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Abstract

In this thesis, proton-proton data is analysed in search of singly produced vector-like
quarks. An integrated luminosity corresponding to 35.9fb™ was recorded with the
CMS experiment in 2016 at the LHC at /s = 13TeV. The search is designed for
vector-like quarks decaying into a W boson and a top quark with a muon or elec-
tron, hadronic jets, and missing transverse momentum in the final state. From the
decay products, the invariant mass of the vector-like quark and the Standard Model
background prediction, determined from control regions in data, are reconstructed.
The event selection is optimised for the reconstructed invariant mass with simulation.
Bottom quarks, boosted top quarks, as well as boosted W bosons reconstructed from
hadronic decays and identified through algorithms, are exploited to increase the sen-
sitivity of the search. No significant deviation from the background expectation of the
Standard Model is observed, and exclusion limits at 95% confidence level are set for
vector-like quark masses between 0.7 and 2 TeV. The exclusion limits on the product
of the branching fraction and cross section range from 0.3 to 0.03 pb depending on the
vector-like quark mass, the coupling, the relative width, and the type. Masses of up
to 1660 GeV are excluded at a 95% confidence level for relative mass widths of 30%.
The results of this analysis represent the most stringent results on single vector-like

production, obtained in the tW channel.






Zusammenfassung

Eine Suche nach vektorartigen Quarks am CMS-Experiment mit Daten aus Proton-
Proton Kollisionen wird in dieser Arbeit vorgestellt. Die verwendeten Daten, die einer
integrierten Luminositét von 35.9fb™" entsprechen, wurden bei einer Schwerpunkts-
energie von 13TeV aufgenommen. Die Suche fokussiert sich auf vektorartige Quarks
als Signal, die in ein Top Quark und ein W Boson zerfallen und iiber elektroschwache
Prozesse produziert werden. Die einzeln produzierten Signale enthalten im Endzu-
stand: ein Myon oder Elektron, hadronische Jets und fehlende transversale Energie.
Aus den Messungen im Detektor werden diese Teilchen und die invariante Masse der
vektorartigen Quarks rekonstruiert. Um die Sensitivitat der Suche zu steigern, werden
multivariater Algorithmen zur Erkennung von Top Quarks, W Bosonen und Bottom
Quarks auf Jets angewendet, vor allem bei hohem Impuls. Die Messungen in dieser
Suche entsprechen der datengetriebenen Standardmodellvorhersage und kein Anzei-
chen fiir vektorartige Quarks ist vorhanden. Deshalb werden Ausschlussgrenzen auf
das Produkt des Wirkungsquerschnitts und der Zerfallsrate der vektorartigen Quarks
berechnet. Fiir den untersuchten Massenbereich der vektorartigen Quarks, zwischen
0.7 und 2 TeV, liegen die Ausschlussgrenzen zwischen 0.3 und 0.3 pb, bei einem Konfi-
denzniveau von 95%. Diese Ausschlussgrenzen sind abhingig von der Quarkkopplung,
dem Quarktyp und der Zerfallsbreite. Die vorgestellte Suche schlieit Massen bis zu
1660 GeV mit eine Zerfallsbreite von 30% aus und hat die beste Sensitivitdt im tW

Kanal fiir die untersuchten Signale an Hochenergie-Experimenten.
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1. Introduction

The pursuit of a self-consistent theory describing the fundamental quantities of el-
ementary particle physics has driven the development of theory models, and their
experimental verification. The Standard Model (SM) is the most successful theory
describing elementary particles and their interactions, from the smallest to the largest
scales in a plenitude of experiments. Although the SM incorporates many phenomena
and the last predicted particle was discovered in 2012, some aspects are still unex-
plained and do not yet fit into a holistic picture. The most prominent imperfections
are the missing integration of the gravitational force and the nature of dark matter
and energy. Theories beyond the SM are developed to overcome these limitations, and
tested experimentally, with the expectation of finding new phenomena which hint to
a theory in which the SM is embedded.

So far the Large Hadron Collider (LHC) provides the source of the highest energies
achieved in a particle accelerator laboratory experiment with a centre of mass energy
of 13 TeV. Several detectors are operated at the LHC, where they record data in
proton-proton and lead ion collisions. For theories beyond the SM, the typical energy
scale up to which new phenomena can be probed and observed is a few TeV. A new
quark generation is one of the phenomena that could hint to a specific set of theories,
and could be found at the LHC. The models predicting additional quarks should not
violate SM measurements such as; the couplings of the Higgs boson [1] or the exclusion
limits from already performed searches. Quarks with left- and right-handed couplings,
which are often referred to as vector-like, fulfil these requirements. In particular, their
mass can be at the TeV scale or above, meaning that they may have thus far escaped
detection. At a hadron collider such as the LHC, vector-like quarks (VLQs) could
be produced either in pairs through the strong interaction or singly through their

coupling to the weak interaction. The coupling of VLQs to the third quark generation
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is expected to be dominant, due to their high mass and exclusion limits on the mixing

with light quarks.

In this thesis, the data collected in 2016 with the Compact Muon Solenoid (CMS)
detector with an integrated luminosity of 36.9 fb ™' is used to search for the production
of single VLQs, which decay into a top quark and a W boson. These VLQs are
produced in association with a quark that emits a Z or W boson and a heavy quark
from a gluon splitting. Three charge conserving production channels are considered
for two types of VLQs: B+b, B+t, and X;/5+t, where the B has a charge of -1/3
and the X5 /3 a charge of 5/3. The studied final states contain several hadronic jets,
one muon or electron, and missing transverse momentum. One of the jets is close to
the beamline and originates from a light quark emitting a vector boson. This type
of jet is rare in most SM processes and is utilised for the SM background prediction.
Additionally, jet tagging is exploited to identify bottom quarks, boosted top quarks,
and boosted W bosons in their fully hadronic decay modes. These identified quarks
and bosons are used to classify the final state into several categories. The missing
transverse momentum in the events is expected to arise from a neutrino leaving the
experiment undetected. The invariant mass of the VLQ is reconstructed by combining
the objects in the detector, using the decay properties of the VLQ, the W boson, and
the top quark. The invariant VLQ mass is the most discriminative variable, and the
sensitivity of the search is optimised for it in simulation. For the final evaluation, a
data-driven background prediction is used to minimise the influence of uncertainties

from simulation on the predicted background.

Many searches for VLQs have been performed at the LHC both by A Toroidal LHC
Apparatus (ATLAS) and CMS [2-28], excluding VLQs up to masses of 1.3 TeV.
While the production cross section of vector-like pairs depends on the mass, for singly
produced VLQs the production cross section can be much larger for high masses,
depending on the vector-like coupling to the electroweak sector [29]. The Feynman
diagrams for the simulation of the signal are calculated at leading order for VLQs with
narrow and wider widths. Previous results in this channel from ATLAS at 8 TeV are
presented in Ref.[19]. The results presented in this thesis are published in Ref. [30]
and are the first results in this channel at 13 TeV. They are the most stringent limits
in this channel and extend the investigated phase space up to masses of 2 TeV. With

the current experimental data, several model scenarios containing VLQ with widths
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larger than 10% are already excluded. The additional data collected in the next years
will make it possible to further explore wider as well as narrow width scenarios. The
full data of the LHC after the high luminosity upgrade might even make it possible to

measure or constrain the couplings of VLQs.

The structure of this thesis is as follows: in chapter 2 a brief description of the SM
is provided including its limitations and possible extensions. The focus is on the phe-
nomenological model-independent interpretation of VLQs. Thereafter, in chapter 3,
the designs of the LHC and CMS experiment are presented. The reconstruction of the
global event quantities and the identification of particles are described in chapter 4,
while the details about the data and simulation used are explained in chapter 5. A
description of the algorithms and selection used in the search for VLQs is provided
in chapter 6. The uncertainties are covered in chapter 7, with the final statistical

interpretation discussed in chapter 8.
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2. Standard Model and extensions

The SM of particle physics has been developed and established during the last decades,
as the theoretical framework predicting the behaviour of all known elementary parti-
cles, as well as their interactions. It is one of the cornerstones of human understanding
of the laws of the universe and successfully explains almost all properties of the visible
matter. The Higgs boson discovered in 2012 [31, 32] was the last missing elementary
particle of the SM. Even though the picture of the SM was completed, a plethora
of unanswered questions remain; examples include the inflation of the universe, the
baryon asymmetry, and the inclusion of the gravitational force. Many extensions to the

SM are developed and probed through experiments to overcome these limitations.

Reviews of the SM can be found in Refs. [33-35]. The cited values are taken from
Ref. [36] if not otherwise indicated. The reference includes a short review of the SM,
many models beyond it, and the description of many techniques currently used at

elementary particle experiments.

2.1. Standard Model of particle physics

The SM is a renormalisable quantum field theory developed in the second half of the
last century. The theoretical formulation was established in the 1970s, and experi-
mental evidence of the last predicted elementary particle, the Higgs boson, was found
in 2012. The usual Lagrangian formalism predicts the existence of two types of ele-
mentary particles: fermions and bosons. The bosons are the force carrying elementary
particles, while the fermions are amongst other the constituents of baryonic matter.

All elementary particles are defined by having no inner structure, thus being indivisi-
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Standard Model of Elementary Particles
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Figure 2.1.: Depiction of the particle content (fermions and bosons) of the SM. The
mass, electric charge, and spin of the elementary particles are shown [37]

ble. The properties of the known elementary particles are briefly discussed in the next
paragraphs. Their behaviour is essential for detecting new phenomena and exploring
the data collected with the CMS detector.

2.1.1. Standard Model fermions

Each known elementary particle has an antiparticle that has the same quantum num-
bers, but for the opposite electric charge. For the photon, Higgs, and Z boson the
particle coincides with its antiparticle. Some properties of the SM particle content are

illustrated in Fig. 2.1, including the SM particle content.

The first set of elementary particles discussed, are the fermions, which have half-
integer spin and therefore follow the Fermi-Dirac statistics. Two types of fermions
are distinguished, namely quarks and leptons. In addition to the spin quarks also
have other quantum numbers: electrical charge, colour charge, isospin, hypercharge,

baryon number, charmness, strangeness, bottemness, and topness. The electric charge
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of quarks is either 2/3 e for up type or —1/3 e for down type quarks. The up and down
quarks are the lightest quarks and were discovered first. They are usually referred to
as the first generation. Today, three different generations of up (down) quarks are
known: up (down), charm (strange) and top (bottom). A quantum number that only
quarks have is the colour charge. Every quark has one of the three colour charges often
called red, green, and blue or the corresponding anticolour. Composite free particles
are colourless, which is achieved by, for example, combining three quarks each with a
different colour (anticolour) like in baryons or by combining two quarks with colour and
corresponding anticolour like in mesons. Every quark has a quantum number; topness
is the quantum number of the top and antitop quarks, which is conserved under strong
and electromagnetic interactions, but not weak interactions. Charmness, strangeness,
and bottomness are the quantum numbers of the other corresponding quarks. As for
the quarks, three generations of leptons exist, and every generation has one electrically
charged (with the elementary charge e) and one neutral lepton. The charged leptons
are named electron, muon, and tau. The neutrinos are named according to the charged
leptons: electron neutrino, muon neutrino, and tau neutrino. The set of quantum
numbers for the leptons include the aforementioned electric charge and spin as well as

isospin, weak hypercharge, and lepton number.

2.1.2. Standard Model bosons

Apart from the fermions there are also bosons in the SM, which are characterised by
an integer spin and follow the Bose statistics. The bosons carry the forces and are
often divided into the quantum chromodynamics (QCD) and the electroweak sector.
Both sectors are governed by the gauge symmetry of the SM, which is the unitary
product of

SU@3)e x SU(2);, x U(1)y- (2.1)

Here, SU(3)c and SU(2);, are the special unitary group, with C' denoting the colour
charge symmetry. The subscript L is added to indicate that the symmetry is only
valid for left-handed leptons, making the SM a chiral theory. The U(1)y- is the unitary
group, and the Y indicates the symmetry with respect to the weak hypercharge.
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The QCD sector is based on the SU(3) with a Lagrangian of the form

8 ny
1 y .

A=1 j=1

Here, 4" is the representation for the Dirac matrices, D, is the covariant derivative of
the QCD sector, and ¢ denotes the quark fields. The quark masses are denoted m;, and
their colour charges n;. The gluon field strength tensor is written as F’ A where A is
the representation of the eight gluon fields. The gluons are the massless vector gauge
bosons of the QCD with Spin 1 that carry colour charge. They are responsible for the
strong interaction, which is the mechanism behind the nuclear force. The quarks are
bound through the nuclear force into hadrons. Gluons can only interact with quarks
or other gluons. At the LHC highly energetic gluons are produced at high rates. They
decay into pairs of quarks (e.g., top or bottom quark pairs). Apart from the quark
masses, the coupling strength «, is a fundamental parameter of the QCD where the
QCD coupling strength depends on the energy scale. It is very strong for low energies
and weak at high energies, which is known as asymptotic freedom. At energies in the
order of 150 MeV, a quark can be considered free. For lower energies, coloured particles
are confined. These coloured particles cannot exist individually, and additional quarks
and gluons are spontaneously created from the vacuum, forming hadrons. This process

is also known as hadronisation.

In the electroweak sector, the Lagrangian can be separated into a symmetric L, and

the Higgs Ly;,,s Lagrangian:
£EW = £sym + 'CHiggS' (23)

The electroweak Lagrangian Ly represents the unification of the electromagnetic and
the weak forces. The symmetrical part is a Yang-Mills theory including the fermions

and the gauge bosons with a SU(2) x U(1) symmetry and takes the form

sym = Z FA FA/W - 4BM,B'LW + EL’L.’}/#DN@DL + ER'L.’Y!LD/LZ&R' (24)
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The 1 are the fermion fields, understood in this equation as the sum over all flavours
of quarks and leptons. The 7" and D, follow the same definition as in Eq. 2.2 and

the gauge strength tensors are given by
A A A 117
Fl“’ = 8/.LWZ/ — Q,Wu — geijkW”W,f, (25)

B, = 8,B, — 9,B,. (2.6)

Here the gauge field B, is associated with the U(1), group, while W,f corresponds to
the three SU(2) generators. The antisymmetric Levi-Civita tensor is denoted €,;y,, the

partial derivatives d,,, and the electroweak coupling g.

The other part of the Lagrangian is composed by the Higgs potential and dynamics.
Where the potential allows the spontaneous symmetry breaking, giving rise to the
mixing and the masses of the electroweak gauge bosons. The Higgs potential has the

form . .
V(#'0)tiggs = —51°0"0 + 7A(8'0). (2.7)

Here p and X are two real valued parameters, with p having the dimension of a mass
and A\ being dimensionless. The Higgs field ¢ is complex. With the unitary gauge of

the Ly;,45, the non-vanishing vacuum expectation value of the Higgs field is

1 (2.8)

v

(¢) = 5\
where v is approximately 246 GeV and is the only SM parameter associated with a unit.
Many features of the Higgs boson are measured at the LHC, such as the decay rate

into several elementary particles. Detailed reviews on the status and measurements
can be found in Ref. [36].

Through the spontaneous symmetry breaking, the observed bosons obtain their mass
and the vector fields are rotated by the Weinberg angle 6y;,. The measured bosons are
W™, W, and Z, which carry the weak interaction. The electromagnetic interactions
are carried by . The neutral bosons can be expressed by the Weinberg angle as the

rotation of the three neutral W and the neutral B as

(’y) _ (Co.s(ew) sin(9w)> (B) ‘ (2.9)
Z —sin(fy) cos(fy) /) \W
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The masses of the W boson (mpW) and Z bosons (my) are connected to the coupling

and the vacuum expectation value through the following:

1
mw = 5V, (2.10)
My
= —. 2.11
" cos(Oy) (2.11)

The transformation probability or mixing of one quark into another quark is displayed
as values in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In general, these prob-
abilities are represented by three real values and a complex phase. The values are
obtained assuming unitary and are often expressed as the normalised probabilities

|Vi;|, where i and j are the quark flavours. The values for the CKM matrix are

Vadl Vil [Vl 0.974 0.2243 0.004
Veal Vsl Vo) | = 10218 0.997 0.042 | . (2.12)
Vial  Visl [Vl 0.008 0.04 1.019

The |V;;,| indicates that the top quark almost always decays into a b quark. To do so,
it emits a W boson. The W boson further decays into elementary particles: either a
charged lepton with the corresponding neutrino, or a pair of quarks. The branching
ratios of the former are about 10% per lepton flavour (u,e,), and about 68% for the

decay into hadrons.

For this thesis, the quarks of the first and second generations are treated as massless
in comparison to the scale at the LHC. The top quark, bottom quark, and W boson
are especially important, and their properties are used to identify them. Top quarks
are the only quarks known to decay before hadronisation. For the search presented, it
is assumed that H/;b\g =1, i.e. the top quark in this thesis is assumed to always decay
to a bottom quark and a W boson. Bottom quarks have a much lower mass than the
top quark or W boson but have a longer lifetime than the other quarks. The lifetime

is used to distinguish bottom quarks from other quarks and gluons.
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2.1.3. Proton collisions at the LHC

At the LHC, protons beams are accelerated to velocities near the speed of light and
collided head on. Protons are made out of three valence quarks (uud), gluons, and sea

quarks. The constituents of a proton are also known as partons.

A factorisation ansatz is used to calculate the cross sections o,, at proton-proton

collisions, given by
Opp :Z//dxldefi(xivQ2)fj($j7Q2)&ij(xlax2aQ)' (2.13)
1,J

The parton momenta fractions involved are denoted as x; and z,. Here, @) is the en-
ergy scale (momentum transfer) of the collision. The hard interaction matrix element
is expressed as 6;;. It is calculated perturbatively and depends on @, as well as z; and
Zy. In this formula ¢ and j denote the possible parton flavours. For the two partons
involved, the structure function f; is required. Structure functions, also known as
parton distribution functions (PDFs), are typically measured in deep inelastic scatter-
ing (DIS) experiments where an electron is used to probe a proton. The DIS results
with the highest energies were obtained at the HERA accelerator [38] with a maximal
proton energy of 920 GeV and an electron energy of 27.5 GeV. These energies are much
smaller than the 13 TeV reached at the LHC. To use the measurements from HERA
at higher energies, the Dokshitzer-Gribow-Lipatov-Altarelli-Parisi (DGLAP) [39-42]

equations of the QCD evolution are used.

At proton colliders, elementary particles are produced with high energies by the anni-
hilation of two partons from the protons, which is also referred to as “hard process”.
Before and after the hard interaction, additional gluons can be radiated which is also
known as initial and final state radiation. By the decay of the highly energetic ele-
mentary particles the energy scale is reduced. The gluons and quarks with reduced
energy begin to split and create additional partons. This process is referred to as
parton shower [44]. The process of the shower evolution is strongly influenced by the
PDFs, and the evolution can be calculated perturbatively down to about 1 GeV in Q.
The particles from the parton showers at colliders are usually within a cone inside a
small part of the detectors. The location of the particles is used to reconstruct the

hard quarks and gluons in cones, which are often referred to as “jets”. For highly
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Standard Model Production Cross Section Measurements

Status: July 2018 f.L dt

[

Reference

ol il il T
[

Jets R=0.4

Dijets R=0.4

te-chan
ww
ked
Wt
wz

2z
t.

Gygpen
Zy

wv n

tzj
W
ttz
ty o
Wijj EWK
Zjjewk a
r572
w
Zyjj bwk
WHEWHjj EWK o
WZjj Ewk a
"

il il I

& o
o
[}
poscy O e
pr>100GV O o ~ B
o
gn
o
A
o
PA (=]
o
& Theory
Tl o
A 2 LHC pp Vs =7 TeV
©
o Data
A _ stat
8 stat ® syst
n@ LHC pp V5 =8 TeV
o] Data
@ - stat
L]
. LHC pp Vs =13 TeV
b mm

stat
stat & syst

ATLAS Preliminary
Run 1,2 vs=7,8,13 TeV

il il il I I

SIS

[SISSTRIN

o
SO

NS Bwas

ABARARARES
5858585885

107 1073 1072 107!

1

10t 102 10®° 10* 10°

it L
10° 10" 051.01.52.02.5

o [pb] data/theory
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2.1. Standard Model of particle physics 21

energetic events these jets do not only contain the energy of single quarks or gluons
but the energy of several particles. Typical examples include highly energetic top
quarks decaying into a b quark and a W boson where the W boson decays to quarks.
For high top quark momenta the three quarks could be reconstructed within a jet.
These jets are different from a jet reconstructed from gluon emissions by an additional
sub-structure in the energy distribution. The so-called “jet substructure” is associated
with the quarks and often found by redoing the jet reconstruction to find smaller jets
(“subjets”). With these jets, additional variables are calculated such as the combined

invariant mass of the subjets, the energy flow axis, or others.

In Fig. 2.2 a summary of the measurements of cross sections conducted at the LHC
by ATLAS [43] is presented (similar results are also available for CMS). The inelastic
proton cross section with about 78 mb is the highest, followed by the production of
jets, that is much smaller. Other SM processes like top quark pair production have a
cross section, which is even more orders of magnitude smaller. To be able to measure
the properties of SM top quark pairs, of which millions are produced at the LHC, the
multijet and elastic scattering events must be filtered out with very high efficiency. In
comparison, the analysis presented in this thesis has an expected signal cross section
in the order of O(100) fb.

2.1.4. Limitations of the Standard Model

Following this brief summary of the particle content, some properties of the SM and its
prominent limitations are discussed below. Even though the SM predicts the existence
of all experimentally measured elementary particles and interactions, it cannot explain
some observations. Also, considerations on the theoretical framework and its scales

suggest that further mechanisms exist.

Dark matter and energy

From gravitational effects observed in distant galaxies such as gravitational lensing or
the high rotation speed of the visible matter [45-48] it is deduced that apart from the
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baryonic matter, additional matter and energy exist. These are called dark matter and
dark energy since they do not interact electromagnetically and are therefore difficult
to detect. There is no mechanism in the framework of the SM to explain dark matter
and dark energy. If these effects are based on additional matter, the universe is made
of 4.8 % baryonic matter, 26.8 % dark matter, and 68.3 % dark energy.

Gravitation

Gravitation is not part of the SM, and it is not clear how to incorporate it. Any
attempt to formulate it as quantum field theory has been fruitless. Additional terms in
the SM Lagrangian usually lead to ultraviolet divergences and cannot be renormalised.
Current and planned experiments are far away from the “Planck scale” (roughly 107%
m) where the gravitation would become important for highly energetic elementary
particles. The missing description of the gravitation suggests that the SM is embedded
in a more general theory and the current form is an effective field theory. A review
can be found in Ref. [49)].

Baryon asymmetry

Another observation is that there is more matter than antimatter in the universe.
This means that at the beginning of the universe there had to be a large amount
of charge conjugation parity (CP) violation to create the baryon asymmetry now
observed. Otherwise, the matter and antimatter would have annihilated and our
galaxies would not exist. The amount of CP violation measured so far in experiments

is not enough to explain this. A detailed review of this topic can be found in Ref. [50].

Naturalness

One theoretical consideration is often termed the “naturalness problem” [51]. The-
ory parameters in a model are expected to have the same order of magnitude to be

considered “natural”. These considerations are closely related to fine-tuning and the
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hierarchy problem. In the SM, several observations violate this consideration by many
orders of magnitude. One example is the difference in strength between the gravita-
tion and the electroweak force. Where the latter is 24 order of magnitude stronger.
An other is the mass of the Higgs boson, which is 17 orders of magnitude smaller than

the Planck scale, or the size of the cosmological constant.

Vacuum stability

The discovery of the Higgs boson also included the measurement of its vacuum en-
ergy. Analysis of the quantum corrections of the top quark, the Higgs boson, and the
measured SM quantities have demonstrated that the electroweak vacuum might be
metastable, leading to a possible phase transition of the universe to a stable state. No

known principle forces the universe to be in the stable or even metastable state [52].

Neutrinos

The measurements of neutrinos make it clear that they cannot be massless [36, 53],
but that they have a small mass in contrast to the SM prediction. One of the other
important discoveries of neutrinos is their oscillation [54, 55]. The measured neutrinos
are always an admixture of the three known states. Apart from their mass, the nature
of the neutrinos is also under experimental investigation and theoretical discussion.
Nature refers to whether neutrinos behave like Dirac- or Majorana-spinors or are
different from both.

2.2. Extensions of the Standard Model of particle
physics

Several classes of models have been proposed to overcome these limitations. Some
act on an energy scale far beyond the reach of any planned collider, such as grand

unified theories. It is not clear if these models can be verified by experiments to come.
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Apart from these theories, many models exist that give rise to new particles at energies
which could be far below the Planck scale. Some models that predict new particles

are introduced below.

Supersymmetry

One of the most prominent extensions that predicts new particles is called supersym-
metry. Lectures can be found in, for example Refs. [56, 57]. For each particle the
unbroken form of this model adds a supersymmetric partner with the same quantum
numbers except for the spin, which differs by one half. Since such particles have not
been observed, supersymmetry has to be broken. The supersymmetric partners can
have higher masses or special configurations and thus escape detection. Such super-
symmetric models have a large set of free parameters. Benchmark points or simplified
versions with additional constraints are often considered in searches for these models.
The simplified models often have an additional symmetry called “R-parity”. If this
symmetry is not broken, supersymmetric particles always decay into at least another
supersymmetric particle. A large list of results from ATLAS and CMS can be found
at Refs. [58, 59].

Extra dimensions

In the 1920s, Kaluza and Klein proposed that more than the known four (three space
and one time) dimensions exist [60]. They assumed that the additional dimensions
are curled up. Even though the original idea has been disproven, new models based
on the idea of extra dimensions have been developed and could explain the differences
in strength between the gravitational force and other interactions. Theories involving
warped extra dimensions can be constructed at the TeV scale and provide a path to
a grand unification [61]. Constraints on these models arise from cosmological, astro-
physical, collider, and tabletop experiments, investigating sub-millimetre distances.

The searches at the LHC dominate the constraints from collider experiments.
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Composite and little Higgs

The principal idea of composite Higgs models [62], is that the Higgs boson is a pseudo-
Nambu-Goldstone boson made out of elementary particles. As in the QCD sector,
a new scale Agyw for the effective Lagrangian is introduced, which could be as low
as a few TeV. If this analogy holds, the light mass of the Higgs can be explained,
addressing part of the naturalness, and additional elementary particles at this scale

are expected.

In the little Higgs model scenarios as reviewed in Ref. [63, 64], the SM Higgs bo-
son is also a pseudo-Nambu-Goldstone boson. It arises from spontaneous symmetry
breaking at the TeV scale, and the main idea is that the product of several symmetry
groups forms the gauge group. These symmetry groups are realised in additional space
dimensions such that these models have 341 space dimensions while retaining many
properties of extra dimension models. Similar to the composite Higgs models, new

elementary particles would appear at the TeV scale.

2.2.1. Vector-like quarks

The idea to extend the quark content beyond the three generations has been around
for a long time. The first approach was to add a fourth chiral generation, which has
been studied thoroughly in theory and searched for at different colliders. With the
discovery of the Higgs at a mass of 125 GeV, a simple addition of another generation
into the SM Lagrangian is no longer possible [65]. New quarks need to be heavy
since no additional quarks have been observed so far. Their contribution to the Higgs
production and decay would be dominant and violate the measurements. Nevertheless,
quarks with left- and right-handed couplings, often named VLQs [29, 66], can still exist
without influencing the measurement of the Higgs properties. In contrast to their SM
counterparts, their contribution in loop diagrams would cancel out. The name is
derived from the vector-like structure, which is only present in beyond the Standard

Model (BSM) theories. For these theories the electroweak currents 5 act independent
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Figure 2.3.: Maximal allowed production cross section for several VLQs [29].

of the left- (LH) or right-handed (RH) chirality on the vector-like fermions f, which
is formulated as - -
Jrm = foay" fiu, TR = fruY” fru,
7" = Jin + Jhu = Mf

As before, 4" denotes the Dirac matrices.

(2.14)

Several models where VLQs arise have been proposed, such as non-minimal supersym-
metry, extra dimensions, composite Higgs, and little Higgs [67]. At the LHC these
additional quarks can be produced through either the strong or the electroweak force.
In the former case they would be produced in pairs, while in the latter case they would
be produced singly. Pair production is well studied and the production cross section,
which depends on the mass of the new resonance, is well known. For single production,
the coupling of the VLQ to the SM plays an important role, and the cross section is
more model dependent. This leads to scenarios, especially at high VL(Q masses, where
the cross sections of singly produced VLQs are orders of magnitude larger than the
cross sections of pair produced VLQs. The possibly higher cross sections of VLQs in
the single production mode make them candidates to be detected at the LHC.

In Fig. 2.3 from Ref. [29], the maximal allowed production cross sections for selected
single VLQs are illustrated. The constraints on the cross sections are taken from
measurements of the oblique parameters and other SM measurements. From direct

searches, constraints on VLQs exist for masses of about 1.3 TeV [68]. Since single VLQs
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appear in many models with similar kinematical, production, and decay properties,
several approaches have been proposed to search for them in a model-independent

way. The approach presented in Ref. [69, 70] is followed in this thesis.

In general, VLQs can appear in singlets or multiplets; commonly, four different types
are considered: B, T, X553, and Y,/3. The first two are the partners of the b and t
quarks and share their electric charge. The X;/3 and Y,/3 have more exotic electric
charges of 5/3e and —4/3e. In this thesis, couplings to the heaviest quark generation
are considered. The high mass of the VLQs and the mass constraints justify this

assumption.

For the single VLQ production modes studied, it is assumed that the electric charge
is conserved. At leading order single VLQs at the LHC, are mostly produced by the
fusion of a top or bottom quark with a vector boson, usually a W or Z boson. The
production with the Higgs is commonly suppressed by several orders of magnitude.
The vector boson is usually emitted from a quark under a small scattering angle.
The top or bottom quark from the fusion with a boson is normally generated by a
gluon splitting. The quark or boson that does not take part in the hard interaction is
expected to decay in the central part of the detector, yielding an additional bottom
or top quark in the event, with low transverse momentum. The described production
mechanism is very similar to the single top quark production and very different from

most other SM processes.
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3. Experimental setup

The typical experimental setup in high energy physics consists of a particle accelerator
and one or several particle detectors. Particle accelerators bring two beams of particles,
consisting of packages referred to as “bunches”, to velocities near the speed of light,
and collide them “head on” at interaction points within the particle detectors. These
detectors record data to measure the properties of elementary particles. The data
analysed in this thesis were recorded with the CMS experiment at the LHC circular
proton-proton accelerator at Conseil Européen pour la Recherche Nucléaire (CERN)
with a centre of mass energy of 13TeV. In the following sections the main features
of the accelerator (Sec. 3.1) and the CMS detector (Sec. 3.2) are presented. A more
detailed description can be found in the technical design reports [71, 72| that provide
the basis for this chapter.

3.1. Large Hadron Collider

The Large Hadron Collider (LHC) is located at the European centre of high energy
physics, CERN, near Geneva. It is the synchrotron accelerator with the largest cir-
cumference of about 27 km and has been operational since 2008. The LHC is designed
to accelerate two beams consisting of protons or lead ions up to energies of 7 TeV
per beam. The machine is currently operated at 13 TeV centre of mass energy for
proton-proton collisions, which is the highest energy ever achieved at an accelerator
facility. Apart from the high energy, the LHC also provides a very high instantaneous

luminosity £ given by
LT ;
L=F—+——"1L 3.1
47, B (3:-1)
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Figure 3.1.: Distributions of the integrated luminosity (left) and the number of inter-
actions per bunch crossing (right) recorded with the CMS detector in 2016 [73].

In this equation ~ is the Lorentz factor, f is the frequency at which the proton bunches
pass, k; is the number of bunches, N, is the number of protons per bunch, €, is the
transverse beam emittance, and 3 is the beta function at the interaction point. Effects
that reduce the luminosity (e.g., the angle between the beams) are taken into account
through F'. The quantities determining the luminosity are mostly the magnetic struc-
ture of the LHC. Both the emittance and the beta function at the interaction point
are tuned by adjusting the focusing quadrupole magnets before the collision point.
This tuning is a challenging task due to, for example, the electromagnetic repulsion of
the protons in the bunches, or the billions of collision the bunches experience during

the regular operation of about 10 hours.

The proton bunches are accelerated to 450 GeV using a chain of accelerators including
the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS) before injecting
them into the LHC. In the regular operation scheme, 2808 proton bunches circulate
in opposite directions in the LHC with a spacing of 25 ns between the bunches. This
corresponds to a bunch crossing frequency of 40 MHz where each bunch consists of
about 10" protons. The peak instantaneous luminosity achieved in 2016 at the CMS
interaction point is £ = 10** ¢cm 25", while an integrated luminosity of 37.76 fb™*
was collected with an uncertainty of 2.5% [74]. On average, 27 interactions per bunch
crossing (hereafter referred to as pileup) are observed in the 2016 data. In Fig. 3.1
the distributions of the integrated luminosity as a function of time (left) and the

distribution of the number of pileup events (right) are shown.
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The LHC has by now exceeded most design parameters except for the centre of mass
energy and delivered the largest ever recorded data set of proton-proton collisions. It
is supposed to run under similar conditions up to 2026. The LHC will then be further

enhanced to achieve a higher instantaneous luminosity.

3.2. CMS experiment

The Compact Muon Solenoid (CMS) experiment is one of the particle detectors located
at the LHC ring. Alongside ATLAS it is one of the two multipurpose detectors that
discovered the Higgs boson. The CMS detector has an onion-like design with layers of
varying detector types and a magnet. It can measure most of the SM particles with
high precision and search for new elementary particles arising in BSM theories. To
withstand the radiation and maintain its excellent performance, it is under permanent

development.

The different parts of the detector are briefly discussed in this section, focusing on
the detector’s status in 2016. The innermost detector part is the tracking system
(Sec. 3.2.1), built from silicon sensors. This is followed by an electromagnetic calorime-
ter (ECAL) and an hadronic calorimeter (HCAL) (Sec. 3.2.2). The ECAL is a homo-
geneous calorimeter built out of lead-tungsten crystals. In contrast, the HCAL is a
sampling calorimeter composed of brass and plastic scintillators. These detectors are
located inside the magnet (Sec. 3.2.3), build in a solenoid design, and have a magnetic
field of up to 3.8 Tesla. A small fraction of the HCAL is situated outside of the solenoid.
The outermost part of the CMS detector is the muon system (Sec.3.2.4). The trigger-
ing system is discussed in Sec. 3.2.5. It decides which interactions are stored. Most
events are rejected based on variables calculated between collisions, which is necessary
due to the large number of interactions. First, the coordinate conventions and the
design goals of CMS are presented. The sketch of the CMS detector in Fig. 3.2 shows

the detector systems and the dimension of the detector in comparison to a human.

The usual coordinate conventions are used where the origin is the interaction point
at the CMS cavern, the z-axis points in the direction of the beam towards the Jura

mountain, the x-axis points towards the centre of the LHC ring, and the y-axis points
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Figure 3.2.: Sketch of the CMS detector where part of the detector is missing for a
better view of the parts. Humans are shown for scale [71].

vertically upwards. In most of this thesis, cylindrical coordinates are used where ¢ is
the azimuthal and © is the polar angle. Since © is not invariant under a Lorentz boost
in z-direction, it is not often used at hadron colliders. Instead of ©, the pseudorapidity
n = —In(0/2) is employed, for which the difference An of two particles is invariant
for a Lorentz boost in z-direction. For a distance measure in this context AR =
VAY? + An? is mostly used hereafter, where A¢ is the difference between two particles

in ¢.

The detector design was chosen to target a plethora of different measurements and the
reconstruction of physics objects. The most important benchmark scenario was the
search for the Higgs boson and the measurement of its properties. The SM Higgs bo-
son has branching fractions into all the elementary particles in the SM, either directly
or through quark loops. The detector is designed to precisely measure the different
elementary particles interacting with a Higgs boson with a hypothetical Higgs mass
in the range of 114 GeV to ~ 1TeV. Apart from the Higgs boson, searches for super-
symmetric models, massive new vector bosons, models with extra dimensions, and SM

measurements were also considered during the design phase.
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Figure 3.3.: Pixel detector layout in CMS, with three layers in the barrel and two
layers in each end-cap [71].

3.2.1. Tracker

The main purpose of the tracker is the measurement of the energy and momentum
of charged particles, their identification, and the reconstruction of primary vertices.
It is the innermost part of the detector with the highest radiation and particle flux
during data collection. To have a high resolution for charged particles and vertices the
tracker needs to be highly granular with highly sensitive sensors. The tracking system

used in CMS is based on silicon detector technology.

The CMS tracker has a cylindrical design with a radius of about 110 cm and a length
of 540 cm. The occupancy of active channels per bunch crossing of the detector is
designed to be around 1% to guarantee small dead times and stable conditions for data
collection. The particle flux and occupancy in the design are limited to reasonable
values and lead to a division of the tracker into three regions. The inner region has
the highest particle flux and therefore the highest granularity. For the intermediate
region of about 20 to 65 cm away from the nominal interaction point, as well as the
outer region, the flux is much smaller, and it is possible to use silicon microstrip
detectors. Apart from the flux and occupancy, the cost also needed to be feasible.
These requirements are met by having the smallest sensors in the inner part and the

larger sensors on the outer parts.
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In Fig. 3.3 the design is sketched for the innermost tracker part, which is made out of
pixel detectors. Three pixel layers are installed in the barrel with two additional layers
on each end-cap (corresponding to the lids in the cylindrical design). The barrel layers
are located at distances from the nominal interaction point of 4.4, 7.3, and 10.2 cm,
while the end-caps are placed at a distance of 34.5 and 46.5 cm with radii of 6 and
15cm. The design of the end-caps has a turbine-like geometry with blades tilted by
20°. The pixel sensors employed have a size of 100 x 150 pm?, of which 768 are arranged
into four modules in the barrel. The other 672 are placed in seven different modules
in the blades. Both the barrel and end-caps are designed to have a sizeable Lorentz

angle and exploit the charge sharing between modules.

The strip sensors are further divided into an inner and an outer barrel part, as well
as the end-caps. The inner microstrip barrel is made out of four layers and extends
up to |z| < 65cm. The sensors have a thickness of 320 um and strip pitches between
80 and 120 pm. The first two layers are made out of stereo modules, which have a
combined resolution of about 23-34 pm in the r — ¢ direction and 23 pym in z-direction.
The outer six layers, which are arranged up to |z| = 110 cm and have modules with a
thickness of 500 ym and a strip pitch between 120 and 180 yum. The modules achieve
a single point resolution of 35-53 um in r — ¢ and 52 ym in z-direction. Nine disks
fill the end-cap region with a distance of 120 to 280 cm to the nominal interaction
point. Additionally, three disks are placed between the end-cap and the tracker in
the barrel to close the gap. A total of five layers are mounted with stereo modules
in the end-caps. The sensor thickness is either 320 ym in the inner parts or 500 pm
in the outer parts. Throughout the end-caps, a total of 15400 microstrip modules are

used.

The tracker was upgraded during the technical stop 2016/2017. A description of
the new tracking device can be found in Ref. [75]. For the high luminosity scenario,
which imposes new challenges for track reconstruction, an upgraded tracker is foreseen.
Details can be found in Ref. [76]. The foreseen upgrades include an extension of the
coverage to 5 in |n|, which would enable new techniques and considerably improve the

sensitivity for the production of single VLQs.
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3.2.2. Calorimeter

The goal of calorimeters is to measure the energy of all particles interacting within the
detector volume. Two types of calorimeters are used: ECAL and HCAL. The former
is designed to contain and detect electromagnetic and the latter hadronic showers. In
CMS an ECAL made out of lead tungsten crystals and an HCAL constructed out of
brass plates interleaved with plastic scintillators are used. The ECAL is homogeneous
and collects the energy of the interacting particles, while the HCAL as a sampling
calorimeter detects only the energy deposits in the sensitive material. The ECAL is

presented in the next paragraph before the HCAL is discussed.

To evaluate the performance of a calorimeter, the relative energy resolution

o\? S \? N\? 9
) = (== — C 3.2
& - () () + o
is usually used and parametrised as a function of the particle energy E. Here S
is the stochastic term, N is the noise, and C' is the constant term. The resolution

is measured in a test beam for several energies, and for each incident energy the

reconstructed energy is fitted with a Gaussian.

Electromagnetic calorimeter

The particles that mostly decay within the ECAL are electrons and photons. The
main showering processes are the pair-production of electrons and positrons, as well
as photons emitted through Bremsstrahlung. These particle types leave a very distinct
signature in the ECAL, and measurements in this detector are the primary way to
identify them. To fulfil this task, the ECAL has to be radiation hard, operable at
the 40 MHz collision rate, and contain most parts of the electromagnetic showers.

Hadrons passing the ECAL also deposit a considerable energy fraction in it.

The ECAL is a homogeneous and hermetic calorimeter made out of 75848 lead tung-
sten crystals, that have a radiation length of X; = 0.89 cm and a Moliere radius of
2.2 cm. The crystals are radiation hard and can withstand up to 10 Mrad. About 80%
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of the light created by a particle passing through is emitted within 25ns with a low
light yield of 30y/ MeV. Photodetectors with intrinsic gain, which are undisturbed by
the magnetic field, are needed to detect this light. In the barrel part of the detector
(In|] < 1.48) silicon avalanche photodiodes and in the end-caps (1.48 < |n| < 3) vac-
uum phototriodes are used. Stable performance of the avalanche diodes requires the

temperature to be stable at the 0.1°C level.

The barrel part is structured into 36 “supermodules”, each of which cover half the
barrel length. The crystals have a small tilt of 3°with respect to the nominal interaction
point. The tilt minimises the number of gaps through which radiation can escape
detection. The front of the crystal is 22 x 22mm?® with a length of 230 mm, which

corresponds to 25.8 radiation lengths.

In the end-caps 5 x 5 super-crystals form two “D” structures, supported by aluminium
structures. The front is 28.6 x 28.6 mm? with a length of 220 mm corresponding to a
radiation length of 24.7.

In terms of energy resolution the performance is good, especially because of the ho-
mogeneous and hermetic setup. The stochastic term, for example, is about a factor of
four smaller than in the ATLAS liquid argon sampling calorimeter [77]. The higher
stochastic term in the ATLAS design is compensated in the particle reconstruction
by the higher granularity of the ECAL. The values for the resolution with the CMS
detector are S = 2.83 £0.01%, N = 124 MeV, and C' = 0.26 & 0.04%. Overall, the
usage of lead tungsten crystals allows the design to be compact, to have a good energy
resolution, to have a high radiation tolerance, and to fit within the solenoid magnet.
Plans for future upgrades usually foresee the usage of a sampling calorimeter with
much higher granularity from which the particle flow (PF) algorithm (discussed in

Sec. 4.1) benefits further such that the overall performance is increased.

Hadronic calorimeter

In contrast to the ECAL, the HCAL is designed to measure the energy of hadrons.
These particles usually leave only a small fraction of their energy in the ECAL.

Hadrons are produced in great abundance at the LHC, and their showering is consid-
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erably different from that of electrons or photons. Hadronic showers usually develop
later as electromagnetic showers with a considerable fraction of the energy deposited
by pions. Sampling calorimeters are usually used in high energy experiments to contain

the hadronic showers.

The HCAL is a sampling calorimeter made out of brass interleaved with plastic scin-
tillator material from which the light yield is collected by wavelength-shifting fibres.
The light fibres are read out by multi-channel hybrid photodiodes. The design of the
HCAL is driven by the goal to maximise the interaction length inside the magnet,
providing a high hermeticity and containment of the hadronic activity. The hermetic-
ity is important to reduce the non-Gaussian tales of the pf™™ measurements. The
HCAL consists of four parts: the barrel (Jn| < 1.4), end-cap (1.3 < |n| < 3), forward
(3 < |n| < 5), and outer (|n| < 1.26) calorimeters. The outer calorimeter is the only

one outside of the solenoid magnet.

The barrel is made of 32 identical wedges, and the outermost plates are made of steel
for mechanical strength. The segmentation in (7, ¢) of the scintillator is (0.087,0.087)
with a total of 16 7 sectors. Particles arriving at the HCAL first encounter a 9 mm
thickness scintillator plate. Afterwards, plates made of stainless steel are attached
followed by 15 brass layers and one additional steel plate layer. Between the several
steel and brass layers, scintillator plates of 3.7 mm thickness are mounted. Further
information on the HCAL in the barrel is found in Ref. [78].

For the end-caps, a total of 2304 towers are used. The towers are segmented in ¢ of
5°in the innermost towers, and ¢ of 10°in the outer part. The segmentation in 7 varies
between 0.087 and 0.35.

The coverage for the highest 7 is achieved by the hadronic forward calorimeter, which is
constructed from steel and quartz fibres, with a total of 1800 channels in two modules.
The total depth of the absorber is 1.65 m. The steel plates have 1 mm square grooves
filled with quartz fibres with a diameter of 0.6 mm. These are placed 5 mm apart in a
square grid. The Cerenkov light produced in the fibres through the passing particles,
is guided to photomultipliers. The segmentation in ¢ is 10°, apart from the outermost

part, where it is 20°. In 7 the segmentation varies between 0.1 and 0.3.
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The magnet constrains the volume of the HCAL. Additional scintillator plates with
a thickness of 10 mm, are mounted onto the exterior of the magnet to enhance the
amount of collected hadronic energy. Part of the radiation tail of high momentum
particles can be measured with the exterior plates. They are located in the muon
system and match the ¢ segmentation of the drift tubes with a geometry adapted to

the muon system.

For pions the energy response S = 84.7 + 1.6% and C' = 7.4 + 0.8% are measured in
a test beam. The resolution is much lower than for any ECAL but contains most of
the hadronic energy fraction of an event. Upgrades foresee a higher granularity for
the HCAL, as with the ECAL, to maximise the performance of the PF algorithm.

3.2.3. Magnet

The magnet is essential for the identification and measurement of particles. Through
the Lorentz force the trajectory of electrically charged particles is bend from which the
momentum is reconstructed. Particles that do not bend are identified as electrically
neutral. The radius of the trajectory depends on the magnetic field, the momentum
of the particle, and the electric charge. With a precisely known magnetic field and
electric charge, the momentum is reconstructed in the tracker with high precision. The
magnet of CMS has a magnetic field of 3.8 T with a length of 12.9m and an inner bore
of 5.9m in a solenoid design. It is the largest magnet with such a high magnetic field
in any high energy particle detector. The superconducting niobium-titanium magnet
features a high purity aluminium-stabilised conductor with indirect cooling and epoxy
impregnation over the full structure. Due to this design the magnet can withstand
an outward pressure of 64 atm, and during operations it stores roughly 18kA. Apart
from the coils a “return yoke” that reaches out 14 m in diameter is also part of the
structure. It guides the magnetic field, provides a filter for most particles, and is in

large part responsible for the structural support of the detector systems.
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Figure 3.4.: Pictorial representation of one-quarter of the muon system in CMS [71].

3.2.4. Muon system

Compared to other particles from the SM, muons have a long lifetime and traverse
the CMS detector depositing only a small fraction of their energy. They are often
referred to as minimal ionisating particles (MIP) and deposit about 1-2 MeV/g em™>
in the detector. Detectors are mounted outside the magnet to identify muons where
no signal of other SM particles from the interactions is expected. The measurements
from these detectors are combined with the measurements of the tracker to obtain a
precise muon momentum measurement. Three types of detectors filled with gas are
used to identify and measure the muon momentum outside the magnetic coil. Because
of the very distinct signature, the identification of muons is usually the most accurate
of all the SM particles.

In the design of the muon system the expected radiation, the amount of surface to
cover, the muon rate, as well as the time, momentum, and position resolution are
taken into account. Drift tubes are employed for the central part of the detector
(In| < 1.2). Cathode strip chambers are used in the end-caps (|n| < 2.4) which can
handle a higher muon rate, radiation, and magnetic field. Additionally, resistive plate
chambers are used in both regions. These have a better time resolution but coarser
position resolution compared to the other two detector types. The high time resolution

improves the identification of the correct bunch crossing.
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A sketch of a quarter of the muon system in CMS is shown in Fig. 3.4. It provides
about 25 000 m? of active detection plane with nearly 1 million channels. Compared
to electrons and hadrons, muons often have lower trigger thresholds since the recon-
struction in the muon system is less time-consuming. The fraction of misreconstructed

particles is low (at the 1% level).

3.2.5. Trigger

From the bunch crossing rate of 40 MHz only about 50 Hz can be stored to disk due
to the readout rate and disk capacities. The system deciding which events are of
interest and are stored is referred to as the “trigger” [79]. It is designed to achieve
a rejection rate of about 10°. The rejection is done in CMS in a two-step approach.
The reconstruction of the event in the trigger system during two collisions is referred
to as “online” and “level 1 (L1)”. Events that pass the online stage are processed
further in the high level trigger (HLT) using more sophisticated and CPU consuming
algorithms. Custom hardware processors are operated at level 1 to decide which events
are interesting, which are then passed on to the HLT. The HLT is run on a computing
farm and partly reconstructs the objects of interest. If an event also passes these steps
all the objects in the event are reconstructed in the so-called “offline” reconstruction.
Events that pass the offline reconstruction still have to fulfil further offline quality

criteria.

The “level 17 custom hardware consists of a range of integrated circuits and program-
mable gate arrays that are used to calculate “trigger primitives”. These are physics
objects like muons, electrons, jets, and photons reconstructed with a reduced resolution
in a small part of the detector. Thresholds on these objects are applied, and these
selections reduce the rate to about 100kHz. During the first reconstructions and

decisions, the data are held in memory pipelines.

The data from the memory pipelines are read out and passed to a computing farm.
During the readout, the detector data are transferred to several hundred front-end
buffers and combined to an event with an average size of about 1.5 MB, for a pp
collision. During this process the data are compressed and additional signal processing

is done. On the computer farm the physics objects are further reconstructed following
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the guideline of reconstructing only those objects and regions that are necessary for
a trigger decision. Events are partially reconstructed and rejected if they do not fulfil
the trigger requirements. The rate is further reduced to 400 Hz through the HLT.

For events passing the HLT, all physics objects are reconstructed with the highest pos-
sible precision and resolution. These objects are later further calibrated and corrected.
While the “online” decisions are irrevocable, the “offline” reconstruction is often im-
proved over time, and data events are reprocessed to use the latest reconstruction

algorithms and calibrations.
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4. Event reconstruction and particle

identification

The recorded collisions of the CMS detector are stored as collections of digitised sub-
detector measurements for each event. These measurements are combined to recon-
struct physics objects used for analysis and are performed for data and simulated
events. An event usually refers to the stored collection of digitised measurements
recorded during one bunch crossing. The first step in the reconstruction of an event
is to combine the information of the several sub-detectors to form particle candidates
with the so-called particle flow (PF) algorithm [80]. These candidates are used to
identify muons, electrons, photons, and hadrons. The transverse momentum of parti-
cles not interacting with the detector material is calculated from the negative vectorial
sum of all reconstructed PF candidates. Based on these reconstructed quantities, the
analysis described in this thesis is performed; this includes the selection, reconstruction
of the VLQ, and the statistical interpretation of the results.

This chapter is organised as follows: first, the PF algorithm is presented in Sec. 4.1. In
Sec. 4.2, the criteria for identifying electrons and muons and their calibration are de-
scribed. In Sec. 4.3 the jet reconstruction and calibration are discussed. The methods

for tagging quarks and bosons within hadronic jets are explained there as well.

4.1. Particle flow algorithm

Traditionally, the distinct signatures of SM particles in the sub-detectors are used to

reconstruct and identify them; for example, electrons are primarily reconstructed from
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energy clusters of neighbouring cells in the ECAL. In contrast to an approach focusing
on the reconstruction in one sub-detector, the holistic PF algorithm is used in CMS.
This algorithm was first developed at the Large Electron Positron Collider (LEP)
for the Apparatus for LEP Physics (ALEPH) experiment. The PF algorithm recon-
structs particles in the different parts of the detector and matches them geometrically
(linking) to PF candidates, which are used to identify leptons and hadrons. The
combination of the available detector signal produced from different sub-detectors sig-
nificantly improves the measurement of the energy and direction when the various
sub-detectors gather complementary information. The PF algorithm also provides a
good way of cross-calibrating sub-detectors. Because of the significant improvements
in particle reconstruction, many future detectors are designed fully to exploit the PF
algorithm [81-83]. The description of the PF algorithm in CMS follows the detailed
article in Ref. [84].

4.1.1. Requirements

Various features are crucial in an experiment to achieve good performance of the PF
algorithm. These features are based on the properties of the SM particles and are as

follows:

e A strong magnetic field that allows the separation of neutral and charged parti-

cles in the tracker and calorimeters.

A very finely grained tracker that provides reliable energy measurements of par-
ticles with low transverse momenta, which represent the majority of jet con-

stituents.

A highly segmented ECAL for a detailed reconstruction of the particle shower
profile.

A hermetic HCAL able to reconstruct most neutral and charged hadrons pro-

duced in the event.

e An efficient muon system.
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The CMS detector was not originally designed for the deployment of the PF algorithm
but was found to fulfil the aforementioned requirements to a high degree. The mea-
surement of single particles with the PF algorithm especially benefits from the high
magnetic field of 3.8 T, the high granularity of the tracker, and the efficient muon sys-
tem. Especially for highly energetic particles the segmentation of the HCAL is not fine
enough to avoid the merging of several particles in one cell. The HCAL was designed
to fit within the magnet, which also delimits the hermeticity but is recovered partly
by the HCAL on the outside of the magnet. A higher granularity in both calorimeters
could improve the performance of the detector. Especially at low momentum, the
combination of the information from several detectors allows for a highly accurate re-
construction of the momentum and direction of particles. Because of its performance,
the PF algorithm is used for most publications in CMS since its commissioning in

2010.

4.1.2. Charged tracks

In order to reconstruct the trajectory of the charged particles the hits in several layers
of the tracker are combined to reconstruct the trajectory of particles. This recon-
struction is challenging due to a large number of hits and possible combinations. An
iterative approach is used to achieve a high reconstruction efficiency and low misre-
construction rate. Because of their characteristics and their importance in physics

analysis, muons, and electrons undergo a specialised reconstruction algorithm.

The combinatorial iterative track finder is based on Kalman filters with successive
iterations targeting tracks coming from different decays. The seeds for the filters
begin with triplets in the pixel detector to determine which seeds from the microstrip
detector are added at later stages. Several quality criteria are applied to tracks and
seeds (e.g., to the track fit ¥ or to the compatibility to originate from a primary
vertex). Thanks to the seeding algorithm, a much better reconstruction efficiency
and a comparable misreconstruction rate are obtained in comparison to a one-pass
algorithm (“single iteration”). Apart from higher efficiency, the iterative algorithm is
twice as fast as the “single iteration” algorithm, which is essential since tracking is

the most computationally demanding task of the reconstruction. Nuclear interactions,
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which may occur in the tracker material, induce kinks in the trajectory of the hadrons,

or produce secondary particles and vertices, are taken into account.

Muon tracks

The muon tracking step is not inherent to the PF algorithm. The muon detectors
enable a high identification efficiency (99%) over the full acceptance of the detector
and high purity since most SM particles are absorbed in the calorimeters or magnet.
The tracks in the muon detectors are built by default in the last iteration steps of
the aforementioned track finder. For the analysis only muons are considered where
tracks in the tracker and muon detector are matched to form global muon tracks. The
resolution for large transverse momenta for global muons is superior in comparison to
muons formed only with tracker or muon detector information. One of the few sources
for misreconstructed muons are highly energetic hadrons which are not absorbed in
the calorimeters or magnet and deposit energy in the muon detector; this also known

as “punch through”.

Electron tracks

Electrons deposit most of their energy in the ECAL; nonetheless, the measurements in
the tracker improve their identification and position resolution. Especially for highly
energetic electrons passing through the detector, the performance is deteriorated when
only using ECAL cluster due to photons emitted by Bremsstrahlung in the tracker
material. Additionally, the large amount of energy deposited in the ECAL by hadrons
produced in the same event might overlay with the signature of electrons and make it
challenging to identify them. A seeding and tracking algorithm is used based on the
ECAL as well as the tracker system. For this, if track candidates exceed a p of 2 GeV
the track finder is redone for track candidates with a simple and faster Gaussian-sum
filter (GSF) algorithm [85]. The GSF algorithm is better suited for electrons since
it allows for energy losses across the particle trajectory. After the reconstruction of
the preselected tracks a boosted decision tree (BDT) is used to discriminate between
electrons and misreconstructed hadrons. Only the electron candidates passing the

BDT are reconstructed using the full GSF tracking. This procedure almost doubles
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the efficiency of reconstructing an electron, keeping a reasonable computing time per

event.

4.1.3. Clustering

The energy of particles in the calorimeter can be distributed over several calorimeter
cells, and the algorithm used to associate the energy deposits from the same source
with a single particle is called clustering. The energy clustering in the ECAL and
HCAL is mainly done to measure neutral and charged hadrons, as well as electrons
and photons. The algorithm is also exploited to separate and identify the different
particle types.

The clustering algorithm was specially designed for the reconstruction with the PF
algorithm. The sub-detectors are clustered separately, apart from the hadron forward
calorimeter (HF) where each cluster seed gives rise to a cluster. First cluster seeds are
identified that are calorimeter cells with an energy deposit above a threshold, and with
an energy deposit higher than their neighbouring cells. Neighbouring cells share a side
(HCAL) or at least a corner (ECAL and preshower) with the seed candidate. From
these seeds topological clusters are grown. The cells are calibrated using radioactive
sources, test beam, and data from cosmic muons traversing the detector taken before
the operation of the LHC. This calibration is continually optimised with collision
data to mitigate radiation damage accumulated over time. For the optimisation, the
threshold levels are adjusted, and the energy from the clusters is corrected with 1 and
pr dependent factors. The calibration is essential since the calorimeters represent the
only measurement of the energy of neutral particles and overlapping deposits with

charged particles are only measured as an energy surplus in these clusters.

4.1.4. Linking

In general, reconstructed particles are expected to deposit their energy in several parts
of the detector. Therefore, the PF algorithm proceeds by means of a linking algorithm

that connects the different particle trajectories reconstructed in the sub-detectors. The
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probability of finding the correct link between all detector parts is mostly limited by
the granularity of the sub-detectors, and the material in front of the detectors, which

may lead to secondary particles or kinks in the trajectory.

The linking is done in the 7 — ¢ plane and is limited to the nearest neighbours to
achieve a reasonable computing time for a single event. The produced chains of PF
blocks are associated through a link or common linked elements. The quality of a
link is assessed by the distance of the connected elements. First, the track from the
innermost detector is extrapolated to the calorimeters. Afterwards, connections to
clusters are constructed. The last step is to connect the tracker and muon detector
elements. From these PF blocks first the muons are removed followed by the electrons

and photons. The remaining PF candidates are treated as hadronic particles.

4.2. Charged leptons

From the three charged leptons, muons and electrons are considered in the presented
analysis. The muon and electron candidates reconstructed with the PF algorithm
have to pass the trigger and several quality criteria. These quality criteria improve

the misidentification rate.

4.2.1. Muon identification

From the reconstructed PF muon candidates, only those with matched energy deposits
are used in the tracker and muon system, which guarantees a low misidentification rate.
Additionally, a muon candidate has to fulfil the following requirements:

e fraction of valid tracker hits greater than 0.49,

e normalised global track y* < 10,

e at least two matched stations,
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e transverse impact parameter d,, < 0.2 mm with respect to the primary vertex,
e at least one hit in the pixel detector
e at least five tracker layers with hits.

The global track x” is calculated from the fit done in the muon track reconstruction.
Particle flow candidates that pass these muon quality criteria have to fulfil a minimum
pr of 40GeV and |n| < 2.4. The efficiency is at the 95% level with a mistag rate at
the 0.01% level [86].

4.2.2. Electron identification

A multivariate algorithm is applied to the reconstructed PF electron candidates to
identify them. Three types of variables are used to discriminate electrons from other

background contributions such as multijet events. These variables are based on

e matching of tracker and ECAL information (both energy and geometrical infor-

mation),
e shape of the energy deposits in the ECAL, HCAL and pre-shower detectors,
e differences between the Kalman filters and the GSF algorithm.

These types of variables are fed into a BDT. Based on the granularity of the clusters,
three regions with different thresholds on the BDT are identified. For the two central
regions of the detector with || < 0.8 and 0.8 < |n| < 1.44, the classifier has to be
larger than 0.941 and 0.899, respectively. In the forward region, the classifier value has
to be larger than 0.758. Identified electrons are only considered if they fulfil |n| < 2.4
and pp < 40GeV. The classifier values used correspond to a signal efficiency of 80%

and a misidentification rate of less than 0.1% [87].
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4.2.3. Lepton isolation

Processes with multiple hadronic jets dominate the SM background at the LHC. The
VLQs are searched in decay channels with a prompt lepton in the final state. Prompt
leptons are produced by the electroweak force during the decay of a quark or gluon
before it can hadronise. For this analysis to be feasible the QCD background must
be reduced by several orders of magnitude. Two out of many existing approaches
are presented. The first relies on the lepton being away from hadronic activity in
the n — ¢ plane. The second algorithm is based on the lepton having a high py in
comparison to the hadronic activity around it. The first algorithm is often used for SM
measurements, while the second algorithm is often used to search for heavy resonances
with jets close to the leptons [8, 88, 89].

Relative lepton isolation

The classical isolation [90] is a simple algorithm used to identify high-purity leptons
from prompt decays. For this purpose the scalar sum of the transverse momentum
of tracks within a cone of AR = 0.3 around the lepton axis is calculated, excluding
the lepton candidate. This sum is divided by the transverse momentum of the lepton.
Usually, leptons with isolation values smaller than 0.1 or 0.2 are selected. In the
presence of additional radiation from hadronic activity in the event that is near the
lepton, the efficiency of this simple algorithm drops considerably. Due to its simplicity,
the approach is used at the trigger stage to reduce the threshold on the transverse
momentum of the lepton. The amount of non-prompt leptons arising in multijet SM

processes is typically reduced to a few per cent of the SM background prediction.

Boosted lepton isolation

The boosted lepton isolation is designed to achieve a higher efficiency than the rel-
ative isolation, for final states where the lepton has large transverse momentum and

additional hadronic activity is present near the lepton. This is done by considering
ﬁietxﬁlep
|ﬁjet|

the relative momentum pr o = | | between the lepton and the anti-k; jet with
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R = 0.4 (ak4 jet) (as presented in the next section) closest in AR, as well as their angu-
lar distance AR(], jet). The boosted lepton isolation selection requires AR(l, jet) > 0.4
or pr e > 25GeV. Only ak4 jets with a pr > 30 GeV are considered. The lepton four-
momentum is subtracted from the ak4 jet if it is one of the PF candidates clustered

into the jet.

4.3. Hadronic jets

Jets aim at reconstructing the decay products of high-energy quarks and gluons. Be-
cause of the asymptotic freedom, these particles behave quasi-free for high energies
O(100 MeV). In scattering experiments, they produce cascades of gluons and quark-
antiquark pairs because of the hadronisation, with bremsstrahlung being an additional
important factor. The reconstruction, simulation, and measurement of quarks and
gluons is therefore challenging, from both computational and physical standpoints.
Several algorithms have been developed to cluster all the decay products of a parton.
These can be grouped into cone algorithms and sequential clustering algorithms. The
latter is used at the LHC and discussed in Sec. 4.3.1. The corrections applied on
the jet constituents before and after the clustering are discussed in Sec. 4.3.2. The
calibration steps of the jets are outlined in Sec. 4.3.3. Detailed reviews on jets and
related measurements can be found in Ref. [91, 92]. The development of algorithms
to reconstruct jets and identify and tag quarks or bosons decaying into hadrons has
extended the understanding of the QCD and SM; e.g., through the measurement of
the jet substructure and the top quark mass [93, 94]. Details on the jet reconstruction,
correction, and calibration in CMS, including the definition of the dedicated regions

for their measurements are found in Ref. [95].

4.3.1. Jet clustering

At the LHC sequential jet clustering algorithms are mostly used to reconstruct the
hadronic activity in the detector. The jet algorithms have to be infrared and collinear

safe [96] to associate them with well-defined physics objects. This means soft radiation
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or a collinear splitting of quarks or gluons does not affect the jet reconstruction. From
the class of algorithms that fulfil these requirements, “generalised k" algorithms are
used at CMS. For this analysis, the PF particle candidates are used as input to the

jet clustering. The clustering is done in three steps:

1. The distance between each pair of particles d,; is calculated, as well as the

distance to the beam d;p5:

d;; = min(py7, pr7y) 2 . (4.1)
dip = PP, (4.2)

Here, R is a distance parameter, m is an integer number, AR is the distance
measure in the ¢ —n plane used at the LHC, and pr ; is the transverse momentum
of the 7th particle.

2. The minimum of all d;p and d;; is found. If the minimum corresponds to a

d.

(¥Rl
particle ¢ is declared a jet and removed from the particle list.

particles ¢ and 7 are merged by summing their four-momenta. Otherwise,

3. The two previous steps are repeated until no particles are left.

The parameter m is usually set to -1, which corresponds to the anti-k; algorithm, or to
0, for the so-called Cambridge/Aachen algorithm. The Cambridge/Aachen algorithm
first clusters particles that are closest in the AR metric, whereas the anti-k algorithm
begins the clustering from particles with the highest pp. All these algorithms are
implemented in the FASTJET package [97, 98|, which is used to find jets. In this
analysis, two types of jets are used: anti-kp jets with R = 0.4 (ak4 jets) and anti-kp
jets with R = 0.8 (ak8 jets).
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4.3.2. Pileup corrections

In pp collisions at a centre-of-mass energy of 13 TeV in 2016 for each bunch crossing, on
average about 25 interactions happened. The (primary) interaction with the highest
energy is usually the most interesting because it allows the production of particles with
masses and momentum beyond the reach of previous experiments. Other interactions
in the same bunch crossing are called pileup. The interaction energy is calculated by
summing the tracks of the corresponding vertices. The pileup is recorded with the
primary interaction and leads to additional detected particles (mostly hadrons). Two
types are distinguished, namely: “in-time” and “out-of-time” pileup. The first hap-
pens in the same bunch crossing and the second are bunch crossing remnants. Two
methods are currently employed to eliminate the contribution of in-time pileup: the
charged hadron subtraction (CHS) and the pileup per particle identification (puppi)
algorithms. The out-of-time pileup is mostly already removed during the reconstruc-
tion. The algorithms are applied before the jet clustering is performed on the PF
candidates. They do not remove the whole pileup contribution is removed, so that an
additional step is applied after the jet clustering. This algorithm removes the expected

average radiation per jet originating from pileup.

Charged hadron subtraction

For CHS [99] the tracks associated with secondary vertices are removed from the
list of PF candidates. About 50% of the “in time” pileup is removed within the
tracker acceptance of |n| < 2.4 coming from roughly 30% of secondary vertices. The
unreconstructed vertices are responsible for a large set of unassociated tracks. For
high pileup scenarios with 80 or 140 pileup vertices per interaction as expected for
high luminosity runs, this leads to a deterioration of the jet resolution. In a pileup
scenario of approximately 25 secondary vertices, the resolution is at a reasonable

level.
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Puppi

In the last years a new idea has emerged aiming at the mitigation of the pileup
contribution. Apart from the information from secondary vertices and associated
tracks, local shape information can also be used to remove the influence of pileup
from jets. The puppi algorithm [100] calculates a weight per PF candidate based on
the local information. The PF candidates from pileup usually get lower weights than
PF candidates connected to the primary interaction. The weights are used in the jet
clustering and reduce the influence of pileup on the final jet. The local shape variable

«; is defined as
o = log ( L X O(Ryi < AR, < Ro)) , (4.3)
J

where pp; is the pr of the PF candidate j and AR;; is the usual distance metric,

between two PF candidates. Here, R,,;, is effectively a regulator for the collinear

splitting of PF candidates and R, is the maximal allowed distance between two PF
candidates. The notation ©(R,,;,, < AR;; < Ry) is the short form for two Heaviside
functions of the form ©(AR;; — R x O(AR;; — Ry). The logarithm is outside of

the sum and rescales the variable.

In the original paper [100] the performance is studied in simulation, and it is demon-
strated that for an idealised detector the effects of 80 or 140 pileup interactions per
event are largely mitigated. In this analysis, puppi is only applied on the ak8 jets used
for the W tag.

Jet area subtraction

To further mitigate the influence of pileup on reconstructed jets, the expected average
contribution is subtracted. The method is also called “hybrid because” it depends
on the jet n and the number of vertices in the event apart from the jet area A. The

correction factor

po(n) + pB(n)(1 + v(n)log(pT,unm))]

pT,uncorr

c (pT,uncormna Aj7 10) =1- [ (44)
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is multiplied to the jet momentum j. Here, pr yncor 1S the uncorrected jet momentum
and p is the energy density per event. The factors py(n), B(n), and v(n) model the n
dependence of the correction. In simulation, they are obtained from the difference of
the particle energies by reconstructing events with and without pileup. In the data
po(n) and B(n) are estimated from minimum-bias data with a random cone method.
There is no hard scattering and small noise contribution in these events, such that
the average pr in the cone of the PF candidates is assumed to be equal to the offset
due to pileup. Both, 5(n) and 7(n) parameterise the minimum-bias overlay simulated
with PYTHIA, which matches data well.

4.3.3. Jet calibration

The response of the detector is non-linear as a function of particle energy or type. The
energy scale and resolution are calibrated for jets and subjets to the true particle level
jet pr and resolution, which is described in detail in Ref. [95, 99]. Below, the most
important calibration steps are outlined after the pileup corrections are applied. The
residual corrections are applied on jets in data and are typically small. The residuals
are calculated by using well-measured reference objects. Corrections dependent on
the jet flavour are not discussed here. The differences in flavour mainly arise due to
differences in the fragmentation, such that for different particles the energy within the

jet varies.

Like leptons, jets also have to pass quality criteria, which has a small impact on this
analysis. These criteria ensure that jets from detector noise and non-beam back-
grounds are rejected. Jets have to be clustered from neutral and charged particles, as
well as have more than one constituent. For the central part of the detector (|n| < 2.7)

the fraction of charged particles must also be smaller than 100%.

Jet energy scale

The jets are calibrated to obtain the correct energy, mitigating the shifts introduced

into the energy scale by detector effects. The jet energy scale corrections (JEC) are
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calculated from simulation in a multijet sample simulated with a flat pp spectrum.
With this approach, the full kinematic phase space available at the LHC is covered.
The pileup profile of the simulation is reweighted to match the data.

The particle jets are matched to the jets in the event, if their separation in ¢ — n is
less than half the distance parameter with the usual distance metric AR(n, ¢). This
provides a unique match per jet. The particle response r is defined as

r((pr),m) = <<p—T>>[pT,ptd,n1, (15)

pT,ptCl

and depends on the average transverse jet momentum and 7 with pp . being the
particle level jet transverse momentum. The angle brackets () indicate the average
of the variable, while variables with square brackets [] are binned. The response

corrections are applied to both data and simulated jets.

Jet energy resolution

The correction of the jet energy resolution (JER) is necessary because simulated events
show a better jet resolution than jets in data. The idealised performance of the detector
in simulation is compensated for by the JER smearing. A stochastic smearing is

applied to the jet resolution with the correction factors given by

c=1+N(0, UJER)\/maX(s?]ER —1,0). (4.6)

A random number N (0, o) following a normal distribution with variance o and centred
around 0 is drawn. Here, sipr and ojgg encode the relative py resolution of the jet.

After applying the smearing, the resolution of data and simulation agree.

Residual jet corrections

After the correction of the jets for pileup and the simulated particle response, addi-
tional residual corrections are applied to the jet. The basic idea is to calibrate the

energy of the jet to a reference object, to achieve a jet energy scale at unity. The
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Figure 4.1.: Sketch of a multijet (left) and Z+jet (right) event, from Ref. [101].

reference objects are determined from measurements of Z(— uu)+jets, Z(—ee)+jets,
v-+jets and multijet events. Figure 4.1 provides sketches of a multijet (left) and a Z

+jets (right) event used for the corrections.

The corrections of the response are calculated using two methods: the pr balance

Tiet,pp and the missing transverse momentum projection fraction rje vpr, defined as
DT jet
rjet,pT - ) (47)
pT,ref
ﬁmiss ﬁ
T © PTref
TietMpR = 1 + ————5—, (4.8)
(pT,ref)

— miss

where the pr " is explained in Sec.4.4. In both methods a tag and probe ansatz is
made where the pr of a reference (ref) object (pr ) is compared to the probe jet
momentum pr ;. For the pp balance, ideally dijet events are chosen from the multijet
sample for the measurements. The statistics are too small to use only dijet events
without additional activity. Events with more than two jets are therefore used to
increase the statistics of the measurement and the results are extrapolated to the dijet

event topology.

With these methods, relative and absolute corrections to the jet energy are derived.
The relative corrections mitigate the remaining differences in the JER and the absolute
corrections in the jet energy scale. Dijet events are used to derive relative corrections
in n and p, as a function of the average of the two jets. The corrections also mitigate
the effects of initial and final state radiation, to leading order. The pr dependence

is found to be rather small and of the form py + p;log(pr). Absolute corrections are
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calculated from Z/y+jets events, where the Z/~ is the reference object. As in dijet
events, the initial and final state radiation is taken into account. A global fit of the
corrections obtained with multijet and Z/y+jets events is performed for the absolute

corrections, which reduces the overall uncertainty.

4.3.4. Jet tagging

Jet algorithms have been developed for jets originating from gluons or light quarks
such as up and down quarks. For jets containing top quarks or W bosons, additional
information from the (sub)structure of the jet is employed to differentiate between
different quarks and bosons. In the last years, various innovative approaches have
been developed in this research field; some examples can be found in Refs. [102-108].
The algorithms used in this analysis to identify bottom (b) and top quarks, as well as
W bosons fully decaying into hadrons, are described below. Substructure information
is employed to classify jets or events and to improve the reconstruction of the invariant
VLQ mass.

The identification of b quarks (b tag) has been used for a long time. The tagging of
jets originating from top quarks (t tag) and W bosons (W tag) have become relevant
at LHC energies. Tagging of quarks or bosons usually relies on identifying a jet that
contains all decay products. Bottom quarks are identified inside of ak4 jets or in the
subjets of ak8 jets as part of the t tag algorithm. For the top quarks and W bosons

identification ak8 jet are used.

Soft drop

The decay products of highly energetic quarks and bosons are often clustered into
the same jet. The merging steps of the clustering are undone to identify the jet sub-
structure. The resulting jets are referred to as subjets. For ak8 jets, the subjets are
calculated using the soft drop [109] algorithm. These subjets are used to identify W

bosons and t quarks.
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First, the PF constituents of the ak8 jets are reclustered with the Cambridge/Aachen
algorithm, to obtain an angular ordered pairwise clustering history. Afterwards, the
following steps are applied, which depend on a soft threshold z., and an angular

exponent [3:

1. Undo the last clustering step of jet j and label the two resulting subjets j; and
J2

2. If j passes the soft drop criterion

min(pT,hPT,z) <AR1,2)5
> cut )

4.9
Pt + Pr2 Ry (4.9)

it is the final subjet, where pr;(pr2) is the transverse momentum of jet j; (js).
In this equation Ry is the jet radius and R, , is the usual distance metric between

71 and 7,.

3. Otherwise, j is redefined to be the subjet with larger pr and the procedure is

iterated.

4. If j is a “singleton” and cannot be further unclustered, it is either removed

(“tagging mode”) or it is the final subjet (“grooming mode”).

In the search presented the algorithm is operated in tagging mode and applied to ak8
jets with 2., = 0.1 and 8 = 0. The choice of 5 ensures that the algorithm is infrared
and collinear safe. In each jet the unclustering is done maximally two times such that

at most two subjets are found.
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N-subjettiness

The N-subjettiness (7,,) [110] makes use of the difference in the energy flow in jets to
differentiate between different decays by constructing n energy flow axes. The axes

are calculated for the £ PF candidates according to

1
Tn = d_ pT7kmin<AR17k, ceey ARN,]C)’ (410)
0 %

dy = ZPT,kR07 (4.11)
k

were pr y is the transverse momentum of the particles found in a jet. Asin Eq. 4.9, R,
is the radius parameter used to cluster the original jet and AR is the usual distance
metric. The metric 7,, provides a measure of how likely a jet is to have n prongs. Usu-
ally ratios of 7,,/7,_; are used to discriminate n prong decays from multijet processes.
This approach is usually orthogonal to other information like the reconstructed mass

and provides additional discrimination power.

b tagging

The B meson has a higher lifetime than other quarks and apart from the top quark the
highest invariant mass. The long lifetime leads to a secondary vertex displaced from
the primary interaction vertex in the order of a few millimetres. About 20% of the b
hadrons decay into muons or electrons. These properties of b hadrons are exploited
for the b tagging inside jets. In this analysis, the algorithm is applied to ak4 jets and
subjets from ak8 jets clustered with the soft drop algorithm.

Algorithms for the identification of B mesons inside of jets (b tag) [111, 112] have been
used in CMS for a long time. The employed combined secondary vertex algorithm
(CSVv2) is the current version, which combines the information of secondary vertices
with the information of displaced tracks through a multilayer perceptron with one
hidden layer. The multivariate analysis (MVA) is trained with PF candidates found
inside the identified b jets. Per jet, at least two PF candidates have to fulfil quality

criteria, based on the reconstruction, the track impact parameter, and the angular



4.3. Hadronic jets
13 TeV 13 Tev
B‘ C T T T ‘ T T T ‘ T T D T T T ‘ T T
c + CMS < 0257C.MS . - -
O 1.21 Simulation Preliminary ' Simulation Preliminary
A ket T e
—Top, <p_< eV, 0
w 1- Joveest 0.2<p>=20, 25ns ----Top, 800<p1<1000 GeV, 99% —
e = ----Top, 1000<p_<1400 GeV, 95%
- AR(tg) <0.6 QCD, 470<p <600 GeV, 96%
0.8% | ] QCD, 600<p_ <800 GeV, 96%
P Aad 0.15 " n
c ™ 50 -++-QCD, 800<p <1000 GeV, 94%
= R A i | QCD, 1000<p_<1400 GeV, 90% |
0.6+ . *“** n 1
i o ] 0.19 7
0.4 - ]
L o B £
r « eAR(top, CA15)< 1.2 L
0 21 +*  mAR(top, AK8) < 0.6 0.05,
il e amax AR(top, q) < 0.6 L
r o max AR(top, q) <0.8 1 .
0k ak® | N I I ol r &
200 400 600 800 1000 0 100 200

Top Quark P, [GeV] My, (z=0.1, B=0) (GeV)

Figure 4.2.: Reconstruction efficiency (left) for a top in a jet as a function of the
generated top quark pp. The efficiency is defined as the fraction of top quarks for which
a reconstructed jet with pp > 200 GeV can be found within AR < 0.6 (AR < 1.2) for
ak8 jets (Cambridge-Aachen with a distance parameter 1.5). The fraction of merged
top quarks is superimposed as a function of py for the two thresholds used: 0.8 (0.6) at
low (high) boost. All distributions are made using hadronically decaying top quarks
with pp > 200 GeV. The soft drop mass distributions (right) are shown for a fiducial
selection with the merged-top requirement. The description and distributions are
taken from Ref. [106].

distance to the jet axis. Combinations of tracks resulting in an invariant mass close
to the one of the K? are rejected. For jets from these PF candidates, the primary
and secondary vertex information is used in several categories and an MVA algorithm
is trained with a multitude of variables such as the number of secondary vertices,
impact parameter significance, and the vertex mass. For heavy and light flavour jets

the efficiency and misidentification rates are calculated separately.

t tagging

The top quark is the heaviest particle in the SM and is produced at high rates at LHC
energies. It decays before hadronising into a W boson and b quark (in more than
99% of the decays). In the fully hadronic decay mode it can have up to three quark
(sub-)jets in the final state. The properties of jets are used to identify fully merged
hadronically decaying top quarks [102]. In Fig. 4.2 the efficiency (left) to reconstruct
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a top quark in an ak8 jet as a function of the top quark pp. All top quarks with
a pr above 400 GeV can be reconstructed in an ak8 jet. The four-momenta sums of
the subjets obtained with the soft drop algorithm are used to obtain the invariant
mass of the top quark candidates (soft drop mass). The soft drop mass (right) is
shown for events where the top quark is merged into one jet. High discrimination
between multijet background and t quarks is achieved. Additionally, an excellent mass
resolution is visible for the top quark. To tag t quarks, ak8 jets with a pp > 400 GeV
are considered. The soft drop mass of t tagged jets has to fulfil 105 < my,, < 220 GeV.
Furthermore, one of the soft drop subjets has to fulfil the b-tag criteria of the loose
working point. The N-subjettiness ratio 73/7, of the ak8 jet has to been smaller than
0.5 such that fewer W bosons are misidentified and the invariant mass reconstruction
of the top quark candidates is improved. Overall the misidentification rate is at the

0.1% level and the efficiency at approximately 15%.

W tagging

Similar to t quarks, hadronically decaying W bosons are tagged using ak8 jets [102].
The W boson decay is a two-body problem. As a result, the pr of the W boson at
which its decay products merge into one ak8 jet are much smaller. For the tagging,
ak8 jets with a pp > 200 GeV are used. The PF candidates used for clustering these
jets, passed the puppi algorithm. As with the t tag, the invariant mass is the sum of
the four-momenta of the subjets obtained from the soft drop algorithm. The invariant
mass of the W boson is shifted to lower masses, which is corrected by applying n and
pp dependent correction factors. The correction factors are derived on the position of
the W boson peak. The soft drop mass has to be in the range of 65 < myy < 220 GeV.
The N-subjettiness ratio 7,/7; has been studied, but no improvement has been found
when applying a selection to it. Overall, the misidentification rate is found to be
smaller than 0.07% and the signal efficiency at the 80% level.



4.4. Missing transverse momentum 63

4.4. Missing transverse momentum

Most particles produced at the LHC leave distinct signatures in the CMS detector.
Notable exceptions in the SM are weakly interacting neutrinos. Additionally, a broad
set of hypothetical BSM particles with weak interactions have been predicted. The
transverse momentum of particles not interacting with the detector is inferred from the
pr imbalance of the PF particles. The missing transverse momentum [113] is defined

as

P == > Per, (4.12)

PFcandidates
which is the negative vectorial sum of the PF candidates. The considered PF can-
didates fulfil pp > 1 GeV and pass several quality criteria. The correction of the jet

energy to particle level is propagated as

— miss,corr __ —miss — COIT —
Pr =pPr — E (pT,jet - pT,jet)' (4-13)
ak4 jets

— COIT

Here, the difference of the corrected prj.; and uncorrected jets pr ;e is subtracted

— miss — miss

from the pt ", as defined in Eq. 4.12. In the following parts of the thesis pp is
used for the corrected missing transverse momentum if not denoted differently. In this

analysis pr  is used to reduce the amount of multijet background and to reconstruct

the neutrino expected in the signature of signal events.
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5. Data and simulation

Proton proton collision data with a centre-of-mass energy of 13 TeV were recorded
in 2016 with the CMS experiment, corresponding to an integrated luminosity of
35.9pb~!. The data have been collected using triggers based on muons and elec-
trons. Photon triggers are also considered for events with a high electron momentum,
where the electron is reconstructed as a photon at the online trigger level. This data
is analysed for the search of the B+b, B+t, and X;/3+t production modes, where
the VLQ decays into a top quark and W boson. Monte Carlo simulation is used to

validate and optimise the analysis and to model the signal.

In Sec. 5.1 the data are presented, followed by the SM simulation in Sec. 5.2. After-
wards, the simulation of the VLQs is discussed in Sec. 5.3. Thereafter, in Sec. 5.3 the
particular properties of the signal processes on the generator level are described and

a selection of distributions shown.

5.1. CMS data sets

In 2016 the LHC delivered a total integrated luminosity of 40.82 pb™*, of which CMS
recorded 37.76 pb~'. Of the recorded data, 35.9pb~" fulfils the quality requirements
for this measurement. The reduction in recorded integrated luminosity is mostly, due
to failures of sub-detector parts or the triggering system. These made it necessary
to restart parts of the detector and discard recorded data. Data events are split into
several sets according to the physics objects by which they are triggered. For the
presented analysis the most important data events are in the sets with muons, elec-

trons, and photons. The photon data is used to trigger electrons with high transverse
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Table 5.1.: Triggers studied for the VLQ search with a lepton and jets in the final
state. The minimum thresholds of the triggers are listed for the quantities calculated
online during data taking. The photo trigger is employed to recover inefficiencies of
the electron trigger at the highest pr.

’ lepton (photon) pr [GeV] isolation jet(s) pr ‘

single p 50 - -
iso. 24 V -
W+ jets 40 - 200 & 50
single e 115 - -
iso. e 27 vV -

e + jet 50 - 165
single 175 - -

momentum. At trigger level, high momentum electrons and photons are very similar.
The trigger demonstrate a slight (approximately 1%) inefficiency for electrons with a
high momentum (pr > 250 GeV), which the trigger system instead identifies as pho-
tons. The quality criteria for data include at least one reconstructed primary vertex
and that all major sub-detector parts be working. In Tab. 5.1 the requirements for
the triggers studied for the VLQ search are summarised, illustrating their minimum
thresholds of the corresponding quantities used for the online selection, during data
taking. The values of the fully reconstructed leptons (photons) and jets are slightly
different.

5.2. SM simulation

The most important SM processes are simulated using MC techniques based on SM
calculations. Several “Monte Carlo event generators” exist which simulate the pro-
duction and the decay of elementary particles according to their probability. A review
of these generators and their current status can be found in Ref. [114]. In Fig. 5.1
the main components of the event simulation are illustrated. The calculations needed
for a precise description include a wide range of effects from the PDFs, matrix ele-
ments (MEs) represented by Feynman diagrams, initial state radiation (ISR), and final
state radiation (FSR) or multiple particle interactions (MPI) to the fragmentation in-

side jets. The events generated from these calculations are passed through a detector
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Figure 5.1.: The main components of the event simulation with a MC program [114].

simulation, based on GEANT4 [115] and capable of predicting the measurements in
the sub-detector parts. Afterwards, the same algorithms used for data are applied
on the simulation. The simulated events are used to evaluate the performance of the

selection, optimise it, and validate the consistency of the employed algorithms.

The most important SM background processes for this search include top quarks.
Events with a W boson decaying into a lepton and neutrino pair are the second major
SM background. Processes with a Z boson or consisting of multiple jets from QCD
(multijet) are also considered. Multijet processes are the most abundant at the LHC
but are reduced by several orders of magnitude by the presence of a lepton and further

by dedicated selections (discussed in Sec. 6.2).

Events are usually simulated for different particles and interactions separately, such
that a large amount of simulated events is available for the statistical evaluation in
the phase space of interest. MADGRAPH_AMC@NLO (v2.2.2) [116] is used to gen-
erate single top quarks at next to leading order (NLO) in the s-channel. Single top
quarks in the t-channel and single top quarks from the tW process, as well as top
quark pairs produced via the strong force, are generated at NLO with POWHEG [117—
119]. Both the events for the W+jets and Z+jets processes are generated with M AD-
GRAPH_AMCQ@NLO (v2.2.2) [116] using the FXFX scheme [120] to match the parton
shower (PS) emission for the former process and the MLM scheme [121] for the latter.
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The Z+jets process is generated at leading order (LO) while the Wjets process is gen-
erated at NLO. The events for the multijet processes are generated using PYTHIA [122]
at LO.

In Tab. 5.2 the SM background samples used for the VLQ search are presented. For
each sample the generator, simulated process, and cross section are detailed. The
highest order calculation available is used for the cross section. For most process
being at NLO or next-to-next to leading order (NNLO) precision, apart from multijet
events at LO. Most processes are further generated in bins, denoted by [], to achieve
a sufficient number of events in the desired phase space. For top quark pairs, the
invariant mass my; of the generated top quark pair is used. The inclusive sample is
used for events with m; < 700 GeV. For the W-jets sample only leptonic decays
binned in the pp of the W boson pr e, w are considered. In the Z+jets samples
the sum of the generated particles Hr ,, is used. For the multijet production process
a large variety of samples is used. They are all binned according to the maximal
transversal momentum of the generated particles pr. All samples with a muon in the
final state are labelled with . Multijet events with an electron or photon in the final
state are labelled with e. Dedicated samples for the decay of a b or ¢ quark into a
electron are also considered and labelled bc — e. The contributions of other processes

are negligible for the VLQ search.

PYTHIA is used for the parton shower description and hadronisation of all the generated
events, with HERWIG being the alternative approach. The PYTHIA tune has been
studied in greater detail and is used in CMS for most MC simulation. The single top
quark production in the ¢-channel uses as underlying event tune CUETP8M2T4 [123],
while all other processes are simulated with the CUETP8M1 [124, 125] event tune.
The NNPDF 3.0 [126] are used for the PDFs as recommended for the physics analysis
at the LHC [127, 128]. The precision of the PDFs is matched to that of the ME
calculation. Pileup from the same and previous bunch crossings are taken into account
in the simulation, and the profile of primary vertices is reweighted to follow the one
in the data.
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Table 5.2.: Simulated MC samples of the SM background used for the evaluation of
the selection and the agreement to data. For each sample the used cross section and
generator are detailed. The highest order calculation available is used for the cross
section. All events are interfaced with PYTHIA for the parton shower and to GEANT4,

for the hadronisation and the detector simulation.

] Background Process Generators Cross Section [pb] ‘
Single top t-channel POWHEG 136
Single top ass. with W boson POWHEG 35.85
Single top s-channel AMC@NLO 3.36
tt +jets inclusive POWHEG 831.76
tt +jets myg € [700,1000] GeV POWHEG 76.6
tt +jets myz > 1000 GeV POWHEG 20.578
W +jets ppgen. w € [100,250]GeV  AMC@NLO FXFX 676.3
W jets prgen, w € [250,400]GeV  AMC@NLO FXFX 23.94
W +jets prgen, w € [400,600]GeV  AMC@NLO FXFX 3.031
W +jets prgen. w > 600 GeV AMC@NLO FXFX 0.4524
Z +jets Hygen € [100,200] GeV MADGRAPH MLM 181.3
Z +jets Hr 40, € [200,400] GeV MADGRAPH MLM 50.4
Z +jets Hygen € [400,600] GeV MADGRAPH MLM 6.98
Z +jets Hp gey, > 600 GeV MADGRAPH MLM 2.7
Multijet pp € [20,30] GeV pu PYTHIA 2960198.4
Multijet pp € [30,50] GeV PYTHIA 1652471.46
Multijet pr € [50,80] GeV p PYTHIA 437504.1
Multijet pr € [80,120] GeV p PYTHIA 106033.66
Multijet pp € [120,170] GeV PYTHIA 25190.5
Multijet pr € [170,300] GeV u PYTHIA 8654.49
Multijet pp € [300,470] GeV PYTHIA 797.35
Multijet pr € [470,600] GeV PYTHIA 79
Multijet pr € [600,800] GeV p PYTHIA 25
Multijet pr € [800,1000] GeV p PYTHIA 4.7
Multijet pr < 1000 GeV p PYTHIA 1.6
Multijet pp € [15,20] GeV e PYTHIA 2302200
Multijet pp € [20,30] GeV e PYTHIA 5352960
Multijet pp € [30,50] GeV e PYTHIA 9928000
Multijet pr € [50,80] GeV e PYTHIA 2890800
Multijet pr € [80,120] GeV e PYTHIA 350000
Multijet pr € [120,170] GeV e PYTHIA 62964
Multijet pp € [170,300] GeV e PYTHIA 18810
Multijet pr < 300GeV e PYTHIA 1350
Multijet pr € [20,30] GeV bc — e PYTHIA 328999.9
Multijet pr € [30,80] GeV bc — e PYTHIA 405623.4
Multijet pr € [80,170] GeV bc — e PYTHIA 38104.43
Multijet pr € [170,250] GeV bc — e PYTHIA 2635.8
Multijet pr < 250 GeV bc — e PYTHIA 711.9
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5.3. VLQ simulation

Models that include phenomena beyond the SM are also often described within MC
generator frameworks. For this search, a simplified model approach is used to give

model-independent results.

Figure 5.2.: Leading order Feynman diagrams for the production of a single vector-like
B or X;/3 quark in association with a b (left) or t (right) and a light-flavour quark,
and the subsequent decay of the VLQ to tW [30].

Two of the LO Feynman diagrams of interest are shown in Fig. 5.2. The production
of single VLY at the LHC is expected to occur mostly by the interaction of a b or t
quark produced by a gluon splitting, and a boson radiated from a quark. The quark
emitting the boson is only slightly deviated from the beam direction such that it is
found close to the beam pipe. This quark is referred to as the forward quark, and
forms the forward jet. Typically, it has a low transverse momentum and high energy.
The quark from the gluon splitting is in the central part of the detector with low

transverse momentum compared to the quarks from the VLQ decay.

MADGRAPH_AMC@NLO (v2.2.2) is used to generate signal events with a modified
version of the model from Ref. [61, 129, 130]. The W boson and t quark from the
VLQ decay are treated by the MADSPIN [131, 132] package to retain the correct spin
correlations. The parton shower and hadronisation are handled by PYTHIA using the
CUETP8M1, and the simulation of the detector is done with GEANT4, as with the

SM simulation. The predicted cross section is obtained from calculations used in
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Table 5.3.: Summary of signal samples used, together with their mass ranges, mass
widths, and either right-handed or left-handed VLQ couplings, in steps of 100 or

200 GeV.

’ Signal process Mass range [GeV] Mass steps [GeV] Widths Couplings ‘
B+b 700 to 1800 100 1% left & right
B+b 800 to 2000 200 10, 20, 30% left
B+t 700 to 1800 100 1% left & right
B+t 800 to 2000 200 10, 20, 30% left & right
Xy 5+t 700 to 1600 100 1% left & right
X5/3+t 800 to 2000 200 10, 20, 30% left

Ref. [69, 70, 133]. For the predicted cross section a simplified approach is used to
provide a model-independent interpretation of the experimental results for relative
mass widths between 1 and 30%. Three searches for single VL(Q have been performed
with this approach [10, 11].

Samples are generated for B and X;,3 produced in association with a t or b, right- or
left-handed VLQ couplings, and decay widths relative to the VLQ mass of (I'/m)y1q =
1, 10, 20, and 30%. While the B could be produced in association with both quarks,
the X553 could only be produced in with a t as long as the charge is conserved. Samples
with a relative mass width between 10 and 30% (1%) are simulated in mass steps of
200 GeV (100 GeV) between 0.8 (0.7) and 2TeV (1.8 TeV). While samples with a
1% width are produced with both coupling types, samples with higher widths are
mostly produced with left-handed VLQ couplings. The available and used samples

are summarised in Tab. 5.3.

The forward jet distinguishes the signal sample from most SM processes. Due to the
production mode, it has a low transverse momentum, high energy, and high |n value.
The high mass of VLQ candidates leads to a highly boosted W boson and t quark
from the B or X;,3 decays located in opposite directions of the detector. Figure 5.3
illustrates the distributions on generator level of the n of the forward quark (upper
left), the distance between the decay products (W boson and b quark) of the t quark
originating from the VLQ decay chain (upper right), the transverse momentum of the
t quarks (lower left) in the event, and the transverse momentum of the lepton (lower

right). The signal samples are normalised to a cross section of 1 pb. The jet near the
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beam pipe usually has an |7| around 3.5 and is used to define a signal region (SR), while
events without such a jet are in a sideband (SB) region. Its properties make the forward
jets challenging to distinguish from other radiation such as pileup. The distance of the
t quark decay products, originating from the decay of the VLQ, are small and can often
be reconstructed in a jet with a radius parameter of 0.8. Additionally, the transverse
momentum distribution of all generated t quarks indicates that for most samples there
are two t quarks. One carries about half the energy of the VL.(QQ mass and the other has
a relatively low transverse momentum. The t quark with low transverse momentum
originates from the associated production through gluon splitting. On average, the
lepton in the event has a low transverse momentum, which makes triggering these

events challenging.

In Fig. 5.4 the “back to back” topology of the VL(Q decay leads to a large distance in
AR between the W boson and t quark from the VLQ decay (left). Since the mass of
the VLQ under consideration is much higher than the mass of either decay product,
the momenta of the decay products are roughly the same. The momenta balance is
confirmed by the ratio of the W boson and t quark momenta (right). The back to
back topology is later exploited in the reconstruction, and both the distance, as well
as the pp ratio are taken into account. The distributions illustrated in Fig. 5.3 and 5.4

are similar for all samples.

In the typical signature, several quarks from the VLQ decay chain and quarks produced
in association are present. This signature leads a high jet multiplicity, which increases
the number of possible jet combinations in the reconstruction. A large number of jets
also influence the triggering since most leptons are in close vicinity to jets. On the
other hand, the high mass of the VLQ allows the usage of jet taggers and the back to

back topology in the reconstruction.
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Figure 5.3.: Distributions from generator quantities for the muon channel and three
different VLQ samples with masses of 800, 1200, and 1400 GeV and left-handed VLQ
coupling in the three considered production modes. The n of the forward quark (upper
left) and the distance of the decay products of the t quark from the VLQ decay (upper
right) are shown, as well as the momentum distribution of all generated t quarks (lower
left) and of the lepton (lower right). The samples are normalised to a cross section of

1pb.

35.9 b (13 TeV)

-‘(e 7HH‘\'\H‘HH"\\H‘HHHH‘HH‘HH‘HH‘HH’
c Simulation
Dro000 - ]
2 I
— B+, m,= 800 GeV
8000 ]
— B+, my =1200 GeV |
6000 |- ]
[ — X+t, mg=1400 GeV |
4000 .
2000/ ]
I T N R A [N N
0 1 2 3 4 5 6 7 8 9 10
A R(W,b)
35.9 o' (13 TeV)
_‘(210007\\\"\\\"\\\‘\\\‘\\\‘\\\‘\\\‘\7
S L Simulation
0
8oor — B+t, my=800 GeV |
600 — B+, mg =1200 GeV |
— X+t, my=1400 GeV |
400 .
200 .
L

I al I
0 200 400 600 800 1000 1200 1400

kP, [GeV]



74 5. Data and simulation

359" (13 TeV) 35.9 b (13 TeV)

-.‘.28000;\\\\‘\'H\‘HH.‘HH‘HH \\H‘\\H‘HH‘HH‘HH; ﬂ4000;\\\\‘\.\H‘HH"HH‘\H\ TTT T[T T[T T[T [T7T1]
S - Simulation ] S t Simulation ]
S r 1 S E B
L 7000 - ] |.u3500; E
6000; — B+, mg= 800 GeV é 3000 F — B+, mg= 800 GeV E
5000 |- — B+t, m, =1200 GeV 2500 — B+t, m, =1200 GeV |
4000 X4t my=1400 GeV. 2000 — Xst, my=1400 GeV |
3000 ] 1500 F e
2000 1000F ]
1000 - 500 1

e P bl

0 00.511.522.533.5471.55
pT,W pT,t

Figure 5.4.: Distributions from generator quantities for the muon channel and three
different VLQ samples with masses of 800, 1200, and 1400 GeV and left-handed VLQ
coupling in the three considered production modes. The distribution of the distance
in AR between the W boson and t quark from the VLQ (left) and the ratio of the W
boson and t quark momenta (right) is shown. The samples are normalised to a cross
section of 1pb.

5.4. HCAL simulation

The simulation of the particles with GEANT4 is also referred to as “FullSim”. This type
of simulation is used for most SM processes and many signal signatures. For searches
with many signatures such as supersymmetry the simulation of all signal signatures
with the FullSim approach is too time-consuming. Therefore an alternative approach
that is referred to as “FastSim” [134-136] was developed to parameterise the most
important effects of the particle decay in the detector. The parameterisation reduces
the overall computing time for a single event by up to two orders of magnitude.
FastSim is also used to evaluate additional uncertainties arising, for example, from

theoretical uncertainties.

The most computationally demanding tasks in FullSim are the simulation of the in-
teractions in the tracker and the calorimeter. In these two parts of the detector the
multiplicity of interactions is high. A combinatorial approach is used for the recon-
struction of the particles in the tracker while in the calorimeters the particles are
clustered. In FastSim the information of the ME is exploited to considerably reduce

the track reconstruction time. In Fig. 5.5 a sketch of the simulation of the hadronic
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Figure 5.5.: Sketch of a hadronic shower simulated with FastSim in a small part of the
CMS detector.

showers in the CMS detector with FastSim is provided. An incoming hadron is sup-
posed to transverse most of the ECAL, leaving only a minimal amount of energy and
beginning the shower in either the 10% of the ECAL most distant from the interaction
or the HCAL. The energy deposited in the calorimeter by the shower in the longitudi-
nal and transversal direction is sampled from probability distributions obtained from
FullSim. Only those energy entries in the active calorimeter material are considered

for the reconstruction.

Hadrons have many decay channels, resulting in a multitude of signatures in the
detector. The multitude of channels make the parameterisation and simulation of the
hadronic showers with the FastSim approach challenging. Typically, pions are the
hadrons most present in the HCAL detectors at the LHC. In Fig. 5.6, four shower
examples are shown as simulated with FullSim. These showers originate from a pion
simulated in the barrel part of the CMS detector with an energy of 20 GeV. The
starting point of the shower is always set to the origin of the coordinate system.

The shower examples indicate that the pion decay can have a multipronged structure
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Figure 5.6.: Example of pion showers simulated with GEANT4 in the CMS detector.
The pions have an energy of 100 GeV and are simulated in the central part of the
detector. The shower start has been fixed to the origin of the coordinate system.

(upper and lower right) or be concentrated in a single prong (lower right), similar
to an electron decay. The GFLASH [137, 138] ansatz is used to simulate the shower
shape S. The shower shapes are factorised into longitudinal £(z) and transversal T (r)

probability density functions as
S(r,z) = L(2)T (r). (5.1)

Apart from depending on the radial r and longitudinal z distance from the interaction

these probabilities also depend on the energy
L:p(L|E), (5.2)
T : p(T|E). (5.3)
To describe the longitudinal part, gamma distributions are used of the form

(B2)""e

G(z,a,8) = o)
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Figure 5.7.: Comparison of the energy distribution of 10000 pions between FullSim
and FastSim (left). Fit of the FullSim showers with a Crystal Ball function as defined
in Eq. (5.6) (right). The blue dashed lines mark the endpoint of the Gaussian core.
The solid blue line shows the mean of the Gaussian core. The pions are generated
with an energy of 100 GeV and are simulated in the central part of the detector.

Both, a and 3 are free parameters obtained from fits to FullSim in a wide range of
hadron energies. The gamma function is represented by I'. The expected value is
E(X) = ¢ and the variance is Var(X) = »2, which make it simple to find start values
for « and S in the fitting. The central limit theorem ensures that the total energy
follows the normal distribution. For the transversal shower shape a less complicated

ansatz is chosen with

2rR?
T(r)= m7 (5.5)

having only R as a free parameter.

Even though both the radial and transversal shower shapes have been tuned with
events from FullSim, the energy distributions of the pion showers between FullSim
and FastSim have residual differences. In Fig. 5.7 the energy distributions for FullSim
and FastSim (left) for 10000 pions generated with an initial energy of 100 GeV is shown.
The energy deposited in the detector is corrected by an additional probability density
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function obtained from a fit to FullSim (right). For the fit a double sided Crystal Ball

function is used defined as

_1 1 w—E
sarar, 1 _ nr,
R e O )
f(E7 o,ar,Nr, R, nR) = e%(“;E)Q (56)
1 1 w—FE _
3ARAR 1 — nRr
(1 = o+ ()

The function is named after the Crystal Ball Collaboration, and has six free param-
eters: p,o,ar,ny,ar and ng. It consists of a Gaussian core described by the mean
i and the variance o. The other parameters correspond to power-law tails on either
side. During this thesis the residual corrections were tuned to the latest FullSim ver-
sion for energies between 1 GeV and 1TeV in the central part of the detector. The
updated correction improve the agreement of the energy of ak4 jets between FullSim
and FastSim by up to 10%.

Apart from the residual corrections, FastSim can also be improved by extending the
GFLASH used in CMS. For HCALSs the original authors have suggested the usage of a
longitudinal profile

L= fem Gem(za Aems ﬁem) + (]- - fem) Ghad(zv Qhad; Bhad)' (57)

The profile consists of two G(a, #) functions that are responsible for the electromag-
netic G, and the hadronic G}, parts of the shower. In total, five free parameters
are used: e, Bem), Qhads Bhads a0d fo,. The last is the energy fraction corresponding
to the electromagnetic part of the shower profile. In Fig. 5.8 the longitudinal shower
profiles from the showers presented in Fig. 5.6 are fitted with the extended ansatz.
For most showers good fit parameters between the longitudinal shower profile and
the G(a, B) functions are found. The goodness of fit is expressed in terms of the
probability. Due to the large of amount of fluctuations possible, not all longitudi-
nal shower shapes are captured by the extended ansatz. The accurate simulation of
hadronic showers has gained importance in the last years with the rise of substructure

techniques and is currently under further investigation in CMS for use in FastSim.
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Figure 5.8.: Longitudinal showers profile of pions from Fig. 5.6 fitted by two G(«, )
functions as in eq. (5.7). For most showers good fit parameters between the longitu-
dinal shower profile and the G(a, #) functions are found.
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6. Search for singly produced VLQs

Vector-like quarks, as searched for in this analysis, are an additional generation of
quarks predicted by many extensions of the SM (discussed in Sec. 2.2.1). A plethora
of searches for VLQs have been performed at ATLAS and CMS [2-28]. While most of
these searches focus on pair-produced VLQs, this search is designed for single vector-
like B and X;/3 quarks with masses in the TeV region decaying to a t quark and a
W boson with a muon or electron in the final state. This is the first search at a
centre-of-mass energy of 13 TeV for B and Xj/3 in the final state with one lepton and
jets. Masses in the TeV region or above are very interesting for single VL.QQ production
modes since their production cross sections can be significantly higher than for pair-
produced VLQs. Single X553 and B are produced in association with a t quark or in
association with a b quark. For the three production modes (B+b, B+t, and X;/3-+t)
a light quark is also emitted close to the beam pipe under a small scattering angle

(forward direction).

The analysis strategy to achieve the best sensitivity for B and X5 3 is schematically de-
picted in Fig. 6.1. Even though most of the VLQ signal is expected to decay into fully
hadronic final states, at the LHC the production of multijet events has a cross section
several orders of magnitude larger than any other processes. Because of the large
background for most searches the sensitivity is smaller than in events with leptons.
Additionally, the accurate simulation of these processes is challenging, and the uncer-
tainties are usually larger than for final states with a lepton. Muons and electrons
decay significantly differently than hadrons and are used here to trigger interesting
events. Compared to the other charged leptons, taus decay more similarly to hadrons,
and events consisting of a tau quark and jets are more difficult to distinguish from
multijet events. Their contribution to the sensitivity with the current tau identifica-

tion algorithms is expected to be small. For future analysis with better tau quark
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discrimination, searches with tau quarks in final state might be important. For events
that are triggered, the invariant mass m,.., of the VLQ is reconstructed. The m ..,
distribution is expected to show a peak for a VLQ signal, and a falling invariant tW
mass spectrum from SM backgrounds. For high VLQ masses this provides a good sep-
aration between SM backgrounds and B or X;,3. The invariant mass of the tW system
is reconstructed from jets, the lepton, and the missing transverse momentum (F"*) in
the event. The reconstruction is optimised for VL.QQ masses in the TeV region or above
for VLQs decaying into t quarks and W bosons with high transverse momentum that
are found in opposing directions of the detector (“back to back”). The event selection

is optimised using simulation based on the m,.., distributions, which is later also used

reco
for the statistical interpretation. The sensitivity to VLQs is further maximised by
taking advantage of the characteristic event properties based on t, W, and b tagged
jets, as well as lepton flavour. The SM background prediction is conducted using a
data-driven approach where the jet in the forward direction is exploited to form a
SR and SB. The shape of the invariant VLQ mass distribution in the SB, which is
dominated by SM background, is used as the background shape of the invariant mass
distribution in the SR. By using a background prediction from data, systematic un-
certainties from the SM simulations are reduced. The prediction of the background
shape is validated both in simulation and in data using a dedicated region, which is

not sensitive to B or X553 production.

The analysis strategy is described in detail below. First, the reconstruction of the
tW system is discussed in Sec. 6.1, which describes the employed algorithms and the
performance for signal, simulation, and data. Afterwards, in Sec. 6.2 the selection
is explained, including its triggers and optimisation. Additionally, the agreement
between data and simulation is investigated in the selected phase space. In Sec. 6.3
the categorisation based on the jet tags is specified. The usage of the forward jet for
the SR, the data-driven background prediction, and the validation of the employed
method are described in Sec. 6.4. The figures in this chapter illustrate distributions
for events after the selection detailed in Tab. 6.3 and VLQ signal events with a relative
width of 1% if not noted otherwise.
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Figure 6.1.: Schematic representation of the analysis strategy. The mass is recon-
structed for each event. Events that pass the selection are divided into categories
where the requirement of a jet in forward direction is used to obtain a SR and SB.
The background shape of the invariant mass distribution is estimated from the SB.
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6.1. Top quark and W boson reconstruction

Reconstructing the mass of particles and quarks has been used extensively in the past,
such as in the J/1 discovery [139, 140], the discovery of the top quark [141, 142], and
the Higgs discovery. The reconstructed invariant mass of the combined t quark and
W boson system is the best discriminator between VLQ signal and SM background
found in this analysis. A large number of variables have been inspected based on
four-momentum considerations but showed less discrimination power. The t quark

—1miss

and W boson signature appears in the detector as jets, pr , and a lepton. For the
reconstruction it is assumed that the g™ and the lepton arise only from the decay
chain of the VLQ. Particles (including neutrinos and leptons) from other decays in
the events typically have a very low pr (e.g. the associated t or b) and are not further
considered. To reconstruct the hadronic part of the VLQQ decay chain, combinations of
jets are tested. For the tW system, since VL(Q masses larger than 700 GeV are being
considered, this implies a high Lorentz boost for the decay products of the t quark and
W boson, which leads to them being grouped closely together. The reconstruction is
designed to allow jets to contain the energy of several quarks and exploits the “back

to back” topology of the t quark and W boson.

Two decay chains of the VLQ considered are: (i) a hadronically decaying t quark
(t = Wb — qq + b) with a leptonically decaying W boson (W — 1+ v) and (i) a
leptonically decaying t quark (t — Wb — lv + b) with a hadronically decaying W
boson (W — qq). The former case is called the hadronic t (i) and the latter the
leptonic t (ii) hypothesis. Before the hypothesis selection it is ambiguous whether
the lepton originates from the W boson or the t quark of the VLQ decay. Leptons
and jets that are products of the decay of associated quarks are not considered in the

reconstruction, because their py is very low and they are often not identified.

6.1.1. Leptonic W boson

All VLQ signatures of interest have a W boson in the decay chain which decays

leptonically. The W boson, which decays into a neutrino and a lepton, is reconstructed

— miss — miss

from the pr and the four-momentum of the lepton. The pp is associated with the
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transverse momentum of the neutrino. From four-momentum calculations, where the
mass of the W boson (Myy) is constrained to My, = 80.4 GeV, the neutrino momentum

in z-direction is obtained as

p o® — pr,p]
Prp =« 571 + E12 4T7V T,la

Ty Pr (6.1)
B My, — M}

2

o + prpr,cos(Ad).

In the formulas pr,; denotes the transverse momentum, E; the energy, and M, the
invariant mass of the lepton. The azimuthal separation between the neutrino and
lepton is given by A¢. The two solutions of the quadratic equation are taken into
account in the hypothesis selection. If the reconstructed event has a p,, with an
imaginary part, this part is minimised by varying the z and y components of F**. The
imaginary part arises due to additional neutrinos in the event or the mismeasurement
of the g™, which is mostly the limiting factor in the leptonic W boson mass and
position resolution. A more detailed description on the minimisation of the imaginary
part can be found in Ref. [143, 144]. The misidentification of leptons is a second source
of uncertainty which in the muon channel is very small and for electrons is only a little

larger.

6.1.2. Jet assignment and hypothesis selection

For the decay chain of B or X; /3, at least half of the energy is associated to hadronic
decays, which appear as jets in the detector. Since the LHC is a hadron collider,
jets are abundant not only when the strong force is involved but also in electroweak
interactions. This makes the association of jets to hadrons challenging. However,
combinations of jets with the top quark mass, W boson mass, back to back topology
with a high invariant mass, or jets with high py are far less common, and these

requirements are exploited to select the right hypothesis.

The hadronic part of the VLQ decay chains (i) and (4i) are reconstructed using either

a t tag or ak4 jets. If a t tag is found in the event, the decay chain with a hadronic
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top (i) is assumed for the event. The reconstruction with a t tag is preferred because
the probability to correctly assign the jet, as well as the spatial and mass resolutions
for t quarks with high pr, is better in comparison to the reconstruction with ak4
jets. In contrast, the algorithms with ak4 jets can reconstruct both decay chains and
have a higher acceptance, while the mass resolution of the VLQ is only 2-3% worse.
The assignment of the correct jet hypothesis is the most difficult part of the VLQ
reconstruction due to the number of combinatorial possibilities as a result of parts of
the decay chain being outside of the acceptance of the detector and that there are
additional jets due to pileup. Both algorithms presented here have been scrutinised in
terms of parameters and criteria employed. The use of information from W tags and b
tags has also been studied. The algorithm is chosen based on the expected sensitivity
in terms of exclusion limits at 95% confidence level (CL). All other algorithms and
parameters have a lower sensitivity and were dropped. The reconstruction of the W
or t with quarks in the final state is crucial but more important is the resolution
of the reconstructed mass of the VL(Q since a smaller resolution leads to a higher

discrimination between signal and background.

Events with t tag

Top quarks with pp > 400 GeV reconstructed within an ak8 jet are relatively rare and
dominated in the SM by pair produced top quarks with a very small contribution of
events produced in multijet or W+jets processes. The t tag is associated to the t quark
and the tW system is calculated by combining the four-vector of the t tagged jet and
the four-vector of the leptonically decaying W boson candidates. The reconstructed
tW system with the minimal value of |AR(W,top) — 180°| is chosen - reflecting the
back to back topology of the signal. This reconstruction is referred to as “t tag

reconstruction” in the remainder of this thesis.

Events without t tag

The VLQ signals under consideration often do not have a t tag either because of
the leptonic top (i) decay chain or because, for example, parts of the decay are not

clustered within the ak8 jet. For most events, instead of using an ak8 jet at least one



6.1. Top quark and W boson reconstruction 87

ak4 jet is used to construct the VLQ hypothesis, with |n| < 2.4 and py > 30GeV.
For the hypothesis selection y* functions are evaluated for the various possible jet
assignments. The hypothesis with the highest x> quantity is chosen based on the
probability Prob(x?, Ngor) of the x* functions.

The terms in the y? functions compare the means and deviations of a given permuta-
tion with expected values as obtained from simulation. The reconstruction based on
the x* functions is hereafter called “y* reconstruction”. The information about which
decay chain is reconstructed is not used but might improve the sensitivity with higher
statistics; for example, using the information in the categorisation. The reconstructed
invariant mass is usually robust against misidentifying the decay chain since it is the
sum of the assigned jets and in both reconstruction chains most of the energy of the

simulated VLQ is reconstructed.

The parameters used in the y* function are based on the reconstructed candidates. The
angular distance AR, v is calculated between the reconstructed t and W candidates.
The transverse momentum of the t quark (W boson) candidate are denoted with pr
(pr,w). The combination of the angular distance and the py ratios encode the back to
back topology. The ¢’s denote the standard deviations. Overlined variables denote the
expected values from simulation. For the t quark, the invariant mass was extracted for
the final state with a lepton my )., and the final state consisting only of hadrons 7 .
The measurements of the particles in both final states have different uncertainties that
are propagated to the reconstructed t quark candidates. For the W boson only the
mass of the hadronic final state is used since the mass is already employed for the
reconstruction of the leptonic W candidates. The W and t candidate masses in the y°
functions are only used if the respective candidate is reconstructed from at least two
jets. Otherwise, the invariant jet mass can fluctuate because of additional radiation,
which is not considered. In a future version of this analysis, this could be changed by
considering groomed ak4 jets, but the improvements are expected to be small. The
x> hypotheses are divided into several classes based on the number of ak4 jets. In
the case of at least three ak4 jets, all quarks are expected to decay into separate jets.
Topologies where two or more quarks of the final state are reconstructed in one ak4 jet

are covered by the one or two ak4 jet class.
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3 or more ak4 jets In the case where three or more ak4 jets are used, the back to

back topology and the masses of the t quark and W boson are exploited,

2 2 2
m —-m AR, w—m 1—
Xf,had _ ( t,had ~ t,had) + ( t,V2V ) 4 ( p2T,W/pT,t) 7 (6.2)
Ut’had O-AR UpT,ratio
2 (mt,lep — mt,lep)2 (mw,had - mW,had)2
Xt,lep — 2 + 5 —+
Ot lep OW had
2 2 (63)
(ARt,W - 7T) (1 - pT,W/PT,t)
5 + 5 )
O-AR OpT,ratio

For the hadronic t (i) hypothesis Eq. (6.2) is used and for the leptonic t (i7) case
Eq. (6.3) is used. The hadronic t candidates and the hadronically decaying W boson
are formed by at least two ak4 jets and the leptonic t with at least one associated
ak4 jet. This leads to four free parameters in the leptonic t case and three in the

hadronic t case.

2 ak4 jets For the hypotheses with two ak4 jets, both the hadronic t, and the
leptonic t hypothesis are considered. The respective y* functions exploit the back to
back topology, the pr ratio, and the respective mass of the VLQ decay products. For
the leptonic t hypothesis one ak4 jet would be associated with the t quark and one
with the hadronic W boson. Since the hadronically decaying W candidate consists
of one ak4 jet, its mass is not used. For the hadronic t hypothesis, the t candidate

consists of the sum of four-momenta of two ak4 jets,

. 2 2 2
Xalep _ (mt,lep ; mt7lep) + (ARt,\gf B 7T) + (1 B p;[‘7W/pT7t) ’ (64)
Ot lep OAR UpT,ratio
2 2 2
—m AR w — 1-—
Xahad _ (mt,had - mt,had) + ( t,\;/ ﬂ-) + ( p;,W/pT,t) ) (65)
Ot had OAR OpT,ratio

Both equations (6.4) and (6.5) have three free parameters.
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Figure 6.2.: Gaussian fits to simulated mass distributions of t quarks and the hadron-
ically decaying W boson from the VLQ decay. The results are provided for the B+t
production mode with a mass of 1 TeV, left-handed VLQ couplings, and a relative
width of 1%. The reconstructed and matched leptonic t mass (upper), hadronic t
mass (lower left) and leptonic W mass (lower right) are shown. The ak4 jets asso-
ciated with the t quarks and W boson are matched to generator information with
AR < 0.4 between the simulated and reconstructed t and W candidates.

1 ak4 jet The following equation Y2 . for the hypotheses with one ak4 jet with 1

degree of freedom is used

AR, w —7)° 1-— 2
X% = ( t,V2V ) n ( P2T,W/pT,t) ' (6.6)
OAR UpT,ratio

It only employs the back to back topology.

Expected values and deviations The expected values and standard deviations that
enter the x* functions are obtained from generator information on the particle level

matched to reconstructed jets for t quarks and W bosons in simulated signal events.
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Table 6.1.: Mean values and resolution for the hadronic and leptonic t mass and the
hadronic W boson as obtained from the fits from reconstructed ak4 jets matched to
generator information. The values for the distance between the t and W candidates
is taken from generator information and the variation is tested for values between 0.1
and 2. The values shown are used in the y? functions to select the hypothesis.
Miophad  170.1GeV 0y 1aq 14.29 GeV
Mioplep 172.6GeV  0yop1ep  19.1GeV
My haa 85.5GeV  owpaa  8.7GeV
OAR 0.2 o 0.8 GeV

pT,ratio

The matching selects the hypothesis closest to the generated event by requiring a
AR < 0.4 between the reconstructed and generated quantities for the simulated t
quark and W boson. The combination of ak4 jets is chosen that matches both the
candidates and takes into account the pt between the t and W. In Fig. 6.2 the
distribution of the reconstructed mass is provided for the B quark with a mass of
1 TeV, left-handed VLQ coupling, and a relative width of 1%. The same figure also
presents the distributions of the reconstructed and matched leptonic t mass (upper),
hadronic t mass (lower left), and W mass (lower right) which are used in the x>
functions. The quantities are extracted from Gaussian fits to these matched events.
For the expected values and their standard deviations in the x? functions the average
over all available VLQ simulated samples is used ( given in Tab. 6.1). The values
and deviations are independent of the mass or coupling of the VLQ. For the angular
distance and the pr ratio between the t quark and W boson in the X2 functions the
expected values m and 1 are used. Their standard deviations are chosen by varying

the uncertainty between 0.1 and 2 (GeV). The best expected cross section limits at
- =0.8GeV.

95% CL in simulation are achieved by choosing oo = 0.2 and o,

6.1.3. Simulated VLQ reconstruction

The results of the algorithm described in the previous sections are studied in signal
simulation. The algorithm has to be able to reconstruct the SM t quark and W boson
with high transverse momentum, as well as the invariant mass of the tW system,

corresponding to the invariant mass of the VLQs.
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In Fig. 6.3 the distribution of the reconstructed invariant masses are provided for
signals with a leptonic t (upper left) and a hadronic t (upper right) t candidate. The
distribution for the hadronically decaying W (lower left) candidates are also shown.
These distributions display signal events from the B4t production mode with right-
handed couplings, and B masses of 800, 1100, 1400, and 1700 GeV. The same figure
also displays the distribution of the py of the leptonic W candidate (lower right). The
events in the distributions are shown after the selection summarised in Tab. 6.3, and
apart from differences in the acceptance, the shape of the invariant mass distributions
for all shown signal masses is the same. The py distribution in Fig. 6.3 (lower right)
depends on the mass of the VLQ and is shifted towards higher values for heavier
signals. The peaks of the invariant masses are at the expected positions. The other

production modes (B+b and X;/3-+t) display the same behaviour.

The invariant mass of the tW system is calculated from the vector sum of the re-
constructed t and W candidates’ four-momenta and is denoted by my,..,. The M e
distributions are used in the analysis for both the optimisation of the selection and
the statistical evaluation of the search. It corresponds to the invariant mass of the B
and Xj/3. In Figs. 6.4-6.5 the m,, distribution is shown for both the x? and the t
tag reconstruction, for several VL(Q) masses and relative widths. In Fig. 6.4 the m,..,
distributions are shown for the B+b (upper) and B+t (lower) production modes, for
masses between 800 GeV and 1600 GeV with right-handed VLQ couplings, a relative
width of 1%, for the x* reconstruction (left) and the t tag reconstruction (right).

The reconstructed m distribution has its maximum around the simulated invariant

reco
VLQ mass. The width of the distributions is determined mostly by the experimen-
tal resolution of approximately 10% for the t tag reconstruction, and approximately
13% for the x? reconstruction. The production in association with a b quark has
a better resolution, while the production in association with a t has a higher signal
efficiency. The coupling of the VLQ only has a minor influence on the shape of the
Myeeo distribution. The X553+t production mode exhibits the same behaviour as the

B+t production mode.

The My, distributions for widths of 1, 10, 20, and 30% for the B+b with a mass of
1200 GeV (upper) and B+t with a mass of 1400 GeV (lower) production modes are
provided in Fig. 6.5 for left-handed VLQ couplings. The x* reconstruction (left) has

a wider resolution than the t reconstruction (right). Both peak at the expected value
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for the shown signal events and the resolution widens for events with larger relative
width. The X553+t production mode resembles the B+t production mode in terms of
resolution and acceptance. Signal events with other masses and relative widths behave

in an analogous way.
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Figure 6.3.: Distribution of reconstructed t and W candidates for simulation signal

events with masses of 800 GeV, 1100 GeV, 1400 GeV, 1700 GeV and right-handed VLQ

couplings. The invariant mass of the hadronic (upper left) and leptonic (upper right)

t, the hadronically decaying W (lower left) and the py of the leptonically decaying W
(lower right) are shown. The invariant masses peak around the expected theory values
and the leptonic W carries about half the momentum of the VLLQQ. The coloured lines
in all shown distributions correspond each to the same VLQ signal.
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Figure 6.4.: m.., distribution for signal events with masses of 800, 1000, 1200, 1400,
1600 GeV, and right-handed VLQ couplings in the muon channel. The B produced
in association with a t quark (upper) and b quark (lower) are shown. The m, .
distribution for events with the x* reconstruction (left) is wider compared with the t
tag reconstruction (right) and shows a larger tail to lower masses. More events are
reconstructed with the y? method, and for both methods the signal events peak at the
simulated B mass. The signal cross section is 1 pb for better visibility. The results for
X5/3 are similar to the VLQ produced in association with a t quark. The differences
between events with a muon and an electron is small. The upper distributions are
taken from Ref. [30].
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Figure 6.5.: m,, distribution for signal events with a mass of 1200 GeV (upper) and
1400 GeV (lower) with widths of 1, 10, 20 and 30% for left-handed VLQ couplings in
the muon channel. For corresponding widths scenarios, events reconstructed with a t
tag (right) VLQ have a narrower width than events with the x* reconstruction (left).
The X;/3 behaves the same as the B produced in association with a t quark. The
differences between the two lepton channels is small.
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6.2. Event selection

The selection aims at removing events from SM processes while retaining as much of
the signal as possible. This is essential, since some processes have a production cross
section several orders of magnitude higher than the signal of interest. By selecting a
small phase space of interest, the sensitivity to a signal is greatly enhanced. The event
selection including the trigger, selection optimisation, and final selection is explained

below

6.2.1. Trigger

The trigger is operated during data collection and has an important role in selecting
interesting events depending on the activity in one or several sub-detector systems.
As previously discussed in Sec. 3.2.5, not all events can be stored for later analysis.
Therefore, a sensible first selection during the data collection is performed. The per-
formance of several triggers is studied in a signal simulation for a single VLQs with a
lepton and several jets in the final state. Since the p requirements for triggers based
on jets are very high, they are discarded. Triggers based on the properties of leptons
with much lower thresholds are used. In the electron channel, a trigger that considers
both leptons and jets is used to enhance the acceptance. The trigger has the highest
impact on the signal efficiency of all selection steps and therefore also on the sensitiv-
ity of this analysis. A trigger with forward jets or based on jets with lower thresholds
might enhance the sensitivity of analysis further, although at present lepton triggers

are the most important.

For the VLQ signal, jets are often found in the vicinity of the lepton. This occurs
in situations where the t quark has a high Lorentz boost and the jets of the b quark
are close to the lepton of the W boson decay products. Other sources for additional
radiation found in the vicinity of the lepton can come from other quarks in the event,
and final or initial state radiation. This non-isolated signature is challenging and leads
to a low efficiency for isolated triggers, especially for masses around the TeV scale and
above. To achieve the best sensitivity for the analysed VLQ signature, triggers based

on single muons and electrons are studied both with and without online isolation.
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Table 6.2.: Selection criteria on the denominator and numerator used to study the
efficiency of the trigger as a function of the transverse momentum of the lepton as
shown in Fig. 6.6. The selection applied to the denominator is also applied to the
numerator. The additional quantities for the numerator correspond to the selection
applied at the HLT level.

. . electron trigger
single yu trigger single e e + jets
ak4 jet pp > 185 GeV
Denominator B — tW — l+quarks
2D isolation
Numerator e pr > 50 GeV
(HLT level) | #Pr > 30GeV fepr > LGV 0 6e oy

Additionally, triggers that consider both a single electron or muon and jets are also

investigated.

Triggers are compared in terms of their efficiency, calculated using

nnum

€ =

6.7)

Mgen

Here m,,,, denotes the events that pass the denominator selection and n,,um the events
that pass the numerator selection. The denominator selection requires the event to
have a lepton that is a daughter of the B decay products. Additionally, the event has
to pass the 2D isolation. Events counted for the numerator pass the selections of the
denominator and a selection corresponding to one of the used online HL'T's where the
lepton and jet properties are calculated with lower precision. The requirements to

calculate the numerator and denominator are summarised in Tab. 6.2.

In Fig. 6.6 the efficiency as a function of the lepton py for the muon trigger (upper
left) and the electron triggers (upper and lower right) are shown for three B masses
with left-handed VL(Q couplings. The triggers efficiencies shown for the three VLQ
masses do not have an online isolation requirement. The trigger efficiencies shown
are independent of the masses of the B quark, and a very high efficiency for the
interesting events with a high py lepton of about 95% is achieved. The trigger in the
muon channel with isolation (lower left) is shown without online isolation requirements
for comparison. The selection efficiency is highly correlated to the VLQ mass, and

the number of additional events in comparison to the non-isolated trigger is negligible.
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Figure 6.6.: Trigger efficiencies as a function of the transverse momentum of the lep-
ton for three different B masses with left-handed VLQ couplings. The numerator and
denominator are listed in Tab. 6.2. The trigger efficiency is independent of the trans-
verse momentum of the lepton or the mass of the VLQ. The muon trigger (upper
left) is based on an online muon pr > 50 GeV and shown as function of offline pr.
Two electron triggers are combined, one based on online electron pp > 115 GeV (up-
per right), as well as one based on electron pp > 50 GeV and an online ak4 jet with
pr > 165GeV (bottom right). Both are shown as function of the offline electron pr.
For comparison the trigger requiring isolation in the muon channel (bottom left) is
shown, which displays a mass dependent drop in the signal selection efficiency. For
the isolated trigger no offline isolation is required.

For the combined electron and jet trigger, along with an electron an ak4 jet with
pr > 185 GeV is required in this analysis. The pt requirement ensures that selected
events are on the plateau of the trigger efficiency curve. The trigger based on a muon
and a jet is not shown since the threshold for the muon in this trigger is very similar

to the single muon trigger, and less than 1% of additional events are selected.
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6.2.2. Selection optimisation

To obtain a selection with a high sensitivity to the signal, a basic selection is optimised
by comparing expected asymptotic exclusion limits at 95% CLs for additional require-
ments on MC simulation. The sensitivity is enhanced by reducing the SM background
through additional selections. The exclusion limits are calculated from the binned
Myeco distribution where the binning is chosen such that the statistical uncertainty is
smaller than 5% in any bin. Exclusion limits have the advantage that they do not
depend on a production cross section but give independent results for each mass point
while the full information from the m,., distribution is used. The production cross
section is not fixed and depends strongly on the mixing between SM and the new
physics model, as well as the relative VLQ width. The amount of multijet events is
reduced by several orders of magnitude by a loose first selection. The significance is
used to cross check the results from the expected exclusion limits by using S/v/S + B
as the figure of merit where S is the expected signal and B the background in the
Myeco distribution. Signal and background are counted in a window that contains 90%

of the signal. The VLQ production cross section for a relative width of 10% is used.

The multijet background needs to be reduced since the cross section is several orders
of magnitude larger than any other SM process, and with current MC methods it is
difficult to simulate enough events to have a reliable background prediction with small
uncertainties. Table 6.3 shows a summary of the first selection (pre-selection), where
events passing fulfil: g > 40 GeV, Hpy > 100GeV, pr > 30GeV of the ak4 jet
with the highest pp (leading), the trigger, and the 2D isolation requirement (details
in Sec. 4.2.3). The triggers include a lepton selection to avoid the trigger inefficiencies
for low lepton transverse momenta. The criteria are based on the topology with either
a muon or electron in the final state, requirements from the reconstruction algorithms,
and an efficient multijet reduction. The characteristics of multijet events is exploited:
the leptons are often soft and within hadronic decays, and the amount of g™ is
small. The expected limits at 95% CL are calculated using only statistical and rate
uncertainties on the simulated SM processes of 50% for W-+jets, 100% for multijet,

50% for tt, and 50% for single t quarks.

The cross section limits are shown in Fig. 6.7 for the muon channel as a function of

— miss

the scanned variable: pp™ (upper left), Hy (upper right), leading ak4 jet pr (lower
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Table 6.3.: Summary of the selections applied on the data and simulation, split by
lepton flavour. First, a loose selection (pre-selection) is applied to suppress most of
the multijet background, and afterwards the additional selection steps applied are
optimised as described in Sec.6.2.2.

Pre-selection Muon Electron
Lepton trigger | p with pp > 55 GeV ¢ Wlt};fl) dT a>ki2j(e) thiXhO;;Vihlgg 56\5/5 GeV
ak4 jet 1 with pr > 30GeV and |n| < 2.4
2D isolation Prre > 25 || AR > 0.4
s 40 GeV

Hr) 100 GeV

Selection Muon Electron
D 50 GeV 60 GeV

Hr, 250 GeV 290 GeV
ak4 jet 2 with pp > 50 GeV and |n| < 2.4
ak8 jet at least 1 with pp > 175, |n| < 2.4

left) and the number of ak4 jet (lower right). The variables are scanned for all possible
selections and the best cross section limit is displayed as a function of the scanned
variable for the B+b production mode, right-handed VLQ couplings, a relative mass
of 1%, and masses of 800, 1000, 1200, and 1500 GeV. The highest sensitivity of the
analysis corresponds to the smallest cross section limits. For the muon channel the Hy
and the leading ak4 jet are mostly independent of the chosen selection, only showing
fluctuations at very high values. For the pp 58 and number of jets, lower values are
preferred. The selection with one jet was also tested, but no improvement was found in
comparison to two jets. The selections were optimised for VLQ masses around 1 TeV
but do not significantly affect the limit for lower or higher masses. The numerical
values for the combinations of selections are compared and the final selection is found
to have the highest sensitivity. The final selections applied on the events are shown as
vertical lines. The results for the electron channel are shown in Fig. 6.8. The muon and
electron channels are scanned independently and display a similar performance. For

— miss

the pr | slightly higher values are preferred in the electron channel, which is expected
since the amount of multijet events is much larger in the electron channel. In general,

the statistics in the electron channel are lower due to the higher thresholds.

For the expected significance, the most important selections are also scanned for the
B+b production mode with right-handed VL(Q couplings in Fig. 6.9. In the scan
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Figure 6.7.: Expected limits at 95% CLs as function of the scanned selection for the
muon channel for the B+b production mode with masses of 800 to 1500 GeV, right-
handed VLQ couplings, and a relative width of 1%. The g (upper left), Hr (upper
right), ak4 jet pp (lower left), and the number ak4 jets (lower right) are scanned, and
the smallest expected limit at 95% CL is shown for each selection. The vertical dashed
lines represent the selection with the overall highest sensitivity.
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Figure 6.8.: Expected limits at 95%CLs as function of the scanned selection for the
electron channel for the B4+b production mode with masses of 800 to 1500 GeV, right-
handed VLQ couplings, and a relative width of 1%. The p** (upper left), Hr, (upper
right), ak4 jet py (lower left), and the number ak4 jets (lower right) are scanned, and
the smallest expected limit at 95% CL is shown for each selection. The vertical dashed
lines represent the selection with the overall highest sensitivity.
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the muon channel(upper) and electron channel(lower) for simulated background and
signal events. The signal S and background B has been calculated in a windows in the
Myeco distribution, which contains 90% of the signal. The scan is explained in detail
in the main text.
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a higher sensitivity in the analysis corresponds to larger values of the significance.
The results are consistent with the results obtained for the exclusion limits. For both
optimisation algorithms the best choice of jets is two ak4 jets, at least one ak4 jet with
apr > 50 GeV, and one ak8 jet. For the muon (electron) channel, Hr; > 250(290) GeV
and g™ > 50(60) GeV are found to be the values that yield the highest sensitivity
for the selection. The higher values in the electron channel are the result of the higher
misidentification rate of electrons in comparison to the muons, which results in a larger
presence of multijet events and other SM backgrounds. The selection obtained in the

optimisation process is summarised in Tab. 6.3 for the muon and electron channels.

6.2.3. Selected phase space

Good agreement between simulation and data is essential for validating the optimisa-
tion, reconstruction, and transfer factors calculateds in Sec. 6.4. Most measurements
at the LHC have shown very good agreement between data and simulated SM pro-
cesses. The agreement between data and simulation is evaluated for events that meet
the requirements discussed in Tab. 6.3. A small subset of distributions of the quantities

employed in the optimisation and the reconstruction of m,.., are shown below.

In Fig. 6.10 the distributions of the muon (upper left) and electron (upper right) pr
are illustrated. Both distributions display a flat spectrum for pp < 200 GeV due to the
Hr, selection. The pr distributions of the employed jet algorithms are also shown:
ak4 jet in the muon channel (lower left) and ak8 jet in the electron channel (lower
right). The distribution of p"* in the muon channel (upper left) and of Hr, in the
electron channel (upper right) are shown in Fig. 6.11. The plateau visible in the g™
distributions is also due to the selection applied on Hp,;. The distributions for the
N-subjettiness ratio 73/7, for all ak8 jets in simulation and data in the muon (lower

left) as well as in the electron (lower right) channel are shown in the same figure.

The dark grey bands in the ratios show the systemic uncertainties derived from the jet
energy corrections (JEC), JER, PDF, scale, and renormalisation variations. The light
grey bands show the statistical uncertainties. Within uncertainties the SM simulation
describes the data well and no additional scale factors for simulation required. The

sensitivity of the shown distributions for any VLQ signal are more than an order of
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Figure 6.10.: Distributions of the muon (upper left) and electron (upper right) pr,
as well as for the pp of ak4 jets for the muon channel (lower left) and for the py of
ak8 jets in the electron channel (lower right). Events in the distributions pass the
full selection. The plateau visible in both upper distributions is due to the selection
applied on the Hr .
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Figure 6.11.: Distributions of the Ff"™ in the muon channel (left), Hr ) in the electron
channel (right) and of the N—subJettlness ratio 73/7, for all ak8 jets in the muon (lower
left) and electron (lower right) channel. The full selection is applied on the events in
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magnitude smaller than the predicted cross sections. The presence of signal in these

distributions would be negligible.

6.2.4. Data and SM reconstruction

The agreement between data and simulation in the chosen phase space is crucial to
ensure that the reconstruction algorithm is well-behaved and works as expected. The
phase space after the selection consists mostly of events with a t and W and is used
for this purpose. Furthermore, the reconstruction is designed for the signal masses
above 1TeV with decay products with high momentum and a large Lorentz boost.
The distributions for the reconstructed t quark and W boson are shown and compared
for different signal masses as well as between data and SM simulation. The invariant
masses shown are the four-momenta sum of at least two ak4 jets or two subjets from an
ak8 jet. Figure 6.12 illustrates the mass distribution for the simulated SM background
prediction and data for the leptonic t (upper left), hadronic t (upper right), and
hadronic W (lower left) candidates. The py of the leptonic W candidate (lower right)
is also shown. The simulation and the data agree within uncertainties. The mass
peaks in both the data and simulation at the expected t and W masses. For the py
of the leptonic W candidate a peak at 250 GeV is visible due to the selection. In the
SM the top quark pair production with a lepton in the final state has both t quarks
decaying into jets or into jets or with a lepton; therefore, it is the most important SM
background process. The simulated distribution of events from the Wjets process
also has a peak at the t mass, because the reconstruction was optimised for high VLQ
signals. In the reconstructed VLQ mass no such shift is visible, so this has no influence
on the sensitivity of the analysis. The reconstructed t quarks and W bosons behave

as expected for data as well as the signal and SM simulation. The m.., distribution

reco
for the SM background processes is provided in Fig. 6.13 for the x* reconstruction
(left) and the t tag reconstruction (right) after the selection is applied. It is further
divided by lepton flavour, for events with a muon (upper) or electron (lower). The data
and simulation agree within uncertainties. The light and dark grey bands represent
the systematic and statistical uncertainties of the simulation, respectively. The total
uncertainties are in the range of 20 to 50%. Since the simulation yields very large
uncertainties, a data-driven method that reduces the uncertainty drastically is used

for the final evaluation and is detailed in section 6.4.
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Figure 6.12.: Distribution of reconstructed t and W candidates in SM simulation and
data for the x” reconstruction. The invariant mass distributions of the hadronic (upper
right) and leptonic (upper left) t, the hadronically decaying W (lower left) and the pr
of the leptonically decaying W (lower right) are in the muon channel. The invariant
masses peak around the expected theory values. The simulation agrees with the data
within the uncertainties.
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Figure 6.13.: m,e., distribution for the x* (left) and t tag (right) reconstruction in
the muon (upper) and electron (lower) channel for SM simulation and data after the
selection. The data and simulation agree within the uncertainties. The light and dark
grey bands show the systematic and statistical uncertainties of the simulation. The
total uncertainties are in the range of 20% to 50%. The distributions are taken from

Ref. [30].
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6.3. Categorisation

In many analyses, events are split into several mutually-exclusive categories to max-
imise the sensitivity by exploiting additional information available in the event. These
categories have higher relative signal fractions or lower uncertainties in comparison
with the combined distributions. In this analysis the categories are chosen based on
the presence of jets identified as hadronically decaying W bosons, t, b quarks, as well
as based on the lepton flavour. The most sensitive categories here are those with a W
tag or t tag. The categorisation scheme is presented below, and the properties of the
categories are discussed. In addition, SM simulation is compared to data while the
sensitivity of a single analysis category is studied by comparing expected exclusion
limits at 95% CL.

— muon
ttag — electron
X? reconstruction
W tag
2 b tags
1btag
0 tags
signal region sideband region
with forward jet without forward jet

Figure 6.14.: Categories used for SR and SB used in the statistical evaluation. The
muon (electron) channel is represented in dark blue (purple). The reconstruction with
and without a t tag are shown in light blue and green.

Figure 6.14 illustrates the categorisation scheme including SRs and SBs (as explained
in Sec. 6.4). The categorisation is based on the lepton flavour (muon or electron) and
the number of t/W /b tags in an event. Based on the jet tagging, events with a t tag
are grouped into one category (t tag) or, if no t tag is found, events with a W tag
are collected in a second category (W tag). If neither a t nor a W tag is present,

events are categorised depending on the b tag multiplicity. In total three type of b
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tag categories: at least 2 b tags, exactly 1 b tag, and events with no tag (0 b tag).
These five categories based on the jet tagging are subdivided into muon and electron

flavours, resulting in a total of 10 categories.

Both the t tag as well as the W tag categories target signal events with a large Lorentz
boost where either the decay products of the t quark or the W boson are merged into
one ak8 jet. In the categories with b tags, VLQ mostly have a significantly lower
Lorentz boost. In Fig. 6.15 the m,.., distributions in data for the electron channel,
along with background predictions from MC simulation, are shown for events with
a tagged jet. The SM background in the t tag (upper left) and 2 b tag (lower left)
categories are dominated by ¢t events. The categories with a W tag (upper right)
or 1 b tag (lower right) have a higher W+jets contribution. The SM background in
the 0 b tag category is dominated by the W+jets process. Apart from these two SM
processes, processes with single t quarks also make a sizeable contribution. The best
mass resolution for the y? reconstruction is found in the 2 b tag category. Simulation
and data agree within uncertainties, while the systematic uncertainty in the simulated

backgrounds is of the order of 20%. The muon channel showcases the same features.

The impact of the categories on the sensitivity of the analysis is evaluated by comparing
the expected exclusion limits at 95% CL on the product of branching fraction and
cross section between the single categories and the combination of all categories. The
expected limits are computed using the data-driven background estimation method
explained in Sec. 6.4 and the systematic uncertainties explained in Sec. 7. For the
B+b (left) and VLQ +t (right) production modes, the expected exclusion limits at
95% CL are illustrated in Fig. 6.16. The most sensitive categories contain a W or t
tag, while the category with 0 b tags is the least sensitive. By including categories
with b tags, the overall sensitivity of the expected CL is enhanced by approximately
20%. The categorisation itself yields an overall improvement of approximately 50%.
The events are not split further based on the reconstruction modes (hadronic 7 and

leptonic i top), because the statistical uncertainties become dominant.
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Figure 6.15.: m,., distribution for the electron channel with background from simu-
lation. The distribution for events with a t tag (upper left), a W tag (upper right), 2
b tags (lower left) and 1 b tag (lower right) are shown. Signal in the B+t production
mode with right-handed VLQ couplings, a relative mass of 1%, and a cross section of
1 pb is displayed in the figure. The muon channel exhibits the same behaviour.
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Figure 6.16.: Expected upper limits at 95% CL as function of the VLQ mass for the
single categories and the combination in the B+b (left) and B+t (right) production
modes with 1% relative widths and right-handed VLQ couplings. The results of the
X5/3+t production mode are similar to the B+t mode. The background prediction
is taken from data (discussed in Sec. 6.4) and uncertainties are taken into account
(explained in Sec. 7). The sensitivity of the analysis is improved by an order of
magnitude by combining the several categories, compared to the results of a single
category.
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6.4. Signal region and background estimation

The forward jet accompanying the VLQ signal, which is not present in most SM pro-
cesses, is used to construct both a region enriched with signal and a region dominated
by SM backgrounds. The kinematics of the jet in the forward direction are indepen-
dent of the categorisation and reconstruction of the invariant VL(Q mass. Therefore,
the kinematics for both regions are expected to be very similar, which is tested in sim-
ulation. Events with a forward jet are sorted into SRs, and those without a forward jet
in SBs. The SBs are used to predict the background distributions in the corresponding
SR categories. The method is validated both in simulation and with a subset of events
in the SRs in data. By using a data-driven background estimate, the systematic and

statistical uncertainties on the simulation of the background estimation are avoided.

6.4.1. Signal and sideband regions

The SR is defined using the quark jet in the forward direction, which is a feature
of the single VLQ production at LO. The energy of this quark is high and its pp
usually low, making it difficult to distinguish them from pileup. In this analysis
forward jets are defined as ak4 jets with 2.4 < |n| < 4 and pr > 30GeV. In Fig. 6.17
distributions of the ak4 jet leading in |n| for events in the muon channel are provided
for the x* reconstruction (left) and the t tag reconstruction (right). The electron
channel displays similar features. If no ak4 jet is found beyond |n| > 2.4, akd jets
not employed in the x? reconstruction or for the t tag reconstruction with at least
AR(t tag, akd jet) > 1.2 are also shown. Most of the signal is located at |n| > 2.4. If
no ak4 jet is found with |n| > 2.4, the event is used for the SM background estimate
in the SB. For the SR with a W tag, an additional loose b tag is required, which
improves the sensitivity in this region. On the other hand, the kinematics between
SR and SB are changed, which increases the required correction factor. About 30% of
the events in data have a forward jet, while about 80% of the signal events do. This is
mostly independent of the category and a general feature of the SM predictions, with
single t quark production being an exception. Single t quarks produced in association
with a W boson and a quark in forward direction have LO Feynman diagrams almost
identical to those of the VL(Q signals. Due to the high mass of the VLQ signal, this
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Figure 6.17.: Distribution of n for the most forward ak4 jet in the muon channel in
simulation and data. Jets below |n| < 2.4 have not been used for the reconstruction
of Myeeo- Both the x* (left) and t tag (right) reconstructions are shown. The electron
channel displays similar features.

SM process is only of minor importance, and its effect is taken into account in the

background prediction by transfer parameters.

The event yields in the 10 SR categories are provided in Tab. 6.4 for simulation and
data. In Fig. 6.18 the signal efficiency is shown as a function of the VLQ mass for
the B+b (upper left), B+t (upper right), and X;,3+t (lower) production modes. The
denominator of the efficiency consists of signal events where the VLQ decays into a
t quark and a W boson. The numerator is calculated from the subset of events in
the SR. In this figure the efficiency is shown for the 1, 10, 20, and 30% relative
widths for both the left-handed and right-handed VLQ couplings. The efficiency of all
VLQs rises with their mass. Events with right-handed couplings and with a relative
width of 1% of the VLQ have the highest efficiency of the B4+b and X534+t production
modes, while for the B4+t production mode the events with left-handed coupling have
the highest efficiency. The efficiency is mostly independent of the width for relative
widths of 10, 20, and 30% apart from the lowest mass samples. For the lowest VLQ
masses the efficiency increases with the relative width, which indicates that the trigger

is not optimal for the lowest mass points.
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Table 6.4.: The event yields for SM processes in the SR are presented for the 10
categories used in the statistical evaluation. The event yields are higher for data than
for simulation. Within an overall rate uncertainty of 15%, data and simulation agree.

Lepton ‘ Process ‘ t tag W tag 2btags 1btag 0Db tags
tt +jets | 418 2497 2722 5755 3523
W +jets | 69 716 548 3226 22673
i channel 7 +jets 2 33 23 169 1192
Multijet 6 114 180 1482 2867
single t 4 101 223 550 296
data 552 3619 3834 10307 25523
tt +jets | 238 825 939 1963 1185
W +jets | 42 315 257 1433 9259
o channel 7 +jets 1 12 8 56 370
Multijet | <1 <1 <1 <1 <1
single t 2 53 70 179 70
data 301 1235 1376 3827 10143
12 B+b 12
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Figure 6.18.: The signal efficiency is shown as a function of the VL.QQ mass for the B+b
(upper left), B+t (upper right) and X;/3+t(lower) production modes. The denomina-
tor of the efficiency consists of signal events where the VLQ decays into a t quark and
a W boson. The numerator is calculated from the subset of events in the SR.
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6.4.2. Background estimation

The SB is defined as a phase space that is statistically independent of the SR and
has very few signal events but very similar kinematics for SM processes. Therefore,
the shape of the SB is used as the shape of the SM processes in the SR for the
Myeco distribution. The normalisation for the background estimate is left free floating,
assuming that the signal will appear as a peak in the m,.,, distribution, with mild

influence on the normalisation of the background prediction.
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Figure 6.19.: Signal region to SB transfer parameters as function of m,., in the muon
(left) and electron (right) channel for the categories listed in Sec. 6.3. The transfer
factor is the ratio of the SR and SB in simulation after rebinning the distributions to
have less than a 5% statistical uncertainty in any bin. The statistical uncertainty is
propagated to the scale factors and shown as error bars.

The SR and SB are compared in simulation for background composition and kinemat-
ical differences in the m,., distribution. Apart from fluctuations, both regions only
show residual differences, which are addressed by transfer parameters for the m e
distribution derived from simulation. Figure 6.19 shows the transfer factors of the
muon (left) and electron (right) channels. The transfer factors are calculated in each
category by dividing the m,.., distribution in the SR by the corresponding distribu-
tion in the SB in simulation. The binning of the distributions is chosen such that
the statistical uncertainty is smaller than 5%, and they are normalised to the same
number of events. The statistical uncertainty is propagated and later added to the
statistical uncertainty of the data-driven background estimate. The scale factors are

generally within 10% of unity with no deviation larger than 20%.
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The influence of the signal in the SB on the sensitivity of the analysis is negligible for
both the upper exclusion limits at 95% CL and the normalisation. For the significance,
the presence of signal in the SB is taken into account. Details are found in Appendix C,
where the presence of signal is studied in simulated events and signal is injected into

the simulation. The final background estimation is shown in Chapter 8.

6.4.3. Background validation

The background estimation method is validated by selecting events with a low y*
quantity (the region is hereafter called “validation region”), which leads to a small
number of signal events. As with all other, the events in the validation region are
sorted into a SR and SB. The background modelling is tested after applying the
transfer parameters. The m,.., distributions in the different categories are used for a

closure test as shown in Fig. 6.20 and 6.21.

The y? quantity is based on the probability of obtaining the respective x* given from
Eq. 6.6 to 6.2. For events reconstructed with a t tag Eq. 6.2 is used. If the probability

of the x? quantity is p < 0.08 for an event, it is sorted into the validation region.

The validation region is divided into categories as discussed in Sec. 6.3, and into a SR
and SB as discussed in Sec. 6.4. The residual kinematic shape differences are corrected
using the transfer parameters illustrated in Fig. 6.19. The background estimate is
fitted using a maximum likelihood fit to obtain the normalisation. The results of the
data-driven background estimate in the validation region are presented in Fig. 6.20 for
the muon channel and in 6.21 for the electron channel for the categories: t tag (upper
left), W tag (upper right), 2 b tag (middle left), 1 b tag (middle right) and 0 b tag
(lower). The regions with and without a forward jet agree within the uncertainties

and have a p-value of 80% for a combined least-squares test of all categories.

The sensitivity in the validation region, as studied in simulation, is about an order
of magnitude smaller than that of the full phase space and well above theory predic-
tions. The impact of the signal on the validation region is negligible, as detailed in

Appendix C.
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Using the validation region, the transfer parameters are verified by comparing them
between data and simulation for the SR and SB. Within the propagated statistical
uncertainties they agree. For the statistical evaluation of the transfer parameters a
least-squares test is performed on the combined bins of all categories with a p-value

of approximately 0.8.

The background estimation method works in simulation and in the validation region

for both simulation and data.
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Figure 6.20.: Distributions of m,.., in the validation region of the categories in the
muon channel. The validation region is a subset of the SR and SB and explained in the
main text. The lower panels show the difference of data and background expectations
in units of the total (stat. and sys.) uncertainty on the background estimate. The
upper distributions and most of the caption are taken from Ref. [30]
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Figure 6.21.: Distributions of m,.., in the validation region of the categories in the
electron channel. The validation region is a subset of the SR and SB and explained in
the main text. The lower panels show the difference of data and background expec-
tations in units of the total (stat. and sys.) uncertainty on the background estimate.
The upper distributions and most of the caption are taken from Ref. [30]
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7. Systematic uncertainties

The systematic effects considered affect both the shape as well as the normalisation of
the m,q., distribution for the signal and the SM background predictions. Uncertainties
taken into account include effects from the detector, theory predictions, and statistics.
In this analysis, two distinct types of uncertainties are considered: uncertainties re-
garding the signal simulation and the data-driven SM background prediction. For the

uncertainties, the muon and electron channels are assumed to be fully correlated.

The uncertainties regarding the simulated signal influence both the shape and nor-
malisation. They are mostly derived from additional measurements or by comparing

various theoretical predictions. The uncertainties considered are summarised below.

e The luminosity recorded with the CMS detector for the 2016 data taking pe-
riod at /s = 13TeV is determined in an independent measurement with an

uncertainty of 2.5% concerning the rate of events [74].

e Based on the total inelastic cross section the number of pileup interactions is
matched to the instantaneous luminosity profile in the data with a minimum-
bias cross section of 69.2 mb. The associated systematic uncertainty is obtained

by varying the minimum-bias cross section by 4.6% [145].

e Correction factors for simulated events are applied for the lepton trigger, iden-
tification, and isolation efficiencies. The systematic uncertainty on the m,..,
distribution is obtained by varying the n— and pp-dependent correction factors

within their uncertainties.
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e Jet energy correction and resolution: correction factors on the jet energy
are computed as functions of pp and 7. The uncertainty is estimated by simulta-
neously varying the factors within their uncertainties for ak4 and ak8 jets. The

changes in ak4 jets are propagated to p™ [95].

e The differences in the b tag efficiencies and mistag rates between data and
simulation are corrected by pr-dependent scale factors applied to simulation.
These are calculated on an event by event basis for light and heavy flavours.
The scale factors for ak4 jets and subjets of ak8 jets are varied within their

uncertainty. The heavy and light flavour jets are varied separately [146].
e The efficiency of the t tag has a rate uncertainty of 7% and —4% [102].

e For the W tag two uncertainties are added in quadrature: the jet mass resolu-
tion and scale. The contribution of the jet mass resolution is derived from the
differences of the hadronisation and shower models of PYTHIA and HERWIG [147].
This contribution depends on the pr of the W boson, which is given by the mass
of the VLQ. For a VLQ mass of 700 GeV the uncertainty is approximately 2%,
and for a mass of 1800 GeV about 6%. The jet mass scale uncertainty was

measured on the peak of the W boson and found to be 1%.

e The uncertainties originating from the choice of PDF are taken into account
using a set of 100 replicas corresponding to the different PDF measurements
from the NNPDF3.0 set. The uncertainties are calculated in accordance with
the recommendations for the LHC in Ref. [127].

e Factorisation py and renormalisation scale p, uncertainties are evaluated

by varying the scales independently by factors of 0.5 and 2.

Table 7.1 lists the impact of the uncertainties on the signal. For the uncertainties of
e, oy, and the PDF's only the change in acceptance and shape are taken into account.
The uncertainty with the largest impact on the sensitivity from signal events is the
determination of the jet energy scale. The effect of these uncertainties on the result is

small in comparison to the uncertainties associated with the background prediction.
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Table 7.1.: Uncertainties considered for simulated signal events in the B+b production
mode (mp = 900GeV) for right-handed VLQ couplings for the t tag and W tag
categories. The uncertainties in the b tag categories are of comparable size to those
in the W tag category. Text and numbers are from Ref. [30].

Uncertainty t tag (%] W tag [%)]
W tagging Rate - 3.3
t tagging Rate fz —
Luminosity Rate 2.5 2.5
Pileup Shape 1-3 0.2
Lepton reconstruction Shape 2-3 2-3
b tagging Shape 2.5 2.5
Jet energy scale Shape 2-6 1-5
Jet energy resolution  Shape 1-2 1-2
PDF Shape 2-3 0.5
g and g, Shape 0.3 0.2

The uncertainties of the background prediction are one rate uncertainty per jet tag
category (five in total) and shape uncertainties due to kinematic differences between
the SR and SB. The rate uncertainty per jet tag category has an effect that is smaller
than 4%. The prior normalisation of the background shapes is set to the event count in
the corresponding SR category and the uncertainty is set to infinity (technically a large
value). Kinematic differences between the SR and SB are taken into account through
the transfer factors (as discussed in Sec. 6.4). Uncertainties associated with these
kinematic differences are obtained from not applying the transfer factors and applying
them twice. In Fig. 7.1 the m,.., distributions and their uncertainties derived from
the transfer parameters are illustrated for the categories with W tag (upper) and t
tag (lower) in the muon (left) and electron (right) channels. The uncertainty of the
transfer parameters is in the order of 20% and larger than the statistical uncertainty.
The uncertainties concerning the background prediction are considerably constrained
during the statistical evaluation. The kinematic differences after the evaluation have
an effect of 3—12% depending on the category. Because the SM background prediction
is taken from data, only the statistical uncertainty, the uncertainty on the transfer
parameters and the normalisation are taken into account. The main uncertainty is
related to the kinematic differences between the SR and SB based on the transfer

parameters.
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Figure 7.1.: Distributions of m,, in the SB region in the muon (left) and electron
(right) channels. The green and red lines show the upwards and downwards variations
on the shape used as uncertainties for the W tag (upper) and t tag (lower) categories.
The grey bands in the ratio display the statistical uncertainties on the background
prediction.
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8. Results and interpretation

The my,., distributions are measured in the 10 SR categories with a data-driven SM
background prediction from the SB. The SR and SB are defined by the presence or
absence of an ak4 jet with |n| > 2.4. The distributions in the SR are found to have the
highest discrimination power between SM processes and the B+b, B+t, and X;,3+t
production modes, where the VLQ is assumed to decay into a t quark and a W boson
distributions in the SR,
with the background prediction from the SB are used to calculate the standard score
(defined later) for the B+b, B+t, and X3+t production modes with masses between
0.7 and 2 TeV, right- and left-handed VLQ couplings, as well as relative widths of 1 to

30%. The standard score is used to classify the signal strength observed in the M.,

with a muon or electron and jets in the final state. The My,

distributions. As a final step the upper limits at 95% CL on the product of production

cross section and branching fraction for the signals are computed.

The binning of the m,., distribution is chosen such that no bin has a statistical
uncertainty higher than 20% for the background prediction, thereby avoiding large
fluctuations. The resolution of the VLQ invariant mass is also taken into consideration
for the binning and from simulation is found to be approximately 15%. Of the selected

events, none exceeds the shown range.

In Fig. 8.1 and 8.2 the measured m,.., distributions are illustrated with the background
prediction from the SB for the muon and electron channels. The normalisation of the
background prediction is obtained from a maximum likelihood fit of the SB to the SR.
The B+b production mode is shown for two masses with a cross section of 1pb, left-
handed VLQ couplings, and a relative width of 1% to illustrate the shape of a VL(Q in
the m,.., distribution. The five jet tag categories are shown for the two lepton flavours:
t tag (upper left), W tag (upper right), 2 b tags (middle left), 1 b tag (middle right),
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Figure 8.1.: Distributions of m .., measured in the signal region for events with a jet
in the forward direction with |n| > 2.4 in the muon channel. Shown are the categories:
t tag (upper left), W tag (upper right), >2 b tag (middle left), 1 b tag (middle right)
and 0 b tag (lower). The background prediction is obtained from control regions as
detailed in the main text. The distributions from two example signal samples for the
B-+b production mode with right-handed VLQ couplings with a cross section of 1 pb
and a relative VLQ width of 1% are shown for illustration. Distributions and caption
from Ref. [30].
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Figure 8.2.: Distributions of m,.., measured in the signal region for events with a jet in
the forward direction with |n| > 2.4 in the electron channel. Shown are the categories:
t tag (upper left), W tag (upper right), >2 b tag (middle left), 1 b tag (middle right)
and 0 b tag (lower). The background prediction is obtained from control regions as
detailed in the main text. The distributions from two example signal samples for the
B+b production mode with right-handed VLQ couplings with a cross section of 1 pb
and a relative VLQ width of 1% are shown for illustration. Distributions and caption
from Ref. [30].
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Table 8.1.: Standard score derived from the likelihood ratio for production modes
B+b and B+t with a relative mass width of 1% (10%), left- and right-handed VLQ
couplings. The signal is subtracted from the SB as detailed in the main text. The
numerical uncertainty is given in parentheses. No significant deviation from the SM
prediction is observed.
B+b B+t
TeV 1% RH 10% LH 1% RH 10% LH

08 -1.19 (0.08) -0.60 (0.06) 1.28 (0.08) 0.86 (0.07)
1.0 1.30 (0.08) 1.08 (0.07) 1.03 (0.07) 0.93 (0.07)
1.2 045 (0.06) 0.81 (0.07) -0.84 (0.06) 1.33 (0.08)
1.4 -0.75 (0.06) -0.83 (0.06) -0.59 (0.06) -0.90 (0.07)
1.6 -0.86 (0.07) -0.66 (0.06) -0.98 (0.06) 0.59 (0.06)
1.8 0.79 (0.06) 1.52 (0.09) 1.27 (0.08) 1.50 (0.09)

and 0 b tags (lower). The distributions agree with the SM background prediction
and show the same behaviour in both lepton channels. Small differences arise due to
higher thresholds in the electron channel, as well as from statistical fluctuations. The
distributions display the number of events in each bin divided by the bin width in
GeV. The ratio of the background prediction and the SR data is presented below the
distributions. The uncertainties in the ratio for data in the SR are displayed as vertical
lines and for the background prediction as grey bands, with the dark grey band being
the statistical and the light grey the systematic uncertainties. The uncertainties for
the predicted SM background are very small compared to simulation and are driven by
the amount of collected data. Overall, the data agrees with the background prediction
and no sign of new physics is found, which is quantified by calculating the standard

score.

The standard score is calculated exploiting a hybrid approach of Bayesian and fre-
quentist interference in the THETA framework [148] using binned maximum likeli-
hood estimators. In this approach pseudo data are randomly sampled according to
the background prediction and its model uncertainties. The obtained distributions are
minimised for models both with and without signal, and the standard score is obtained
from the ratio of the binned likelihood estimators [149, 150]. The uncertainties of the
background prediction and the signal are considered as nuisance parameters where un-
certainties on cross sections are sampled from a uniform prior and log-normal priors are
used for the other nuisance parameters. The two lepton channels are combined for the

calculations. Even though the amount of signal in the SB is small, its presence would
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Table 8.2.: Observed (expected) upper limits at 95% CL on the product of the cross
section and branching fraction for the B4+b and X; 5+t production modes, for a set of
VLQ masses, for VLQs widths of 1% and 10%, and for left-handed and right-handed
couplings. The exclusion limits for the B4+t production mode (not shown) are very
similar to those for the X;,3+t mode. Table and caption from Ref. [30].
Xs5/3+t B+b
TeV 1% LH 10% LH 1% RH 1% LH 10% LH 1% RH

08 0.31(0.27) 0.32 (0.25) 0.21 (0.18) 0.29 (0.36) 0.27 (0.36) 0.25 (0.29)
1 0.25(0.15) 0.25(0.16) 0.15 (0.10) 0.29 (0.17) 0.29 (0.19) 0.21 (0.12)
1.2 0.10 (0.09) 0.10 (0.10) 0.06 (0.06) 0.10 (0.10) 0.11 (0.11) 0.07 (0.07)
1.4 0.05(0.06) 0.05(0.07) 0.03 (0.05) 0.07 (0.07) 0.06 (0.08) 0.03 (0.05)
1.6 0.04 (0.04) 0.05(0.05) 0.03 (0.03) 0.05 (0.05) 0.05 (0.06) 0.03 (0.04)
1.8 — 0.05 (0.04) - 0.04 (0.04) 0.05 (0.04) 0.03 (0.03)

change the results and is taken into account. In contrast to the fits of the SB to the
SR (for Fig. 8.1 and 8.2), for the significance the VLQ signals are taken into account
in both regions. Therefore, the SB is fitted to the SR, including in both regions one
signal mass point with either left- or right-handed VLQs from one of the production
modes: B+b, B+t, or X;/3+t. Afterwards, the cross section obtained from the binned
maximum likelihood fit is subtracted from the SB and the uncertainty of the signal
cross section fit is propagated to the background prediction. The significance is then
calculated considering all uncertainties and the results are shown in Tab. 8.1 for the
B+b and B+t production modes with a relative width of 1% (10%) and right-handed
(left) VLQ couplings. The results for the X; 5+t production mode are very similar to
B-+t. Ideally, the signal would be taken into account within the maximum likelihood
without an additional uncertainty. This is technically difficult and not realised in the
statistical framework available. The standard score has values around one, and the
fitted cross sections are compatible with the excluded cross sections discussed below.
Based on the distributions in Fig. 8.1 and 8.2 as well as the standard score results, no

significant deviation from the SM background prediction is observed.

Exclusion limits at 95% CL [151] on the product of branching ratio and cross section
are computed using a hybrid approach of Bayesian and frequentist inference with
THETA. Similar to the standard score, pseudo data, binned maximum likelihood
estimators, and the same uncertainties are used. The exclusion limits at 95% CL
are presented for single VLQ production in the B+b, B+t, and X;,3+t modes. The
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predicted theory cross sections are taken from Refs. [69, 70, 133], where results for the

production of single t are adapted to VLQ.

For the B+b and X3+t production modes with 1 and 10% relative widths, masses
between 0.8 and 1.8 TeV, and both left- and right-handed VL(Q couplings, the exclusion
limits at 95% CL are shown in Tab. 8.2. The exclusion limits at 95% CL for the left-
handed VLQ with 1 and 10% relative widths result in very similar limits, while the
exclusion limits for the signals with right-handed VLQ couplings and 1% relative
widths are more stringent. In Fig. 8.3 the exclusion limits at 95% CL for the B+b
production mode are illustrated for 1% relative width (upper) with left- (left) and
right-handed (right) VLQ couplings. The results for the exclusion limits at 95% CL
for the B+b production mode with left-handed VLQ couplings with 10% relative width
(lower left) is very similar to the 1% relative width scenario. The observed exclusion
limits at 95% CL for this production mode are also shown for 10, 20, and 30% relative
widths (lower right). The results of the calculation of the exclusion limits at 95%
CL for the B+t and X; 3+t are displayed in Fig. 8.4. The scenarios for 1% relative
width and left-handed VLQ couplings have approximately the same performance for
both production modes, while the predicted cross section for the B+t (upper left)
production mode is much smaller than for the X; 5+t (upper right) production mode.
For the Xj/5-+t production mode with a 10% relative width and left-handed VLQ
couplings (lower left) the exclusion limits at 95% CL are also shown. The observed
exclusion limits at 95% CL for the 10, 20, and 30% widths scenarios (lower right) are
only presented for this production mode. The B+t production mode has lower cross

section predictions, but as expected shows similar results.

While B (X;5/3) with 1% relative width cannot be excluded, B (X;,3) with 10, 20,
and 30% relative widths as well as left-handed VLQs couplings are excluded by the
calculated exclusion limits at 95% CL for masses below 1490, 1590, and 1660 GeV
(920, 1300, and 1450 GeV). The exclusion limits range from 0.3 to 0.03 pb for masses
between 0.7 and 2 TeV.

Single VLQs have been explored in data with a centre-of-mass energy of 8 TeV in
Ref. [19, 152] by ATLAS, with comparable results in terms of exclusion limits at 95%
CL on the product of branching fraction and production cross section. The higher

centre of mass energy is accompanied by more pileup and higher background cross
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sections, especially at high pp. This makes the analysis more challenging. A higher
reach in term of VL(Q masses is obtained from the higher production cross section
predicted for the signal. To achieve similar exclusion limits on the product of produc-
tion of cross section and branching fraction, a data-driven background method with
much smaller uncertainties, as well as the more sophisticated VL(Q reconstruction, are
essential. Additionally, events with two leptons have been considered by the ATLAS
search, which would improve the sensitivity of this search and are currently being
studied in CMS. The inclusion of the two lepton final state would allow for a better
differentiation between the B+t and Xj 3+t production modes, which create either
leptons with the same charge sign or opposite charge signs. Because of the increase in
the production cross section, the mass exclusion limits in this search are more stringent
than the results at 8 TeV.
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Figure 8.3.: Upper limits at 95% CL on the product of the VLQ production cross
section and branching fraction for the B4+b production mode for a relative VLQ width
of 1% and left- and right-handed VLQ couplings (upper left and right), for 10% rel-
ative VLQ width and left-handed VLQ couplings (lower left), and a comparison of
the observed exclusion limits for relative VLQ widths of 10, 20, and 30% for left-
handed couplings (lower right). The dashed lines show the theoretical predictions.
Distributions and caption from Ref. [30].
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Figure 8.4.: Upper limits at 95% CL on the product of the VLQ production cross
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handed VLQ couplings assuming a relative VLQ width of 1% (upper left and right),
for the X;5/3+t production mode with left-handed VLQ couplings and a 10% relative
width (lower left) and a comparison of the observed exclusion limits for left-handed
couplings for relative widths of 10, 20, and 30% (lower right). The dashed lines show
the theoretical predictions. Distributions and text from Ref. [30].






139

9. Summary & outlook

In this thesis a search for singly produced vector-like quarks was performed using
the data recorded by the CMS experiment in 2016 at the LHC, corresponding to an
integrated luminosity of 35.9fb~'. The search is optimised for vector-like quarks with
masses above 1 TeV decaying into a top quark and W boson. The targeted final state
consists of a single muon or electron, at least two jets, and a significant amount of
missing transverse momentum. The single vector-like quark is produced in association
with a jet, detected near the beam pipe, and a top or bottom quark. The jet near the
beam pipe is used to define a signal region since jets in this region are rare for processes
at the LHC. The associated low momentum top or bottom quark is not considered
further. The mass of the vector-like quark is reconstructed using jets, the lepton, and
the missing energy in the event. In the simulation, the reconstructed mass shows a
high discrimination power between Standard Model and new physics processes. The
event selection is optimised in simulation to maximise the discrimination power of the
mass reconstruction. In the interpretation of the signal region, the Standard Model
prediction is taken from data by utilising the events without a jet near the beam
pipe. The sensitivity is further enhanced by splitting the events into categories based
on the quarks and bosons identified within hadronic jets: bottom quarks, boosted
top quarks, and boosted W bosons. In the vector-like quark mass distributions, no
significant deviation from the background prediction is observed, and exclusion limits
at 95% confidence level are set on the product of branching fraction and cross section.
The exclusion limits range between 0.3-0.03 pb for masses of the vector-like quarks
between 0.7 and 2TeV. The exact values of the exclusion limits depend on the mass,
width, type, and Standard Model couplings of the vector-like quark. For relative
widths of 30%, exclusion limits of up to 1.66 TeV are set on the vector-like quark

mass, which are the world’s most stringent exclusion limits in this channel.



140 9. Summary & outlook

The presented analysis is mostly limited by statistics. With more data, the statistical
uncertainties regarding the data-driven background can be reduced. Additionally, fur-
ther improvements can be studied such as the use of deep neural networks to identify
the jet near the beam pipe. This aspect may be crucial to lower the Standard Model
background contribution in the search region and may be feasible with extended cover-
age of the tracker up to |n| of 5, as planned for future detector upgrades of CMS. In this
detector scenario, the use of triggers based on jets in the region between 2.5 < |n| <5
are important. These upgrades and more data may enable the discovery or exclusion

of VLQs with relative mass widths of 1% over the presented mass range.
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A. Acronyms

ak4 jet anti-kp jet with R =0.4

ak8 jet anti-kp jet with R = 0.8

ALEPH Apparatus for LEP Physics

ALICE A Large Ion Collider Experiment

ATLAS A Toroidal LHC Apparatus

BDT boosted decision tree

b bottom

BG background

b tag b quark identification algorithm

BSM beyond the Standard Model

CERN Conseil Européen pour la Recherche Nucléaire
CHS charged hadron subtraction

CKM Cabibbo-Kobayashi-Maskawa

CL confidence level

CMS Compact Muon Solenoid

CP charge conjugation parity

CSC cathode strip chambers

CSVv2 combined secondary vertex algorithm
DELPHI Detector with Lepton, Photon and Hadron Identification
DGLAP Dokshitzer-Gribow-Lipatov-Altarelli-Parisi
DIS deep inelastic scattering

DT drift tubes

ECAL electromagnetic calorimeter

FSR final state radiation

GSF Gaussian-sum filter

HCAL hadronic calorimeter
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A. Acronyms

HERA Hadron-Elektron-Ring-Anlage
HF hadron forward calorimeter

HLT high level trigger

ISR initial state radiation

JEC jet energy corrections

JER jet energy resolution

LEP Large Electron Positron Collider
LHC Large Hadron Collider

LHCb Large Hadron Collider beauty
LO leading order

MC Monte Carlo

ME matrix element

MIP minimal ionisating particles
M&M matching and merging

MPI multiple particle interactions
MVA multivariate analysis

NLO next to leading order

NNLO next-to-next to leading order
PDF parton distribution function
PF particle flow

PS Proton Synchrotron

PS parton shower

P missing transverse momentum
puppi pileup per particle identification
QCD quantum chromodynamics
QED quantum electrodynamics
RPC resistiv plate chambers

SB sideband

SM Standard Model

SR signal region

SPS Super Proton Synchrotron

TC Technicolour Model

t tag top quark identification algorithm

VLQ vector-like quark
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B. Theory prediction

The predicted cross sections of the B+b, B+t, and X;,3+t production modes are
calculated based on the production cross section of the SM single top process. The
calculation of the cross section values has been done in Ref. [69, 70, 133]. In Tab. B.1
the expected cross sections in pb of the B+b, B+t, and X535+t production modes are

presented for several relative VLQ widths.
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Table B.1.: Theory prediction for the production cross section of the B+b, B+t, and X;,3+t production modes with relative

mass widths between 1 and 30% in pb.

B+b [pb] B+t [pb] X553+t [pb]

Mass [GeV ] | 1% | 10% | 20% | 30% 1% | 10% | 20% | 30% 1% | 10% | 20% | 30%
700 0319 | 316 | 6.18 [ 9.13 [ 0.014 | 0.159 | 0.321 [ 0.485 [ 0.108 [ 1.146 | 2.3 3.5
800 0.16 | 1.563 | 3.03 | 4.42 | 0.008 | 0.084 | 0.169 | 0.251 | 0.056 | 0.588 | 1.17 | 1.74
900 0.086 | 0.833 | 1.6 2.3 10.0046 | 0.048 | 0.094 | 0.138 | 0.031 | 0.323 | 0.633 | 0.933
1000 0.048 | 0.47 | 0.893 | 1.283 | 0.0028 | 0.028 | 0.055 | 0.079 | 0.018 | 0.186 | 0.36 | 0.53
1100 0.029 | 0.276 | 0.522 | 0.745 | 0.0017 | 0.017 | 0.033 | 0.048 | 0.011 | 0.113 | 0.22 | 0.31
1200 0.018 | 0.168 | 0.3167 | 0.4495 | 0.001 | 0.011 | 0.021 | 0.0298 | 0.0069 | 0.069 | 0.133 | 0.192
1300 0.011 | 0.105 | 0.1976 | 0.2792 | 0.0007 | 0.0064 | 0.0132 | 0.019 | 0.0044 | 0.045 | 0.0849 | 0.1214
1400 0.007 | 0.067 | 0.1265 | 0.1783 | 0.0005 | 0.0046 | 0.0087 | 0.012 | 0.0029 | 0.0291 | 0.0551 | 0.0785
1500 0.0047 | 0.044 | 0.0827 | 0.1161 | 0.0003 | 0.0031 | 0.0058 | 0.008 | 0.0019 | 0.0193 | 0.0365 | 0.0518
1600 0.003 | 0.0295 | 0.0551 | 0.0771 | 0.0002 | 0.0021 | 0.0039 | 0.0055 | 0.0013 | 0.0131 | 0.0246 | 0.0348
1700 0.002 | 0.02 |0.0373 | 0.0522 | 0.0001 | 0.0014 | 0.0027 | 0.0038 | 0.0009 | 0.009 | 0.0168 | 0.0238
1800 0.0014 | 0.014 | 0.0256 | 0.0358 | 0.0001 | 0.001 | 0.0019 | 0.0026 | 0.0006 | 0.0062 | 0.0117 | 0.0164
1900 0.001 | 0.0096 | 0.0178 | 0.0249 | 0.0001 | 0.0007 | 0.0013 | 0.0018 | 0.0004 | 0.0044 | 0.0082 | 0.0116
2000 0.0007 | 0.0067 | 0.0125 | 0.0175 | 0.0001 | 0.0005 | 0.0009 | 0.0013 | 0.0003 | 0.0031 | 0.0058 | 0.0082
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The impact of signal in the SB on the exclusion limits is studied in simulation. For
this purpose, the SR and SB regions are taken from simulation (the samples used are
described in Sec. 5.1). The same selections, reconstructions, and categorisations as
in Tab. 6.3 are applied. The exclusion limits are calculated from SM simulation for
VLQ masses from 0.7 to 1.8 TeV with a relative width of 1% and left-handed VLQ
couplings for the B+b production mode. This is done with and without B signal in
the SB. For both cases the same set of uncertainties for the SM simulation and B
signal are taken into account, as presented in Sec. 7. Additionally, the exclusion limits
for the SR in simulation with added signal are calculated (pseudo obs. CL). The cross
section of the signal is much higher than expected from theory. The results of the
study are summarised in Tab. C.1, as are the injected signal cross sections. For the
presented exclusion limit with and without signal in the SB the results are very similar
within the 1o bounds, indicating that the impact of the signal is small even for very
large signal cross sections. As expected, the exclusion limits with signal in the SB are
slightly worse. The pseudo observed limit is of the same order as the added signal
but always slightly larger, showing that the method is robust and no signal would be
excluded. Similar to the presented results, the presence of signal was also tested in

the validation region with the same results.
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Table C.1.: Summary of the results of the study in simulation on the impact of the signal in the SB on the exclusion limits.
The expected upper CL limits without (w/o Exp. CL) and with (w. Exp. CL) signal in the SB are displayed. The signal
cross section used and the upper limits in the SR with signal (pseudo Obs. CL) are also presented.

Injected signal
Mass [GeV | | w/o Exp. CL [pb] —1lo +1o B-+b o [pb] 7 w. Exp. CL [pb] 7 Pseudo Obs. CL [pb]
700 0.85297 0.59939 | 7.45053 2.1695 1.0125 2.4819
800 0.68495 0.45004 | 3.89045 1.508 0.97736 1.5663
900 0.34535 0.19295 | 2.87485 1.1095 0.49239 1.1156
1000 0.17358 0.088246 | 1.62962 0.8265 0.20405 0.8705
1100 0.13699 0.078245 | 0.99111 0.596 0.1407 0.64807
1200 0.10268 0.050496 | 0.61213 0.448 0.10744 0.46274
1300 0.075233 0.041562 | 0.152607 0.3395 0.076335 0.38088
1400 0.058682 0.023406 | 0.107338 0.2645 0.065294 0.30847
1500 0.047473 0.027464 | 0.213847 0.2075 0.054106 0.24761
1600 0.06252 0.036972 | 0.23814 0.1595 0.048374 0.2005
1700 0.048293 0.022399 | 0.158907 0.124 0.048511 0.16527
1800 0.041746 0.016891 | 0.118454 0.0975 0.042741 0.13494
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