]sample with exclusive electron neutrino coupling with [DY] produc-
tion (left) and [VBH production (right). The envelope corresponding to ME systematics is obtained by
taking the maximum of all fluctuations while the one corresponding to the [PDH systematic is obtained
from the of all variations.

The impacts of the systematic uncertainties with the highest impact in the analysis are shown
in figure for a fit to signal plus background in the low-mass (my = 60 GeV, exclusive
electron neutrino coupling) and high-mass (my = 200 GeV, exclusive T neutrino coupling)
signal region. The impact Ar is defined here as the change in signal strength when a nuisance
parameter is varied up and down by one standard deviation. The plots also show the pull of
each nuisance parameter in the fit, referring to the fractional difference between the value of
the nuisance parameter after the fit and its nominal value. The error on the pull is a measure
for how much a nuisance parameter is constrained in the fit. If it is much smaller than a
range of 1, it means that the uncertainty was overestimated. From these figures it can be
seen that for the low-mass region fit, the statistical uncertainties, described in the plot by
entries that have a name beginning with “prop_bin”, have the largest impact. Other important
systematics in the low-mass region consist of the nonprompt background normalisation,
prompt background normalisation and pileup reweighting. In the high-mass region, one can
see that while statistical uncertainties have the largest impact, the importance of systematic
uncertainties is larger compared to the low-mass region. The systematic uncertainty sources
with the highest impacts are similar to those observed in the low-mass region. No irregular

values are observed for the impacts, pulls and constraints in this analysis.

7.10 Results

With all the pieces in place, it is time to unveil the signal regions. The observed yields are
plotted against the total predicted background yield and this is overlayed with the expected
yield of a few relevant [HNL] signal models for all distributions relevant to the fit as discussed
in Section First in line is the low-mass region. The yields as a function of the

signal regions and BDT output scores relevant to the fit strategy of that region as defined in
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Table 7.14: Systematic uncertainties considered in the analysis, their typical size and the processes

they are applied on.

Source Typical size Processes applied on
Luminosity 1.6% Background and signal MC
Trigger efficiency 2% Background and signal MC
WZ normalisation 10% WZ background
77 normalisation 10% 77 background
Conversion normalisation 10% Conversion background
Charge misid. normalisation 15% Charge misid background
ttX normalisation 10% ttX background
Triboson normalisation 10% Triboson background
Other normalisation 20% “Other” background
Nonprompt 1y, 30% Nonprompt background
Nonprompt light lepton 30% Nonprompt background
Pileup 2-4% Background and signal MC
Electron reconstruction 2-3% Background and signal MC
Electron identification 1-2% Background and signal MC
Muon identification 1-2% Background and signal MC
Tau identification 1% Background and signal MC
Tau energy scale <1% Background and signal MC
b-tagging 1-3% Background and signal MC
JEC, JER, unclustered MET 3% Background and signal MC
Prefiring <1% Background and signal MC
Theory: K-factor 4% signal MC: DY prod. my < 80 GeV
Theory: g, 4R 3% signal MC: DY prod. my > 80 GeV
Theory: PDF choice 15% signal MC: VBF prod.
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Figure 7.26: Impacts and pulls for a fit to a signal with my = 60 GeV and exclusive coupling to an
electron neutrino plus background in the low-mass region (top) and a fit to a signal with my =200 GeV

and exclusive coupling to a t neutrino plus background in the high-mass region (bottom).
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Table are shown in Figures to for both the fully light lepton final states and
the final states containing one t,, for all three coupling scenarios. In these plots, the predicted
background yields are shown with their best fit normalisation from a background-only fit.
Good agreement between data and background prediction is observed and none of the

bins show a significant excess.

Secondly, we take a look at the high-mass region. The resulting yields for the distributions
relevant to the fit as defined in Table are depicted in Figures to for all three
coupling scenarios. In general, good agreement is found between data and background
prediction. The only exception can be found in the output score of BDT(300—400, e, Oty,) in
events with a final state of two same-sign electrons and a muon, where the formation of a slight
excess can be observed as can be seen in Figure This excess has been investigated and
was found to not be significant with a local significance of 2.88¢ and a global signficance of
2.250. The local significance was measured using only the data in the relevant BDT(300-400,
e, Oty,) distribution while the global significance takes the data from all search regions into

account.

7.10.1 Interpretation

With no significant excess in the observed yields, we find ourselves in the same situation
as the previous [HNL analysis performed at UGent with the 2016 dataset. Exclusion limits
can now be calculated by performing simultaneous fits of the relevant distributions using the
Asymptotic approximation of the CL, method with the test statistic [[139,211]].

This fit results in an upper limit value of the signal strength of the signal process in question. If
this signal strength value is found to be smaller than 1, it means the signal process at that cross
section is excluded at 95% CL. Scaling the input cross section with the signal strength allows
us to find the upper exclusion limit on the cross section of that[HNI]process. As demonstrated
in Figure exclusion limits on [HNILI models are typically given in the |V, \2-mN parameter
space. Given the proportional nature between |V, |2 and the cross section and the fact that
in prompt scenarios there is nearly no dependence of the acceptance on the exact value of
the coupling, we can simply translate the interpretation of the signal strength to the coupling
squared. The signal strength can be extrapolated along an inverse function of |V \2 and thus
the exclusion limit for a certain mass point can then be found by scaling the input |WN|2
by the signal strength. In the case where the is displaced, the situation is a bit less
straightforward. As changing the input coupling squared will change the mean lifetime of
the [HNI the acceptance of prompt events will be influenced as well. The relation between
signal strength and coupling squared will no longer be a simple inverse function and instead
of fitting a single coupling-mass point we will have to perform fits for a range of coupling
values at a fixed mass point until we find the coupling squared value where the signal strength
is one. In practice, this is done by starting from a sample with fixed mass and fixed coupling
squared and using the reweighting function in Section to obtain input distributions at

different coupling values.
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Figure 7.27: Expected background yields (coloured histograms), observed yields (points) and expected
yields of models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the low-mass region selection with final states containing at least two electrons using
Run IT data. The predicted background yields are shown with their best fit normalisation from the
background-only fit. Vertical bars represent statistical uncertainties in data while hatched regions
represent the combination of systematic uncertainty and statistical uncertainty in the predictions. The
distributions show the output score of BDT(10-40, e, Or;,) (top left), the output score of BDT(50-75, e,
0Ort,;,) (top right) and search regions Lal-8 (bottom). All yields displayed in the output score distributions
need to be contained in search regions Lb1-8.
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Figure 7.28: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNL] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the low-mass region selection with final states containing at least two muons using
Run IT data. The predicted background yields are shown with their best fit normalisation from the
background-only fit. Vertical bars represent statistical uncertainties in data while hatched regions
represent the combination of systematic uncertainty and statistical uncertainty in the predictions. The
distributions show the output score of BDT(10-40, p, Oty) (top left), the output score of BDT(50-
75, u, Oty,) (top right) and search regions Lal-8 (bottom). All yields displayed in the output score
distributions need to be contained in search regions Lb1-8.
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Figure 7.29: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNI] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the low-mass region selection with final states containing at least two electrons (left) or
at least two muons (right) using Run II data. The predicted background yields are shown with their best
fit normalisation from the background-only fit. Vertical bars represent statistical uncertainties in data
while hatched regions represent the combination of systematic uncertainty and statistical uncertainty in
the predictions. The distributions show search regions Lal-8 (top), the output score of BDT(10-40, t,
0Ory,) (middle) and the output score of BDT(50-75, p, Oty,) (bottom). All yields displayed in the output
score distributions need to be contained in search regions Lb1-8.
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Figure 7.30: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNL] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the low-mass region selection with final states containing two electrons and a tau (top
left), two muons and a tau (top right) or a muon, an electron and a tau (bottom) using Run II data. The
predicted background yields are shown with their best fit normalisation from the background-only fit.
Vertical bars represent statistical uncertainties in data while hatched regions represent the combination
of systematic uncertainty and statistical uncertainty in the predictions. The distributions show search
regions Lal-8 for all three final states and Lb1-8 for the final states with two same flavour light leptons.
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Figure 7.31: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNI] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the low-mass region selection with final states containing two electrons and a tau (left),
and two muons and a tau (right) using Run II data. The predicted background yields are shown with
their best fit normalisation from the background-only fit. Vertical bars represent statistical uncertainties
in data while hatched regions represent the combination of systematic uncertainty and statistical
uncertainty in the predictions. The distributions show the output score of BDT(10-40, <, 11;) (top) and
the output score of BDT(50-75, p, 17,,) (bottom). All yields displayed in the output score distributions
need to be contained in search regions Lb1-8.
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Figure 7.32: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNI] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the high-mass region selection with final states containing at least two electrons using
Run IT data. The predicted background yields are shown with their best fit normalisation from the
background-only fit. Vertical bars represent statistical uncertainties in data while hatched regions
represent the combination of systematic uncertainty and statistical uncertainty in the predictions. The
distributions show the output score of BDT(85-150, e, Oty,) (top), the output score of BDT(200-250, e,
0Ort,,) (middle) and the output score of BDT(300—400, e, Ot,) (bottom). The left column contains only
events with an [OSSH pair while the right column contains only events without such a pair.
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Figure 7.33: Expected background yields (coloured histograms), observed yields (points) and expected
yields of models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the high-mass region selection with final states containing at least two muons using
Run IT data. The predicted background yields are shown with their best fit normalisation from the
background-only fit. Vertical bars represent statistical uncertainties in data while hatched regions
represent the combination of systematic uncertainty and statistical uncertainty in the predictions. The
distributions show the output score of BDT(85-150, u, Oty,) (top), the output score of BDT(200-250,
u, Ot,,) (middle) and the output score of BDT(300-400, u, Oty,) (bottom). The left column contains
only events with an[OSSH pair while the right column contains only events without such a pair.
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Figure 7.34: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNI] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the high-mass region selection with final states containing at least two electrons using
Run II data. The predicted background yields are shown with their best fit normalisation from the
background-only fit. Vertical bars represent statistical uncertainties in data while hatched regions
represent the combination of systematic uncertainty and statistical uncertainty in the predictions. The
distributions show search region Ha (left) and search region Hb (right).
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Figure 7.35: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNL] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the high-mass region selection with final states containing at least two muons using
Run II data. The predicted background yields are shown with their best fit normalisation from the
background-only fit. Vertical bars represent statistical uncertainties in data while hatched regions
represent the combination of systematic uncertainty and statistical uncertainty in the predictions. The
distributions show search region Ha (left) and search region Hb (right).
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Figure 7.36: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNL] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the high-mass region selection with final states containing at least two electrons (top)
or at least two muons (bottom) using Run II data. The predicted background yields are shown with
their best fit normalisation from the background-only fit. Vertical bars represent statistical uncertainties
in data while hatched regions represent the combination of systematic uncertainty and statistical
uncertainty in the predictions. The distributions show search region Ha (left) and search region Hb
(right).
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Figure 7.37: Expected background yields (coloured histograms), observed yields (points) and expected
yields of [HNL] models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the high-mass region selection with final states containing two electrons and a tau (top),
and two muons and a tau (bottom). The predicted background yields are shown with their best fit
normalisation from the background-only fit. Vertical bars represent statistical uncertainties in data
while hatched regions represent the combination of systematic uncertainty and statistical uncertainty in
the predictions. The distributions show search region Ha (left) and search region Hb (right).
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Figure 7.38: Expected background yields (coloured histograms), observed yields (points) and expected
yields of models with coupling to v, (coloured lines) corresponding to three different mass
assumptions in the high-mass region selection with final states containing a muon, an electron and a
tau. The predicted background yields are shown with their best fit normalisation from the background-
only fit. Vertical bars represent statistical uncertainties in data while hatched regions represent the
combination of systematic uncertainty and statistical uncertainty in the predictions. The distributions
show search region Ha.
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A separate fit is performed for each mass point so that we have a collection of pairs of mass
points and their respective exclusion limit on the coupling squared for the range of masses
we consider. Such collections are created for each flavour scenario separately to obtain the
limit plots presented later on. The exact mass points used are 10, 12.5, 15, 17.5, 20, 30, 40,
50, 60, 70, 75, 85, 100, 125, 100, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, and
1000 GeV. For light lepton flavour coupling scenarios, additional mass points of 1200 and
1500 GeV are considered as well. Prompt samples are used for all mass points above 20 GeV
while displaced samples are used for the other mass points. The input distributions to the
fit are the ones as described in Section On the border mass points between different
search strategies, e.g. the 40 GeV scenario where we move to a different BDT score, a fit is
performed for both strategies and both of these limits are quoted in the final result.

7.10.2 Exclusive light lepton neutrino coupling

In order to gauge what fraction of the expected improvement to the limits as compared to the
2016-only limits comes from the updated analysis strategy and what fraction comes from the
increase in dataset size, expected limits using only the 2016 dataset with the updated strategy
are studied. These expected limits assume that the observed data is equal to the predicted
background. The result can be found in Figure The dotted line shows the expected limit.
The green band shows the 1 sigma uncertainty band on the expected limit while the yellow
band shows the 2 sigma uncertainty band on the expected limit. Starting with the electron
neutrino coupling scenario on the left-hand side, we can see that at low [HNL] mass, no big
improvement is found with the updated strategy. The story is different for the scenario with
exclusive muon neutrino coupling however with an improvement of a factor 2-3 at these low
[HNL] masses. While it is true that part of the changes in the strategy is shared between all
coupling scenarios, such as the strategy, which would reflect in similar improvements,
there were also major improvements in lepton identification which do reflect differently on
these two scenarios. It can be concluded that the lepton identification improvements are a
major player in the sensitivity boost, which makes sense if one remembers that in Ref. [99]] the
major background in the low-mass region originated from nonprompt leptons. On the other
hand, the changes in the analysis strategy are mostly implemented in final states with a lot of

background so it is not unexpected they will not have the largest impact on the final sensitivity.

In the high-mass region, we find similar improvements to the sensitivity in both the exclusive
electron neutrino and the exclusive muon neutrino coupling scenarios. Especially in the
medium mass range between 85 GeV and 400 GeV, the largest improvements are made. The
origin of this increase in sensitivity can be traced back to the use of a completely new [BDT]
strategy for these mass points. At higher masses, the cut-based search region strategy is still

the default so here the improvement mainly comes from the improved lepton identification.

The observed 95% CL limits from Run II fits are shown as the full black line in Figure in
the scenarios of exclusive muon neutrino or electron neutrino coupling to a prompt Majorana
This is compared to the results from the predecessor analysis that used only 2016
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data [99]. At low masses and medium masses up to 300 GeV, we observe improvements
of the limits of up to an order of magnitude compared to the 2016-only analysis. The least
improvement is found in the region of 250-400 GeV of the electron neutrino coupling scenario
where a slight signal-like excess was observed in the same-sign electron + muon channels.
Here, we also find the largest divergence between the expected and observed limit. Above
1.2 TeV (1.5 TeV), the observed limit on the coupling squared for the electron neutrino coupling
(muon neutrino coupling) crosses 1. As coupling squared values higher than one are not
physical, these mass values are also where the exclusion power of the analysis ends. In the
case of exclusive muon neutrino coupling, we additionally make the comparison to Ref. [102],
which probes this coupling type in the t-channel. It can be seen that it outperforms our search
in the high-mass region from 700 GeV onwards.
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Figure 7.39: Expected 95% CL limits on |V,y|* (left) and [Van | (right) as a function of [ANI] mass
in the assumption of a prompt Majorana [HNI] using the 2016 dataset. The results are compared to the

observed limits from the previous iteration of this analysis [99] (black line).

Interpretations of the results were not only performed for the Majorana assumption but also
for the Dirac hypothesis. The limits that roll out of this study are shown in Figure[7.41] One
can see that due to the loss of lepton number violating events and thus loss of sensitivity in the
search channels without[OSSH the expected limits for the Dirac scenarios are less stringent
and are found on average a factor 2 higher than the Majorana limits. One interesting point
to note is that in the mass region between 250-400 GeV, the inverse effect is observed in the
electron neutrino coupling scenario compared to the Majorana limit. Because the observed
excess was found in the same-sign electron + muon channel (which is now no longer sensitive
to the signal) and there actually was a slight overprediction in the other channels, the observed
limit for a Dirac [HNL]is found to be lower than the expected limit.

7.10.3 Exclusive tau neutrino coupling

In a similar fashion as in the case of exclusive coupling to light flavour neutrinos, expected
limits were produced to study the sensitivity of our search channels. Particularly of interest

was the sensitivity contribution of different final states to the final limit. To this end, expected
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Figure 7.40: Observed 95% CL limits on |V, y|* (left) and [Van |? (right) as a function of [ANI] mass in
the assumption of a Majorana[HNI]using Run II data. The results are compared to the observed limits
from the previous iteration of this analysis [99]] (blue line), DELPHI [95]] (red line) and a displaced
[HNL] search by [96] (dark green line). In the muon coupling scenario, the observed limit from
Ref. [102] is shown in light green for comparison.
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Figure 7.41: Observed 95% CL limits on |V, |? (left) and |V;1N|2 (right) as a function of [HNLImass
in the assumption of a Dirac [HNI]using Run II data. The results are compared to the observed limits
from DELPHI [93]] (red line) and a displaced [HNI search by [CMSI [96] (dark green line).

limits using only light lepton final states, only final states with a single t;, and two light
leptons and the combination of these two final states were produced. They are displayed in
Figure[7.42] It is interesting to see that in the low-mass region, the sensitivity is dominated
by the light lepton final states. This is not unexpected as the phase space available to the
final state leptons is limited and the py requirement for t,, identification is relatively high at
20 GeV. When going to high masses, the roles are reversed and the final states with a single

7y, and two light leptons take over the dominating role in the total sensitivity.

The first observed limits on exclusive t© coupling from [CMS] are shown in Figure [7.43] In
the low-mass part of this plot, we can see exclusion of squared coupling values of 9.0 x 10*

at 20 GeV going up to 2.5 X 10 for a mass point of 60 GeV and reaching 3.3 X 10" when
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Figure 7.42: Expected 95% CL limits on |V, |2 as a function of mass in the assumption of a
prompt Majorana[HNI]using Run II. The dotted line shows the limit obtained by combining all final
states, the full black line the limit obtained by using only final states with a single 1, and two light
leptons and the full red line the limit obtained using fully light leptonic final states.

reaching the W mass corridor at 75 GeV where the available phase space for the decay products
is limited. When crossing this corridor to the high-mass part we observe exclusion values of
1.5 x 10" at 85GeV, a slight drop to 5.4 X 10" around 100 GeV and then a steady climb to 1
at 800 GeV where we lose exclusion power.
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Figure 7.43: Observed 95% CL limits on |V,y|” as a function of [HNI] mass in the assumption of a
Majorana [HNLJ (left) and a Dirac (right) using Run II data. The results are compared to the
observed limits from DELPHI (red line).
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7.11 Summary and outlook

This chapter presented a search for [HNLE in events with three prompt, charged leptons. It
aims to shine a light on the presence of heavy neutrinos in the mass range between 10 GeV
and 1.5 TeV using benchmark models with exclusive coupling of a single to one
neutrino flavour. While it is not yet published, it is in the final stages of internal review and

subsequent submission to a journal for publication.

Two major mass ranges are taken into account and are studied orthogonally in this analysis.
The first is the low-mass region where masses lower than the mass of the W boson are
considered. This region is characterized by an off-shell W from [HNIL] decay, resulting in a
soft final state lepton spectrum. The second is the high-mass region where [HNL] masses are
higher than the mass of the W boson. Here, the off-shell nature of the initial W boson allows
for a less limited phase space. For both regions, final states allowing up to one hadronically
decayed t lepton are studied using a combination of a cut-based strategy of search regions
and the use of machine learning in the form of BDTk. The final results show no statistically
significant excess of events over the predicted background. Finally, 95% upper limits
were set on the mixing parameters |V |2, IVan |2 and for the first time from[CMSlalso |V, |2
as a function of the mass in both the Majorana and Dirac hypothesis. The excluded couplings
range from 2.8 x 10 to 2.1 in the light flavour mixing scenarios in the aforementioned mass
range while the excluded couplings range from 7.7 x 10 to 2.1 for tau neutrino mixing

scenarios in a mass range from 10 GeV to 1 TeV.

The models considered in this chapter are benchmark models where only one element of the
coupling matrix is non-zero, meaning there is only coupling between the HNI]and a single
flavour. This is done to improve the design of a search that highlights different aspects of
models. In reality, these benchmark models are too simplistic and it is unrealistic that the
[HNL] exclusively couples to a single[SMIneutrino flavour. For this reason, extra care was taken
that we provide all necessary information needed for reinterpretation analyses by external
parties. To that end, preliminary tests of such reinterpretation analyses are being performed
at UGent as part of a master thesis project. As such this analysis serves as a foundation for

phenomenologists to perform reinterpretation of the results with the model of their choice.

As this search exclusively targets signatures of promptly decaying [HNLL, it runs into lim-
itations at the lowest regarded masses. As the mean lifetime of is proportional to
m{fV[NQ, for masses below 20 GeV we start to see events with non-negligible lifetime on
the scale of event propagation, which results in displaced leptons. The prompt impact
parameter requirements on the final state leptons remove these events from final selection and
effectively lower our acceptance of the signal models at the lowest masses, an effect which
increases with lower [HNL] mass. Two searches performed within the UGent group aim to fill

this gap by targetting displaced signatures of low mass [HNLk.

The first targets the same Feynman diagram and trilepton final state as this analysis but with

the two leptons resulting from[HNLIdecay coming from a secondary vertex and was performed
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by Martina Vit, a former PhD student at Ghent University [212]]. It was published in Ref. [96].
The search focuses on light lepton final states and couplings between an [HNILJ] and light
flavour neutrinos. Also there, no statistically significant deviation from the predicted
background is observed. The analysis excludes couplings in the range 3 X 107 to 1 x 10 fora
mass range of 1 to 15 GeV. The second search is performed by Basile Vermassen, an ongoing
PhD, and focuses on the decay channel where the W boson from [HNL] decay proceeds to
decay hadronically. This ends up in a final state with a prompt lepton, a displaced lepton,
a displaced jet and a secondary displaced vertex. The search will use a machine learning
technique called Particle Flow Network (PEN)) [213]] to improve the separation between signal
and background. It is not yet published but will provide exclusion limits in a different channel
as this analysis.

The results in this chapter for scenarios with exclusive coupling to electron neutrinos or muon
neutrinos improve the existing results by and [98199], where the same final
state is targetted using the 2016 dataset, by an order of magnitude. At the time of writing, this
makes them the strongest limits on Type-I Majorana and Dirac neutrinos with this coupling
scheme in the my range of 30-700 GeV. At lower masses, displaced searches from
and [ATLASI[96,97] provide more stringent limits while for my > 700 GeV the specialized
searches for[VBH processes by and [[102,103]] provide better performance. In
terms of coupling schemes with exclusive coupling to T neutrinos, these results are the first
direct, prompt limits at the LHC| The only other results related to T neutrino coupling consist
of a mixed coupling interpretation of the displaced search results in Ref. [97] and a
search targetting models with a final state of opposite-sign light leptons of which one is

displaced in combination with displaced jets [[100].

It should be mentioned that within people are working on an[HNLIsummary paper that
lists all variations of research performed within[CMS] It is still a work in progress but
there are plans to do a combined interpretation of a few different prompt Type-I searches
performed using data as part of this effort. These searches look for similar[HNLk but
produced in different channels: the three charged lepton final state (this search), the two
same-sign lepton + jet final state [[101]] and the VBF channel [102]].

Finally, we can take a step back and use what we have learnt to see where the analysis could
be improved if there was more time, resources and/or person power. One such item concerns
the machine learning strategy. While the BDTk perform very well, they cause discontinuities
in the final combination. Because the kinematics between different mass point ranges vary
quite rapidly, a series of needed to be trained and interpreted in order to maintain high
discrimination power for all mass points considered. One interesting alternative to this strategy
is a parametric neural network. Instead of training a different machine learning algorithm
for different kinematics regions, one would have to train just one neural network where the
mass of the [HNLIis a parameter to the model. This network would then be able to efficiently
interpolate to other mass points and take into account the varying kinematics. Unfortunately,

due to time constraints, this strategy could not be investigated.
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Another point where improvements can be made is found in the channels containing one T},
and two light leptons in the high-mass region. They are included as part of a larger search
strategy but could use more specific tweaking. Because the t;,’s in the high-mass region have
a higher p spectrum, one could look into using tau triggers in the trigger strategy. Other
aspects can be found in the fact that the hadronic decay of a t lepton contains a neutrino, which
means that part of the energy will go to the transverse missing momentum. This could alter the
kinematics of the event and the selection strategy could benefit from a more tailored approach.
Originally, the 1y, final states in the high-mass region were handled by a different group in
close collaboration with our group but due to circumstances, they could not continue on it.
Because we observed a high contribution to the sensitivity from these channels even when
using the same binning and selection as for the light lepton final states as seen in Figure
we decided to include these channels as-is. Other groups within [CMS] are now working on an

analysis to reprocess this final state in the high-mass region with a higher sensitivity.

Personal contributions

The analysis presented here is the work of multiple people performed as part of the
collaboration. I functioned as the main analyser for it, working on all aspects except for
the nonprompt light lepton fake rate estimation and closure tests, which were performed

by Luka Lambrecht and the design and validation of the lepton MVA, which was done
by Kirill Skovpen. The design of the trigger strategy, the tau ID, updated analysis strat-
egy, nonprompt T, estimation, prompt background estimation, systematics and interpreta-
tion were performed by me. The documentation of the analysis note and HEPdata output

was also written by me. Additionally, I performed a synchronization with the previous iter-

ation of the analysis. On the technical side, I built the analysis framework that runs all as-
pects of the analysis as well the pythia filters for the signal samples. I have presented all
progress in the internal meetings and implemented feedback from my colleagues at UGent
and ULB into the analysis. Finally, I have given the pre-approval and approval presentations

for the analysis review and presented the analysis at various workshops and meetings.
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Conclusions

8.1 Summary

This dissertation documents two searches for physics beyond the using proton-proton
collision data at a centre-of-mass energy of 13 TeV recorded by the detector at the
These searches probe models that aim to address some of the open questions that the
is not yet able to solve. The first model under investigation, reaches this goal by
introducing new symmetries and associated new particles. The second model focuses on the
neutrino sector of the and brings heavy neutral leptons, referred to as[HNLE, into the mix.
While both models discuss widely different aspects of physics, their respective searches
share the same final state of interest: signatures in purely leptonic final states. The advantage
of this is that in a proton-proton collider, leptons have relatively clean signatures with high
efficiencies and low misidentification rates while hadronic final states suffer somewhat more
from the high activity in the environment.

The first search, discussed in chapter[6] looks for the presence of electroweak superpartners in
the data. It does this using final states containing multiple leptons, starting from at least two
leptons. Using an approach that scans a large range of final states, it serves as a general search
probing a variety of simplified models. With the use of novel machine learning techniques,
improvements of up to a factor 10 in cross section exclusion for the relevant models could be
obtained compared to the state-of-the-art at the time. No excess of events pointing towards
signs of was observed in the data. The exclusion limits obtained still serve as the most
competitive limits out there, however. I was not the main analyser for this analysis but directly
contributed to it by optimising the identification of hadronically decayed < leptons (t;,), and

developing and validating the nonprompt t;,, background estimation technique.

The second search, for which I was the main analyser and which is presented in chapter
looks for the production of and their subsequent instantaneous decay to two leptons and
a[SMIneutrino at[CMSI Final states of exactly three leptons, of which at most one is allowed
to be a 1,,, are employed to scan the data for signatures of [HNLk with masses in the range
of 10 GeV to 1.5 TeV in both the Majorana and Dirac hypotheses. The signal models used
are benchmark models with only one [HNI] that couples exclusively to a single neutrino

195
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flavour. No significant excess of events was observed over the background prediction
and 95% exclusion limits on the mixing parameters ]VéN]Q as a function of [HNL] mass were
placed. The search improves on the state-of-the-art results in the same production channel
by an order of magnitude in scenarios with exclusive coupling to one of the light leptons and
is the most competitive limit in the range of 30 to 700 GeV in Type-I overall for these
coupling scenarios. It also provides the first result with sensitivity to scenarios with exclusive
coupling between the T neutrino and an instantaneously decaying [HNI1

8.2 Outlook

In this final section of the dissertation, let us take a moment to step into the bigger picture, see
where the performed research fits in and what the future holds for the relevant fields. Before
we start separating the two searches, let us first look at two limitations they are both affected
by, namely the size of the dataset and the centre-of-mass energy of the An increase in
the first improves the statistical precision and significance and gives the power to detect even
rarer processes. A higher centre-of-mass energy broadens the range of new particle masses to

explore and allows to push the searches to even higher masses.

Currently, Run III is in progress at the This has a slight centre-of-mass energy bump to
13.6 TeV and is expected to have an integrated luminosity twice as high as Run II. The next
big step will come with the High-Luminosity (HL)) upgrade of the which is planned to
start at the end of 2027 [214,215]]. It is expected to bring a factor 5 increase in the luminosity
and a factor 10 in integrated luminosity compared to Run I to III combined. A potential
major upgrade in collision energy at[CERN| could come with the construction of the Future
Circular Collider (ECC). There are currently feasibility studies ongoing for this project. It
would consist of a tunnel 100 km in circumference that can reach centre-of-mass energies of
100 GeV. We will sketch the impact of these upgrades on the different searches among other

subjects in the following paragraphs.

It is not sure how much the increased dataset will help searches. At this point, most
final states and regular channels have been studied with full Run II data and all of them
report no excess of events over the [SMlbackground. In fact, some of them have exclusion
limits that go to such high sparticle masses that if these sparticles exist and reside at that
mass, new hierarchy issues need to be considered. On the other hand, the cross section of
superpartner production decreases rapidly when going to higher masses if one stays at the
same centre-of-mass energy. This will make it increasingly difficult to keep expanding the

existing exclusion limits, even with a large dataset.

Nonetheless, there are some avenues one can go down in order to further research.
Firstly, analysis techniques and strategies keep evolving as technology and ingenuity keep
evolving. By playing around with novel techniques such as the parametric neural network
employed here, one can keep increasing the potential of the current datasets and datasets

to come. Secondly, individual analyses tend to focus on a specific process and are quite
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self-contained. That does not mean they do not target similar topologies. By combining the
results of these searches, one can get more stringent limits in a more complete phase space.
In fact, there are currently ongoing efforts within to perform such a combination that
targets electroweak production of winos, binos, higgsinos and sleptons [216]. The results from
the analysis described in this dissertation are also included in this combination. Another road
to explore is one of exotic topologies that are not currently covered by the current searches.
All-in-all, research will most likely benefit the most from a significant increase in

centre-of-mass energy as brought by future colliders.

Searching for additional neutral leptons in the is booming business. There are a lot of
exclusion results available for the sub-GeV [HNLI mass region but the higher masses were
relatively unexplored until a few years ago. A few analyses at including the one
described in this dissertation, addressed this by exploring the mass range between 10 GeV and
25TeV. This was done in both the W boson decay channel, with both leptonic and hadronic
final states, and in processes. The next step is to perform a combination of these channels
and produce combined exclusion limits. This is currently ongoing and the analysis described
in chapter [7| will be a part of it. One other interesting final state to study is the one where the
second W boson decays hadronically and the first two leptons have the same sign. Up to now,
there is one result on this process from [CMS| where only the 2016 dataset was used. No full
Run IT results are published yet. As the W has twice the decay rate for hadronic channels, it
would be an interesting analysis to update. Especially in the mass range above the W boson

mass, the analysis provides more stringent results than the 2016 trilepton analysis.

This analysis was the first one to provide sensitivity to instantaneously decaying that
mix with t neutrinos. It is a relatively unexplored road in the high-mass range and is something
that has been repeatedly requested by phenomenologists. While the initial limits are now in
place, there is room for improvement. Within[CMS]a search is in development that specifically
focuses on this coupling scenario in the range of masses above the W boson mass that

will continue the pursuit to better understand third-generation coupling to [HNTE.

Large improvements are to be expected by the large dataset at the end of the It
will allow to keep pushing the exclusion limits to models with lower coupling squared values
and thus lower cross sections. Next-generation particle colliders will keep on improving on
these results. This is not limited to hadron colliders, however. If, for example, [ECClee comes
to fruition running up to the proposed [FCC|experiment — in a similar fashion as being
housed in the same tunnel as [LEPI- one can perform searches for [HNLk in the Z-boson decay.
The last such search by DELPHI provided limits that are competitive to this day. Projections
for[FCClee show expected exclusion limits down to 10~"2 in the mass range 10-80 GeV for a

range of mixing scenarios [[217].

When going to masses in the low-GeV range, searches that target the instantaneous
decay of the [HNL] such as the one described in this dissertation lose sensitivity due to the
long-lived nature of the sterile particles. Specialized searches focusing on signatures where

the decays outside of the first tracker layers, referred to as displaced, can provide
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better performance in that region. and have already published multiple such
searches and will continue to do so. There are other experiments lined up that will exploit the
displaced nature of [HNLK in the near or far future. Two of them are FASER and MATHUSLA,
which make use of very forward and surface detectors at the LHCl interaction points to detect
displaced [HNL on a large scale. Also, future beam dump experiments such as SHiP and
NAG62 show promising prospects. The last word on displaced [HNILk has not yet been spoken
and we are sure to hear a lot about the topic in the next years.

Last but not least, this analysis does not end at the benchmark models that were researched in
this work. As the name states, these models form a benchmark for a specific coupling type.
Now that the analysis is designed and unblinded and we do not observe signs of new physics,
it can be used to study other coupling scenarios in reinterpretation analyses. Extra effort
was taken to provide detailed records of all information needed to perform such analyses.
In this context, a pilot study with simple light flavour coupling scenarios was performed at
UGent to ensure all needed information is made available. Simultaneously interaction with
the phenomenology community is maintained to tailor to their needs. This further leans into
the healthy two-way relationship I have always observed between the different groups that I
am sure will lead to a prosperous future for the field of
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