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Abstract

Despite the many remarkable successes of the Standard Model (SM) of particle physics, there
are both theoretical and experimental reasons that imply the SM is not the final and most
fundamental theory of nature. Some anomalies have emerged in measurements of semileptonic
B hadron decays that could reveal the violation of lepton flavor universality. Models that propose
a new particle called the leptoquark (LQ) are strongly motivated as a possible explanation, and
could reveal the underlying connection between quarks and leptons and explain the observed
flavor symmetries, as well as the hierarchical mass pattern.

This thesis presents a search for the single and pair production of LQs that decay exclusively
to a T lepton and a bottom quark, as well as a novel search for the exchange of an L.LQQ by b quarks
that produces a T lepton pair. This is done by targeting the 7T decay channels, and creating
several event categories based on the number of jets and heavy-flavored jets. The search uses
a data set of pp collisions corresponding to an integrated luminosity of 138 b1, collected at a
center-of-mass energy of 13 TeV, and recorded with the CMS detector. Preliminary results are
presented: Upper limits are set on the production cross section of third-generation scalar and
vector LQs as a function of the LQ mass, and results are compared with theoretical predictions
to obtain lower limits on the LQ mass. At 95% confidence level, third-generation LQs decaying
to a T lepton and a b quark with unit coupling are excluded for masses below 1.25 TeV for a scalar
model, and below 1.53 (1.86) TeV for a vector model with nonminimal coupling x = 0 (1). At
A = 2.5, the lower limits are 1.37 TeV for a scalar model, and 1.86 (1.96) TeV for a vector model
with £ = 0 (1). Upper limits are also set on the coupling strength of such LQs as a function of
their mass. Due to the inclusion of the nonresonant LQ exchange processes, this analysis is able
to set constraints on LQs with masses up to 10 TeV, much higher than can be produced directly
at the LHC. For a representative LQ mass of 2 TeV and a coupling strength of 2.5, an excess
with a significance of 3.4 standard deviations above the standard model expectation is observed
in the data. Consequently, the observed upper limits on the LQ production cross section are
about three times larger than expected for this benchmark.

As hadronic decays of the T lepton (Ty,) are an important part of this search, this thesis also
presents the reconstruction and identification algorithms used in CMS, as well as the measure-
ments of its performance and the corrections to simulated Ty, candidates that are needed to

ensure good modeling of the data.
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1 Introduction

Over the last 100 years, physicists have made large strides in understanding the natural laws
that govern the universe as we know it. The smallest building blocks of matter and the way
they interact at small scales have been encoded in the Standard Model (SM) of particle physics.
Despite its many remarkable successes, there are both theoretical and experimental reasons that
imply the SM is not the final and most fundamental theory of nature.

One of the most striking features of the SM is that it neatly orders quarks and leptons into
three distinct generations. Except for mass, each generation of fermions seems to be a copy
of the others. In particular, the SM gauge interactions cannot differentiate between different
lepton flavors, even though there is no fundamental symmetry protecting them from mixing.
The observed fermion masses vary by many orders of magnitudes, and this pattern does not
seem natural or accidental. It instead appears very hierarchical, which could suggest something
about the underlying physics that we have yet to uncover.

On the experimental side, many tests of the universality of lepton flavor have been made by
studying the decays of various particles. In the last decade, several anomalies have appeared in
precision measurements that could help uncover the violation of this universality. In particular,
the evidence seems suggest some new physics interactions that couple preferentially to the third
generations of fermions like bottom quarks and T leptons. Models that propose a new particle
called the leptoquark (LQ) have recently received considerable theoretical interest as a possible
explanation for these flavor anomalies.

Due to record-high collision energies and integrated luminosities, as well as state-of-the-
art detectors, the experiments at the Large Hadron Collider (LHC) are able to offer a diverse
physics program that can explore the topic of flavor in many unique ways. LQs could be directly
created or exchanged in proton-proton collisions at the LHC, which motivates the search for these
signatures in multipurpose detectors like CMS. This thesis presents a combined search for single
and pair production of LQs that decay exclusively to a T lepton and a bottom quark, as well
as nonresonant production of a T lepton pair through the t-channel exchange of an LQ. Single
and pair production have a resonant final state that includes two T leptons and at least one
heavy-flavored jet. Nonresonant production will also have a final state with two T leptons and
a distribution of jets produced in association by gluon splitting or initial state radiation. The
search is based on a data sample of proton-proton collisions at a center-of-mass energy of 13 TeV
recorded by the CMS experiment in 2016-2018, corresponding to a data set with an integrated
luminosity of about 138 fb~!. This analysis was the first at the LHC to incorporate a search for
nonresonant L) production, which has the benefit of being sensitive to LQs with masses larger
than the energy exchanged in the collisions.

A 7 lepton may decay to an electron (e) or muon (p), each accompanied by two undetected
neutrinos (v), or it may decay to hadrons (71,) and a neutrino. We reconstruct both hadronic and
leptonic decays of the two T leptons, classifying events into exclusive channels denoted by the
measured particles: fully hadronic (tyTy), semileptonic (ety, pty), and fully leptonic channels
(ep, pp). Due to the large branching fraction, the semileptonic and fully hadronic channels are



the most sensitive to an LQ signal with two 7 leptons, while the events with two light leptons
(ep, pp) are used to constrain SM backgrounds.

The hadronic decay modes make up about 64.8% of T lepton decays, and are therefore crucial
in the statistically limited search for LQs. I have therefore contributed to dedicated algorithms
to reconstruct and identify T, decays with good accuracy and efficiency, while suppressing the
large background of objects that are misreconstructed or misidentified. Furthermore, corrections
to simulated T candidates need to be measured to ensure good understanding and modeling of
the data. These algorithms and corrections, including a significant fraction of my own work as
well as work I helped supervise as co-convener of the CMS Tau ID Group, will also be presented
in this thesis.

This dissertation first describes the state-of-the-art theoretical and experimental approaches
used in this thesis (Chapters [2| to , followed by an in-depth explanation of the analysis I
developed and executed in order to complete the thesis (Chapters |§| to . It has the follow-
ing structure: Chapter [2| discusses the SM and its flavor symmetries, after which Chapter
motivates the search for hypothetical particles like LQs, which are beyond the SM. Chapter [4]
describes the LHC accelerator, CMS detector and the collection of proton-proton collision data.
Chapter [5| describes the way physics objects that are relevant for this thesis are reconstructed
in CMS, while Chapter [6] focuses mainly on the reconstruction and identification of hadronically
decayed T leptons. Chapter [7] describes the data sets and the simulation of both the back-
ground processes and the signal model. Chapter [§ and Chapter [J] then discuss how corrections
are derived and applied to the simulation of background processes to account for mismodeling.
After these, Chapter [I0] discusses the common preselection of events that are compatible with
the decay channels of the pair of T leptons, and the optimized final selections targeting the
LQ — br signal and nonresonant LQ signals. Chapter [I1] discusses the estimations of relevant
background processes. Chapter [12] explains the way a hypothetical signal is extracted from data
with systematic uncertainties. Chapter [13]| presents the preliminary results. A summary is given

in Chapter



2 The Standard Model

This chapter introduces the Standard Model (SM) of particle physics that encapsulates the be-
havior of matter and its interplay with the strong, weak, and electromagnetic forces. Section
discusses experimental observations, which have led to the mathematical formulation of the SM
laid out in Section Section lays out the unexplained features of flavor symmetry,
which will motivate the subject of this thesis. Finally, Section will explain the physics of
proton-proton (pp) collisions.

2.1 Experimental observations & building the Standard Model

In the past century, physicists have slowly puzzled together our current understanding of the
fundamental nature of matter from a series of experimental observations and theoretical consid-
erations. To understand how the theoretical framework of the SM of particle physics laid out
in Section was finally constructed, this section will highlight several important observations
and insights. More detailed historical discussions can be found in Refs. [IH3]. A rough timeline
of the experimental discovery of particles is given by Fig.

2.1.1 The electromagnetic interaction

By the 1930s, the electron (e”), proton (p*), and neutron (n’) were discovered, and were
enough to describe the composition of ordinary matter that surrounds us in daily life. Quantum
mechanics was successful in describing the hydrogen atom and its emission spectrum, but small
deviations were found between theory and experiment in the energy levels of hydrogen, as well as
the magnetic moment of the electron. This led to the development of quantum electrodynamics
(QED), which can very precisely and accurately compute the observed anomalous magnetic
moment of the electron with perturbation theory, and became the fundamental theory for the
electromagnetic interaction, with the photon as mediator between particles with electric charge.

The mathematical structure and methods of QED also inspired the later theories of other
interactions. One important principle guiding the formulation of interactions between particles,
is gauge symmetry, which requires that the theory is invariant under the local transformations
of a certain symmetry group. Gauge symmetry implies conservation of charge and one or more
gauge bosons, which are bosons with spin 1 that mediate a force. For QED, the gauge symmetry
is given by a local U(1)gy symmetry that generates a coupling between charged particles and
the photon. More detail will be given in Section [2.2.1]

2.1.2 The discovery of exotic particles

As experimental techniques improved, many other types of matter particles that were completely
unexpected were observed in cosmic rays and fixed-target experiments. In 1936, the muon (p*)
was discovered, which is a particle that has the same properties as the electron, except it is

unstable and has a mass that is approximately 206.7 larger than that of the electron. In the
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Figure 2.1: A timeline of particle physics in the last 130 years. Some of the most important
experimental discoveries of subatomic particles are indicated below the timeline. Leptons and
quarks are highlighted in green. Mesons and baryons are indicated in blue and purple, respec-
tively, and are hadrons, which are the bound state of two or three quarks, respectively. Finally,
fundamental bosons are shown in red. Note that some particles, like the positron (e™), pion (=),
neutrino (v), Q~, T, gluon, top quark, and Higgs boson, were predicted before experimental
observation. The leptoquark (LQ) is a hypothesized boson. Figure inspired by Ref. [4].

years after World War II, new particles were observed in collisions of cosmic rays with protons
and neutrons. They included the pions (n*, ©°), the kaons (K*, KY), the A particles, and the
hyperons (A, X, Z). Because these particles are easy to produce in large numbers, but decay
relatively slowly, it was recognized that their production mechanism must be mediated by the
strong force, which also holds together protons and neutrons in the nucleus of the atom, while
their decay is most often mediated by the weak force, which is also responsible for beta decay
of radioactive nuclei and the neutron [3, [5]. These types of particles that can be produced
in strong interactions are referred to as hadrons. These include the proton and neutron. In
contrast, leptons like the electron, muon, and neutrino (v) do not participate in the strong
interaction, but can interact through the electromagnetic and weak force.

2.1.3 The quark model

It is now understood that hadrons are composite particles. This realization was achieved by
finding certain patterns in the observed properties of the hadrons. In analogy to the SU(2) sym-
metry of spin, the concept of isospin was used to group together hadrons of identical spin and
similar mass into the same isospin multiplets according to the observed value of the electrical
charge. Furthermore, to explain why certain hadrons like kaons and hyperons are always pro-
duced in pairs, a new quantum number called strangeness was postulated, which, like isospin, is
conserved by the strong force. This eventually led to the quark model proposed by Gell-Mann [6]
and Zweig [7] in 1964, who suggested the existence of a new type of strongly-interacting particle
with fractional charge, called the quark. Like the leptons, they have spin 1/2, and are therefore
also fermions. These quarks came in three species, or flavors: the up (u), down (d), and strange



quark (s). By ordering the hadrons into multiplets of an SU(3) flavor symmetry, Gell-Mann
successfully predicted the existence of the Q= baryon, which was discovered later in 1964 [].
The quark model was later extended in 1974 with the charm quark (c) after the discovery of
J/b, a cc state [9, 10]. When later the Y, a bb state, was discovered [I1], the bottom quark
(b) was also included, which implied, due to flavor symmetry, the existence of the top quark (t)
long before its discovery.

Most observed hadrons are classified as either mesons or baryons, which are bound states of
two or three quarks, respectively. This picture is a bit more complicated by the parton model,
which will be discussed in Section Almost all (free) hadrons are unstable. The notable
exception is the proton, for which the Super-Kamiokande experiment has set a lower limit on
the lifetime of 7, > 2.4 x 1034 years at a 90% confidence level [12]. The decay chain of all other
baryons end with the proton, which is the lightest baryon. This implies a law of conservation
of baryon number B. Protons and neutrons, for example, have B = 41, and their antiparticles
(D, m) have B = —1. Since this is an additive number, quarks are assigned baryon number
B = +1/3, while anti-quarks must have B = —1/3.

2.1.4 The strong interaction

Quarks of the same flavor can form bound states like the ATT baryon, which is a uuu state
and should violate the Pauli exclusion principle if quarks have indeed spin 1/2. To explain the
observation of such states with the quark model, the concept of color charge was introduced.
Each quark is assigned a red, blue, or green color charge, while antiquarks must have anti-red,
anti-blue, or anti-green. In this way, three quarks of the same flavor but different color charge
can form a bound state without violating the exclusion principle. The mathematical structure
of color charge can also be given by an SU(3)¢ color symmetry, analogous to the SU(3) flavor
symmetry. This fact helped to formulate the theory of quantum chromodynamics (QCD), which
is the fundamental theory of strong interactions. When using SU(3)¢ as a gauge symmetry, the
theory also implies the existence of the gluon, a massless vector boson that mediates the strong
interaction between objects with color charge. Gluons can also self-interact, and therefore carry
color. While they are massless, their strong self-interaction ensures they have a short range, in
line with observations of nuclei and hadrons.

Another initial problem for the quark model was that quarks were never observed as isolated
particles. The idea of color confinement was formulated, which stated that strongly interacting
particles must form colorless states like hadrons, wherein the color charge of the constituent
quarks cancel each other when combined. The mechanism for color confinement was only ex-
plained much later by QCD. However, the discovery of new hadrons like J/Ab and Y, and exper-
iments probing the substructure of the proton, provided more experimental evidence in favor
of the quark model (see Section . Furthermore, quarks and gluons can explain the phe-
nomena of the production of so-called jets of hadrons in particle colliders, which is discussed in
Section Quarks and their color charge are also confirmed by the observed rate of hadron
creation in electron-positron collision data. For example, the ratio of production cross sections
of the hadrons with respect to pairs of muons can be roughly approximated by

o(eTe™ — hadrons
olete” = ptp)

R(s) = ) ~ N> QF, (2.1)
f

where N¢ = 3 is the number of color charges, Q¢ = —1/3 or +2/3 is the electric charge of



the quark with flavor f, and s is square of the center-of-mass collision energy [3, p. 278; [I3]
Section 9.2.1]. Without color, N¢ = 1, and this ratio would be three times smaller than observed.

2.1.5 The weak interaction

The weak interaction is responsible for most hadron decays, for example, the beta decay of the
neutron, n° — pte V.. In 1933, Fermi proposed a simple model where these four particles with
spin 1/2 interact in a single point. For this, he postulated the existence of the neutrino, whose
existence was confirmed later in 1956 using the neutrino flux from nuclear reactors [I4]. The
strength of this contact interaction was given by the Fermi constant G ~ 1.1638 x 10~° GeV 2.

In order to explain why the weak interaction has such a short range and is many orders of
magnitude weaker than the electromagnetic and strong interactions, one needs a theory wherein
the weak force is mediated by a massive vector boson that is exchanged between two pairs of
fermions. This was accomplished by Glashow, Weinberg, and Salam in the 60s, in what is now
called the electroweak theory. Their model included two charged W+ bosons and one neutral
Z° boson, for which Weinberg derived a simple formula in his seminal paper [I5] that related
the masses of these weak bosons. In 1983, both the W and Z bosons were directly observed in
proton-antiproton collisions at CERN [16, 17]. With the combined success of the electroweak
theory and QCD, the SM of particle physics was formed.

The weak interaction has several unique and nontrivial properties, which helped formulate
the final structure of the SM. In 1956, Wu observed that parity symmetry was violated in weak
decays [18]. In her famous experiment, she measured the beta decay of cobalt 60 nuclei that
were polarized in a magnetic field, and observed that electrons were preferentially emitted in the
direction opposite of the nuclei spin, violating parity. In comparison, parity violation has not
been observed in electromagnetic or strong processes, after many rigorous tests. Experimentally,
it turns out that the violation of parity by the weak interaction is maximal. Neutrinos, which
are only known to interact through the weak force, always have a left-handed helicity (i.e., the
spin is anti-parallel with the momentum), while antineutrinos always have a right-handed helicity
(i.e., the spin is parallel with the momentum). Clear evidence for this is seen in, for example,
the measured helicity of the muon in pion decay, nt — p*v,, [19,20], or the angular distribution
of the electron in muon decay, p™ — e*v.v, [21]. Furthermore, the maximal violation of parity
can quantitatively describe why the observed decay rate of ©+ — eTv, is heavily suppressed
compared to that of the muonic decay, such that their ratio is I'(nt — etve) /T(xT — ptv,) ~
1.2 x 1074 [22]. If parity were conserved, this ratio would be about 5.5 instead due to the small
electron mass compared to that of the muon.

The theory of weak interactions describes the interaction between the weak bosons and two
quarks or two leptons. Each pair belongs to a different generation. For example, the first
generation has couplings W-ev, or W-ud, while the second generation has couplings W-pv,,
or W-sc. These are responsible for decays where charge is exchanged, i.e., charged currents.
However, there is some mixing between quark generations in charged currents, as explained
below. Neutral currents are given by Z-ff couplings, where f is any fermion, and f is the
corresponding antiparticle of the same flavor but opposite charge. No mixing is found in these
couplings. It was realized that these pairs form doublets under an SU(2);, symmetry, where
the label L represents the fact that the fermions interacting with the W boson must have
a left-handed chirality, while antifermions must be right-handed because of maximal parity
violation. The weak bosons then, form a triplet, and are the gauge bosons with SU(2)p, as a



gauge symmetry.

While the strong interaction conserves the number of each quark flavor, the weak interaction
does not as evidenced by observed hadron decays like K¥ — n¥n", which violates strangeness.
This can be explained if one assumes that the quark eigenstate that participates in the weak
interaction do not align with the quark mass eigenstates [23]. The kaon decay to two pions must

then involve an s — d transition. This can be expressed with the simple rotation matrix

dy\ cosfc sinfg d (22)
s')]  \ —sinfc cosfc s)’ ’

where |d') and |s’) represent the weak eigenstates, which are linear combinations of the mass
eigenstates |d) and |s). The mixing of the down and strange states is quantified with the Cabibbo
angle Oc, which is measured to be about 6¢ = 13.04°. To explain the suppressed decay rate
of K — ptp~, Glashow, Iliopoulos, and Maiani used this mixing matrix and proposed the
existence of the charm quark as a partner to the strange quark in 1970, several years before the
discovery of J/Ab [24]. This is referred to as the Glashow—Iliopoulos—Maiani (GIM) mechanism.

One consequence of quark mixing can be seen in the oscillations of the neutral kaon system
(KY = KO) that decays through the weak eigenstates Kg and Kj,, which have distinct life-
times [25]. These eigenstates were expected to also be eigenstates of the CP symmetry, which
combines charge conjugation and parity reversal. However, evidence for a small violation of
CP violation was found in the experiment performed by Cronin and Fitch at Brookhaven in
1964 [26]. In 1973, Kobayashi and Maskawa recognized that CP violation could not be accom-
modated in a four-quark model and postulated the existence of a third generation of quarks [27].
They generalized the Cabibbo matrix Eq. to

dl Vud Vus Vub d
S = Ve Ve V| |s], (2.3)
v Via Vis Vi) \D

where the matrix is the so-called Cabbibo-Kobayashi-Maskawa (CKM) matriz, denoted by Vox-
Several years later, the T was discovered, which was direct evidence for the bottom quark. The
bottom quark implied the existence of its partner with charge +2/3, the top quark, which was
indeed observed from its decay much later in 1995 at the Tevatron collider in Fermilab [28, 29].
Most of the elements of the CKM matrix have been measured to good precision, primarily from
hadron decays and the oscillations of neutral meson systems [13, Section 12|. The size of the
diagonal elements are close to one, while |V,,4| and |V,4| are about roughly 0.22, and the size of
the other off-diagonal elements are smaller than 0.042.

2.1.6 Fermion generations

In 1975, a third charged lepton called the T lepton was discovered. It has a mass m. of 1.776 GeV,
almost 17 times larger than that of the muon. Direct evidence that the T neutrino (v.) existed
and is distinct from the electron neutrino (ve) and muon neutrino (v,) was announced by the
DONUT experiment in 2000 [30]. No evidence for more quarks or leptons has so far been found.
Precision measurements of the decay width of the Z boson are consistent with three generations
of neutrinos, as long as the new neutrinos have a mass lower than My /2 ~ 45GeV [31]. The
observation of the top quark and T neutrino therefore officially completed the known matter
content in Nature. The current SM of particle physics counts six quark flavors and six lepton



flavors that are organized into three generations of two flavors each. The charged leptons with
(Q = —1 are known as the electron, muon, and 7 lepton, and for each lepton generation there
is a corresponding neutrino without electric charge, i.e., 9 = 0. The quarks come in three
generations of up-type quarks with charge Q = +2/3; the up, charm, and top quark, and in
three generations of down-type quarks with charge @ = —1/3; the down, strange, and bottom
quark. The antiparticles of the fermions have the opposite quantum numbers, including electric
charge (). There is a clear hierarchy in the observed mass, which allows the generations to be
ordered from small to large mass. Leptons and quarks, as well as the gauge bosons and Higgs
boson, have no substructure, and are presumed to be fundamental particles that are not further
composed of new types of particles [32]. Figure summarizes the observed particles of the SM
with their respective properties.

2.1.7 The Higgs boson & Yukawa interactions

As mentioned above, the weak bosons need to be massive to explain the weakness and short-
range of the weak force. However, gauge bosons with nonzero mass spoil the gauge invariance
of the theory. To get around this, one can instead assume that the SU(2);, gauge symmetry of
the electroweak theory is spontaneously broken. Spontaneous symmetry breaking (SSB) can be
achieved with a new scalar boson (i.e., spin 0), called the Higgs boson, that interacts with the
gauge bosons and generates mass and has a nonzero vacuum ezxpectation value (vev). This is
called the Higgs mechanism, proposed in 1964 [35] [36]. The Higgs boson was long sought for,
and its discovery was finally announced in 2012 [37H40]. A single Higgs boson is the simplest
and most minimal solution, although it is possible to achieve SBB with more than one Higgs
boson. No evidence of additional Higgs bosons have been found so far [41].

The Higgs boson also couples to fermions with so-called Yukawa couplings, and can be used
to generate gauge invariant fermion masses in the theory. The fermion masses are proportional
to the coupling strength of their coupling to the Higgs. Contrary to the W and Z boson masses,
these Yukawa couplings are parameters of the theory and need to be measured in experiment
from the fermion masses and Higgs vev, which is measured from the lifetime of weak decays.
With a mass of my ~ 172.8 GeV [I3] p. 32|, the top quark is by far the heaviest fermion. Due
to its large Yukawa coupling, it becomes important in quantum corrections of observables like
the masses of the weak bosons. Theorists used this fact to accurately predict the mass of
the top quark with the SM, using precision electroweak measurements and special theoretical
techniques [43]. Similarly, the mass of the Higgs boson was not known from theory beforehand,
but it was possible to constrain it very well with an SM fit to precision measurements at the
Tevatron and LEP of the top quark, and the W and Z bosons [44]. Many measurements of the
production and decay of the Higgs boson at the LHC have been made, and so far the measured
coupling strengths between the Higgs boson and both weak bosons and the heaviest fermions
agree well with the SM predictions [33, [45], as shown in Fig.

2.1.8 Neutrinos

Even though neutrinos are very hard to detect because they are light and only interact via the
weak force, physicists have been able to learn quite a lot about them. As already mentioned,
neutrinos always have left-handed helicity, while anti-neutrinos have right-handed helicity. Other

experiments have shown that neutrinos are different from their antiparticles, and that they come
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Figure 2.2: Measurements of the Higgs boson coupling strengths as measured by the CMS
experiment as a function of mass [33]. The coupling strengths are represented by the reduced
coupling strength modifiers xgmy/v (\/Kymy /v) for Higgs couplings to the fermions (gauge
bosons), where v ~ 246 GeV is the vev of the Higgs field. The SM prediction corresponds to
coupling strength modifiers x; = 1. Note that the coupling strengths for fermions are propor-
tional to mass, as expected for Yukawa couplings. Figure take from from Ref. [34].
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Figure 2.3: A table of the particles in Standard Model of particle physics and their properties.
Matter is given by fermions, and interactions mediated by vector bosons (i.e., spin 1). The
fermions are elementary particles with spin 1/2 and comprise of quarks, which can interact
with the strong force, and leptons, which cannot. Each species, or flavor, of fermion can be
distinguished by their mass and interactions. There are six flavors of quarks and six flavors of
leptons, which are organized into three generations of two flavors because of the symmetrical
way in which they interact with the weak force mediated by the W* and Z bosons. Note that
the generations are ordered by increasing mass. The vector bosons are called gauge bosons. The

Higgs boson is the only (fundamental) scalar boson (i.e., spin 0) in this model. Figure adapted
from Ref. [42].



in three flavors, the electron neutrino, muon neutrino, and T neutrino. These observed properties
lead to the concept of comservation of lepton number L, where each lepton carries a number
L = +1, and their antiparticle carries L = —1, and which is conserved in all SM processes [46].
Furthermore, processes like p* — e+ have never been observed, even though they are allowed
by conservation of charge and lepton number. This led to the idea of splitting lepton number in
to one conserved lepton number per generation: L = Le + L. + L, [47, [4§].

It was long believed neutrinos were massless. The SM is constructed on this assumption
because implementing masses for left-handed neutrinos in the same way as for the charged
fermions requires the existence of a right-handed neutrino, whose existence is uncertain. This
will be discussed in Section Nevertheless, the observation of neutrino oscillations implies
that neutrinos do have mass [49], which requires the SM to be extended. The oscillations imply
that neutrino flavors mix because the neutrino’s mass eigenstates are different than the weak
eigenstates, similar to quarks. The mixing is quantified by a 3 x 3 unitary matrix called the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matriz, which is the analogue of the CKM matrix.
This mixing of neutrinos is in fact experimental proof of the violation of the numbers of individual
lepton flavor, and can technically allow the lepton-flavor violating decay p*t — e+, although it
is extremely suppressed as discussed in Section [2.2.3]

2.2 The Standard Model of particle physics

In the SM, matter is composed of elementary particles with spins of 1/2 referred to as fermions,
while forces occur due to the exchange of elementary particles with spins of 1 called gauge
bosons. Although it is rarely referred to as a force because it has a spin of 0, the Higgs boson
interacts with fermions giving rise to their mass. The SM is a quantum field theory (QFT), which
describes matter and the forces as quantum fields, and particles as excited states of these fields.
The kinematics, or the momentum and energy of particles, and dynamics, or the interactions
between particles, are encoded in the SM Lagrangian density. The terms of the Lagrangian

density can be grouped into three separate sectors:

ﬁSM = £gauge + EHiggs + EYukawa- (24)

The gauge sector Lgauge describes the kinetics of the fermion and gauge boson fields, as well
as the strong, weak and electromagnetic interactions between them. The Higgs sector Liggs
describes the kinetics of the scalar Higgs field and its interaction with itself and the gauge boson
fields. Finally, the Yukawa sector Lyykawa contains the Yukawa interactions between the fermion
and Higgs fields. The Lagrangian density, or Lagrangian for short, gives all the mathematical
terms to derive the equations of motion and the interactions between the different fields, and
allows us to compute cross sections and decay rates. Most physical observable are computed
with perturbation theory, which expands the calculation into a power series in the coupling
strength. This works if the coupling strength is small enough for the series to converge. The
more terms of higher order are included, the higher the accuracy should become. The accuracy
of observables calculated with perturbation theory are often indicated by leading order (LO),
next-to-leading order (NLO), next-to-next-to-leading order (NNLO), etc.

The terms of the SM Lagrangian are constrained by three conditions. Firstly, the SM must
be Lorentz invariant such that the Lagrangian has the same form between two inertial reference
frames, in accordance with special relativity. The terms are therefore often a product of fields and
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their space-time derivatives, which are called local operators. The fields themselves themselves
are the irreducible representations of the double cover of the Poincaré group, such that they can
describe particles with spin 0 (scalar bosons), 1/2 (fermions), or 1 (vector bosons) [50} 51]. It
should be noted, however, that the SM does violate the discrete symmetries of parity (P), charge-
conjugation (C), and time-reversal (T), which are part of the Lorentz group. Nevertheless, for
the SM to be a consistent Lorentz invariant QFT, the combined application of C, P, and T
operations must lead to invariant descriptions of all physical phenomena, a theorem known as
the CPT theorem. As mentioned in Section[2.1.5] violations of P, C, and CP have been observed
in weak interactions. CPT symmetry has never been observed to be violated and has been
confirmed experimentally [52H55].

Secondly, the SM is a gauge theory: It has an internal symmetry that corresponds to the
local SU(3)¢ x SU(2), x U(1)y symmetry group, where the labels C, L, Y refer to the charges
of the three subgroups, namely color charge, weak isospin, and weak hypercharge, respec-
tively. Each term in the Lagrangian must be invariant under the local transformations of this
group, and the SM fields must belong to a representation of this group. Each subgroup of the
SU(3)c x SU(2)1, x U(1)y gauge group is associated with a gauge field, which must also be a
vector boson. Gauge fields are in the adjoint representation, which means that for the SU(V)
groups, it forms a multiplet with N2 — 1 components. Gauge fields of a SU(NN) gauge symmetry
can self-interact, which is a consequence of the fact that SU(N) is a non-Abelian group. A
fermion field may be charged under a gauge group if the group transforms one of it properties,
otherwise the field is referred to as a singlet. If a fermion field is charged under a gauge group
with dimension NN, it must be in the fundamental representation of this group, such that is
forms a multiplet with N components. Importantly, at low energies the SM gauge group is
spontaneously broken to

SUB)e x SU@)L x Uy 225 SU(3)¢ x U(1)gm (2.5)
by the nonzero vev of the Higgs field, where U(1)gy is the gauge symmetry group for QED.
The color group SU(3)¢ is the basis for the fundamental theory of the strong interaction, QCD.
This will be discussed in more detail below.

Finally, the SM is required to be renormalizable, so that physical observables converge in
perturbative calculations. The condition of renormalizability in four space-time dimensions
limits the total mass dimension of the local operators in Lagrangian terms to d = 4, where
the mass dimension of a local operator is the sum of the mass dimensions its composing fields,
which takes values d = 1 for a boson field with spin 0 or 1 and d = 3/2 for a fermion field
with spin 1/2, while each derivative adds an extra d = 1. In the view of Effective Field Theory
(EFT), however, models beyond the SM can introduce new terms of higher-order dimensions
that are suppressed with some cut-off scale A. This will be discussed in more detail later in this
Section [3.3

In addition to these three conditions, we need to specify the field content, which is the set
of fermion fields that explains the observed elementary matter particles, and pattern of SSB
of SU(2),. As discussed in Section experiment shows there are in total six quark flavors
and six leptons that come in three generations of two flavors each. Because they are spin-1/2
fermions, they enter the SM Lagrangian as spinor fields. The vector bosons such as gluons and
the weak bosons emerge naturally by requiring SU(3)c x SU(2)1, x U(1)y as a gauge symmetry.
As discussed in Section [2.1.7], only one scalar boson that is consistent with a Higgs boson has
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been observed. We therefore implement SSB in the SM with a single Higgs field, which is a
scalar field that forms a doublet under SU(2)r,. The nonzero vev of the Higgs field breaks the
SU(2)1, symmetry and generates mass terms for the weak bosons and fermions.

Before discussing other symmetries of the SM to better understand flavor, we first need to
introduce how matter and their interactions in the gauge and Yukawa sectors are formulated in
the SM.

2.2.1 The gauge sector

Let us have a closer look at how the gauge sector describes the motion and gauge interactions
of matter and the gauge bosons. It can be written as
— 1 1. 1
,Cgauge — Z Z¢f®7uDu¢f _ ZGZVGZW . ZW;ZLVWiMV . ZBMVB/LV’ (2.6)
Iy
in natural units ¢ = A =1 [56], and where a = 1,...,8 and ¢ = 1,2, 3. In the first term, matter
is given by five fermion fields vy in three generations f = 1,2, 3;

Qf _ (u{) I 7 R 5 - (V{> el (2.7)
L al | R» R’ L |l CRr :
L €L

Their Dirac adjoints are given by @f = w}’yo. They have opposite quantum numbers, such
that the local operator in the first term of Eq. has no charge of any kind. Besides their
generation, the different fermion fields are identified by their representation and quantum num-
bers for the SU(3)¢ x SU(2)r, x U(1)y gauge group. Because of the SU(2);, gauge symmetry,
the SM is a chiral gauge theory, meaning it distinguishes left- and right-handed fermion fields.
The left-handed fermion fields form a weak isospin doublet that contains two components that
are left-handed spinors, while each right-handed fermion field is a single spinor that is a singlet
under SU(2),. Right-handed neutrinos vg canonically are not included in the SM because the
weak interaction couples only to left-handed neutrinos v, and the neutrinos are often assumed
massless as explained in Section Each quark field also forms a color triplet under SU(3)¢,
but color indices are suppressed here for brevity. The representations of the SM fields under
the SM gauge group and corresponding quantum numbers are summarized in Table and
visualized in Fig.

In the last three terms of Eq. , the field strength tensors G}, Wﬁy,
to, respectively, the eight-component gluon field Gj; of SU(3)c, the three-component weak gauge
field W), of SU(2), and the hypercharge field B, of U(1)y. These terms describe both the
kinetics and self-interactions of these three vector fields.

and B, correspond

The kinetics of the fermions and their interactions with gauge bosons are given by the co-

variant derivative
. Y
Dy = 0y + igsta Gy, + igT; W), + 29/§BM (2.8)

where T; and ¢, and are the generators for SU(2)1, and SU(3)¢, respectively, and Y is the weak
hypercharge of the field that D,, acts on. For weak isospin doublets, T; = o;/2, with the usual
three Pauli matrices o;, while for color triplets, t, = A\,/2, with the eight Gell-Mann matrices
Aa- Meanwhile, the second term disappears for color singlets like the leptons since 51 = 0,
and similarly, the third term will vanish for right-handed fermion fields since TZ@ZJ{{ = 0.
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Table 2.1: Summary of SM fields and their representation of the SU(3)c x SU(2)r, x U(1)y
gauge group with the corresponding quantum numbers T3 of SU(2);, and hypercharge Y of
U(1)y, as well as the electric charge @ of U(1)gy. Bold numbers indicate the dimension of the
representation under the respective gauge group: 1 is a singlet, 2 is a doublet, 3 is a triplet, and
8 is an octet. For the fermions, the generational and color indices are omitted. The weak gauge
field is written in the weak isospin eigenbasis with Wf = (Wl} F zWﬁ)(\/i) The Dirac adjoint
of each spinor field has the opposite quantum numbers.

Field name

Representations

Quantum numbers

Symbol

SUB)c SU(2),

T3

Y/2 Q=Ts+Y)/2

1 2
Quark doublet QL = <Zi) 3 9 (J_r §> +1 (J_r 3 )
2 3
Up-quark singlet uR 1 +2  +2 +2
; 1 1 2
Down-quark singlet dr 1 -3 -3 -2
41
Lepton doublet Ly, = L 1 2 % _1 0
er, -3 2 -1
Lepton singlet eR 1 0o -1 —1
Gluon field Gy, 8 1 0 0 0
w,r +1 +1
Weak gauge field WZL =|\W, 1 3 -1 0 -1
w3 0 0
Hypercharge field B, 1 1 0 0 0
+ 1
Higgs doublet P = ¢0 1 2 +% _|_% +1
¢ -3 0
0% 1
Conjugate Higgs doublet &°¢ = (i_) 1 2 (f%) —3 _(1])
2
Y/2 Y/2
+1 -:-ER +1 _“_
& ur 1
vLe B AL e o
& dr 4
dr, & @ ur, _
VR, VR VV.“' Wij
% % ' l =13 : > T,
-1 / 0 _ +1 -1 +1
ur, & & di,
& dr
er, - oL PP
& ur
—1 -’-(’,R 14

Figure 2.4: Graph of the SU(2)1, x U(1)y quantum numbers (73,Y/2) of the fermion (left) and
boson (right) fields in the SM. The quarks are shown as a color triplet (red, blue, green). Note
that right-handed neutrinos v are not included in the SM.
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As mentioned above, the gauge group is spontaneously broken due to the nonzero Higgs vev.
Through the Higgs mechanism, the gauge bosons acquire mass and mix into the mass eigenstates

1o 72

Wi = W, FiW;
1 J2
where WMi are the charged W boson fields, Z,, is the neutral Z boson field, A, is the photon
field, and @y is the Weinberg angle given by sinfw = ¢'/1/g? + ¢’?. After mixing, the new

covariant derivative becomes

9 9

V2 V2

such that the ladder operators T+ = T} +iT, couple up-type quarks to down-type anti-quarks and

Z, =W, cosbw + B sinfy, A, =W} sinbw — B cosby,  (2.9)

—w, + i (T3 — sin® Ow Q) Z,, +ieQA,, (2.10)

Z)‘u = 8# + ’L.gstaGZ + Z COS ew

THW, 4

vice versa in the charged weak interaction. The photon field A, is the gauge field that belongs
to U(1)gm with coupling strength e, and gives rise to the conserved quantity @ = T3 + Y/2,
which is familiar as the electric charge.

2.2.2 The Yukawa sector

In order to explain mass of the fermions, we need to add Dirac mass terms, which are of the

form

—myp = —m (YrYL + PLYR) , (2.11)

where ¢ is a full Dirac spinor, and ¢r, = §(1 —~°)¢ and g = (1 +7°)) with 7% = iyO14243
are its left- and right-handed projections, respectively. However, this term cannot be gauge
invariant under SU(2)r, because it mixes fields of different chirality. As is the case for the gauge
bosons, the solution is to use the SSB of the Higgs sector. Following the previously mentioned
conditions for terms in the Lagrangian, one can include the following interaction terms between
a complex Higgs doublet ® and fermions:

Lyukawa = —Y]9Q] 0df, — V9Q! &°u, — YIITI def, + hec., (2.12)

with the conjugate Higgs doublet ®° = igy®, and unitary Yukawa matrices Ydf 9 vJ9 v/ that
mix the fermion generations in generation space U(3). As @ is a scalar field that forms a weak

o= <ZZ) (2.13)

the terms (2.12) are manifestly Lorentz and gauge invariant, and have mass dimension four.

isospin doublet,

The Higgs-fermion interactions are not obtained through the gauge principle, and as a conse-
quence, the Yukawa matrices are unitary matrices that can generally mix the various flavors and
introduce CP violation.

Because the Higgs vev is nonzero, we can fix the SU(2);, gauge. It is convenient to choose
the unitary gauge

1{ 0
q):ﬂ(wrh)’ (2.14)

with the vev v &~ 246 GeV, a real constant, and the neutral Higgs field h, a (real) scalar.
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Therefore, after SSB, we are left with

Ydfgif Yufg }/éfg ;
Lyukawa = _WdL(U + h)dj, — NG uf (v+ h)ug — NG € (v+ h)eg + h.c. (2.15)

In the next section, we will see how the Yukawa matrices can be diagonalized to obtain the mass
eigenstates with mass coefficients of the form m/ = vY///1/2.

The SM assumes that neutrinos are massless. Nevertheless, the observation of neutrino oscil-
lations imply that neutrinos do have mass [49]. The problem with the Dirac mass terms
is that it is not known if right-handed neutrinos exist. Alternately, if one assumes the neutrino
is its own antiparticle, one could build a Majorana mass term from a different combination with
the Higgs field without a right-handed neutrino, but the resulting local operator would be of

mass dimension five, making it nonrenormalizable [56].

2.2.3 Flavor symmetry

To construct the SM Lagrangian, we started from the general conditions of Lorentz invariance,
gauge invariance under SU(3)c x SU(2)r, x U(1)y, and renormalizability, after which we put in
all the particle content Eq. observed in experiment. With just these assumptions, we find
that the SM has more symmetries that were not imposed beforehand. These symmetries are
therefore called accidental. In particular, the gauge sector by itself is highly symmetric.
Without changing the physics of this sector, one can perform unitary transformations within

the three generation of each fermion type

by =y = U9, (2.16)

where Uyy € U(3) is a unitary matrix with 3 x 3 generational indices. Because there are five
fermion fields, the gauge sector therefore has a very large global Ggﬁ})g% = U(3)® symmetry [57,

58|. Each U(3) group can be decomposed into SU(3) x U(1):

GESP = SU(3) g, x SU(3)ag X SU(3)ug x SU(3)r, % SU(3)e (2.17)
x U)gy x U1y x U(1)ug x U(1) 1y, X U(1)eg, (2.18)

such that each SU(3) represents a transformation in generation space,
QL = V3Qt, wh —ving, dl -V, L VL el - vieg,  (219)

with special unitary matrices V79 € SU(3), whereas each U(1) is a simple complex phase rota-
tion.

There is no reason that these global symmetries should hold generally. Indeed, the structure
of the Yukawa sector explicitly breaks a large part of these symmetries, because the
Yukawa matrices can mix the different flavors if there is no global flavor symmetry imposed.
Such a global symmetry would require the Yukawa matrices to be proportional to the identity
matrix, implying the each generation would all have the same mass. This is evidently not the
case, as the fermion masses are different and span several orders of magnitude. Géﬁlbg% is thus

not a good symmetry of the SM because of the Yukawa sector, and it gets explicitly broken to

Gelobal Yulawa, - elobal _ (1) x U(1)e x U(1), x U(1)s, (2.20)

gauge

where the first factor indicates the conservation of baryon number B, while the last three factors
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denote the conservation of the number of each individual lepton flavor Le, L, L, which add
up to the total lepton number L [59) [60]. Note that these symmetries, which are observed
experimentally (see Sections and , emerge naturally from the formulation of the SM.

Although the SU(3) factors in Eq. are not a symmetry of the SM, they can still be
used for a change of basis in which the Yukawa matrices are diagonal. For leptons, one can find
transformations V,, Ve € SU(3) such that the Yukawa matrix becomes

Y, = Vi Y.V = diag(ve, Y, yr), (2.21)

with y; real and positive [62]. This is the mass basis for charged leptons with masses my =
vys/ V2. These transformations still cancel in the gauge sector, so lepton generations do not
mix in the SM. This corresponds to the conservation of the individual lepton flavors. Since
neutrino oscillations have been observed to occur in Nature, it is clear that lepton flavor is
actually not a conserved quantity. And in addition, conversation of the total lepton number is
violated by anomalies due to nonperturbative effects at the quantum level [60} 62, 63]. Still, both
these effects are extremely suppressed for processes involving the charged leptons [64-67]. Two
examples of lepton-flavor violating decays are shown in Fig. Therefore, U(1)e x U(1),xU(1),
is still an excellent approximate symmetry. Furthermore, leptons are treated equally by each of
the gauge interactions, which is referred to as lepton flavor universality (LFU). The violation of
LFU in observables like production cross sections or decay rates would be a clear hint of new
physics beyond the SM.

For quarks, there are two Yukawa matrices, but only three independent transformations
available. It is a common convention to make Yy diagonal while factorizing Y, into a unitary
and real diagonal matrix so that

Yd - VQYdVT = diag(yah Ys, yb)7 (222)
and
Y = VoYuVil = Viydiag(yu, ve, vr), (2.23)

where my = vyy / V2 are the quark masses, and Vogy is the CKM matrix introduced in Sec-
tion Most generally, Vcoky is a unitary matrix with three real angles and six complex
phases, but thanks to the residual flavor symmetry, one can still rotate the phases of the six
quark flavors to eliminate five out of six complex phases. This leaves the Vo with just four
physical parameters: three real angles that mix the up-type quarks, and one complex phase
that introduces CP violation [50, [62]. Note that if there were only two generations, there would
only be one mixing angle, and no complex phase causing CP violation, like in the Cabibbo
matrix . To obtain a full quark mass basis with both Y; and Y,, diagonal, one can redefine
the up-type components of the quark doublets, such that Voky is moved to the gauge sector,
€/+
~y

W~ W~ " Vs

0 TRORT o= - VRN =

Figure 2.5: Feynman diagrams for lepton flavor violating decays of a heavy lepton, £~ — £~~
and £~ — (¢~ (T, if one adds neutrino masses to the SM. These are extremely suppressed due
to the small neutrino masses, with a branching fraction that is several orders of magnitude less
than 107°Y [61].
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where it will only appear in the charged weak interactions in Eq. . The electromagnetic
and strong interactions will still conserve the C, P, T, and flavor symmetries thanks to their
structure and the unitarity of the CKM matrix. The neutral weak interaction through
Z-boson exchange violates C and P, but it still respects CP and flavor conservation. Therefore,
decays with flavor-changing neutral currents (FCNCs) in the SM can only happen at loop-level
involving W-boson exchange. Besides being at loop level at LO, the rates of such decays will
also be heavily suppressed by the GIM mechanism, which makes them a good probe for testing
the SM, as it would be more sensitive to new physics.

If one extends the SM with nonzero neutrino masses, it is necessary to introduce the PMNS
matrix to explain neutrino oscillations. This extended SM has twelve fermion masses, six mixing
angles, and two CP phases emerging from the Yukawa sector, which makes up 20 of the 26
parameters of the SM, which need to be experimentally determined. So most of the SM free
parameters come from the Yukawa sector. Moreover, the pattern of the fermion masses appears
very hierarchical across the generations, spanning several orders of magnitude. At the same
time, while CKM matrix has nontrivial mixing of quark generations, it is not too far off from
the identity matrix. This begs the question why matter comes in three generations, and what
mechanism can explain the pattern of mass and mixing. The mass hierarchy could suggest that
new physics somehow prefers the higher generations, which motivates studying physics that
involve T leptons, bottom or top quarks.

In summary, the gauge sector is highly flavor-symmetric, and the only source of flavor mixing
and CP violation in the SM comes from the the Yukawa sectors. Additionally, we can tell apart
the different flavors through their Yukawa couplings to the Higgs and therefore their masses.
Good ways to test the SM is in observables where we expect strict LFU, or to look for decays
violating charged lepton flavor [68].

2.3 The physics of proton-proton collisions

Modern particle physics has long used particle accelerators to study Nature in a controlled
experiment. By colliding two beams of particles head-on, or letting a beam hit a fixed target,
we can create interactions at higher energies and thereby probe physics at smaller scales. In this
way, we can test the predictions of the SM and look for new phenomena. The largest and most
powerful collider today is the LHC, which accelerates two proton beams up to record energies
and collides them head-on inside of four large detectors. The LHC will be described in a later
chapter.

2.3.1 The proton substructure

Unlike leptons and quarks, which are elementary particles (as far as we know), protons are
composite particles. Protons are a bound state between quarks and gluons. The substruc-
ture of the proton has been carefully studied in deep inelastic scattering (DIS) experiments
at SLAC [70} [71] and DESY [72], which collided electrons or positrons with protons. If large
enough momentum is transferred between the proton and a colliding particle, the proton will
break apart into secondary hadrons. These experiments showed that at the short distance scale,
or equivalently short time scale, of DIS, one can treat protons as a loosely bound group of
constituents. The constituents are referred to as partons. This is a consequence of asymptotic
freedom in QCD, which follows from the non-Abelian nature of SU(3)¢, which means that gluons
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Figure 2.6: Plot of the proton PDF f,(z, @Q?) times the momentum fraction z as calculated
by NNPDF3.1 at NNLO accuracy in perturbation theory for Q% = 10 GeV? (left) and Q? =
10* GeV? (right). Adapted from [69].

are self-interacting. To a good approximation, the scattering in such a collision happens with
just a single parton to which all the momentum is transferred, while ignoring its interactions
with the other constituents in the proton. The partons are either quarks or antiquarks with
fractional electrical charge and spin 1/2, or electrically neutral gluons with spin 1.

In the parton model, parton distribution functions (PDFs) describe the probability of finding
a parton of type p with momentum fraction x in a collision at some momentum scale () as a
function of the form f,(z,Q?) [73-77]. The proton can be thought of as a bound state involving
two up and one down quark, called valence quarks, plus an admixture of quark-antiquark pairs,
called sea quarks, which are created by quantum fluctuations from the strong QCD fields present
in the proton. To reflect the proton quantum numbers, the PDFs of the up- and down-type
(anti)quarks are normalized so that, for any given Q?,

/O [fu(z, Q%) — falz, Q)] dz =2, /O [fa(z,Q%) — fa(z,@*)] da =1, (2.24)

while all others must be zero.

The PDFs can be extracted in different ways from experimental data (mainly DIS) [76]. One
such set of PDFs that has been used in the simulation of proton collisions and is calculated at
next-to-next-leading order (NNLO) accuracy in perturbation theory is shown in Fig. Notice
that the PDFs attributed to quarks heavier than the up and down quark are nonnegligible,
especially at higher Q2. This contribution is noteworthy, because it makes processes with bottom
quarks in the initial state, like the signal model of this thesis, also possible. Still, the PDFs of
heavier quarks are considerably suppressed. While at high Q?, heavy-quark PDFs become more
important, another considerable source is gluon splitting g — qq, where a gluon “splits” into a
quark-antiquark pair. This will add an extra parton to the final state, although it tends to be
softer and more forward.
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Figure 2.7: The dominant processes in proton-proton collisions: Elastic and inelastic scattering
at leading order. The inelastic processes can be further divided into diffractive (about 25%) and
nondiffractive (75%) [78§].

2.3.2 Proton-proton collisions at the LHC

Most of the times when the proton beams cross in the LHC, little of interest happens. Even
with the record beam intensities that the LHC provides, most of the protons in the beams do
not interact. When they do, they exchange only small amounts of momentum and gain only
small momentum in the transverse direction. This is called soft scattering and corresponds to
long-distance interactions. The total cross section of pp collisions at 13 TeV has been measured
to be roughly o' ~ 100mb, where 1barn = 100 fm?, or 10728 m?.

PP
are elastic scattering where both protons stay intact, and inelastic scattering, where at least

The main contributions

one proton breaks up in the interaction. Elastic scattering makes up approximately 25% of
the total cross section, while inelastic scattering, 75%. These results at 13 TeV are reported
in Ref. [T9-81]. The inelastic processes can be further divided into diffractive and nondiffrac-
tive [78]. Diffractive processes are not understood from first principles by the current theory
of the strong interaction, QCD, because these interactions cannot be calculated perturbatively.
Instead, Regge Theory [82H84] is used. In this framework a colorless object called the Pomeron,
carries the transferred momentum between the protons. All of these types of interactions are
shown in Fig.

To measure electroweak processes, study the Higgs boson, or search new physics, however,
one is interested in pp collisions with a hard process, where two partons directly exchange a large
amount of momentum. This kind of process is illustrated in Fig. where the right diagram
shows a concrete example of the Drell-Yan process, in which a fermion-antifermion pair are
created through quark-antiquark annihilation. Just as in DIS, the hard process will happen at
time scales much shorter than those of the strong interactions between the proton’s constituents.
Therefore, the PDFs from lepton-proton data can be used for each of the two proton to quantify
the probability of finding these partons. This follows from the factorization theorem [85] [86],
which provides a formula to calculate the cross sections of a hard process with an integral of the

form

11
opp = X +Y) = Z/o /0 filw1, Q%) fi(w2, @%)6ij o x (w1, w2, Q%) dzy daa (2.25)
1,]

where 0, x (21, 22, Q?) is the parton-level cross section of the hard process, i + j — X, and
parton ¢ (j) carries a fraction z1 (z2) of the momentum of its mother proton. Fig. [2.9| compares
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Figure 2.8: Left: Feynman diagrams of a pp collision with a generic hard process represented
by a blob in the middle. The groups of three lines coming from the left represent the proton with
its substructure. The hard process is effectively a collision of two partons ¢ = 1,2 emerging from
each proton and carrying a fraction x; of their mother proton’s total momentum p; [75]. The
rest of the proton becomes debris, and continues along the beamline. Right: Simple example
of a hard process: Drell-Yan at tree level, which involves a virtual photon v* or Z boson from
quark-antiquark annihilation creating a lepton-antilepton pair.

the theoretical cross sections of some of the main processes for different center-of-mass energies
V/s. Notice the orders of magnitude difference between the hard processes and the total cross
section. Hard processes make up a tiny fraction of the inelastic processes, show in Fig.
Figure[2.10]compares the predicted and measured cross sections of several SM processes involving
the production of top quarks as measured by CMS at /s = 7, 8, and 13 TeV.

Collisions with hard processes are characterized by a large momentum exchange of more than
a few GeV between the protons [89]. The remnants of the protons will mostly disappear in the
beamline, while particles created in the hard process will typically have relatively large trans-
verse momenta, such that they transverse the geometric acceptance of the detector. Therefore,
pp collision events are often selected based on the presence of particles with large transverse
momenta, instead of just the total momentum p;. In this way, they can be distinguished from
uninteresting soft scattering.

The production of particles in the hard process will be boosted along the z-direction. This
is because typically only one parton (quark or gluon) emerges from each proton to take part
in the main collision process. Each parton will carry some fraction x; of that hadron’s total
momentum, which is almost completely in the z-direction. The boost will therefore depend
on their difference in momentum (see Fig. [2.8). This means that the total momentum of the
hard collision in the transverse plane should be zero, while the boost in the z direction will be
unknown if some part of the momentum is carried away by invisible particles not captured by
the detector, or if multiple simultaneous collisions obscure the final state particles necessary to
reconstruct the boost.
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Figure 2.9: Plot of the most common processes in proton-proton collisions and their cross
sections numerically calculated at NLO or NNLO accuracy in perturbation theory of QCD with
MSTW2008 PDFs [77]. Taken from [87].
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Figure 2.10: Predicted and measured cross sections for a variety of SM processes wherein one
or more top quarks are produced in pp collisions at center-of-mass energies of /s = 7, 8, and
13 TeV, as measured by the CMS Collaboration. The x axis denotes the process. The cross
section for the production of a pair of top quarks (tt) is shown inclusively, as well as separately
for production with additional jets (j), bottom quark (b), or charm quark (c). “s-ch” and “t-ch”
refer to s-channel or ¢-channel production of a single top quark, respectively. Taken from [88].
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3 Beyond the Standard Model

The SM of particle physics is remarkably successful in describing matter and its fundamental
interactions. The mathematical theory behind the SM provides some of the most precise pre-
dictions, which have been confirmed with tests of unprecedented precision. The strength of
the electromagnetic force given by the fine-structure constant a = e?/4r for example, has been
calculated with up to twelve digits and agrees with measurement up to ten [90H93|. In 2012, the
discovery of a major missing piece, the Higgs boson was announced by the ATLAS and CMS
experiments at the CERN LHC [37H40)], more than 47 years after its prediction [35, B6]. Despite
its many successes, there are both theoretical and experimental reasons that imply the SM is
not complete and is not the final and most fundamental theory of nature. The following section
highlights several examples of open questions in physics. After that, Section [3.2 will discuss tests
of LFU. Finally, a possible solution for some anomalous experimental measurements is proposed
in Section [3.4]

3.1 Shortcomings of the Standard Model

Most obviously, the SM does not offer a description for gravity. The SM can explain very
well and predict behavior of the electromagnetic, weak, and strong interactions at the energy
scales we have covered in experiments so far. At these same scales, gravity is many orders of
magnitude weaker than the weak interaction, and its effects are therefore neglected at the scales
probed by the SM. Quantum effects of gravity are expected to play a role at the Planck scale
Apianck = 1.22 x 10" GeV, which is many orders of magnitude higher than what current particle
accelerators can achieve, as shown in Fig. The big question that remains is if gravity can be
quantized like the other interactions, which would imply the existence of a force-carrying particle
called the graviton. To be consistent with Einstein’s theory of relativity, this new particle should
be a massless boson with spin-2. However, there is no clear path to fit it consistently in a QFT
like that of the SM, because one quickly runs into issues of renormalization when performing
perturbative calculations. This might indicate the need of a new mathematical framework that
supersedes QFT. One such candidate is string theory.

The last chapter already mentioned that the SM assumes neutrinos are massless. There are
several possibilities to add neutrino mass terms to the SM Lagrangian, but the exact nature of
neutrinos has yet to be revealed by experiment.

Another theoretical puzzle is the so-called strong CP-problem. In the most general Lorentz
and gauge-invariant SM Lagrangian, one would also expect a CP-violating term in the gauge
sector coming from the gluon fields. Nevertheless, CP violation has only been observed in
weak interactions so far, and there is no confirmed reason why strong interactions should respect
CP symmetry [62].

One glaringly missing piece in the SM is dark matter. From astronomical observations, it
appears that there exists about five times more matter than the kinds that are part of the SM [951-
97]. Independent pieces of evidence for this unknown kind of matter include inconsistencies in
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Figure 3.1: Logarithmic scale of different energy scales in particle physics. Some particle masses
m = E/c? are indicated for reference. The SM reaches approximately up to the top quark mass.
New physics may appear at the LHC around the TeV scale. If not, a particle desert may lie
ahead with no new physics until the scale of a Grand Unification Theory (GUT), where the
SM interactions are expected to unify [94]. Beyond the GUT scales lies the Planck scale where
quantum gravitational effects are expected to become important.

the rotation curves of galaxies [98], [99], the localization of matter through lensing in the Bullet
Cluster [100] [T01], and the precise measurement of the angular power spectrum of the cosmic
microwave background (CMB) [95], 96]. If this is indeed a new type of matter, the big question
is how it interacts with “normal” SM matter, if at all. There are many experiments that try to
find evidence of such interactions, including dedicated dark matter detectors, as well as searches
in proton-proton collision data at the ATLAS & CMS experiments.

The same measurements of the CMB point to another big conundrum. They found that
68.3% of the energy content in the observable universe is an unknown form of energy, referred
to as dark energy. In the standard model of cosmology, this type of energy is expressed as the
cosmological constant, and can be ascribed to the vacuum energy which uniformly permutes
all of space. While the SM offers amazingly precise agreement with the measured electron
magnetic moment, the calculation of the energy density of the vacuum presents one of the worst
quantitative predictions in physics: It underestimates the observed value by up to 120 orders of
magnitude [I02]. This is a huge discrepancy that needs to be investigated.

For the reasons mentioned above and more, the SM clearly cannot be the end of the story, and
physicists need to look for a new fundamental theory of Nature. There are many extensions of the
SM and full new theories that have been proposed. Such models often predict new particles that
can be directly produced in high-energy collisions, such as those at the Large Hadron Collider
(LHC). While the discovery of such a new particle would be clear-cut and exciting evidence of
new physics, the new hypothetical particles may be too heavy or weakly coupled to discover
with present colliders or data sets, and it is not always clear in what phase space to explore
without making model-dependent assumptions. In the case of no discovery, it is still possible
to put exclusion limits on model parameters like coupling and mass to constrain the model.
Complementary to direct searches, physicists are looking for indirect evidence of new physics
by precisely measuring physical observables that can be be calculated in the SM in order to
find any notable deviations from SM predictions. Such observables are typically total, fiducial,
and differential cross sections and decay rates. These directions of research can also offer a
systematic and model-independent way of probing beyond the SM. One popular framework for
this is that of the EFT, which will be discussed in Section [3.3}

Section argues that the observation of LF'U violation (LFUV) or lepton flavor violation
(LFV) in Nature would be a clear sign of physics beyond the SM. Physicists have looked directly
for LE'V decays, but found no evidence so far. Strong limits have been set on forbidden decays
of the muon [I03], 104], the T lepton [105], B hadrons [I06-109], and quarkonia [I10], but
also on leptonic decays of Z and Higgs bosons [I1I] that violate lepton flavor. In the next
decade, several experiments could reach sensitivity to decay rates predicted by some new physics
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models [105, 112], 113]. For testing LFU in the SM, it is important to precisely measure ratios
of decay rates or production cross sections. Some signs of LEUV have in fact emerged in the
semileptonic decays of B hadrons, which the next section will present in more detail. Other
discrepancies that could hint at LFUV have been found in the anomalous magnetic momentum
of the muon. Combined, they deviate with respect to the SM with a significance of 4.2 standard
deviations [114] [115], although some of the discrepancy could be related to theoretical predictions
for the hadronic vacuum polarization [II6HIT8]. These flavor anomalies could be explained by
models that hypothesize the existence of a new type of particle called the leptoquark (LQ).
Section [3.4] will introduce the basic phenomenology of LQs, which motivates the search presented
in this thesis.

3.2 Tests of lepton flavor universality

LFU has been experimentally confirmed in numerous decays at both low and high energy [119].
The most stringent tests of the universality between electrons and muons (e/p universality) in
charged currents come from the measurement of the decay rates of leptonic decays of the pion
and kaon

oI (h™ — e o)

R, — 2 \° T7F Ye)
T (hm =)’

(3.1)

with h = &, K, and where the inclusion of charge-conjugated decays is implied. This ratio can be

calculated down to a precision of 1074, because the dynamics of strong interactions cancel out to
g
e/

Re{{/u are measured with a precision of around 0.2% [22] 120}, [121], and are in excellent agreement

with the SM. Additionally, the ratio of I' (K™ — w¢™v,) from semileptonic kaon decays show

a first approximation, and only appear in the electroweak corrections [I19]. The values R*, and

similar agreement [119] 122].

Other strong bounds on e/p universality in charged currents are obtained from the ratio
of the fully leptonic decays of the T lepton [I19} [123]. Similarly, stringent constraints on p/T
universality have been set by a comparison of the decays of the muon and T lepton to an electron
plus neutrinos, as well as by the decays 7= — h™ v, and h™ — p~ v, again with h = =, K.
Moreover, the comparison of T-lepton decays to muons and muon decays to electrons has tested
e/T universality to almost 0.1% precision.

The BESIII Collaboration has also been able to confirm LFU in the charm sector by analyzing
ete™ collisions at the BEPCII, which ran at the right center-of-mass energies to produce copious
amounts of J/Ab mesons and D meson pairs. Their analyses of purely leptonic J/ decays [124] and
ete™ — (14~ production [125] has allowed BESIII to test LFU in neutral currents at energies
around the JAp mass. Furthermore, they have measured decay ratios of both fully leptonic and
semileptonic decays of D(s) mesons [T26H129)].

At higher center-of-mass energies, the experiments operating at the electron-positron colliders
at the SLC and LEP colliders have confirmed LFU in Z boson decays by measuring the partial
widths to the level of about 0.2% [130]. The LEP experiments have also measured the branching
fractions of W bosons from ee — WW production to the percent level, and reported an excess
of the branching fraction B(W — 77;) with respect to the other leptons, that amounts to 2.6
standard deviations [I31]. This has recently been resolved by both ATLAS [132] and CMS [133],
who made measurements of branching fractions and their ratios with improved precision. This

is shown in Fig.
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Figure 3.2: Tests of LFU in the decay of the W boson. Left: Measurement of the leptonic
branching ratios by CMS compared to the corresponding LEP results [I31] (orange). The vertical
green (yellow) band shows the extracted branching fraction at a 68% (95%) confidence level (CL)
assuming strict LFU. Right: Two dimensional comparison of the ratios of branching fraction,
with results from LEP (orange point and dashed lines), ATLAS [I32] (pink band), and CMS
(green-yellow ellipse with the black cross as one-dimensional projections). The SM expectation
is shown as a red cross. Both figures are taken from Ref. [133].

The tests discussed above involved processes with either purely leptonic transitions, or
semileptonic transitions involving only the lightest two quark generations. However, several
experiments that study B hadron decays have reported discrepancies with the SM predictions
that could give the first hints of LFUV.

3.2.1 B anomalies

The main three experiments that have been specifically designed to study the properties and
behavior of B hadron decays are BaBar, Belle, and LHCb. The BaBar experiment [134] at the
PEP-II collider at SLAC in California, United States, and the Belle experiment [135] at the
KEKB collider in Tsukuba, Japan are referred to as “B factories” because they have recorded
ete™ collisions with center-of-mass energies tuned to the T(4S) resonance peak to create vast
amounts of B meson pairs. The LHCb experiment [136-138], on the other hand, has one of the
four large detectors at the LHC at CERN near Geneva, Switzerland, and recorded proton-proton
collisions. The LHCb detector covers the very forward direction, close to the beam, to capture
mainly B hadrons that are produced in QCD processes and subsequently decay in the detector.
These three experiments have reported several anomalies in the rates and angular distributions
of leptonic and semileptonic B-hadron decays. The significance of several of these anomalies are
compared in the left plot of Fig. [3:3] In the following, we will discuss two important cases of
semileptonic decays that have garnered a lot of attention in the last decade.

First, LFU has been tested in the b — s¢™/¢~ transition by looking at the ratio of decay rates

I'(B— K®ptp)

()} =
R(K™) = I'(B— K®ete )’ (3:2)

where the B meson and kaon can be neutral or charged. This observable is often integrated in
one or more regions of ¢2, the squared invariant mass of the dilepton system in order to avoid
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Figure 3.3: Measurements sensitive to flavor anomalies. Left: A selection of known observables
to test LFU created by P. Koppenburg [139]. Each row shows the significance of a measurement
(blue), with the SM expectation (orange) set to zero. The experimental and theoretical uncer-
tainties are summed in quadrature and normalised to unity. The interval between the square
brackets indicates the range of ¢2, the squared invariant mass of the dilepton system. Right:
Summary of R(D) versus R(D*) measurements, created by HFLAV [140]. Black point indi-
cates the SM prediction with uncertainties and the red ellipse shows the average of all results,
including preliminary 2022 results by LHCb (purple ellipse).

intermediate charmonium resonances.

This process involves an FCNC, which in the SM must proceed through a loop diagram at
LO, as shown in Fig. [3:4] Because it is loop-suppressed, this variable could be sensitive to
contributions from processes predicted by extensions to the SM. The ratio can be calculated to
percent-level precision, due to the fact that perturbative and nonperturbative QCD contributions
and their uncertainties cancel out [141]. In the SM, this ratio would be close to unity because
of the relatively small mass difference between the electron and muon compared to the B meson
mass [142]. Measurements made by Belle [143H145] and BaBar [146] were consistent with the
SM. LHCb, on the other hand, had reported several measurements of both R(K) [147HI49] and
R(K*) [150, 151], with about half the uncertainty, which initially showed discrepancies with the
SM of up to 3.1 and 2.6 standard deviations, respectively. These were recently resolved by new
LHCb measurements, which showed no significant deviation from the SM after improving the
treatment of the misidentified background in the decay channel with final-state electrons [152,
153]. Other noteworthy anomalies have appeared in the differential decay rates [150), [154H156]
and angular analysis [I57HI60] of these type of semileptonic decays.

Secondly, one can construct a similar ratio for the b — ¢/~ v, transition,

I'(B— DWrv,)

() —
R(D™) I'(B— D®e—v,)’

(3.3)

where again the B can be charged or neutral, and the inclusion of charge-conjugation is implied.
This process can happen at tree level in the SM, since, as shown in Fig. it is not suppressed,
and has a large visible branching fraction. Because LFU has been confirmed in comparisons
between B — D(*)uﬂlL and B — D®ev, [I61], and third-generation leptons could be more
sensitive to new physics, it is more interesting to consider the semileptonic decays with a T lepton.
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Figure 3.4: Feynman diagrams for rare semileptonic decays of B hadrons. Left: B — K®*) ¢ty
an FCNC, which in the SM must occur through a loop diagram at LO. Right: B — D®) /¢,
which is a tree-level diagram at LO. Fig. presents examples of new physics contributions.

The denominator of Eq. is either the decay rate of the final state with a muon (¢ = p), or it is
the average decay rate of the final states with an electron or a muon (¢ = e, p). Measurements of
R(D™) reported by the BaBar [162} [163], Belle [I64-170], and LHCb [I7IHI73] Collaborations
collectively deviate from the SM predictions by about four standard deviations [I74]. Their
results and the average are shown in Fig. The deviations in R(D) and R(D*) are on the
order of 10%, which is quite large considering the SM process occurs at tree-level. If this anomaly
holds, it would be evidence of /e and T/p universality violation in b — ¢~ v, charged currents.

3.3 Effective field theory

In the modern view, the SM can be regarded as an EFT. The basic premise of the EFT framework
is that the details of the dynamics of high energies (or equivalently, small length scales) do not
affect the dynamics at lower energies (largest length scales) [I75]. One can construct an effective
Lagrangian with all possible local operators built from a combination of SM fields that are
allowed by certain symmetries [176], 177]. The SM Lagrangian, then, is the renormalizable part
of some more fundamental theory, while nonrenormalizable operators reflect the high-energy
dynamics. The effective Lagrangian takes the form

C(") n
Leg = Lsm + Z Z A5_4 Oé ), (34)

d>4 n

(n)

where each new term contains a nonrenormalizable operator O, of mass-dimension d that is
suppressed by the inverse powers of some energy scale A [56, [I77]. The validity of this ap-
proximation is ensured by the Appelquist-Carazzone theorem [I78]. Every term also introduces
a dimensionless Wilson coefficient Cc(l"), which is a new parameter that can be measured in
experiment. It can be compared to the SM expectation, which is simply Cc(ln) =0.

Conversely, one can obtain the effective operators and their Wilson coefficient in a top-down
approach by integrating out the degrees of freedom from heavy fields in a given theory with tools
known from Wilsonian renormalization [62, [179]. The Wilson coefficients can depend on several
parameters from this theory, like coupling constants and masses. If a deviation from the SM
is found in a precision measurement, one can then quantify how consistent the measurement is
with the proposed theory. This information can then be used to guide subsequent measurements

or direct searches.

3.3.1 Fermi four-fermion interaction

As a simple demonstration of the procedure, this section will outline how one can integrate
out the WJ field of the SM, in order to get an EFT operator for the semileptonic b — ¢t~ U,
transition. This is needed to analyze the semileptonic transitions of the flavor anomalies, which
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Figure 3.5: Feynman diagrams of semileptonic four-fermion interaction through a charged-
current at LO in the SM (left) and in an EFT (right).

change quark flavor.
At LO, the only relevant interaction terms are those of the weak charged current in Eq. (2.10)),
which can be written as

£SS = —%J{,‘VWJ +he., (3.5)

where the weak charged current is
Ty = Vit + ebid, (3.

with an implicit summation over the generation indices f, g, and £, and where the quarks are in
their mass basis. In perturbative calculations, this current leads to the W; boson propagator,

—i(Gpw — qqu/M\QN)
- Mg

(3.7)

with ¢ the momentum of the virtual W boson. Because the mass of the W boson, My =
80.4 GeV, is so much heavier than the momentum scale relevant for analyzing hadron decays,
one can integrate out the momentum in terms of the amplitudes of four-fermion interactions
after having expanded into inverse powers of Myy. At LO, the effective, local Lagrangian
is

£CC(0) 4Gy

eff SM — \/i g,ul/J\lili/J\I;V + h'C'v (38)

which is exactly the four-fermion interaction posited by Fermi (see Section [2.1.5)), and which
provides a reasonable approximation for low-energy processes. The Fermi constant Gy can be

written as

4G 2 2

T I 2 x33x107°GeV (3.9)

V2 o 2Mg v
Notice that the operator in this effective Lagrangian has four fermion fields, and is therefore of
mass dimension 6. For B decays, higher-order corrections will be of size O(m%/Mg;), which can
be taken into account by adding dimension-8 operators [56]. The new dimension-6 operators are

represented by the contact interaction diagram shown in Fig.
3.3.2 Effective Lagrangian for the flavor anomalies

For b — ¢/~ 7, at LO, it is sufficient to only consider

betu (0 4Gy 7 _
Eef%Sls/I) = _WV((]:II?(MCL'YMbLgL'ﬁLVL + h.c.. (3.10)

Taking the scale as A = Myy, the corresponding Wilson coefficient is C§¢ = g2VCdI’<M /2.
It is possible to construct a more general effective Lagrangian for B — Dfv, decays, in order
to take into account possible new physics effects. All four-fermion operators respecting Lorentz
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invariance and the SM gauge symmetries are

4G _ _
Loy = =% [CEL(CRbL)@RVL) + CRy.(eLbr) (Cron)

V2

+ (Vo + O ) (@7 00) By + i (ern o) (o)

+ CEL(CRUHV[)L)(KRUMVVL)} +h.c, (3.11)

with the tensor o*’ = i/2[y*,~"], and Wilson coefficients C¥., for scalar (J = S), vector
(J = V), and tensor currents (J = T) [I80]. In the SM, all coefficients C'%y vanish. The
next section will discuss how ES&EV can be simplified under certain experimental and theoretical

constraints.

3.4 Phenomenology of Leptoquarks

LQs are hypothetical bosons that carry both nonzero baryon and lepton numbers. As the name
suggests, LQs simultaneously couple to a lepton and a quark. For this reason, they must have
fractional electric charge ), and transform as color-triplets such that they carry color charge
like quarks. In local QFTs, they can either be scalar or vector bosons. The number of the LQ
multiplets under the SM gauge group is limited if one requires that they form direct couplings
to a lepton and quark that are gauge and Lorentz invariant. In that case, there are in all six
scalar (S1, S1, §1, ]3@, Ry, S%) and six vector LQ multiplets (Ulﬂ, Uiy, [71“, XN/QM, Vou, Ugu) [112],
which are listed in Table with their respective properties. Their quantum numbers are also
graphed in Fig. from which the charge @) of each LQ state can be read off. Also listed in
Table are the allowed fermion couplings, which will generally have different mixes of left-
and right-handed fermions, as well as up- and down type fermions, depending on the LQ charge.
This includes couplings that involve right-handed neutrinos, otherwise S; and Ulu would be
excluded as in Ref. [I8]]. Note that eight of these LQ) states can also permit diquark couplings.
Furthermore, LQs have a well-defined fermion number F' = 3B + L. LQs with |F| = 2 couple a
quark to a lepton, while those with F' = 0 couple an antiquark to a lepton.

These type of bosons emerge naturally from many extensions of the SM, such as grand
unification theories (GUTs) [I82HI8Y|, which unify matter under some larger symmetry group,
or theories invoking technicolor [I90-192], or compositeness [193-195]. They are furthermore
found in supersymmetry models with R-parity violation [I96HI99], and even in some string
theories [200, 201]. Interestingly, in most of these scenarios, LQs will be accompanied by other
particles. For massive vector LQs, for example, one needs to have additional vector states for
ultraviolet (UV) completion [202].

3.4.1 Constraints on LQs

LQs could mediate the decay of a proton or bound neutron, either through direct couplings to two
first-generation quarks, or through other types of couplings. As the lower bound on the lifetime
of the proton is already extreme, the lower limits on the LQ mass are very stringent, assuming
diquark-couplings are not suppressed in some way [112]. Similarly, stringent bounds on first-
generation couplings are set by precise measurements of atomic parity violation in cesium [203,
204]. Besides protons, LQs would contribute in any decays involving both a lepton and a quark at
tree level, and so limits can be set from measuring both leptonic and semileptonic meson decays,
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Table 3.1: Summary of all possible LQ fields with their representation under SU(3)c x SU(2)y,
along with hypercharge Y, fermion number F' = 3B + L, charge @ = T3 + Y/2, and the fermion
current(s) they couple to (hermitian conjugate omitted). Bold numbers indicate the dimension
of the representation under the respective gauge group. Charge conjugation is indicated by

Y = C@T with C' = i7?7°. Adapted from Refs. [112] and [181].

LQ field SU@3)c SU2), Y/2 F=3B+L @Q=1T3+Y/2 Fermion current
Scalar
S 3 1 —-2/3 —2 T2 uS g, dSdr
S1 3 1 1/3 —2 +1 QYeLy, uSer, dSvr, QYeQL, uSdr
Sy 3 1 4/3 —2 +4 dSer, uSur
Ry 3 2 1/6 0 Fi, 42 drely, Quin
Ry 3 2 7/6 0 +2 43 urelr, ErRQL
Si 3 3 1/3 —2 +1,F2, 43 QFeT Ly, QYeT;QL
Vector
Uy, 3 1 —-1/3 0 T3 dry"vR
Uy 3 1 2/3 0 +2 Qry*Ly,, dpyter, TrY" VR
Uy, 3 1 5/3 0 +5 UpHen
Vau 3 2 -1/6 -2 +3,72  afyLy, QFy R, A5y QL
Vay 3 2 5/6 -2 :l:%, :l:% Eg'y“zsLL, @fey“eR, @f”y“uR
Us, 3 3 2/3 0 Fi,£2,+2 QuMTiLL

Y/2

}o,

+34
®5,
o R>
i Q=T3+1iY

° < :
+4 :
1 '
o L ® S
] ] 1 T
> T
) 11 +1
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Figure 3.6: Graph of the SU(2);, x U(1l)y quantum numbers (73,Y/2) of all possible LQ
fields [112], 181]. The points represent mass eigenstates that also have a well-defined electric

charge.
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Figure 3.7: Some examples of contributions to LFV decays of = — ¢~y and £~ — {~ ({7,
These can be compared to the SM diagrams in Fig.

semileptonic T decays, and p — e conversions in nuclei [205]. Because there is no fundamental
reason LQs should respect lepton flavor symmetry, strong limits on LQs can also be set from
measurements of decay rates, or from bounds on lepton-flavor violating decays like p — ey or
¢ — 3¢ [206]. Some examples of LQ contributions are shown in Fig. As mentioned before,
FCNCs especially offer a good probe, thanks to their suppression in the SM. The implication of
the B anomalies will be discussed in the next section.

Direct evidence of LQs has been extensively searched for at previous eTe™ colliders like LEP,
as well as the electron-protron collider HERA. However, these have primarily focused on LQs
with couplings to the first generation. A comprehensive overview of constraints on LQs from
both low-energy experiments and high-energy colliders is given by Ref. [I12]. Constraints from
the LHC will be discussed in Sections B.4.3] and [[3.5

3.4.2 Explanation for the B anomalies

LQ models have recently received renewed theoretical interest as a possible explanation for the
flavor anomalies. Namely, the Feynman diagrams in Fig. show how contributions from LQs
could appear at tree-level in these semileptonic transitions, while for four-quark or four-fermion
contact interactions, for which no anomalies have so far been found, LQs would only contribute
at the loop-level.

Furthermore, the couplings between fermions and LQs should in general have a nontrivial
flavor structure that explicitly breaks the SM’s flavor symmetry. More specifically, the anomalies
would appear in processes involving semileptonic transitions of the bottom quark, while univer-
sality tests with lighter fermions or purely leptonic processes show no deviations, as discussed in
Section Therefore, LQs that couple most strongly to third-generation fermions and have a
small, but nonnegligible mixing with the lighter generations could offer a coherent explanation
for the rates observed in B — D®¢y, decay, and other B anomalies. This has been widely
discussed in the literature, as in Refs. [112), 113}, 174, 180} 202} 207-233].

Several studies have pointed out that the U; field with a mass in the TeV range is the best
candidate to explain both the data of the charged- and neutral-current B anomalies with a
single LQ mediator [180} 216, 226] 230]. Without deviations in measurements with currents like
R(K®), other scenarios involving scalar LQ are also possible [180, 230].

More can be learned from an EFT analysis of the anomalies relating to b — ¢~ Ty. A general

I Az / vy

LQ

b - C

Figure 3.8: Tree-level contributions from LQs to B — K®putp~ (left) and B — D®r—1;
decay (right). SM diagrams are shown in Fig.
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Figure 3.9: Determination of the Wilson coefficients Cf;, & C§;, with x?-fits to several observ-
ables of B decay. The SM is at ( TL) ﬁL) = (0,0). The black dot represents the combined fit
of b — clv, observables, with contours (blue) of the confidence interval for 1, 2 and 3 standard
deviations. Taken from Ref. [233].

current demonstrating which SM fermion fields that the U; can couple to is
LA 0/
T, = A |BE(QIALL) + BE (dhy"er) | (3.12)

with an implicit summation over the quark (¢) and lepton generational indices (¢), where \ is
the overall coupling constant, and the flavor structure is given by ﬁﬁz. The effective Lagrangian
given by Eq. can be simplified when assuming a U; model with an approximate flavor
symmetry for the lighter generation [216, 231]. In that case, it is convenient to rewrite the
Lagrangian as

2V - -
el = -2 [ (14 0 )@t Bn) - 208 ) Bun) |- 19

after having integrated out the heavy LQ state and redefined the Wilson coefficients. The Wilson
coefficients can be written in terms of the U; model parameters:

v2)\2
Crp, X —5—, (3.14)
Mgl
and
v2)\2
CRr X —75 (3.15)
Mgl

A fit of the Wilson coefficients Cf; and Cf; to several charged-current measurements is shown
in Fig. This shows that the deviation from the SM of the b — ¢{~7, observables combines
to about 3 standard deviations. Interestingly, the fit is compatible with the case of a pure
left-handed interaction (Cfy = 0), as well as the case with right-handed interactions of equal
magnitude (Cfp = —Cfy). Both scenarios are special benchmarks that are favored by different
UV completions of leptoquark models [223] 233].

If one considers a simplified U; model with couplings only to left-handed fermions,

Ly, D ABE(QIALE YU, (3.16)
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Figure 3.10: Examples of Feynman diagrams of LQ pair production in pp collisions through
gluon fusion (left) and quark-antiquark annihilation (right), where ¢ can be a charged or neutral
lepton.

the flavor structure that can best explain the B anomalies is roughly given by [113] 231]

0 0 0
“—1 0 00.01) 001 |. (3.17)
0 —0(0.1) 1

Here, the coupling strength A is normalized such that BIIZT = 1. Entries that are negligible are
set to zero. The main takeaway is that the flavor structure is very hierarchical, with the largest
couplings to the third generation, LQ-bt or LQ-tv., while the couplings to the lighter generations
are weaker by roughly an order of magnitude or more. The size of these couplings is mainly
driven by the discrepancy observed in R(D(*) ) This motivates searches for “third-generation”
LQs at the LHC, with signatures that contain top or bottom quarks with T leptons or neutrinos.

3.4.3 LQ signals at the LHC

There are several strategies to look directly for LQs at the LHC if they do exist. As LQs have
color charge, they can be created in pp collisions via QCD processes either singly or as an LQ-
LQ pair. Otherwise, they can also be exchanged through the nonresonant production of two
leptons. Let us discuss each in more detail.

First, LQ pair production is very similar to the production of a top quark pair. At LO, this
includes gluon fusion, shown in Fig. or quark-antiquark annihilation. Pair production of
LQs through the strong interaction tends to have the highest cross section for most LQ scenarios
with masses up to a few TeV. The decay products of two heavy LQs will also have a harder energy
spectrum than a singly produced LQ, making them easier to distinguish from the backgrounds.
For these reasons, most searches so far have exclusively focused on pair production. Furthermore,
pair production tends to be largely model independent. For example, pair production at LO is
independent of the coupling strength A, in contrast to the other production modes.

Secondly, single LQs can be produced via quark-gluon fusion, in association with an extra
lepton in the final state. Two example diagrams are shown in Fig. For masses below a
few TeV and a coupling strength A < 2, the cross section for this mode of production tends to

be subdominant to pair production. However, the cross section scales with A2, as can be seen

LQ
LQ 7

Nyt
q ¢ gl

q
Figure 3.11: Examples of Feynman diagrams of single LQ production in pp collisions through
quark-gluon fusion (left & center) or lepton-induced production (right).
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Figure 3.12: Feynman diagrams of nonresonant dilepton production in pp collisions through
the t-channel exchange of an LQ. For the case of LQ — bt couplings, there is a bottom quark
is in the initial state, which can be produced in gluon splitting as shown on the right.

from the blue vertices in Fig. As a consequence, searches can benefit from considering
this mode of production at high A. As will be discussed in more detail later, the decay width
also scales with A\2. This slightly degrades the sensitivity at high X for single production due to
the widening of the resonance. Recently, a different production mechanism for single LQ was
proposed with one lepton in the initial state [234]. This is possible due to the nonzero photon
PDF in the proton, which allows photon splitting into a lepton-antilepton pair [235]. Although
this PDF is heavily suppressed, such a case could produce events in which a proton remains
intact, yielding a search with little contaminating background.

Finally, in the last several years, increased attention has been given to the possibility of
nonresonant production of two leptons through the ¢-channel exchange of an LQ [236, 237],
shown in Fig. The cross section of this mode scales with A\*, adding signal sensitivity
at high values of the coupling strength A. As the name suggests, the dilepton system will be
nonresonant, making it harder to separate from backgrounds. Instead of a “bump hunt” in an
invariant mass, one can look for deviations in the tails of dilepton distributions. Alternatively,
one can define an angular observable wherein the signal will peak compare to other backgrounds.
Above LQ masses of roughly 1 TeV, nonresonant LQ production can be approximated by a four-
fermion contact interaction, and an ambiguity between the LQ mass and its coupling strength
would develop in an experimental search.

The typical signature of all production modes includes two energetic leptons, and for the
case of single or pair production, one or two quark-initiated jets, respectively. It is difficult to
distinguish the single LQ and pair production by the observed final state due to the combinatorics
of correctly pairing the jets and leptons. While these modes are typically resonant, it is hard
to reliably reconstruct the LQ mass. For the same reason, it can be difficult to distinguish the
signatures of LQs with different types of couplings or electric charges. Most LQ searches instead
take advantage of the fact that the final state objects in the signal events are very energetic,
and construct a variable like the “scalar sum pp”, which is introduced later.

This thesis considers a search for an LQ that exclusively decays to a bottom quark and T
lepton. In that case, both the single and nonresonant processes have at least one bottom quark
in the initial state, which leads to a suppression of the crosssection due to the small bottom-
quark PDF. The processes will be dominantly initiated by gluon splitting, which leads to the
associated production of at least one bottom quark. As shown in the right diagram of Fig.
nonresonant production can even have two bottom quarks in the initial state. Although the
jets from these bottom quarks will tend to be less energetic and more forward, the final states
of single, pair and nonresonant production will be very similar: two T leptons, and up to two
bottom-flavored jets (b jets).

The results of previous LQ searches will be compared to our results in Section [I3.5]
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4 The CMS Experiment

In order to push the boundaries of fundamental physics and shed light on the questions raised
in Chapters [2] and [3, we need to probe Nature at its smallest length scales. In turn, this means
we need to collide particles at very high energies to reach these length scales. This is why we
need large accelerators for controlled collisions inside large detectors. This chapter will discuss
the experimental setup that enables the search presented in this thesis for indirect or direct
evidence of LQs. More detail is given to the pixel detector, because this is most relevant for the
accurate reconstruction and identification of bottom quarks and T leptons, and because I have
contributed to its calibration and operation.

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle collider. It
is designed to accelerate beams of hadrons at very high energies in both directions and collide
them head-on at four interaction points inside four large detectors; ATLAS, CMS, ALICE, and
LHCb. The accelerated hadrons are primarily protons, but heavy ions like lead or xenon are
also used. The LHC machine is situated in a circular tunnel 100 meters under the ground near
Geneva, Switzerland, and is part of CERN. The first particle beams were circulated in the LHC
in 2008. With its 27 km circumference and record collision energy of 13.6 TeV, it surpasses the

ALICE LHC-b
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neutrons »- neutrinos
Figure 4.1: CERN’s accelerator complex. Protons for the LHC start in a hydrogen tank at
LINAC 2 and are accelerated through different stages until they are injected into the LHC, which
speeds them up from 450 GeV up to 6.5 TeV over a period of 20 minutes. Taken from [238].
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Tevatron accelerator at Fermilab in the United States [239], which was about 6.3 km and reached
a center-of-mass energy of 1.96 TeV, and LEP, which was previously in the same tunnel as the
LHC and reached a center-of-mass energy of 209 GeV [13], Section 32].

The LHC is a synchrotron: The particle beams are accelerated to higher energies while the
magnetic field is steadily increased to maintain the particles at a fixed trajectory inside the
ring. Before the proton beams reach the LHC, they go through several stages of acceleration
as shown in Fig. They start as hydrogen gas in a single bottle. After the electrons are
stripped, they are first accelerated by LINAC 2, a linear accelerator. Then they pass through the
Proton Synchrotron Booster to the the Proton Synchrotron (PS), followed by the Super Proton
Synchrotron (SPS), where they are accelerated up to an energy of about 450 GeV. Finally, the
proton beams are injected into the LHC, which ramps them up to several TeV in less than half
an hour. During the data-taking period of 2015 to 2018, referred to as “Run 2”, the energy of
each proton beam was 6.5 TeV, which means the center-of-mass energy was /s = 13 TeV. After
a multiyear shutdown for maintenance and upgrades, the LHC reached a new collision energy
of 13.6 TeV in 2022. The LHC machine is described in more technical detail in Ref. [240)].

The main goals of the physics program of the LHC and its detectors are the discovery and
study of the Higgs boson, tests of the SM of particle physics, and the search for new physics
beyond the SM. As mentioned before, the discovery of the Higgs boson was already achieved
using some of the Higgs boson decay modes in 2012.

4.1.1 Luminosity

Besides a record center-of-mass energy, the LHC has reached record beam intensities for hadron
colliders [242]. An important measure of a collider’s intensity is the instantaneous luminosity L,
which measures how many pp interactions happen per unit of time and cross section. It depends
on several beam parameters. The simplified expression is [13], p. 533|:

_ NNy f
A )

where f is the frequency at which the beams cross, A is the cross-sectional area of the beams’

L

(4.1)

overlap, and Ny, Ns are the number of particles in each beam. The particles in the beams
approximately follow Gaussian distributions in the transverse x and y directions, such that the
area at the interaction point should be given by the root-mean-square (RMS) o} and o, of
the beam sizes in either direction: A = 4mojo;. The LHC is designed to reach the nominal
luminosity of £ = 103 ecm™2s~!, but it had already surpassed that number by a factor of two
in 2017, as can be seen in Fig. [243]. A more exact and technical definition of LHC’s
instantaneous luminosity is given in Ref. [240].

Because of the way they are accelerated, proton beams are not continuous, but divided into
groups of protons clumped together, called bunches. In 2016, the maximum number of proton
bunches per beam was 2220, while in 2017 and 2018, it was 2556. [244]. Each bunch contains
about 110 billion protons [240, 244]. During Run 2, the nominal time interval between two
bunches crossing at each interaction point was 25 ns, which corresponds to a rate of f = 40 MHz.

How many actual pp collisions are there? With the numbers introduced so far, one can

roughly estimate the number of actual pp collisions per second. Taking the peak luminosity of

tot
PP

[Zaf)%t = 2 billion collisions per second, or 50 collisions per bunch crossing. Figure shows the

distribution of the number of interactions per bunch crossing in all data-taking years of Run 2.

L =2x10%cm ?s7!, and a total pp cross section of ot ~ 100mb, we find an event rate of
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Figure 4.2: The increasing proton beam intensities at LHC in terms of peak instantaneous

luminosity £ per day, see Eq. (4.1). The LHC design luminosity of Eﬁzsaifn =10**cm 257! has

been surpassed since 2016. The LHC was shut down between 2013 and 2015 for an upgrade
before “Run 2”. Note that 10 Hz/nb corresponds to 1034 cm=2s~!. Adapted from [241].
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Figure 4.3: Cumulative data volume collected by CMS versus day during Run-2 data taking be-
tween 2015 and 2018 at /s = 13 TeV in terms of integrated luminosity. Figure taken from [241].
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Figure 4.4: Distribution of number of pp interactions (pileup) per beam crossing in CMS during
Run-2 data taking between 2015 and 2018 at /s = 13 TeV, assuming an inelastic cross section
of 80 mb. Figure taken from [241].
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The average number of interactions per crossing varied between 27 and 37, which is of the same
order as what was naively calculated above. As discussed in Section the vast majority of
pp collisions do not have a hard scattering process. The “extra” pp interactions in an event are
called pileup, and add background noise to most measurements, we therefore mitigate it with
dedicated algorithms and corrections. The pp interactions are typically spread out along the
beam line within a length of 14 cm around the center of CMS.

This thesis is based on an analysis of pp collision data recorded between 2016 and 2018.
Figure [£.3] shows a comparison of the data volume accumulated per day of each data-taking
year up to 2022. The amount of data is expressed in terms of integrated luminosity L, which is
simply the instantaneous luminosity £ integrated over the time the LHC was running:

L= / L(t)dt, (4.2)

data taking

given in units of inverse area, such as the inverse barn (b™!). Between 2016 and 2018, CMS
collected about 138 fb~! of pp collision data that is suitable for physics analysis, see Chapter E

4.2 The CMS detector

The Compact Muon Solenoid (CMS) detector is located near the French town of Cessy, and
lies about 100 meters deep at one of the interaction points at the LHC (see Fig. [4.1). The
LHC delivers beams which cross at the detector’s very center. The detector is approximately
cylindrically symmetric, with a length of 21.5 meters and diameter of 14.6 meters. An illustration
is shown in Fig. The following sections will give a broad overview. A detailed description
can be found in Ref. [245].

Superconducting Solenoid

Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Hadronic
Calorimeter
Electromagnetic

Calorimeter R ?

Figure 4.5: The CMS detector is made up of layers of different subdetectors, and has an
approximate cylindrical symmetry. Taken from [245].

Muon
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4.2.1 Coordinate system

The conventional coordinate system of CMS is defined in Fig. [£.6] With the origin in the center
of the detector, the y axis points upward to the sky, the x axis points towards the center of the
LHC and the z axis points tangentially along the beam line towards the Jura mountains, which
lie to the west of CMS. This is also the direction of the anticlockwise beam (viewed from above).
This makes the xy plane orthogonal to the beam axis the transverse plane, and the z axis the
longitudinal direction. The azimuthal angle ¢ € [0,27] is the angle with respect to the positive
x axis in the xy plane, while the polar angle 8 € [0, 7] is with respect to the z axis. Due to
the nature of the inelastic collisions of two hadrons, it is more convenient to use the so-called

pseudorapidity n instead of 6:
n:= —In[tan(6/2)]. (4.3)

When referring to the direction of motion of particles produced in collisions, n can be written
in terms of the total momentum p = |p| and longitudinal momentum p, of the particle:

1
n==-In <p+pz> . (4.4)
2 pb—DP:

Several values of n are shown in Fig. Note that n runs from 0 to positive infinity as 6 goes
from 7/2 to 0, and runs from 0 to negative infinity when 6 goes from 7/2 to w. This means that
the detector can be divided into two hemispheres: The forward direction with positive z values
has n > 0, while negative values of z correspond to 17 < 0. The difference in pseudorapidity An
between two vectors is Lorentz-invariant under boosts along the longitudinal z axis. This is a
convenient property in hadron colliders, because particles produced in hard scattering process
will be boosted along the z axis, as explained in Section [2.3.2]

For a couple of reasons explained later, particle physicists make frequent use of the transverse

momentum pr = ,/p2 + pg, which is simply the transverse component pr = p,2 + p,y of a

momentum vector p. Similarly, the transverse energy is given by Er = /m?2 + pgf, which is the
same as pr if the four-momentum’s invariant mass is zero, Ep = pr.

The radial distance from the beam axis in the zy plane is often denoted by r = \/x2 + 2.
Furthermore, with the above definitions, it is useful to express the distance in the ¢n plane

n=0
Y n = 0.55
n =0.88
n=—00 0 = 90°
f = 60° n=1.32
H:45°/
6 =30°
n=2.43
0 =10°

9:0°—>Z n = 400

\ center of
the LHC

4 TR ATLAS

Figure 4.6: Left: The conventional coordinate system of CMS with respect to the LHC. The
origin is set at the interaction point (IP). The direction of a momentum vector 7 is defined
in terms of pseudorapidity 7 and azimuthal angle ¢. The transverse momentum vector pr is
defined as the projection of § onto the xy plane, which is transverse to the z axis along the beam
line. Right: Several example values of n = —In [tan(#/2)] with the corresponding polar angle
0.
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between two vectors with the variable

AR = /A2 + An2, (4.5)

where An is the difference in pseudorapidity, and A¢ is the difference in azimuthal angle in
radians. This is used as a Lorentz-invariant measure of the opening angle between particles and
to define cone size of a group, or jet, of particles.

4.2.2 Geometry & layout

The CMS detector is designed to cover a solid angle as large as possible in order to capture most
of the debris coming from collisions. It is therefore built out of several layers of subdetectors
around the central interaction point. The subdetectors typically have a barrel section forming
a cylindrical layer around the beam axis, and forward or endcap sections that cover the forward
directions with disk-shaped detectors on either side. These layers are shown in Fig. with the
forward coverage measured in 77. The subdetectors have the following order moving outwards
from the collision point: a tracking system to measure the tracks of charged particles, an elec-
tromagnetic calorimeter to stop and measure the energy of electrons and photons, a hadronic
calorimeter to stop and measure the energy of hadrons, and finally the muon system, which
measures the charge and momentum of long-lived, minimum-ionizing muons by their tracks.
In addition, two “very-forward” hadron calorimeters extend coverage up to |n| < 5 in either z

direction.

4.2.3 The solenoid magnet & flux-return yoke

The inner tracker system and the calorimeters are enclosed by a superconducting solenoid magnet.
The magnet is a 13 m long cylinder with an inner diameter of 6 m. It produces a very strong and
uniform magnetic field of B = 3.8 Tesla inside the tracker volume with a field parallel with the
z axis. In this way, charged particles are bent in the transverse plane so that their transverse
momentum and electric sign can be measured from the curvature of their helical trajectory. The
simplified relation is pp = |¢| BR, where ¢ is the charge, and R is the radius of curvature of the
particle.

Outside the solenoid, the muon stations are interspersed with layers of iron which serve as
a flux-return yoke to return approximately two thirds of the magnetic field inside the detector.
This reduces the field outside the detector and provides added bending power in the muon
detectors. The yoke also makes the field more homogenous in the tracker and even contributes
about 8% of the central flux density. In addition, the yoke’s steel serves as an absorber for the
muon system [249].

4.2.4 The pixel tracker

The inner tracker system is comprised of two components: a silicon pizel tracker, and a silicon
microstrip tracker. Figure [4.8] presents a closer look of the full tracker layout. The innermost
part that is closest to the beam axis is the pixel tracker. The concentric cylindrical pixel layers
are part of the so-called BPIX, while the disk layers in the two forward directions are part of
the FPIX. The pixel tracker used from 2008 up to 2016 was composed of 1440 sensor modules
with a total of 66 million silicon pixels that were distributed over three BPIX layers and two
FPIX disks on either side [250]. During the technical shutdown between 2016 and 2017, the
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Figure 4.7: Schematic of one quadrant of the CMS detector in the positive zy-plane. Different
values of pseudorapidity 7 are indicated. Shown are the tracker (green), the ECAL (light blue),
the HCAL (yellow),the muon stations (red), the solenoid magnet (purple), and the iron flux-
return yoke (dark grey). Adapted from [246].
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Figure 4.8: Schematic view of one quadrant of the CMS tracking system in the positive zr-
plane, showing the positions of the tracking modules. The green boxes indicate the (Phase-1)
pixel tracker; the red boxes the silicon strip detector. Adapted from from [247].
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Figure 4.9: Layout of the CMS Phase-1 pixel detector (top) compared to the original detector
layout used from 2008 to 2012 (bottom) in the zr-plane. Note the original beam pipe with a
radius of 30 mm was replaced by one with a radius 23 mm was installed. Adapted from from [248].
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system was upgraded to the “Phase-1" pixel detector with four BPIX layers and three FPIX
disks on each end, and is built from 1856 modules with 124 million pixels in total [248] 251].
This was necessary because of the radiation damage the original pixel detector accumulated,
and because the increased beam intensities during Run 2 required a larger buffer and readout
bandwidth to ensure a good tracking efficiency. Additionally, four layers and a smaller radius for
the innermost layer improve the tracking performance. Their layouts are compared in Fig.
The full longitudinal length of the barrel layers is less than 60 cm, while the disks are positioned
at distances between 30 < |z| < 46.5cm from the center, giving a coverage up to |n| < 2.5.
The innermost layer of the original pixel tracker had a radius of 4.4cm from the beam line,
whereas the innermost layer of the Phase-1 tracker has a radius of only 2.9cm. The pixels
provides a spatial resolution of about 10 pm transversally (r¢ direction) and between 20-30 pm
longitudinally for the coordinates of charged particles that traverse them, depending on the pixel
location, angle, and the amount of radiation they receive over time. Thanks to the good pixel
resolution and the tracking and vertexing software, the three-dimensional position of collision
vertices can be determined with a resolution down to about 10 pm for a vertex with more than
80 tracks, and down to 72 pm for those with around 10 tracks [250} 252]. This makes it possible
to reconstruct and separate different vertices of nuclear or pp interactions by extrapolating
tracks back towards the beam line. Furthermore, a precise measurement of the vertex position
is needed to identify particles with a nonnegligible lifetime, like B hadrons and 7 leptons, which
may travel up to a few millimeters from the beam line before decaying and creating a secondary
or displaced vertex. This will be discussed in more detail in Chapters 5] and [6]

4.2.5 The silicon strip tracker

The silicon strip tracker is larger, and is designed to measure the trajectory of charged particles
and measure their momentum through their curvature in the magnetic field. The barrel section
of the strip tracker encloses the pixel detector and has a radius of between 20 cm and 116 cm.
This tracker section includes the inner and outer barrel tracker (TIB and TOB), as well as the
inner disks (TID#+) shown in Fig. The endcaps (TEC=) give an additional longitudinal
extension up to |z| < 282cm. There are in total 15148 modules with 9.3 million silicon strips.
The hit resolution varies from 10 to 50 pm. All sections together offer coverage up to |n| < 2.5.
A detailed description of the tracking and vertexing software is given in Ref. [250].

4.2.6 The electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) is built around the tracker. It measures the energy
of electrons ' and photons by containing all their energy using a high-Z material absorber (i.e.
with a large number of protons per atom). High-momentum electrons and photons interact
electromagnetically with the ECAL, and create electromagnetic showers, a cascade of secondary
photons from brehmsstrahlung, or electrons and positrons produced from photon conversion.
The ECAL is built to fully capture the shower and absorb its energy. CMS uses lead tungstate
crystals (PbWOy) as scintillators to converted the absorbed energy to light. These crystals
have been chosen because they have a short radiation length, are fast, and radiation hard. The
ECAL does not need to be too thick thanks to the shower properties of its absorbing material.
The whole detector (active material plus photon detectors) in the barrel region is about 512 mm

!Throughout the rest of this thesis “electron” also implies positron, unless specified otherwise.
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thick in the radial direction, and 740 mm along the beam axis in the endcap region. This is
enough to provide about 25 radiation lengths. The coverage of the barrel is up to |n| < 1.48,
while the endcaps extend it up to |n| < 3.0. The crystals in the barrel region have a front area
of about 22mm x 22 mm, are 230 mm long and point almost radially outwards from the center.
This corresponds to a granularity of about An x A¢ = 0.0175 x 0.0175rad. The crystals in the
endcap region are a bit wider and shorter because of the projective geometry. Silicon avalanche
photodiodes (APDs) at the end of the crystals collect and detect the scintillation light in the
barrel region. In the endcap region this is done by vacuum phototriodes (VPTs). The energy
resolution can be parametrized as a function of energy [245]:

2 2

(%)2 = <\5E> ® (g) @02, (4.6)
with the stochastic term S, the noise IV, and a constant term C'. The final resolution varies from
approximately 0.40 to 1%. The ECAL has been designed with the goal of precisely measuring
the photon energies of the process H — ~ in order to reconstruct the Higgs boson mass. It is
therefore important to have the best experimental mass resolution, which is much larger than
the width of the Higgs signal. The best mass resolution achieved is about 1% for diphoton and
dielectron masses around 100 GeV.

Between the tracker and ECAL endcaps sits a preshower detector. This is a thin lead conver-
sion plate that causes electrons and photons to shower, with a thin layer of silicon detectors (SE)
on the back that allows a measurement of the cross-sectional profile of the shower. This helps
discriminate between a forward photon from the Higgs decay H — ~+ and from the neutral pion
decay ©° — vy decay that are typically more collimated. [253, p. 231]. The technical design
report [253] describes the ECAL in more technical detail.

4.2.7 The hadronic calorimeter

The last subdetector inside the solenoid is the hadron calorimeter (HCAL). Like the ECAL, it
measures the energy of showers by completely absorbing them. However, the HCAL induces the
shower through nuclear interactions from the incoming hadrons, while the ECAL is based on
absorbing electromagnetic showers. The HCAL of CMS is a sampling calorimeter: It contains
alternating layers of brass absorbers and plastic scintillators whose light is guided to hybrid
photodiode detectors (HPDs) by fibres. The typical energy resolution of a jet of hadrons in the
barrel is about 15-20% at a total transverse momentum of 30 GeV, 10% at 100 GeV, and 5% at
1TeV [254].

The very forward HCAL (HF) is positioned around the beamline outside the detector, 11 m
from the interaction point, and allows the measurement of very forward jets in the 3.0 < |n| < 4.7
range. The HF is also a sampling detector that is designed to withstand the very high radiation
environment in the forward direction. It is therefore made out of steel absorbers and radiation-
hard quartz fibers for detection.

4.2.8 The muon system

Finally, there is the muon system, which is almost completely outside the solenoid magnet. This
is the outermost and largest part of the detector: The barrel section covers |z| < 6.6 m along the
beam line, and the endcaps extend the coverage to 5.7 < |z| < 10.9m. The muon system consists

of several sections of muon detectors called muon stations: four barrel wheels and four endcap
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disks. The muon detectors are made out of several technologies for gaseous detectors: aluminum
drift tube chambers (DTS) in the barrel region (|n| < 1.2) and cathode strip chambers (CSCs) in
the endcap region (0.9 < |n| < 2.4). Resistive plate chambers (RPCs) complement each layer
of muon stations in both regions. The CSCs are multiwire proportional chambers (MWPCs)
comprised of six anode wire planes interleaved between seven cathode panels. They were chosen
for the endcap because they can operate with precision in an environment with higher muon
rates, higher rates of neutron induced backgrounds, and a large, nonuniform magnetic field.
They offer an offline position resolution between 100 to 200 pm, depending on the station [255].
The DTs were chosen in the barrel region because the muon rate is smaller, there is a smaller
neutron background, and the field is both weaker and more uniform. The position resolution is
about 200 pm. The RPCs have coarser position resolution than the DTs and CSCs, but they
offer fast readout and time resolution, which ensures good operation of muon triggers during
high collision rates. The choice of having an excellent muon momentum resolution is what drives
CMS’s design and gives it its name. This includes the choice of a very strong solenoid magnet
for large bending power, the large iron flux-return yoke outside, and the multiple layers of muon
detectors. The latter improve the resolution significantly for muons with very large momenta
(pT > 200 GeV) if combined with the inner tracker. At low momentum, the muon momentum
resolution is mostly affected by multiple scattering due to the muon’s Coulomb interaction with
the detector material, while at large momentum, the resolution is driven by the resolution of the
hit position that is needed to determine the curvature of the muon track. The final momentum

resolution can be roughly parametrized as follows:

(2’;)2 — (A-pr)*eC, (4.7)

where A, and C are constants determined by the hit resolution and multiple scattering, respec-
tively [256]. The resolution grows with momentum, because the track becomes more straight,
which increases the uncertainty in its curvature. In total, CMS has an excellent muon recon-
struction and identification efficiency of at least 95% for energies above a few GeV and a very
good muon momentum resolution that varies between 1 and 6% for muons with pr < 100 GeV,
and less than 10% for pr < 1TeV [257]. The charge sign of muons can be unambiguously
determined for pp < 1TeV. The technical design report can be found in Ref. [258].

4.2.9 The trigger system

The collision rate of 40 MHz is higher than is possible to record offline. However, most collisions
are soft, and only a small fraction of events are of interest for physics analysis. Therefore, besides
capturing and measuring collisions, the experiment must quickly select and accurately store only
events that are potentially interesting for further analysis. This is the task of the trigger system.
It works in two tiers. Fast readout from the calorimeters and muon detectors are first collected
and analyzed by hardware processors in the Level-1 (L1) trigger. The L1 trigger decides which
events to keep at a rate of about 100 kHz, in a time interval of less than 4 ps after the collision
itself. If the event is deemed interesting, it goes to the next level, the high-level trigger (HLT).
Here, a full reconstruction of the event is carried out by a farm of processors with software that
is optimized for fast processing. The HLT has more complex selection criteria to select events.
Events passing the HLT are stored on disk. By then, the event rate has been reduced to an
average of 400 Hz [259].
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5 Object & Event Reconstruction

The lifetimes of particles like the Higgs, W, and Z bosons are extremely short (7 < 10720s) and
they decay shortly after their creation in pp collisions. Even if they have a large momentum,
which increases their lifetime in the lab frame due to time dilation, they will travel a negligible
distance, never reaching the pixel detector. The same is true for most hypothetical scenarios
with LQs. This means we have to infer their presence by analyzing pp collision events that leave
a signal in the detector consistent with their decay.

In this thesis, I am interested in LQ signatures with at least two T leptons and some number
of (bottom) quarks (see Section [3.4.3). As the heaviest lepton, with a mass of m, = 1.776 GeV,
a 7 lepton can decay not just to electrons and muons, but also to lighter hadrons. In each T
decay, there will be at least one neutrino carrying away some momentum.

Except for the weakly interacting neutrinos, each of the final state particles mentioned above
interacts with the detector in some special way. This chapter is therefore devoted to describing
how pp collision events and physics objects are reconstructed from data collected by the CMS
detector and identified with dedicated algorithms. A separate chapter will be dedicated to T
leptons that decay to hadrons (1), as their complex reconstruction builds on the techniques
described in this chapter, and because I was involved with their reconstruction and identification
in CMS.

5.1 Principles of particle identification at CMS

A pp collision event can produce many different types of particles with various masses and
lifetimes. Figure [5.1] compares some prominent examples, dividing them in different regions
of stability in the context of the CMS experiment. Electrons, muons, photons, and many
hadrons like protons, neutrons, charged pions, and kaons have a lifetime that is long enough
to travel through the detector without decaying. Fach of these particles has a unique set of
properties that leave a characteristic signal in one or more of the subdetector, as illustrated
in Fig. Electrically charged particles produce ionization in the silicon semiconductors and
curve in the magnetic field, whereas neutral particles like neutrons and photons will pass through
unbent with little to no interaction. Electrons and photons create electromagnetic showers in
the ECAL. Hadrons shower in the HCAL via nuclear interactions, although a shower might
already start in the ECAL. Muons are 207 times heavier than electrons, and are therefore less
likely to emit bremsstrahlung and lose energy when moving through matter. This allows high-
momentum muons to pass through the whole detector without decaying or being stopped. Muons
are characterized by long, single tracks that are picked up by both the tracker and the muon
system. Finally, neutrinos and hypothetical dark matter candidates will escape the detector
without leaving any trace. Still, they carry away a large amount of momentum, a fact that can
be exploited, as discussed later.

All these signatures are exploited in the reconstruction and identification of objects discussed
below. However, these algorithms will never be 100% efficient, nor is there a guarantee that
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Figure 5.1: Plot of the mass versus lifetime 7 of many composite and fundamental SM particles.
The particles in the green-shaded region have a lifetime long enough to travel into the detector
before decaying. Particles in the orange-shaded zone can travel some measurable distance,
creating a decay vertex measurably displaced from the production vertex, whereas the decay
length of those in the purple-shaded region are not observable. Note that relativistic particles
will travel a larger distance on average due to time dilation, with the decay length given by
L = ~Becr, with v8 = p/me. Adapted from [260].

Muon
Electron
Charged hadron (e.g. pion)

S\ — — — — Neutral hadron (e.g. neutron)
B )) | ------ Photon
/

Transverse slice
through CMS

Silicon
Tracker

N
Electromagnetic
calorimeter

Hadron
calorimeter Superconducting
solenoid magnet Iron yoke interspersed

with muon chambers

om m m 3m 4m 5m 6m m
| 1 1 1 1 1 1 1

Figure 5.2: Cross-sectional segment of the CMS detector in the transverse plane illustrating
how different types of particles interact with the various subdetectors and leave their signature.
The straight, dashed tracks indicate electrically neutral particles that do not leave a measurable
signal in the tracker. Neutrinos and hypothetical dark matter particles escape the detector
without leaving a direct signal. Adapted from from [261].
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the wrong particle will be rejected by an identification algorithm. Such a particle is referred
to as a fake. Identification criteria often have several working points (WPs) that either have a
high efficiency and a high misidentification rate (“loose” WP), or a lower efficiency with a lower
misidentification rate (“tight” WP). The choice of WP is optimized for each analysis.

Collisions also generate high-momentum quarks and gluons, whether from proton debris, hard
processes, or from the decay of some particle like the top quark or W boson. However, quarks
and gluons cannot be isolated as free and stable particles as a consequence of color confinement
in QCD. Instead, they hadronizes into a “jet” of hadrons as new quark and antiquarks are
generated from the strong QCD fields until they form colorless bound states, i.e. hadrons. CMS
reconstructs such jets by grouping particles into cones, as explained in Section The only
exception is the top quark, which decays almost exclusively into a bottom quark and a W boson
instead of fragmenting into jets like the other quarks [262]. This is because the top’s lifetime
of 7 ~ 5 x 107?°s is shorter than the time scale for fragmentation, which is around 1072*s (or
equivalently, a distance scale of about 1fm) [263] 264].

Bottom quarks produced in high-energy collisions form B hadrons that have typical lifetimes
of 7 ~ 1.5ps. This is long enough for them to travel a measurable distance of the order of a
few millimeters before decaying and creating a jet known as a b jet. This can therefore create a
secondary vertex that is displaced from its production vertex, which CMS’s tracking algorithm
can reconstruct. As Fig. shows, T leptons and charmed hadrons are also capable of creating
secondary vertices, although each of their decays tend to have a different topology, providing us
with some efficiency for distinguishing them with identification algorithms.

Muon and electron candidates can be misidentified jets, or be a real lepton from a hadron
decay inside a jet initiated by a quark or a gluon. Looking at Fig. we see there are some
particles that leave a displaced vertex, and when these are produced in a jet and then decay to a
lepton, this lepton may pass standard lepton reconstruction requirements. Heavy-flavor hadrons
are more likely to decay to muons or electrons inside the detector, for example D¥ — ¢+ X
(33.7%), D — ¢+ X (13.3%) |13, p. 43, 46]. B hadrons decay to these charmed hadrons, but
they themselves also have a significant branching fraction of direct decay to electrons and muons:
B(B — (*X) ~ 21% [13, p. 54, 61]. It is possible to discriminate against these cases by demand-
ing that the lepton is relatively isolated from other particles with a cone of some AR size,

because jets are typically associated with multiple particles.

5.2 Particle-flow algorithm

The particle-flow (PF) algorithm [265] 266] fully reconstructs the event of a pp collision with
an optimized combination of all measurements of the CMS subsystems. It first combines signals
from different detector components into so-called PF' elements. These are tracks from the inner
tracker, tracks from the muon system, and clusters from calorimeter cells. These elements are
linked together if they are sufficiently close, and are consistent with that expected from electrons,
muons, photons, charged hadrons, or neutral hadrons.

Tracks in the inner tracker or muon system are iteratively built from hits, using the Kalman-
filter (KF) technique [267, 268]. Calorimeter clusters are built starting from a seed, which is
a cell with the largest local energy, after which adjacent cells are iteratively combined into a
cluster if their energy exceeds twice the noise level. In the HF, each cell is instead considered a
separate cluster.
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Photons are defined as ECAL clusters that are not linked with an extrapolated track, and
their energy is obtained from the ECAL measurement. Charged particle tracks that are not
identified as electrons or muons are assumed to be charged hadrons, and their momentum is
determined by a combination of the measurements of the calorimeter and tracker, the latter of
which is much more precise. Neutral hadrons are identified from HCAL energy clusters that
cannot be linked to any track, or from an energy excess in the ECAL and HCAL that does
not fit the expected energy deposit of a charged hadron. The reconstruction & identification of
electrons and muons will be discussed in more detail below. The efficiency to correctly identify
a track in the barrel with a pr between 1 and 100 GeV is estimated to be better than 90% for
isolated tracks from charged pions and electrons that are isolated, while for muons it is close to
100% [250]. The objects from PF are used to reconstruct objects composed of multiple particles
like jets (Section and hadronically decaying 7 candidates (Chapter @, and also to calculate
the missing transverse energy (Section .

5.3 Primary vertex

The algorithm locates primary vertices (PVs) of pp collisions by finding tracks that emerge from
them in three steps. It first selects tracks reconstructed by the PF algorithm that extrapolate
back to the beam line and pass some quality requirements. Then tracks are clustered based on
their z coordinate at their point of closest approach to the beam spot using the deterministic
annealing algorithm [269]. Finally, candidate vertices with at least two associated tracks are
fitted using an adaptive vertex fitter [270] to obtain the best vertex parameters.

The PVs in an event are ordered by the quadratic sum of the pr of their tracks, > .4 p%.
The one with the largest sum of squared transverse track momenta is assumed to be the vertex
of the hard scattering process, while the others are considered to be pileup [250] 266, 271]. The
efficiency to determine the correct vertex with three or more tracks is close to 100% [250]. The
distribution of the number of PVs per beam crossing was shown in Fig.

The PF algorithm removes the charged hadrons that are assigned to pileup PVs from the
collection of objects for physics analysis. This is called charged-hadron subtraction (CHS). As
neutral particles from PU cannot be associated with PVs, other correction techniques are needed
for jets, lepton isolation, and the identification of hadronically decayed T leptons.

5.4 Electrons

Electrons are reconstructed by associating a track in the inner tracker to clusters of energy
deposits in the ECAL. One of the difficulties in reconstructing electrons is that they can emit a
significant amount of bremsstrahlung before reaching the ECAL. This has two effects. Firstly,
it causes significant and sudden changes in their curvature. As a consequence, the standard
tracking algorithm based on the KF may not be able to collect all hits, and may make a poor
estimation of the track parameters. That is why candidate tracks are refitted with the Gaussian
sum filter (GSF) [272]. Secondly, the electron energy is also spread out over several ECAL
crystals, mostly along the ¢ direction because of the bending of the electron trajectory in the
magnetic field. The ECAL clusters within a certain geometrical window around a seed cluster
are therefore recombined into a so-called supercluster.

As estimated from Z — ee decays, the momentum resolution for electrons with a pp of
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approximately 45 GeV ranges from 1.6 to 5%. The resolution is generally better in the barrel
region than in the endcaps, and depends on the amount of bremsstrahlung the electron radiates
before reaching the ECAL [273] 274].

Electrons that are produced “promptly”; i.e., produced at the PV, have several sources of
background: photon conversion, hadrons misidentified as electrons, and secondary electrons
from hadron decays. The electron identification is based on discriminating variables that can be
grouped into the following three categories:

1. variables such as track-cluster matching that compare ECAL and tracker measurements;

2. ECAL measurements such as shower shapes (electromagnetic showers are typically more
narrow than hadronic showers) and energy deposits in the HCAL or endcap preshower;

3. tracking measurements such as fit parameters (hadrons emit less bremsstrahlung) and
separations with respect to charged hadrons.

The electron identification in this analysis is based on a multivariate analysis (MVA): A boosted
decision tree (BDT) algorithm [275] is trained on these variables in bins of  and pr. In addition,
electrons must pass the requirement that rejects electrons from photon conversion. This analysis
uses the MVA-based identification with a nominal 90% efficiency WP, based on a training without
including isolation variables. The reconstruction and identification of electrons, as well as high-
energy photons, are discussed in more detail in Refs. [276] and [273].

To discriminate against jets misidentified as leptons, a simple variable to quantify isolation,
called the relative isolation, is often used. The most simple version is the sum over the p of all
PF particles within a cone of some size AR, normalized by the lepton’s own momentum, pKT:

1

rel 7 Z pr. (51)
Pr particles

This definition is further improved by not considering charged particles that originate from

pileup, as well as subtracting the estimated contribution of neutral particles, with the so-called

rho-effective-area method [277|, quantified by the variable:

e . Echarged pr + max (O’ Eneutral Er — ,OAeff)
rel = o . (5.2)
T

In this expression, Zcharged pr is the scalar pp sum of the charged hadrons originating from
the PV, and located in a cone of size AR = 0.3 centered on the electron direction. The sum
> neutral T Tepresents the same quantity for neutral hadrons and photons with the transverse
energy calculated as Ep = E'sinf. The neutral contribution from pileup is estimated as the
event-specific pA.g, where p is the average pileup energy density per unit area in the ¢n plane,
and Aeg is the effective area in the ¢n plane. For a given AR, the energy density p depends
roughly linearly on the number of PVs in the event [276]. In the analysis presented in this thesis,
IS

o1 < 0.10 is used as the isolation requirement for the electron.

5.5 Muons

Muon candidates in CMS are reconstructed as standalone muons, tracker muons, and/or global
muons [278]. Standalone muons are tracks that are reconstructed solely from hits in the muon
stations. Conversely, tracker muons are built from tracks reconstructed in the inner tracker
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that match at least one hit in the DT or CSC segments of the muon system. Global muons
are obtained from standalone muons that match “inner” tracks. After finding such a match, a
fit to the combined track with the KF is performed in order to improve the muon momentum
resolution. Global muons and tracker muons are merged as a single muon candidate if they
share the same inner track. Owing to the high tracking efficiency, about 99% of muons produced
within the geometrical acceptance of the muon system are reconstructed as either a tracker or
global muon [278|. Tracker muons that are not identified as global muons typically originate
from remnant of a hadron shower in the HCAL that reaches the inner muon stations (punch-
through). The energy and momentum of the muon candidate is determined from the curvature
of the track.

A muon identification criterium is defined for three WPs: loose, medium, and tight. A
loose muon is a PF muon that is either a tracker or global muon. These WPs are used to
identify prompt muons originating from the PV and “secondary” muons from hadron decay,
while maintaining a low rate for the misidentification of charged hadrons as muons. In the
analysis for this thesis though, the medium WP is used. A medium muon is a loose muon that
passes several quality criteria of the track.

Just like for electrons, the relative isolation of a muon can be defined. The contribution of

neutral particles is taken into account with the so-called ApS-corrections:

" Zcharged pr + max (07 Zneutral ET - AB Zcharged, PU pT)
Lo = ] : (5.3)
T

The muon isolation cone is of angular size AR = 0.4. This expression is similar to Eq. ,
but in I;Lel the neutral contribution from pileup is estimated from the scalar pp sum of charged
hadrons originating from pileup vertices, Zcharged pupr. This sum is multiplied by a factor
of A = 0.5, which corresponds approximately to the phenomenological ratio of neutral- to
charged-hadron production in the hadronization process of inelastic pp collisions, as estimated
from simulation. In the present thesis, Ii;l < 0.15 is used as the nominal isolation requirement

for the muon.

5.6 Jets

Jets are most often reconstructed by a sequential clustering algorithm that iteratively groups
particles together, based on some measure of distance d;; between two reconstructed objects,
and a cut dey. Such an algorithm starts by recombining all particle pairs (i, j) that are closest
together in d;;, as long as d;; < dcut. After every step, the recombined pairs are removed from
the list and replaced with a “proto-jet” that has their summed four-momenta. The algorithm
stops when there are no pairs left that pass the cut.

A good jet algorithm must have two criteria. Firstly, the jet properties must be invariant
under the radiation of a soft gluon (infrared safe). Secondly, the reconstruction must be insen-
sitive to the collinear splitting of a particle (collinear safe), i.e., if a particle is replaced by two
collinear particles who in sum have the same four-momentum.

There are several infrared and collinear-safe algorithms for jets in CMS. In this thesis, we use
the anti-kp (AK) algorithm, which utilizes the following metric:

*2) AL, (5.4)

d;j = min (PEprT - 5>
0PTi) AR
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where AR, is a cone size parameter and AR, = /Ay? 4+ A¢? is the distance in (y, ¢)-space

with the rapidity
1 E+p,
= 71 5-5
yi=g5n (E _pz> , (5.5)

not to be confused with Eq. (4.5)), where y ~ 7 if p > m, leading to Eq. (4.4). The AR;; is the
AR, distance between particles ¢ and j. If a cluster ¢ of combined objects satisfies

dij > dip = piZia (5.6)

the algorithm defines it to be a jet and removes its PF candidates from consideration in clustering
subsequent jets. Here, d;p is called i’s distance to the beam [266, 279]. The PF jets are clustered
with the standard cone-size parameter AR, = 0.4, and are therefore sometimes referred to as
“AK4 jets”. In CMS, the AK algorithm is implemented in the FASTJET library [280} 281], and
CHS is used to remove charged PF candidates not associated with the PV of the hard interaction.

The jet momentum is defined as the vectorial sum of all momenta of the jet constituents.
In order to reconstruct the original quark or gluon accurately and precisely, the energy of jets
needs to be calibrated to take into account detector noise and contributions from additional pp
interactions within the same or nearby bunch crossings. The CMS Collaboration determines jet
energy corrections (JECs) in several steps, which are explained in detail in Ref. [282]. Addition-
ally, the jet energy and jet energy resolution (JER) of jets in simulation are corrected to obtain
better agreement between simulation and data.

In the analysis presented in this thesis, two identification requirements are applied in order
to distinguish genuine jets from those arising from pileup [283], as well as to remove spurious
jet-like features that originate from isolated noise patterns in certain HCAL regions [284]. The
latter is achieved with additional selection criteria on the energy fractions and multiplicity of
charged and neutral particles, which corresponds to the “tight” jet identification in CMS. It has
an almost 100% efficiency for jets with pp > 30 GeV and |n| < 0.5, but degrades down to 97%
in the forward region [284]. If candidate jets fall within a AR < 0.5 from one of the selected
T lepton candidates (i.e., an electron, muon, or T object), they are assumed to be the same
object, and are removed from the jet collection.

5.7 Bottom quark identification

As mentioned in Section[5.1} the relatively long lifetime of B hadrons produced by bottom quarks
can be exploited to identify bottom-quark intitiated jets. Besides lifetime, one can exploit the
relatively large mass of the B hadron, and the pattern of fragmentation and decay. This is
referred to as b tagging. Most b tagging algorithms use a combination of information about the
secondary vertex and track parameters, like the impact parameter (distance of closest approach
of the track to the PV), but also exploit information about the jet topology and other properties.

The LQ — bt analysis employs the DEEPCSV algorithm [285, 286] for b tagging jets.
DEEPCSV is a deep neural network (DNN) with four hidden layers that is an extension of
the combined secondary vertex (CSV) algorithm [285] 286]. The loose and medium working
points (WPs) of DEEPCSV are used, which are respectively defined by a 10 and 1% misiden-
tification rate of jets originating from light quarks or gluons. The 7 of tagged jets is required
to have |n| < 2.4 (2.5) in 2016 (2017 and 2018). Figure [5.4]shows the efficiency and mistag rate
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Figure 5.3: Because of its relatively long lifetime, a B hadron travels some distance on the order
of 1mm from the primary vertex (PV) where it was produced, before decaying and creating a
secondary vertex (SV) with displaced tracks. Illustrated are the transverse and longitudinal
impact parameters, dg and zg, respectively, as well as the flight distance in the transverse plane,
Lyy.
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Figure 5.4: B tagging efficiencies (left column) and the mistag rate of jets originating from a
¢ quark (center column), and originating from a light-flavor quark or gluon (right column) of
the DEEPCSV tagger in simulated events. The efficiencies and mistag rates are shown for the
medium (top row) and loose WPs (bottom row) in pty, events.

for jets in simulated events that pass the selections of the pry, channel (see Chapter and do
not match the selected muon and Ty, candidates within AR < 0.5. The efficiency and mistag
rates are very similar between the different Tt decay channels. The medium WP has a typical
efficiency of about 75%, while the loose WP efficiency can reach up to 90%, depending on the
jet pr and n. Nevertheless, the b tagging significantly degrades at pp = 500 GeV, and more so
for the medium than the loose WP.
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Figure 5.5: Simple illustration of missing transverse energy (MET), which is defined as the
negative vectorial sum of the transverse momentum of all objects in the event. The red solid
line represents a muon track, while the polar bars represent energy deposits in the ECAL (dark
red) and HCAL (blue).

5.8 Missing transverse energy

As mentioned in Section the longitudinal boost of the hard scattering is unknown, but the
total transverse momentum is assumed to be exactly zero and conserved. This is useful to infer
invisible particles that have carried away a significant amount of momentum, like neutrinos or
hypothetical dark matter particles. After the PF algorithm has reconstructed all particles in the
event and removed charged particles not coming from the PV, it vectorially sums the remaining
objects to determine the total transverse momentum that is missing:

PSS = — Zﬁ%- (5.7)

This vector, or its length, is often referred to as the missing transverse momentum, or missing
transverse energy (MET). The accuracy of the MET relies on a good calibration of all PF objects.
Therefore, the calibration of the jet energy scale has to be propagated correctly. Several other
corrections are applied, for example, in case the computed MET is very large, the PF algorithm
checks for cosmic muons, badly reconstructed muon tracks, and fake muons [266]. More details
can be found in Refs. [287] and [288].
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6 Reconstruction & Identification of
Hadronically Decayed T Leptons

A significant fraction of T leptons decay to hadrons and such decays are denoted as Ty. It
is therefore an important decay mode in physics analyses that target final states including T
leptons, and accurately and precisely reconstructing such decays becomes crucial. A dedicated
identification algorithm is needed to reduce the large backgrounds mimicking this type of decay,
while maintaining a good efficiency for genuine T decays.

During my PhD, I have been involved with several projects of the Tau Physics Object Group
(TauPOG) in the CMS Collaboration. This included the measurement of the T}, reconstruction
and identification efficiency, as well as the Ty, energy scale. A new Ty, identification algorithm,
called DEEPTAU [289], was developed during my work on the search for an LQ coupling to
br. I contributed to the first validation of DEEPTAU in comparisons between Run-2 data and
simulation, before applying it in our own LQ analysis to attain a significant gain in signal
sensitivity.

This chapter will discuss the reconstruction and identification of T, objects in CMS used dur-
ing Run 2. The measurement of its performance and corrections to simulation will be discussed
in Chapter [J

6.1 T lepton decay

With a mass of m,; = 1.776 GeV, the T lepton is the heaviest lepton. It can not only decay to
electrons and muons, but also to the lighter pions (my ~ 0.14 GeV) and kaons (mg =~ 0.50 GeV)
through the weak interaction. Figure[6.1]shows two examples of Feynman diagrams at tree level.
As the left pie chart in Fig. shows, T leptons decay leptonically about 35.2% of the time,
while the hadronic final state has the largest branching ratio, 64.8%. As a consequence, one
pair of T leptons has hadrons in its final state about 88% of time. Specifically, the branching
fraction of the semileptonic final state (ety, pty) is 46%, while that of the fully hadronic state
(ThTh) is 42%. Fully leptonic decays of a T pair not only have a small branching fraction of 12%,
but they also tend to have a larger background from Drell-Yan (Z/y* — ¢7£7), top quark pair

* q
+
7T:|:, a1 5 pi7
Wﬂ: 7@ W:t —/
es Ve gE vy

Figure 6.1: Tree-level Feynman diagrams of T lepton decay through the weak interaction [290,
291]. Left: Leptonic decay 7% — ¢*Tyu, with £ = e, p. Right: Hadronic decay 7+ — ¢q'v-.
These quarks can form intermediate resonances like ©, a?:, and pT. The latter two will further

decay mostly into pions: p* — nFn0, and af — pFr® — wtn0n0 or af — POt = wETrE [13).
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Figure 6.2: Pie charts of branching fractions of a single T lepton and a pair of T leptons. Left:
T lepton decay. For leptonic decay there are two neutrinos, and for hadronic decay only one. (1
stands for the hadronic decay.) Right: Decay channels of a pair of T leptons. Numbers from

PDG [13, p. 28].
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Figure 6.3: An illustration of the detector signatures of several common hadronic decay modes
of the T lepton. Charged pions typically leave a track in the tracker and energy deposits in the
HCAL. Neutral pions w° promptly decay to photons that create ECAL showers, reconstructed
as strips by the HPS algorithm. Also shown are examples of intermediate resonances (blue)
corresponding to bound states of quarks such as the vector p meson and pseudovector a; meson.

Not to scale. Inspired by Ref. [292] p. 37].
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Figure 6.4: Illustration of several hadronic decay modes of the T leptons (a-c) and their back-
grounds (d-f). With pp = 15 GeV, genuine hadronic T decays form very collimated jets of some
number of light hadrons that fall in a signal cone with an opening angle 0.05 < AR < 0.1 (red).
This can easily be mimicked by quark-/gluon-initiated jets, although they tend to have more
activity in the isolation cone of AR = 0.4 (blue). Furthermore, electrons and muons can form
well-isolated single-track jets like the h* decay mode, and electrons can be misidentified as the
h*1% mode as well due to their ECAL clusters.
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(tt), or diboson production. The semileptonic and fully hadronic decay channels are therefore
essential for physics analyses with two T lepton in the final state.

As discussed in Section the T lepton has a very short mean lifetime of 7 = 2.90 x 107135,
or 0.290ps [I3, p. 28]. The decay length is given by L = yfcr =~ pe x 49.0pm/GeV, so a T
lepton with a momentum p = 20 GeV travels on average about 1 mm before decaying. The direct
observation of a T lepton track was first reported by the CHORUS experiment in 1998 [293, 294],
and later by the DONUT experiment in 2001 [30]. They both used nuclear emulsions to capture
the short track and look for a “kink” indicating its decay. In the context of the CMS detector, T
leptons produced at the beam line will not reach the pixel tracker, and have to be inferred from
their decay signature. And although the decay length is shorter than that of heavy-flavored
hadrons, the excellent vertex and impact parameter resolution of the pixel tracker provide us a
good handle on the secondary vertex for efficient identification.

Figure [6.3] showcases several detector signatures characteristic of common hadronic decay
modes. Most of the charged hadrons in T decays are pions or kaons, which typically create
a track and leave energy deposits in the HCAL before decaying. About 65% of hadronic T
decays involve neutral pions, which decay promptly (7 = 8.4 x 1077s) to two photons 98.8%
of the time [I3 p. 33]. Furthermore, for T leptons with momenta typical for physics analyses
(pr 2 15GeV), the decay products will be sufficiently boosted to form a collimated jet with
a size of about AR < 0.10, as shown in Fig. Therefore, a narrow jet with one or three
charged hadrons (prongs) with perhaps some ECAL deposits is a helpful signature to identify
most hadronic T decays.

One other interesting feature of hadronic decays is that several decay modes have an inter-
mediate resonance as shown in Fig. In particular, & — h¥w%v, has a p(770) intermediate
resonance, while 7* — h¥Ox% . and 7* — h*hTh*v, predominantly go through a; (1260) [294,
p. 85]. Both these meson decays promptly in one or more steps to pions and kaons. These inter-
mediate resonances shape the measured distribution of the invariant mass of the visible decay
products, that we can use to define efficient mass ranges per decay mode. The resonant structure
of four-pion decays, like 7+ — h*hThTr ., is much more complicated due to a multitude of
intermediate decay products, of which p’ = p(1450) is one [295H297].

6.2 The HPS reconstruction algorithm

Hadronic decays of T leptons are reconstructed with the hadron-plus-strips (HPS) algorithm
[289, 298-300]. First, the algorithm starts from PF jets that were reconstructed by the anti-kp
algorithm with a distance parameter of AR = 0.4 (see Section [5.6). These jets serve as seeds
for T, candidates. All PF particles within AR < 0.5 around the jet axis are considered in the
following steps. Charged particles used to construct the T, object must have pr > 0.5 GeV, and
a transverse impact parameter d, < 0.1cm from the PV, while electrons and photons must
have pr > 1 GeV.

Secondly, the algorithm reconstructs ©° candidates as so-called strips from the jet con-
stituents. Because photons are frequently converted into an eTe™ pair, both electron and photon
constituents in the jet are clustered into rectangular windows in the n¢ plane, called strips. The
strips are narrow in 7, but extended in the ¢ direction due to the spreading out of eTe™ con-
version pairs in the magnetic field. They are seeded by the most energetic electron and photon
(e/7) candidate. Other candidates that fall inside some Anx A¢ window around the strip center
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are iteratively added to the strip until no new candidates are found in the window. Each time
the strip momentum is recomputed as the vectorial sum of all strip constituents. This process
is repeated until all e/ objects in the jet are clustered in a strip. The strip size and position is
discussed separately in Section

Thirdly, from the set of highest-energy charged hadrons and strips (up to six each) within
the seed region, Ty, candidates are reconstructed by making all possible combinations of charged
hadrons and strips that are compatible with one of seven “reconstructed decay modes” listed in
Table [6.1¢

Table 6.1: Reconstructed Ty, decay modes

DM Decay mode Target T decay

0 h* T+ 5 by,

1 h*txd T+ o hExOu,

2 hEr0x0 T+ 5 hEr0x0u.,

5 hERE/T ™+ & hERThtu,

6 hThH/Fn0 ot o BERTREROV,
10 h*hFh* T+ 5 BERFRFY,
11  hThFhERO T+ o hERFRERY,

Within CMS, the hadronic decay modes are uniquely numbered by
DM =5 x (Nprongs — 1) + Netrips- (6.1)

which is indicated by the first column of Table The decay modes with two charged hadrons
are included to recover T decays with three hadrons where one hadron is not reconstructed as a
hadron or a track. The (visible) four-momentum of the 7, candidate is simply the vectorial sum
of its charged hadron and strip constituents, from which the invariant mass m., is computed.
For the h* decay mode the pion mass is assumed. The Ty, charge is the sum of the charged
hadrons, except for the decay modes with only two hadrons, for which the charge is set to the
charge of the hadron with the larger pr.

Fourth, a single 71, candidates is chosen among the candidates that satisfy the following
constraints:

e The invariant mass of the candidate must fall within a mass window of some assumed
intermediate resonance. This is discussed in more detail in Section [6.2.2

e The 1y charge must be +1.

e The charged hadrons and strips used in the T}, reconstruction must fall within a signal

cone of size AR = 3 GeV/pr (limited to the range 0.05-0.1) around the T, momentum.

The candidate with the highest pr is chosen. Besides a signal cone, an isolation cone of AR = 0.5
around the T}, axis is defined to measure the activity around a 1, candidate that is not used for
the construction of the final T, object.

6.2.1 Dynamic strip reconstruction

During Run 1, the window size was fixed to An x A¢ = 0.05 x 0.20 [298]. However, this size
is not always large enough to contain all (secondary) particles from hadronic T decay, like low-
pr particles from nuclear interaction between charged hadrons and the detector, or secondary
electrons and photons from w° decays that undergo multiple scattering and bremsstrahlung.
This can lead to a worse T, reconstruction, but also a reduced identification efficiency because
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Figure 6.5: An (left) and A¢ between the Ty, and e/~ candidate for strip reconstruction as a

function of p(fr/ 7 of the e/ candidate. A sample of simulated events with a single 7 that has a

uniform pr in the range 20-400 GeV and |n| < 2.3 is used. The black points indicate the 95%

envelope for a given p%/'y bin, and the red solid line represents the fitted function f and g given

by Egs. and Figures taken from [300].

particles that fall outside the strip window can contribute to worse isolation. Conversely, smaller
windows reduce background contributions to strips of genuine T}, decays with high p, which
have more collimated decay products, while simultaneously allowing for better rejection of the
less isolated jets initiated by a quark or a gluon (“quark or gluon jets”). This is why the dynamic
strip reconstruction was introduced to dynamically determine the strip size and position during
Run 2 [299, 300].

The n¢ dimensions of the strip are determined as simple functions of pr, such that the strip
contains about 95% of all e/~ candidates from Ty, decay as determined from a study on simulated
events with a single T, object that has a uniform pr distribution in the range 20-400 GeV and
In| < 2.3. Analytic functions of the form a/(pt/GeV)® are obtained separately for An(ty,e/7)
and A¢(tp,e/v) between the 1, and e/~ candidate by fitting all 95% envelope points in each
peT/'y bin as shown in Fig. [6.5] The results are

f(pr) =020 (pr/GeV) ™%, (6.2)
g(pr) = 0.35 - (pp/GeV) "7, (6.3)
for An(th,e/v) and A¢(Th,e/v), respectively.
The HPS algorithm with dynamic strip reconstruction proceeds as follows [300]:

1. A seed is obtained from the highest-pt e/ candidate not yet included in a strip. The
initial Nstrip and @sirip position of the strip’s center is set to the 1 and ¢ of the seed.

2. The e/~ candidate that has the next highest pp and falls within

An = min [f(p%) + F(5P), 0-15] , (6.4)
A¢ = min [g(p%) +g(py™), 0-30} : (6.5)

from the strip center, is added to the strip. The An is limited to the range 0.05-0.15,
while A¢ is limited to 0.05-0.30.
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3. The strip position is recomputed as a pr-weighted average of all e/ constituents:

1
Nstrip = 5 strin Zp%nc, (6-6)
SpP —
1
(bstrip = W ZPCT%, (67)
T (&
where S5%P = > . P is the total scalar sum pr.

4. Steps 2 and 3 are repeated until no further e/ candidates are found within the Ay x A¢

window.

6.2.2 Mass constraints

The invariant mass of each T}, candidate must fall in a certain range to ensure compatibility with
the respective T, decay mode the candidate was reconstructed in. This window is optimized for
each decay mode to maximize the ratio of the T}, reconstruction efficiency to the probability of
misidentifying a jet. Furthermore, for decay modes with strips and pi* > 100 GeV, the upper
mass limit is enlarged as a function of \/pTTh to account for the resolution at high pr. The limits
for decay modes with strips are also enlarged as a function of the strip size because the energy
of a strip depends on its size. As an estimation of the change in m., brought about by the
addition of e/~ candidates to the strip, the quantity Am,, is constructed as

2 2
Am-,- _ a7’n*rh f(pstrip) + aTn"rh g(pstrip) (68)
" 8773trip T a(Z)strip T ’

with the partial derivatives

strip T
am'rh Dz ETh - EStrippzh

= ) 6.9
8nstrip My, ( )
amTh B (p;h o psxtrlp)pztrlp . (p»yrh o pztrlp)p;trlp (6 10)
8¢strip My, ’ .

nwoo_ " _ strip _strip _strip
where pr, = (Er,,p;r, pyh,pit) and Pstrip = (Bstrips Pz —>pPy P> ) are the four-momenta of

the T, candidate and strip, respectively. The mass windows are defined as follows [300}, B0T]:

e For h*, 0 < mr, < 1GeV to allow for kaons. After a 1, candidate with this decay mode
is chosen, the mass is fixed to the pion mass, m,, = 0.140 GeV because in about 94% of
one-prong decays, the hadron is a charged pion [13| p. 28].

e For h*n% 0.3GeV — Am,, < m., < 1.31/pp GeV/100 + Am.,, with the upper limit
constrained between 1.3 and 4.2 GeV.

e For h*w9w0 0.4GeV — Amq, < mq, < 1.4/p GeV/100 + Am,, , with the upper limit
constrained between 1.2 and 4.0 GeV.

e For h*h*/F 0.4GeV < m,, < 1.2GeV.

e For h*h*/Fx0 0 < My, < 1.24/pp GeV/100 + Am.,, with the upper limit constrained
between 1.2 and 4.0 GeV.

e For h*thFTh* 0.8GeV < m,, < 1.5GeV.
e For R*thThTx0 0.9GeV — Am,, < mq, < 1.6 + Ama,.
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Figure 6.6: Confusion matrix of T, decay mode reconstruction. For each generated Ty, decay
mode (column), the fractions of decay mode it is reconstructed as are shown. A sample of

Z — 117 events with m.. > 50GeV is used. Both generated and reconstructed Ty, fulfill
pr > 20GeV and |n| < 2.3. Taken from [289].

6.2.3 Reconstruction performance

Figure show how T, decays with pr > 20GeV and || < 2.3 from a sample of Z — 7F 1~
events are reconstructed. For example, the h* decay mode is correctly reconstructed 80% of
the time, while h*hTh™ is correctly reconstructed with a probability 61%, and is recovered by
the two-prong decay modes with a rate of 19%. The fraction of T, decays not reconstructed at
all ranges from 10% for h*hTh* to 25% for h*=C. The reconstruction efficiency of genuine Ty,
decays is limited by the reconstruction of charged hadrons, which in the barrel has an efficiency
of around 90% for pions with 1 < pp < 100 GeV [250]. The correct charge assignment for decay
modes without missing hadrons varies from about 99% for pr < 200 GeV to 92% for pp ~ 1 TeV,
while the charge assignment for two-prong decay modes is correct in only 70% of the cases [289].

The two-prong decay modes are mostly useful for analyses that are not limited by back-
grounds, and the decay mode h*n%=° has an extremely low branching fraction times efficiency.
Therefore, I will only consider the reconstructed h*, h*n?, h*hTh*, and h*hTht=0 decay

modes in this thesis.

6.3 The DEEPTAU identification algorithm

When searching for hadronically decaying tau leptons, there is a huge background of quark
and gluon jets because Ty, decays are effectively collimated jets of hadrons, as illustrated in
Fig. Additionally, electrons and muons can form well-isolated single-track jets as the h*
decay mode, and electrons can be misidentified as the h*n" mode as well due to its ECAL
clusters. Jets initiated by a quark or gluon tend to have a larger cone size with more activity
than Ty decays. Therefore, requiring some type of isolation helps to reduce the background
from quark and gluon jets that are misidentified as T, decays. One can use simple cut-based
variables like relative isolation as in Eq. , but most physics analyses with Ty, decays use
multivariate analysis (MVA) identification for maximum background rejection power. In the
rest of the present thesis, the misidentified leptons will be denoted by “¢ — T, fakes”, while
“5 — 1y fakes” will refer to misidentified quark and gluon jets.

This section describes the DEEPTAU identification algorithm, which is based on a convolu-

tional deep neural network (DNN). It is designed with the following three premises in mind:

60



1. Multiclass: The final goal is to efficiently discriminate against electrons, muons, and
quark and gluon jets that are misidentified as T, decays. The DNN is therefore designed
& trained to classify reconstructed Ty, as either real T, decays, or misidentified electrons,
muons, or quark and gluon jets with a predicted probability, from which discriminators
are constructed. Previously, separate dedicated algorithms were used to reject these back-
grounds. A multiclass approach that produces the three discriminators improves the overall
performance, and reduces the overhead.

2. Usage of lower-level information: While previous MVA-based discriminators in CMS
mainly used higher-level input variables from Ty, reconstruction, DEEPTAU also processes
lower-level observables of individual particles around the T, object with convolutional
layers to exploit complex patterns of detector interactions and jet fragmentation. These
techniques makes use of convolutional architectures of the sort used in image recognition
based on the premise that a fragment of an image can be processed independently of its

position, relying on translational invariance.

3. Domain knowledge: DEEPTAU still processes high-level input variables that have
proven helpful to identify Ty, and rejects backgrounds like quark or gluon jets in previous
MVA classifiers. Given large enough training samples, a dedicated DNN should in prin-
ciple achieve the same performance without higher-level information, but including this
information may reduce the amount of training events necessary, and aid the convergence
of the training, as shown by previous studies of jet flavor identification algorithms that use

convolutional layers [302].

Various neural network architectures that satisfy the premises above have been considered
under the constraints of the above premises and the available resources. Two main advantages of
convolutional layers to others like graph-based networks is that they have smaller computational
complexity, and are efficiently implemented in available deep learning software. This is described
in more detail in Ref. [289].

6.3.1 Inputs

The low-level input variables are basic observables of different types of particle objects around
the T, object. The particle objects are different kinds of reconstructions of charged and neutral
hadrons, electrons, photons, and muons. In addition to their reconstruction from PF, electron
and muon objects from standalone reconstruction algorithms are used to take advantage of more
specific information that is useful to distinguish them from other particles. The observables
include basic kinematic quantities (pr, 1, ¢), tracking & vertexing parameters, cluster shape &
energy measurements from the calorimeter, and pileup probability from the pileup identification
(PUPPI) algorithm [303].

To capture complex patterns in n¢ space, the low-level information is partitioned by two
overlapping grids in n¢ space that are centered around the reconstructed Ty, axis, as shown in
Fig. The grids have a different number of cells and cell granularity. The “inner” grid has
11 x 11 cells with size 0.02 x 0.02, such that it fully covers the signal cone with a radius of
AR = 0.1. The “outer” grid has 22 x 22 cells with 0.05 x 0.05 each, and covers the isolation cone
of AR = 0.5. The finer granularity of the inner grid permits a better resolution of the collimated
T decays in the signal cone, as well as the dense core of high-pt quark and gluon jets, while the
outer cone is used to capture the extra activity typical of jets initiated by a quark or a gluon.
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Figure 6.7: Layout of the two grids in n¢ space and centered around the reconstructed Ty axis
(1, ¢), which are used to process particle-level information as input to the convolutional layers
of DEEPTAU. The inner grid (red) is comprised of 11 x 11 cells of size 0.02 x 0.02 each, while
the outer grid (blue) has 21 x 21 cells of size 0.05 x 0.05. The inner and outer grids overlap.
Also shown are the signal cone of radius AR = 3 GeV /pr, limited by 0.05-0.1, and the isolation
cone of AR = 0.5 to define higher-level observables. Adapted from [289].
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Figure 6.8: Overview of the DNN architecture of the DEEPTAU algorithm. The network
consists of three subnetworks, which are finally concatenated and are passed through four fully
connected layers, ending in the final output layer yielding four output parameters z, that each
target one of the four classes, a € {m,jet, p,e}. The low-level input variables are reduced to 64
variables per cell by several fully connected layers, before they are processed by the convolution
layers that contracts each of the two grids to a single cell with 64 output variables. See text for
more explanation. Figure taken from [289).
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On average, 1.7% (7.1%) of the inner (outer) grid cells are occupied. If more than one particle
of a given type is found in a cell, the one with the highest pr is used as input. This occurs in
about 10% of the occupied cells.

The list of high-level input variables is similar to that of previous MVA classifiers. There
are in total 47 of such variables, which include the reconstructed four-momentum, charge of the
Tn candidate, but also the number of charged and neutral constituents, quantities related to its
lifetime (vertex parameters), isolation, strip energy, compatibility with being an electron, and
estimated pileup.

Linear transformations are applied to rescale or standardize inputs within a limited range
before passing them to the DNN.

6.3.2 Architecture
Figure shows a schematic of the DEEPTAU architecture. It has three main subnetworks:

1. The 47 high-level input variables are processed by three fully connected layers, which have
57 output nodes.

2. The low-level input variables from the outer grid are first processed through a set of fully
connected layers to reduce the dimensionality from 188 inputs to 64 outputs per cell. Then
they are passed through 10 convolutional layers to contract the 22 x 22 input grid to a
single output cell with 64 final outputs.

3. The low-level input variables from the inner grid are processed by a subnetwork that has
a similar structure as the one for the outer grid, but contains five convolutional layers
instead to reduce the 11 x 11 grid to one cell with again 64 outputs.

The convolutional layers each have 64 filters of size 3 x 3 with no padding with empty cells
around the input grid in order to reduce with each step the dimension of the grids by two cells
in either direction.

The output parameters of these three subnetworks, 185 in total, are then concatenated be-
fore being passed through four fully connected layers with 200 nodes each, ending in the fi-
nal output layer yielding four output parameters z, that each target one of the four classes,
a € {mp,jet,p,e}l. A softmax activation function [304, p. 79, 180-184] is applied to normalize
the outputs to

exp(zq)

5 expl(en) (o)

Yo =

The value of y, measures the probability between 0 and 1 that a given T, candidate belongs to
the class a.

6.3.3 Loss function & training

The loss function is constructed as the sum of three different terms that guide the training
to aim for a high efficiency of genuine T, decays with maximal rejection power against the
background in the regions most interesting for physics analyses, which typically operate at a
50-80% efficiency [289]. The three terms are:

1. aregular cross-entropy term [304, p. 73, 129, 130] to target the genuine Ty, class;

63



2. a focal loss term [305] for the binary classification of genuine T, against all background
classes combined, that optimizes rejection at the highest Ty, efficiencies;

3. another focal loss term with a smoothened step function that is nonzero for T, candidates

with yr, 2 0.10 in order to ignore background separation at low Ty, efficiencies.

The parameters of the terms are chosen to make them more numerically equal, while prioritizing
discrimination against quark and gluon jets. The full details of the loss function is given in
Appendix A of Ref. [289].

The training is performed on a sample of 140 million T, candidates from various simulated
processes in the CMS detector with conditions of the 2017 data-taking period. For the Ty, objects
from generated Ty, decays, electrons, and muons, samples from simulated events with Z — ¢T¢~
(NLO), Z' — 4=, W + jets, and top pair production are used, with m,s ranging between 1 to
5GeV. For quark and gluon jets misidentified as Ty decays, samples of QCD multijet and top
pair production are used. For testing and validation, 10 million T, candidates from independent
H(125) — 771~ and Z — ¢4~ (LO) samples are used. The training of the final classifier was
run for 10 epochs, with an average of about 69 hours per epoch.

6.3.4 Discriminators & expected performance

From the four DNN outputs y., the three DEEPTAU discriminators are constructed,

Yrh

D = —=
a(Y) Y1, + Yo

(6.12)

which efficiently reject misidentified electrons (De), muons (D,,), and jets (Djer). Within CMS,
these are available under the names DeepTau2017v2p1VSe, -VSmu, and -VSjet, respectively,
where 2017 refers to the training data set with conditions of 2017 data taking, and v2p1 indicates
the version, 2.1. The discriminators take on values between 0 and 1, where a lower “cut” on
a given discriminator reduces the associated background, while increasing the purity of real T
decays.

For the convenience of physics analyses, WPs are defined that target fixed identification
efficiencies of genuine 1}, decays. The (expected) efficiencies are defined with a sample of recon-
structed Ty, candidates with 30 < pp < 70GeV from H(125) — 777~ events. Table lists
the WP efficiencies, which show that the expected efficiency of Dje varies between 40 and 98%,
while the efficiencies of Dy, ranges from 99.5 to 99.95% thanks to its great discrimination power.

The reconstruction and identification efficiency of genuine 1y, decays before and after requiring
a Loose, Medium, or Tight WP of the Dje; discriminator is evaluated as a function of pr of the
generated T decays. This is shown in Fig. A sample of 1, candidates from simulated
Z — 171~ events, and reconstructed with pr > 20GeV and || < 2.3 are used. Without
including the two-prong decay modes, the reconstruction efficiency is between 75 and 82% above

pr > 30GeV. For Ty, decays with pr ~ 20 GeV, the efficiency goes down to approximately 40%.

Table 6.2: The T}, identification efficiencies for the different WPs of the three DEEPTAU dis-
criminators. The target efficiencies are evaluated with the H — 71~ event sample for 1, with
30 < pr < 70 GeV [289]. Each letter ‘V’ stands for “Very”.

VVTight VTight Tight Medium Loose VLoose VVLoose VVVLoose

De 60% 70% 80% 90% 95% 98% 99% 99.5%
D, — — 99.5%  99.8%  99.9% 99.95% — —
Djet 40% 50% 60% 70% 80% 90% 95% 98%
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Figure 6.9: Reconstruction & identification efficiency of genuine 7 decays as a function of
generated Ty, pr for candidate T, as determined from a simulated Z — 77T~ sample with
pr > 20GeV and |n| < 2.3 for the generated T, decays. The black points shows the efficiencies
to be reconstructed by the HPS algorithm before identification with DEEPTAU. The blue points
show the efficiencies after several requirements of different WPs of the Dje; discriminator against
quark and gluon jets. Figure taken from [289).
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Figure 6.10: Misidentification rate of quark and gluon jets versus genuine Ty, efficiency when
applying a lower cut on anti-jet discriminators. Misidentified quark and gluon jets are taken
from a simulated W + jets (top row) and tt (bottom row) sample. Left: For T;, candidates with
20 < pp < 100 GeV. Right: For 1, candidates with pp > 100 GeV. Figures taken from [289].
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Figure 6.11: Probability for electron (left) or muons (right) versus to be identified as a 1y, decay
versus genuine Ty, efficiency for T, objects satisfying a particular selection on the discriminator
value. Misidentified leptons have 20 < pt < 100 GeV, and are taken from a simulated Z — ¢+¢~
sample. Left: Electrons with D.. Right: Muons with D,,. Figures taken from [289].

The efficiency of applying the DEEPTAU discriminator against quark and gluon jets is in line
with what is reported in Table

The expected performance of each DEEPTAU classifier is evaluated and compared to previous
discriminators of the same type. Figures and show the receiver operating characteristic
(ROC) curves of the discriminators, which graph the misidentification rate of a given background
versus the identification efficiency for genuine Ty, decays for objects satisfying a particular selec-
tion on the discriminator value. The ROC curves have been produced using various samples of T,
candidates with 20 < pr < 100 GeV, as well as pt > 100 GeV. To calculate the misidentification
rate of quark and gluon jets for the Dje; discriminators, a sample of simulated W + jets events
was used, as well as a sample of simulated tt events, which have a larger fraction of bottom
quarks and gluon jets, and tend to have more activity. The DEEPTAU discriminators show a
large overall improvement in signal efficiency for a given misidentification rate. The rejection of
the quark and gluon jet background with Dje; compared to the previous MVA discriminator is
about 50% better overall for the W + jets sample, and about two times better for the tt sample.
Conversely, the signal efficiency increases by more than 30% for the tightest Dje; WPs, and more
than 10% for the loosest ones. The misidentification rate of quark and gluon jets with Djet is
almost a factor two lower for the tt sample than for the W + jets sample below pr < 100 GeV,
but they are more similar above pr > 100 GeV. Overall, Dj¢; has a lower misidentification rate
at high pt than the MVA algorithm.

The DEEPTAU discriminators against leptons improve the electron or muon rejection by a
factor of three for the tightest WP, and up to a factor 40 (10) for the loosest D, (D,) WP
with respect to the previous MVA algorithm. Their performance is similar between the two pr
regions studied [289].

The comparison between observed data and simulation will be discussed in Chapter [9}

6.4 Validation

To validate the performance of the DEEPTAU identification algorithm, I have studied distribu-
tions of several observables in a sample with relatively pure T, events coming from the Z — 71~
resonance in the pty, final state. As a representative illustration, the observed and expected dis-
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Figure 6.12: Observed and expected distributions in pty events of the 2018 data set. Correc-
tions discussed in Chapters [§and [9 are applied. The electroweak background includes W + jets,
diboson, single top production, as well as Z + jets events where a quark or gluon jet is misiden-
tified as a T, candidate. Left: Invariant mass of the pty system, myis. Right: Reconstructed
Th, mass. Figures taken from [289].

tributions of the invariant mass of the pry system, myis, and the reconstructed Ty, mass are shown
in Fig.[6.12] These distributions already incorporate the corrections to simulated T, candidates
that are discussed in Chapter [9 and are obtained from a maximum likelihood fit [306] with
the full set of systematic uncertainties discussed. The selections of pty, events are purified in
Z — tT7~ events with selection criteria. The event selections and systematic uncertainties are
discussed in Section The Tight WP of the DeepTau2017v2p1VSjet discriminator is used.
In the left panel of Fig. the main Z — 777~ signal is shown in orange. Because part of
the four-momentum is carried away by three neutrinos in the Tt decay, the resonance is located
around myis &~ 60 GeV. The main backgrounds are W + jets and QCD multijet production.
Due to the high rejection power of the Tight WP of the DeepTau2017v2p1VSmu discriminator,
the Z — p™p~ peak around myis ~ 91 GeV (blue) is significantly suppressed, with little loss of
genuine T, events. In the m,, distribution shown in the right panel of Fig.|6.12, the Z — 177~
events are further subdivided into different reconstructed decay modes. Per construction, the
one-prong decay, h*, is set to the charged pion mass, my, = 0.140 GeV. The other decay modes
are distributed around the mass of their respective intermediate resonance: p(770) for h*x0,
a1(1260) for h*hTh*, and p(1450) for h*hThtxY.

Within the post-fit uncertainties, the predicted distributions agree well with the observed
data. This indicates that with the corrections, CMS can obtain a good description of a data
sample enriched in T}, objects, thus validating the HPS reconstruction algorithm and the DEEP-
TAU identification algorithm.
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7 Data sets & Simulated Samples

The LQ search in this thesis is performed with pp collision data collected by the CMS detector
in the data-taking periods between 2016 and 2018 with a center-of-mass energy /s = 13 TeV.
There are several common SM background processes that have similar signatures to the LQ — bt
signal discussed in Section By simulating these SM processes, we can better understand
the underlying background composition of observed data, and with the simulated LQ signal, we
can study and optimize the selections in order to maximize discovery potential.

This chapter will discuss in more detail the data sets of pp collision events used, as well as
the samples of simulated background and LQ signal events.

7.1 Data sets

The total data set recorded between 2016 and 2018 corresponds to an integrated luminosity of
approximately 138fb~! at /s = 13TeV. Only data events that are fully certified for physics
analysis by the CMS Data Quality Monitoring team are selected for use in this analysis. The
data sets provided by the CMS Data Aggregation System with their respective LHC run-number
ranges and integrated luminosity for physics analysis are listed per year in Table

Table 7.1: LHC run number ranges and corresponding integrated luminosity L recorded by
CMS and certified for physics analysis.

Run number range L [fb™ 7]

272007284044 36.3
297020-306462 41.5
315252-325175 59.7

The LQ search in this thesis targets five out of six 77 decay channels: T,1y, eTh, pth, ep,
and pp. This analysis makes use of data that was collected with three different types of triggers
depending on the channel, as listed in Table

Table 7.2: Triggers used to target the various 77 decay channels.

Trigger type Online pr thresholds [GeV| 771 decay channel
Single electron 25 or 27 in 2016 ety
36 in 2017
33 or 36 in 2018
Single isolated muon 25 in 2016 WTh, €M, B
25 or 28 in 2017 & 2017
Double 1, objects (PF or HPS) 35 in 2016 ThTh

35 or 40 in 2017 & 2018

In most years, multiple triggers of the same type are combined inclusively for complementarity
and optimal efficiency. Because it is difficult to model the trigger efficiency as a function of
pr around the online pr threshold (turn on), the offline minimum-py requirement for physics
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analysis is increased with respect to the online pt threshold of the fired trigger by 1 GeV for
muons and electrons, and 5 GeV for T objects. As the pp threshold varied between triggers of
the same type, the offline pp requirement is decided based on the trigger with the lowest pr
threshold that also fired. Some single-electron or double-Ty, triggers were limited to || < 2.1, and
if in an event only a trigger with this restriction was satisfied, then the || of the corresponding
object is required to be below 2.1.

7.2 Event simulation

Event generators use the so-called Monte Carlo (MC) method that mimics the probabilistic
nature of these processes with (pseudo-)random generators [308]. With this practical method,
pp collision data are generated event by event, from the pp collisions themselves up to the
resulting signals that would be produced in the detector.

The simulation of pp collision data involves several steps. First, the main, hard scattering
process is generated. Short-lived particles such as the W and Z boson are decayed according to
their branching ratios. This hard process corresponds to a process at high energy, or equivalently
at a short length scale. At these scales, interactions are well above the QCD confinement scale,
and perturbation theory can be used.

@
-~ hy
@0 ®

1A
- o (I.-‘JQQ
0 S
?.E“
5000
.

Figure 7.1: Schematic diagram explaining event generation of two colliding protons, coming
in from the sides, with a hard process in red and the proton remnants in purple undergoing
multiple particle interactions. Initial- and final-state radiation (ISR, FSR) is added to the whole
event, shown in blue and red, respectively. The partons are then hadronized (light green) and
undergo further decay (dark green). Retrieved from [307].
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Then parton showering is performed: Initial- and final-state radiation (ISR, FSR) are sim-
ulated. These are the emissions of lighter particles like photons, gluons, or quarks that can
happen before or after the hard scattering process. Some generator programs will already gen-
erate ISR before the parton showering algorithm, and special matching and merging algorithms
are needed to prevent overcounting of these types of partons.

The third step is hadronization, or fragmentation, wherein the partons (quarks and gluons)
form colorless hadrons, which may decay further. Jet production can be safely separated from
the hard process during simulation, since it happens at a much longer distance scale (> 1fm).
It cannot, however, be understood from first principles with perturbative QCD, so phenomeno-
logical models are used. The previous steps are considered to be simulation at generator level
and are shown in Fig. [7.I] The parton showering, fragmentation, underlying event, as well as T
decays are modeled by PYTHIA for most simulated event samples in the CMS Collaboration. The
PYTHIA parameters affecting the description of the underlying event are set to the CUETP8M1
(CP5) tune for all 2016 (2017 and 2018) samples [309, [310], except for the 2016 tt sample, for
which CUETP8M2T4 [311] is used. These tunes model the observed particle production in LHC
collisions.

The next steps are to simulate the interactions of the resulting particles with the detector
material and the subsequent detector response. The interaction with the CMS detector is simu-
lated by GEANT4 [316] for the main samples of physics analyses. Also, additional pp interactions
are added as pileup, which is generated with PYTHIA.

Finally, the simulated detector response is processed by the same reconstruction software as
data. The final output is simulated pp collision data that can be compared to observed data to
understand its composition, compare to SM expectation, make measurements, etc. A priori, the
modeling of the detector is not perfect, so corrections need to be derived from measurements
in independent subsets of the collected data. Furthermore, some processes are approximated
with a subset (a “lower order”) of the possible Feynman diagrams for practical reasons, and need
corrections to their kinematic distributions, which are derived from high-order predictions, or
measured in observed data. This will be discussed in more detail in Chapters [8| & [9

Event generation is described in more detail in Refs. [I3, p. 717], [317] and [308§].

7.3 Backgrounds

There are several backgrounds for analyses that target final states with two T leptons, and per-
haps a (bottom) jet. The dominant backgrounds are Drell-Yan, tt, and the quark or gluon jets
misidentified as Ty decays, which include mainly W + jets and QCD-induced multi-jet produc-
tion.

The Drell-Yan process Z/v* — £T¢~ produces a pair of T leptons one third of the time, and
has a large peak with a mass around that of the Z boson. In addition to the production of a real

q q

q - q - -

Z/y Z/y Z/y
q A q A q A
Figure 7.2: Examples of Feynman diagrams for Drell-Yan without partons (left) and plus one
parton origination from an initial state radiation (ISR), which can be a gluon or quark (middle
and right) [312, B13].
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Figure 7.3: LO Feynman diagrams tt production [314] [315].
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pair of T leptons, one of the electrons (muons) from Z/v* — eTe™ (W p~) can be misidentified
as a Ty, candidate, although this background is efficiently suppressed with the DEEPTAU lepton
discriminators. Extra high-pr jets that are produced by ISR or FSR in Drell-Yan (Figs.
& can be misidentified as T}, objects. Besides the application of the DEEPTAU anti-jet
discriminator, this background can be suppressed by vetoing events with “extra” electrons or
muons that were not selected as candidates consistent with T decay. Therefore, we will refer to
“Z + jets” as Drell-Yan for short.

Top quark pairs are copiously produced at the LHC (Fig. , and primarily decay via
tt — bbWTW™. Their final state therefore can also contain real T leptons, or lighter leptons
and jets that fake 1, decays. Furthermore, especially event selections that require high-pt b jets
will create a sample with a large fraction of tt events.

A large amount of j — 7y, fake background originates from W + jets and QCD-induced multi-
jet production. Due to its lepton plus jet(s) final state, W + jets is prevalent in ety and pry.
QCD events may also contain real leptons from hadron decays in addition to quark and gluon
jets. On the other hand, QCD is an almost negligible background in the dileptonic channels
like pp and ep. Often, data-driven methods are used to estimate the QCD multijet or j — Ty
background in analyses with T leptons because the misidentification rate and all its dependencies
are hard to model from simulation. Simulated QCD samples also have larger uncertainties, and
are less practical to use. The two methods used by this thesis are discussed in Chapter

7.3.1 Simulated backgrounds

All the simulated background samples used in this thesis are listed in Table The W + jets
samples are used for several studies, but in the main LQ analysis, it is included via the data-
driven method to model the total j — 7y, fake background. The data-driven methods are de-
scribed in Chapter [11]

The W + jets and Z + jets processes are generated with MADGRAPH [318] at LO precision.
The MLM jet matching and merging scheme [319] is used to match partons between MADGRAPH
and PYTHIA and prevent overcounting. To increase the number of simulated Drell-Yan and
W + jets events with high jet multiplicity, samples that are generated with a fixed number of
partons in the hard process at MADGRAPH level are included. The Z + jets samples generated
at NLO by MADGRAPH5 aMC@NLO [320] are used for one part of the LQ analysis to gain a
higher number of events at high invariant mass. The production of tt and singly produced top
quarks is simulated with the POWHEG [321H323] 2.0 and 1.0 generators, respectively, at NLO
precision [324-327]. Diboson production is generated at LO with pyTHIA 8 [328] [329]. The
NNPDEF3.0 PDF sets [330] are used with all generators for 2016 samples, and the order of the
set is matched to that of the matrix element calculations. For 2017 and 2018 samples, the
NNPDF3.1 [69] sets were used.
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Table 7.3: Summary of simulated SM backgrounds, including generator(s) and cross sections
(for 2017 & 2018 samples with the CP5 tune). Drell-Yan and W + jets samples with “+n jets”
refer to a fixed number of partons, n, at the level of the hard process in MADGRAPH.

Process

Generators

Cross section o [pb]

Drell-Yan, Z/vy* — £1¢=, LO
+ jets, 10 < my < 50 GeV

+ jets, mygp > 50 GeV

+1 jets, myp > 50 GeV

+ 2 jets, mygp > 50 GeV

+ 3 jets, myp > 50 GeV

+ 4 jets, myge > 50 GeV

Drell-Yan, Z/v* — £t¢~, NLO

+ jets, myge € [100,200] GeV

+ jets, mye € [200,400[ GeV

+ jets, mygp € [400,500] GeV

+ jets, mye € [500, 700[ GeV

+ jets, mygp € [700,800] GeV

+ jets, mye € [800, 1000] GeV
+ jets, mygp € [1000, 1500] GeV
+ jets, mye € [1500,2000] GeV
+ jets, mygp € [2000, 3000] GeV
+ jets, myp € [3000, oo[ GeV
W + jets, W — fv

+ jets

+1 jets

+ 2 jets

+ 3 jets

+4 jets

tt + jets

Fully leptonic

Semi-leptonic

Fully Hadronic

Single top
t+W-

t+ W+

Single t, ¢ channel
Single t, ¢ channel

Diboson
WW
W7
77

MADGRAPH, PYTHIA
MADGRAPH, PYTHIA
MADGRAPH, PYTHIA
MADGRAPH, PYTHIA
MADGRAPH, PYTHIA
MADGRAPH, PYTHIA

aMC@QNLO, PYTHIA
aMC@NLO, PYTHIA
aMC@QNLO, PYTHIA
aMC@NLO, PYTHIA
aMC@QNLO, PYTHIA
aMCQNLO, PYTHIA
aMC@NLO, PYTHIA
aMCQNLO, PYTHIA
aMCQNLO, PYTHIA
aMC@QNLO, PYTHIA

MADGRAPH, PYTHIA
MADGRAPH, PYTHIA
MADGRAPH, PYTHIA
MADGRAPH, PYTHIA
MADGRAPH, PYTHIA

POWHEG, PYTHIA
POWHEG, PYTHIA
POWHEG, PYTHIA

POWHEG, PYTHIA
POWHEG, PYTHIA
POWHEG, PYTHIA
POWHEG, PYTHIA

PYTHIA
PYTHIA
PYTHIA

15810.0 (LO), 18610.0 (NLO)
5343.0 (LO), 6077.2 (NNLO)

247.8 (NLO)

8.502 (NLO)

0.4514 (NLO)
0.2558 (NLO)
0.04023 (NLO)
0.03406 (NLO)
0.01828 (NLO)
0.002367 (NLO)
5.409 x 10~* (NLO)
3.048 x 10~° (NLO)

52940.0 (LO), 61526.7 (NLO)

8104.0 (LO)

2793.0 (LO)
)
)

992.5 (LO

544.3 (LO

833.9 (NNLO)

88.29 (NNLO), B = 10.6%
365.35 (NNLO), B = 43.9%
377.96 (NNLO), B = 45.4%

35.85 (NNLO)
35.85 (NNLO)
136.02 (NNLO)
80.95 (NNLO)

75.88 (LO)
27.60 (LO)
12.14 (LO)
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7.3.2 Cross sections

Table also lists the theoretical cross sections o for each sample. In order to obtain the
expected yield for a given integrated luminosity L, the events of each sample are weighted by a
normalized factor

Lo

Z = ,
Ntot

(7.1)

where Niot is the total number of simulated events. If a sample is generated at a high order,
events typically have a nonconstant generator weight wgen. Formula then, will be slightly
rewritten to

Lo

= ——Ween-
> Ween s

The LO cross sections of the Z + jets and W + jets samples in Table [7.3| are computed with
MADGRAPH and the CP5 tune for the 2017 and 2018 samples. The 2016 samples with the
CUETP8M1 tune have slightly different cross sections at LO. I used the FEWz [331] program to
compute the Z + jets cross section at NNLO in perturbative QCD, and with NLO electroweak
corrections. The tt+ jets cross section was computed with the ToP++v2.0 program [332, [333] at
NNLO and at next-to-next-to-leading logarithmic (NNLL) accuracy. The W + jets production
is normalized with cross sections computed at NLO accuracy.

VA (7.2)

7.4 Simulated LQ) signals

To search for LQs coupling to b quarks and 7 leptons (“LQ — bt signal”), this thesis targets
the different modes of production introduced in Section the single and pair production of
such an LQ, as well as the nonresonant production of a T pair through the ¢-channel exchange of
an LQ mediator. For brevity, the latter will be referred to simply as “nonresonant production”
in this thesis. The Feynman diagrams of these processes are shown in Fig. Furthermore,
this analysis considers both scalar and vector models, each with one mass parameter and one
coupling strength between the LQ and a pair of fermions. For the vector model, one additional
QCD coupling parameter is taken into account.

Direct LQ searches at the LHC frequently use a parameter 3 to quantify the branching fraction
for an LQ decays to a charged leptons (rather than a neutrino). For a purely third-generation
LQ, with sufficient mass to decay to either bt or tv., § is defined such that

B=BLQ - br)=1-BLQ - tu.). (7.3)

If mrq > m¢, B is approximately the relative coupling strength of the LQ to bt or tv,. The

b T b T

Figure 7.4: Examples of LO Feynman diagrams of the LQ — b signal: LQ pair production
(left), single LQ production (center two), as well as nonresonant production of two T-leptons
with the LQ in the ¢ channel (right).
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LQ — bt search can therefore be classified as the case with g = 1.

The simulated signal events are generated at LO precision using the MADGRAPH 2.6.1 [31§]
event generator with Universal FeynRules Output (UFO) models provided by theorists, which
are explained in more detail below. The events are generated with the LO NNPDF3.1 PDF
set NNPDF31_lo_as_0130, and the five-flavor scheme (5FS), wherein the PDF of the b quark is
included. As with the backgrounds, PYTHIA 8 is used for the parton showering, hadronization, T
lepton decay, and modeling of the underlying event. The factorization and renormalization scales
are fixed to the LQ mass for the resonant signals, as per convention, while for the nonresonant
production, they are allowed to run dynamically.

7.4.1 Scalar LQ models & samples

The UFO model for the simulation of the scalar-LQ signal is based on a simplified version of the
Ry model, which is available from Ref. [334]. As shown in Table in Section the Ry model
consists of two scalar LQs that form a doublet under SU(2)1,: one with charge @ = +2/3 and one
with charge @ = F1/3. The UFO model only considers the LQ with @ = +2/3, and assumes
this LQ can only decay to SM particles of the same generation, thus excluding right-handed
neutrinos and cross-generational couplings. This leaves couplings Ay to one down-type quark g
and one charged lepton ¢, namely to de, sy, or br. There are four model-dependent parameters
that are set as follows for event generation.

e The Yukawa coupling of the LQ to the b quark and T lepton is set to A\, = 1, while
the Yukawa couplings to first and second generation fermions are set to Age = 0 = A,
respectively. Therefore, the L(Q becomes a purely third-generation LQ, and we write
A := Apr from now on as the only LQ-fermion coupling. This is the convention also used
in the previous CMS analysis searching for LQ production [335].

e The following set of LQ mass values are chosen: mpq = 600, 800, 1000, 1200, 1400, 1600,
2000 GeV. For the nonresonant process, the set of mass points are further extended with
2500, 3000, 4000, 5000, 7000, 10000 GeV.

The decay width I of the LQ is generated automatically by the UFO model for each mass point
based on the above parameters, following the LO equation, which for a single Yukawa coupling
A, and negligible fermion masses is

)\2mLQ
I'= 7.4
167 (74)
The only LQ-fermion interaction term left in the Lagrangian then, is
L D MbrmS + h.c., (7.5)

where S is the scalar LQ. The model properties and parameters are summarized in Table [7.4]
The decay of the LQ is prompt, i.e., there is no need to consider long-lived LQs. Below
A < 1.5, the direct production of an L(Q can be considered a narrow resonance. Above that,
the width of the LQ becomes so wide as to smear out the resonance and degrade the overall
sensitivity. Therefore, extra samples of single LQ production with A\ = 1.5, 2.0 and 2.5 are
generated to take into account the wider mass distribution of the LQ — bt resonance, M.
However, when A > 1 a pole appears at My, = 0, which roughly grows with A*. Most of these
events produce low-momentum particles and do not pass the signal selection, or appear in the
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Table 7.4: Summary of properties and parameter settings in the UFO models used for event
generation of single and pair LQ production. See Section for a general discussion of LQ
models.

Property / Parameter LQ_UFO [334] VectorLQ_UFO [336)] [337]

Model Scalar R Vector Uy

SU3)c x SU(2)r, x U(1)y (3,2,1/6) (3,1,2/3)

Charge +2/3 +2/3

Decays LQ — de, sp, bt LQ — br, tv,

Mass miq = 600,800,1000,1200, mrq = 500,800, 1100, 1400,
1400, 1600, 2000 GeV 1700, 2000, 2300 GeV

LQ-fermion coupling strengths Ade =0 = Agu, Apr =1 gL, = 0.1 = g,

Nonmininal coupling strength — k=1

Width T~ M I~ (gvL.> + gi1.%)miLq

167 24w

region (high-SY¥FT) where the LQ — bt analysis is most sensitive. Still, due to the size of the
pole, enough events do pass the selections to increase the final yield, competing with the effect of
decreased sensitivity due to the broader width. This is shown in Fig. Note that MADGRAPH
has a mass window around the generator mass, called the Breit- Wigner (BW) cutoff. By default,
this cutoff is set to 15 times the LQ width, such that each generated event is forced to have

mrq — 151" < My, < myq + 15T (7.6)

In the event generation of single single scalar-LQ production with A = 2.0 and 2.5, this is set to
30 times the LQ width to capture the pole at My, = 0.
The samples are produced with about 250 000 events per mass point.

10° Prlvate WOI’k (CMS S|mulat|on) 10° Private WOI’k (CMS simulation)
c E— c E— T
o) Scalar LQ, Smgle production, M 1500 GeV o Vector LQ, Smgle production, M 2000 G vV
~ —A=25 ~ - - - _
n - n —)\:2,5.K:1 7)\:10;(:1
T 10° TaiTs € 10° g ot -1t 1
(] —A=10 g ——1=20,k=0 A=05Kk=0
w A=05 TR TOAIIENSS
10 10
107t
107
© E = 16fF ! |ﬂ T
- 3 o igE b H+
n — X 1.2E &h!%}trﬂi 1
-3 ~ 1F T
< E o  o08F dﬂﬁ“
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Figure 7.5: Generator-level distributions of My, spectrum in single LQ production for different
values of A\. A pole appears at My, = 0. By default, the BW cutoff in MADGRAPH is set to 15
times the LQ width, like in the generator-level study used to produce these plots. In the event
generation of single scalar production at high A this cutoff is set to 30 instead.
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7.4.2 Vector LQ models & samples

To generate the vector-LQ signal, the UFO model presented in Ref. [336] is used. It is available
from Refs. [337], or Ref. [338]. It is based on the U; model, wherein the LQ is a SU(2)y, singlet.
The UFO model has simplified couplings to fermions: The LQ couples only to a b quark and
T lepton (top quark and v.) with a coupling strength gy, (g¢1.). The Lagrangian contains only
left-handed couplings:

LD gbLEL’)/uTLU{L + gthL")/MVTLU{L + h.c. (7.7)

with only left-handed fermions. (Note that some papers use a different normalization, A =
g/Vv/2.) As explained above, we adopt the benchmark where the coupling A = gpr, = 1, and 8 = 1,
such that g7, = 0. There remains only one LQ-fermion interaction term in the Lagrangian:

L D Abrvy,7LUf + hee. (7.8)

The width at LO then simply becomes

)\2 mLQ

I =
247

(7.9)

The model has an additional parameter x, which is the nonminimal coupling [336], which is not
present in the scalar model. It is defined as

L > —igesU], T U1, G, (7.10)

The k parameter captures some of the dependence on specific models with UV completion. This
analysis considers the scenarios of xk = 1, which corresponds to the Yang-Mills case, and x = 0,
which is the case of minimal coupling. The kinematics of pair and nonresonant production do
not depend on k. For the case of single production, there is a difference for A > 1 that is
discussed below. Therefore, separate samples are produced.

The cards with the settings for MADGRAPH generation are available on GitHub [339) [340)].
Each sample has about 1 million events. For practical reasons, these samples were shared with
the analysis in Ref. [341], which uses the 5 = 0.5 benchmark. Therefore, the settings gpr, = g1,
were used, and the vector-LQ is allow to decay to tv; roughly 50% of the time. To get a pure
B = 1 sample for this analysis, each signal event is required to have zero top quarks at generator
level. The samples have vector-L(Q mass values 500, 800, 1100, 1400, 1700, 2000, 2300 GeV. As
was done for the scalar samples, the samples of nonresonant production are further extended up
to 10000 GeV, and extra samples of single vector-LQ production with A = 1.5, 2.0 and 2.5 are
generated to take into account of wider LQ mass distribution and low-Mj,. pole.

The event generation of nonresonant production in the vector model is done with § = 1, with
about 250000 events per mass point. The above-mentioned UFO model is slightly modified to
allow for nonresonant Tt production. The modified version is available in Ref. [342]. The same
mass points are produced, with § set to 1. Events are generated assuming no interference with
the SM Drell-Yan process, as the reduction of the signal yield in sensitive regions of the analysis
is less than 5% for A > 1 [237].

Table again summarizes the model parameters, while Table lists the UFO models used
for event generation. Figure[7.6|summarizes which for points in the A-mass phase space samples

are produced.
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Table 7.5: Summary of UFO models used to generate events of different LQ production modes,
and compute their respective cross sections. Everything is generated with LO accuracy, except
for the case indicated with (*), which is computed at NLO.

Production mode Event generation Cross section computation
Scalar
Single LQ_UFO [334] LQ_UFO [334]
Pair LQ_UFO [334] Leptokvark_NLO* [336] 338]
Nonres. LQ_UFO [334] LQ_UFO [334]
Vector
Single VectorLQ_UFO [336, 337] VectorLQ_UFO [330], 337]
Pair VectorLQ_UFO [336, [337] VectorLQ_UFO [336, [337]
Nonres. VectorLQ_UFO_tchannel [336, [342] VectorLQ_UFO_tchannel [336, 342]
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Figure 7.6: Summary of generated single LQ production samples in this analysis. Note that
A > 1 and/or k = 0 samples are only generated for single LQ production, and all nonresonant
samples have A = 1. Below A < 1.5 (green), the width in single production can be safely ignored.

For the vector-LQ scenario, the B anomalies imply a coupling of roughly

mLQ
TeV'

This relationship was determined by the authors of Refs. [I13] and [231] with the method
explained in Section

A = (0.59 £ 0.20) x (7.11)

7.4.3 Study of the LQ — bT signal

To better understand the LQ — bt signal, we have performed several studies of the generator-
level distributions. These are shown in Figs for single production, Figs and
for pair production, and Figs. [7.12] and for nonresonant production. The vector and scalar
scenarios with my,q = 600, 1000 and 2000 GeV are compared.

Most noteworthy for an LQ — bt search is the fact that the T leptons in each production
mode have a hard py distribution (see Figs and . This includes T leptons that are
produced in association with a single LQ. For resonant production modes, the pt distributions of
the T lepton from L(Q decay strongly depend on the LQ mass, with the bulk above pr > 100 GeV.
The same is true for the b quark from LQ decay (Figs. and , and the leading jet in the
events of single and pair production (Figs. and . For nonresonant production on the
other hand, the distributions depend little on the LQ mass: The biggest difference is that the
distributions of the T lepton pt and the invariant mass between the two T leptons are slightly
shifted towards higher values for higher masses, as can be seen in Fig Above roughly
myq 2, 2500 GeV, the kinematic distributions become almost identical, as the ¢-channel process

7



Private work (cMs slmulallon) (13 TeV) anate work (cMs slmulatlon) (13 TeV)
024 T T . —— —

2 0 225* Single LQ production, LQ - bt E 2 0.14 Single LQ productlon LQ - bt -
< 0.22¢ T < [ +Scalar, M= 600 GeV -} Vector, M = 1400 GeV |
0.2 +Scalar, M = 600 GeV 3 0.12[ -+ Vector, M= 600 GeV - Scalar, M = 2000 GeV |

El -+ Vector, M =600 GeV 3 *““L 4 Scalar, M = 1400 GeV -- Vector, M = 2000 GeV A

0.18F ~+ Scalar, M= 1400 GeV [ . ]
0.16F -§-Vector, M = 1400 GeV 3 0.1— —

= -+ Scalar, M = 2000 GeV 7 C ]

0.145 -i-Vector, M = 2000 GeV 0.08F 4
0.12 E Tr ]
0.1° E 0.06 =
0.08F = C ]
0.06] E 0.04[ ]
0.04 ; . é 0.021- J
0.02F ] = L ]

0: L L | L mat Py - L J: 07 |

500 1000 1500 2000 6 6

LQ p; [GeV] LQn

0.2 Prlvate Work (CMS simulation) (13 TeV) Private work (cMs slmulatlon) (13 TeV)

. 2r = A e B e . R B ——
D. 0 18i Single LQ producnon LQ - bt j D [ Single LQ production, LQ - bt ]
< 0.8 1 < 0.5+ Scalar, M =600 GeV - Vector, M = 1400 GeV |
0.16F -+ Scalar, M =600 GeV 1 -25 { Vector, M = 600 GeV -+ Scalar, M = 2000 GeV ]
UE -+ Vector, M= 600 GeV o [ -+ Scalar, M = 1400 GeV -i- Vector, M = 2000 GeV ]
0.14F ~+ Scalar, M = 1400 GeV 7 C o ]
= ", -4 Vector, M = 1400 GeV 7 0.2 -
0.12F : -+ Scalar, M = 2000 GeV ] L B
£ -+ Vector, M = 2000 GeV ] r ]

0.1~ - 0.15— —
0.08F - £ F ]
0.06} . T E 0.1 ]
0045} E 0.05F- .
0.02F e - = r ]
Of‘u"m”mu i =TS =TS " ok == == —

0 200 400 600 800 1000 1200 1400 1600 -6 -4 -2 0 2 4 6

b quark (from LQ decay) p; [GeV] b quark (from LQ decay) n

Private Work (CMS simulation) (13 TeV) anate Work (CMS slmulatlon) (13 TeV)

< 0457 T T T D-o_oj : L s e
. £ Single LQ production, LQ - bt 7 i C Slngle LQ producuon LQ - bt J
< o04f 4 < o07F 3
= -+ Scalar, M = 600 GeV B C 7

0.35 --Vector, M = 600 GeV 0.06 E B

E -+ Scalar, M = 1400 GeV  J e 3

0.3F -{- Vector, M = 1400 GeV C J

E -+ Scalar, M = 2000 GeV 7 0.05 -

0.25F -t-Vector, M = 2000 GeV F ]

= E 0.04 ]

0-2F E g Scalar, M = 600 GeV 1

= E [ + Scalar, M = e 3

0.15 B 0.03¢ -- Vector, M = 600 GeV ]

£ E 0.02 E —+ Scalar, M = 1400 GeV =

0.1~ - ' -} Vector, M = 1400 GeV

£ | -} Scalar, M = 2000 GeV =

0.051 - 0.01 -4 Vector, M = 2000 GeV .
S B e o = \ J o SN E EE I BN B

0 50 100 150 200 250 -6 -4 -2 0 2 4 6

b quark (not from LQ decay) p; [GeV] b quark (not from LQ decay) n

Figure 7.7: Generator-level distributions of single LQ production in the scalar- (solid line) and
vector-LQ model (dashed line). Top: pr (left) and n (right) of the LQ. Middle: py (left) and n
(right) of the b quark from LQ decay. Bottom: pp (left) and 7 (right) of the b quark produced
in association (i.e., not from LQ decay).
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Figure 7.8: Generator-level distributions of the T leptons from single LQ production in the
scalar- (solid line) and vector-LQ model (dashed line). Top row: pr (left) and n (right) of the
T leptons from LQ decay. Second row: pr (left) and 7 (right) of the T leptons produced in
association. Third row: Opening angles An (left) and AR (right) between the two T leptons.
Bottom row: Opening angles An (left) and AR (right) of LQ — bt decay.
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Figure 7.9: Generator-level distributions of single L(Q production in the scalar- (solid line) and
vector-LQ model (dashed line). Top row: Invariant mass between the two T leptons (left) and
the visible T decay products (right). Second row: Multiplicity of jets with pp > 30 GeV and
In| < 4.7 (left) and b quarks with pr > 30 GeV and |n| < 2.5 (right). Third row: pss (left)
and scalar sum of jet pr (right). Bottom row: Leading (left) and subleading jet pp (right)
with |n| < 4.7.

80



Private Work (CMS slmulauon) (13 TeV) Private work (CMs simulation) (13 TeV)
S omabE T e S A B e e e e A ]
A =7+ LQ pair production, LQ - bt g . [ LQ pair production, LQ - bt B
< L ] < 0.25 -+ Scalar, M = 600 GeV -4 Vector, M = 1400 GeV —|
0.12~ +Scalar, M =600 GeV  — [ -+ Vector, M =600 GeV - Scalar, M =2000 GeV ]
F -# Vector, M= 600 GeV ] [ -+ Scalar, M = 1400 GeV -i- Vector, M = 2000 GeV -
r - Scalar, M = 1400 GeV 1 02F =
0.1~ -i-Vector, M = 1400 GeV ]| 2r ]
C -+ Scalar, M = 2000 GeV C ]
— - Vector, M = 2000 GeV - B
0.08 F t ] 0.151 3
0.06]- 5 4 i 1
] 0.1~ =
0.04 e ] r ]
0.02 { 0.05; Eﬁ *:
0 P I e e e z 0: | ]
0 500 1000 1500 2000 -6 4 6
LQ p; [GeV] LQn
Private work (CMS simulation) (13 TeV) Private work (CMs 5|mulat|0n) (13 TeV)
. e L i o o B o o o e . T e B An B
:). [ LQ pair production, LQ - bt ] D 0.3~ LQ pair production, LQ - bt ]
< 0.12— - < F -+ Scalar, M = 600 GeV -} Vector, M = 1400 GeV +
r +Scalar, M =600 GeV [ -i-Vector, M = 600 GeV - Scalar, M = 2000 GeV
F -+ Vector, M =600 GeV 4 0.251 { scalar, M = 1400 GeV -i- Vector, M = 2000 GeV ]
0.1~ [, +Scalar, M = 1400 GeV = B
L S -§-Vector, M = 1400 GeV | C ]
0.08— b + Scalar, M = 2000 GeV | 0.2 —
e . -t Vector, M = 2000 GeV 5 1
0.06] - . 015 3
0.04F ——— . 0.1 :
0.02f " . = - 0.051- =
OTH\‘HMHMH\A""'T"v " O:Hm =% o AR R s -~ VORI
0 200 400 600 800 1000 1200 1400 1600 -6 -4 -2 2 4 6
b quark (from LQ decay) p; [GeV] b quark (from LQ decay) n
Private work (cMs slmula\lon) (13 TeV) Private work (cMs slmulauon) (13 TeV)

. [T T T . e e —
2 F LQ pair production, LQ - bt 1 2 0.6~ LQ pair production, LQ — bt -
< 0.12— — < [ -+ Scalar, M =600 GeV -j- Vector, M = 1400 GeV ]
r +Scalar, M = 600 GeV 1 0.5 -+ Vector, M= 600 GeV - Scalar, M = 2000 GeV' -
L -+-Vector, M =600 Gev ] 2 4 Scalar, M = 1400 GeV -4 Vector, M = 2000 GeV |
0.1— + Scalar, M = 1400 GeV  — r ]
L -§-Vector, M = 1400 GeV | = B
F +Scalar, M = 2000 GeV 1 0.4 7
0.081~ -+ Vector, M = 2000 GeV ] E ]
C ] 0.3F i
0.06 - [ ]
0.04- . 02F E
0.02 ] 0.1 =
o) NN N R W e O: } I R I - ]
0 200 400 600 800 1000 1200 1400 1600 -6 -4 -2 0 2 4 6
T lepton (from LQ decay) p; [GeV] T lepton (from LQ decay) n
Prlvate work (cMs slmulallon) (13 TeV) Private work (CMS simulation) (13 TeV)
. C R T g . A e e e T e e R
D. 0-35; LQ pair production, LQ — bt 7: D 0'9? LQ pair production, LQ - bt E
< t —+ Scalar, M =600 GeV - Vector, M = 1400 GeV < 0.8+ Scalar, M = 600 GeV -¢- Vector, M = 1400 GeV
0.3 -# Vector, M = 600 GeV - Scalar, M = 2000 GeV — "“E - Vector, M = 600 GeV - Scalar, M = 2000 GeV J
t - Scalar, M = 1400 GeV -i- Vector, M = 2000 GeV ; 0.7 -+ Scalar, M = 1400 GeV -4- Vector, M = 2000 GeV -
0.25[~ — E E
B 1 0.6 3
0.2F = 0.5[ =
0.15F = 04¢ E
F ] 0.3F =
O.lj - E E
E ] 0.2 = =
0.05F - 01- 3
E B E ol e E
QG 6 OO 1 2 3 4 5 6
Anbr ARbT

Figure 7.10: Generator-level distributions of LQ pair production for the scalar- (solid line) and
vector-LQ model. Top row: pr (left) and n (right) of the LQ. Second row: pr (left) and n
(right) of the b quark from LQ decay. Third row: pr (left) and 7 (right) of the T lepton from
LQ decay. Bottom row: Opening angles An (left) and AR (right) of LQ — bt decay.
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Figure 7.11: Generator-level distributions of LQ pair production in the scalar- (solid line) and
vector-LQ model (dashed line). Top row: Invariant mass between the two T leptons (left) and
the visible T decay products (right). Second row: Multiplicity of jets with pp > 30 GeV and
In| < 4.7 (left) and b quarks with pr > 30 GeV and |n| < 2.5 (right). Third row: pss (left)
Bottom row: Leading (left) and subleading jet pr (right)
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Figure 7.12: Generator-level distributions of the T leptons in nonresonant Tt production
through the ¢-channel exchange of an LQ in the scalar- (solid line) and vector-LQ model (dashed
line). Top row: pr (left) and n (right) of the leading T lepton. Second row: pr (left) and n
(right) of the subleading T lepton. Third row: An (left) and AR between the two T leptons
(right). Bottom row: Invariant mass between the two T leptons (left) and the visible T decay
products (right).
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Figure 7.13: Generator-level distributions of nonresonant Tt production through the t-channel
exchange of an LQ in the scalar- (solid line) and vector-LQ model (dashed line). Top row:
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becomes effectively a four-fermion contact interaction. The only difference between them is
the theoretical cross section, which naively scales with o ()\/mLQ)4, in analogue to Fermi’s
interaction discussed in Section

Another interesting difference between the resonant (i.e., single and pair) and nonresonant
production modes is the number of high-pr jets: Events from single and pair production typically
have two or more jets with a pp > 30 GeV and |n| < 5, mostly from the b quarks and hadronic
radiation, while those of nonresonant production mostly have fewer than two. Furthermore, the
resonant production modes have two or more b quarks in the final state, as is apparent from
Figs and In pair production, both b quarks originate from LQs, whereas in the
case of single production, a second b quark is often produced from gluon splitting. Meanwhile, a
large fraction of nonresonant production has two b quarks in the final state from gluon splitting.
although these b quarks tend to be very soft and not traverse the barrel detector where b tagging
is possible (Fig. . This fact and the big difference in number of high-pr jets makes it possible
to define orthogonal categories which can efficiently separate the resonant and nonresonant signal
with negligible cross contamination of the different signals.

Lastly, in all production modes, the T-lepton pairs tend to be produced back-to-back in terms
of A¢ and AR.

7.4.4 Cross sections of L(Q production

All cross sections are computed by MADGRAPH at LO according to the UFO model used for
event generation, with the only except being scalar pair production, which is computed by
MADGRAPH5 aMc@NLO at NLO [336]. For single scalar production, the Leptokvark_NLO
UFO model [336], B38| offers NLO cross sections as well, but these cannot take into account
the above-mentioned pole that appears at low M, values. The models used for cross section
computation are summarized in Table In the case of the vector model, g, = 1 and g¢r, = 0
are set. In all cases, the PDF set NNPDF31_lo_as_0130 is used. The cross sections of each
production mode and their sum as a function of LQ mass for A = 1 and 2.5 are shown in
Fig.

In the case of single and nonresonant production, the cross sections depend on A, while pair
production does not. The cross sections of pair and single vector LQ production depend on the
nonminimal coupling x, and so are calculated for K = 0 and 1. The cross section for nonresonant
production does not depend on k.

We use the following notation for single, pair, and nonresonant production:

oSingle — o(pp — 1LQ), (7.12)
P — o(pp - LQLQ). (7.13)
oM = g(pp — TT), (7.14)

respectively. For maximal sensitivity, these three production modes are treated as one signal.

Therefore, this analysis derives an upper limit on the sum of their cross sections:
Jtot _ O_Single + Upair | ghonres (715>

As single and pair production share very similar final states, the optimization for the final signal
selections targeting their combination in Section is based on the expected upper limit on
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Table 7.6: Summary of the cross section (¢) and kinematic (kin.) dependence on coupling
strength A (scalar and vector) and nonminimal coupling x (vector only).

Parameter Pair Single Nonresonant
\ oPa independent  o®1"8!¢ oc A2 (on BW peak, or A < 1) ghonres oc A
Kin. independent Width and low-Mjy,; pole (negl. for A < 1.5) Independent
. P dependent osingle dependent o"°"e independent
Kin. independent Kin. dependent (negl. for A < 1.5) Kin. independent

the sum of their cross sections in the absence of a signal:
ot — O_single + o_pair (7 16)

where “res” stands for “resonant production”.

As discussed in Section cross sections have different dependencies on A: The single
production of an on-shell LQ will depend on A as o*8l® o A2 while the nonresonant production
scales with o™ ~ \*. We can therefore derive the upper limits as function of both mpq and
A, by using the fact that

gSingle _ 32 O,iiiglle (7.17)
O,pair — O,Ea:i; (718)
ghonres _ >\4O_§\I<inlres (719)
(7.20)

tot __ 2 _single pair 4 _nonres
o =ANo\J) Foyo A0

However, for A > 1.0, a large pole appears at values in the My, spectrum of the single LQ
production, as was shown in Fig. To take into account the extra events of this pole, the
cross sections for single production are recomputed for A = 1.5, 2.0, and 2.5. At high A > 1,
the BW peak of the on-shell LQ still grows with A%, but the M, = 0 pole scales with roughly
A%, In the computation of the single production cross section, the same BW cut is used as is in
event generation. Table summarizes how the kinematic behavior and cross section of each
production mode depends on the A\ and x parameters.

The exact method of extracting the signal and deriving upper limits on the cross section and
Yukawa coupling A will be discussed in Section
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8 Corrections to Simulated Events

Simulated data has various mismodelings, which include imperfect reconstruction and identifica-
tion of particles, unsimulated effects of detector noise, and the inaccurate modeling of the effects
of pileup. Differences between observed and simulated data can also be due to the limited accu-
racy of MC generation. This section describes several methods to derive and apply corrections
to simulated events in order to improve the agreement between the background expectation and
the observed data. I have derived a number of these myself, such as the Z pt corrections. Others
were derived by the designated Physics Object Groups (POGs) within CMS. Corrections to Ty
objects will be discussed in Chapter [9]

8.1 Pileup reweighting

Pileup reweighting is applied to simulated events so that simulated events have the same dis-
tribution of the number of PVs per event as the data they are representing. In doing this, the
multiplicity of particles and the energy deposited in the various sub-detectors in simulated events
is expected to better match the data. This is done with the “true pileup reweighting method”.
The “true pileup” is the mean of the Poisson distribution from which the number of interactions
per bunch crossing has been sampled. This variable is reweighted in 100 bins between 0 to 100
such that it matches the estimated number of PVs during data taking. The mean pileup in “real”
data is estimated from dedicated instantaneous luminosity measurements and assuming a total
pp inelastic cross section of Ugg’l = 69.2mb with an uncertainty of 4.6%. The total inelastic
cross section is often referred to as the minimum bias cross section in this context.

The pileup profiles and the resulting weight (i.e., data/simulation ratio) are shown in Fig.
for different assumptions of the minimum bias cross section. While pileup reweighting improves
the agreement between the observed and simulated number of PVs, discrepancies are still present,
as this method is mostly correlated with the estimation of the median pr density, p, which shows
better improvement. Furthermore, this method does not take into account the efficiency of PV
reconstruction. The residual discrepancy in number of PVs should, however, not affect the LQ
search, because the variables under study are more strongly correlated with p, rather than the
number of PVs.

8.2 Triggers efficiencies

Trigger efficiencies are measured in both real and simulated data. Scale factors (SFs) are de-
rived from their ratio that are used to reweight simulated events for improving agreement with
observed efficiencies.

The efficiencies for the single-electron and single-muon trigger are measured with the tag-and-
probe method [257), 278, [343], 344], which aims to collect an unbiased sample of “probe objects”
by tagging events with a “tag object” which is assumed to be constructed well and identified
with a minimal background.
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Figure 8.1: Distribution of the mean number of pp interactions per bunch crossing (“true
pileup”) in 2016 (left), 2017 (center) and 2018 (right). Compared are the estimated pileup profiles
in simulated and real data for different total pp inelastic (minimum-bias) cross section. The

recommended value for PU estimation within CMS is O'g;)el = 69.2mb with a 4.6% uncertainty,

while 80.0 mb is used for public comparisons with ATLAS.

Given the kinematic regime of the single-lepton triggers used in this analysis, the Z — ¢/~
events are targeted by selecting events with two leptons that have the same flavor, opposite
charge, and an invariant mass of my > 50 GeV. Furthermore, they must each pass tight identi-
fication and isolation requirements and be separated by AR > 0.5. The “tag” lepton must also
match the requirement of the corresponding trigger and match a “trigger object” that caused
the trigger selection to be fulfilled. The other lepton is considered the “probe”; and is divided
into a “Fail” or “Pass” group, based on whether it caused the trigger selection to be satisfied.
Efficiencies g; are measured as a function of pr and 7 of the reconstructed probe lepton in data
and simulation, and the resulting SF is simply the ratio €obs/Egim-

The SFs for the double-Ty, trigger are obtained with a similar technique by the TauPOG. The
efficiencies in data and simulated events are fitted as a function of T, pr and decay mode for
different WPs of the DeepTau2017v2p1VSjet discriminator.

8.3 Electron & muon efficiencies

Lepton identification and isolation efficiencies are also measured in data and simulation with
a tag-and-probe method using Z — eTe™ and Z — ptp~ events [257, 278]. The tag lepton
must pass the kinematic requirements (i.e., pr and 7), identification, and isolation criteria, and
match the trigger object as before, while the probe lepton has to pass at least the kinematical
requirements. The lepton identification and isolation efficiency is then defined as the number
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of probes passing the identification and isolation requirements, divided by the total number of
probes by fitting the invariant mass my, in a window around the Z peak. The SFs are again
defined as the ratio eps/egim binned in pp and 7.

8.4 B tagging reweighting

The difference in b tagging efficiency between observed and simulated data has been taken into
account by applying a weight that is calculated on an event-by-event basis. The probability
of finding an observed or simulated event with a given collection {b} of b-tagged jets and a
collection {j} of untagged jets, is determined by the tagging efficiencies:

P(data with {j}, {8}) = [[ & JJ(1 — =) (8.1)

vy )
P(simulation with {j}, {0}) = [[es™ [J(1 — &™) (8.2)
oy {5}

where the efficiencies, or the mistag rate for jets not originating from b jets, ; and 5™ are
measured in observed and simulated data, respectively. They are parametrized according to the
jet flavor, pr, and n. The b tagging SFs have been measured by the B-tagging and Vertexing
(BTV) POG in CMS, and are defined such that &; = SF;$™ per jet flavor 4. The measurement
of the SFs are documented in Ref. [286]. The ratio of Egs. and provides the total event

weight to the simulated events,

_ P(data with {j}, {b}) ‘
v P(simulation with {j}, {b}) Hwb ij, (8.3)

{0y {4}
where each jet in the event will contribute a factor term
wp = SFy (b tagged), (8.4)
1-— SFjej‘»im
R T (untagged). (8.5)
— &5

J

The efficiencies and mistag rates may also depend on the selections, as removing the overlap
between jets and selected objects may bias the efficiencies. The efficiency and mistag rate of
b tagging of jets in simulation have therefore been measured for each of the T1 decay channels
of the LQ — bt analysis, after removing from the jet collection jets that are within AR < 0.5
of electron, muon, and T candidates that have been preselected with loose isolation criteria.
The b-tagging efficiencies in simulation are shown in Fig. for the pry, channel as an example.
They are very similar across the different channels.

8.5 Z pr corrections

The dimuon pt distributions of Drell-Yan events generated by MADGRAPH at LO show sig-
nificant disagreement with observed data as recoil of the Z boson is not well modeled without
higher-order corrections. Therefore, weights are measured from data, and are applied to events
of this sample. The corrections are measured separately for each data-taking year from a dimuon
region in data that is enriched in Z — ptp~ events. The dimuon region is defined as the set
of events that have two opposite-charge muons, where each muon is consistent with the PV of
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is corrected, and not the overall normalization.
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Figure 8.3: The dimuon py distributions in 2018 data, before (left) and after (right) applying
the Z pt reweighting to the Drell-Yan sample generated by MADGRAPH5 aMC@NLO with NLO
accuracy and My > 100 GeV (orange).

the hard process, passes the medium ID, and has a relative isolation less than Iﬁel < 0.15. The
leading muon is required to pass a minimum pr cut that is 1 GeV higher than the online pr
threshold of the fired single-muon trigger (see Table , while the subleading muon is required
to have pr > 15GeV. Events with additional identified and isolated electrons and muons are
discarded.

The weights are computed in bins of generator-level p4 and m,,, such that the observed
and expected event yields match in the two-dimensional histogram of the reconstructed dimuon
p’qﬁ“ versus invariant mass my,. In this procedure, the expected backgrounds are minor, and
are subtracted from observed data. The resulting weights are normalized in order to have a
shape-only effect, leaving the total expected Drell-Yan yield unaffected. The distributions of the
reconstructed dimuon prt before and after reweighting are shown in Fig.

The initial agreement with the observed dimuon pr spectrum is much better for the Drell-
Yan sample generated with MADGRAPHS aMCQ@NLO, except for below 50 GeV. Using a similar
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technique, weights are derived for this sample in the dimuon region, but with a m,,, > 110 GeV
cut because of the minimum generator cut of this sample (see Table . The reconstructed
dimuon pt before and after reweighting are shown in Fig. To validate the measurement
method and ensure that the results are consistent, a closure test has been performed between the
distributions predicted by the LO and NLO samples, and found good agreement after applying
their respective Z pr corrections.

8.6 Top-quark pr corrections

It has been found that the pr distribution of top quarks in tt events is softer in data than in
simulation. The weights computed by comparing the pp spectrum of the top quark generated
by NNLO and NLO generators do not improve the agreement of the kinematic distributions
between observed and expected events in the final LQ signal selections described in Chapter
for final states with an electron and a muon. Based on measurements of the tt cross section
in pp collisions at 13 TeV [345] 346], corrections have been derived for simulated tt events. By
fitting the difference between data and the prediction by the POWHEG + PYTHIA generator, a SF
for each top quark was found to be

SF(pr) = \/exp (0.0615 — 0.0005 - min [pp/GeV,500] ), (8.6)

where the SF is a function of the top-quark pr, and is taken as constant beyond pt = 500 GeV.
Because tt events are a major background in the LQ search, the top-quark pr reweighting is not
applied nominally in the final signal selections, and needs to be determined from a dedicated tt
control region. For the case of the LQ analysis, this is the ep channel, which is very pure in tt
and is expected to have a negligible amount of LQ signal. The above SF is used to produce a
reasonable shape variation of the final discriminant. The reweighting is fully constrained by the
control region in ep. This is fitted simultaneously with the signal regions, taking into account

all the common theoretical and experimental uncertainties.

8.7 ECAL L1 prefiring

In 2016 and 2017, an increasing offset in the timing calibration of ECAL pulses was observed.
This was not properly propagated to L1 trigger primitives (TP). As a result, a significant
fraction of TPs in the forward 2 < 1 < 3 region were mistakenly associated to the previous
bunch crossing [347]. This prefiring effect is not taken into account in MC and has a small but
nonnegligible effect on the signal. It is therefore taken into account with an event weight that
is computed by looping over all offline photons and jets in the event and assigning to them a

prefiring probability with some uncertainty.

8.8 HEM 15/16

Due to power interruptions, HCAL endcaps HEM15 and HEM16 could no longer be operated
from Run 319077 until the end of the 2018 run. The affected region is in —3.0 < < —1.3 and
—1.57 < ¢ < —0.87. It was checked that the failure in this region has no impact on the observed
data and simulation of the LQ — bt search.
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9 Measurement of the T ldentification
Efficiency & Energy Scale

As argued in Chapter [0 the reconstruction and identification of Ty, decays are indispensable in
analyses involving T leptons. Besides having a set of dedicated algorithms that perform well, it
is important to have a good description of data with simulation. Therefore, I have been closely
involved in several measurements of the reconstruction and identification efficiency, as well as the
Th energy scale in the TauPOG, which are used in most CMS analyses that employ T}, objects.
This chapter will discuss these and other measurements.

9.1 Reconstruction & identification efficiency

There is an overestimation of up to roughly 10% of the 1, efficiency of the DeepTau2017v2p1VSjet
discriminator at values close to 1, where the purity of genuine 1, decay is the highest. Efficiency
SFs are therefore measured for physics analyses, and are applied to simulated T, objects that
match a hadronic decay of a T lepton at generator level. Similar to the measurements of lepton
SEs in Sections [8.2] and the DeepTau2017v2p1VSjet efficiency SF measurement is based on
a tag-and-probe method, using pty, event selections that target the Z — 777~ resonance.

9.1.1 Object & event selections

The object and event selection follows closely that of the common preselection for the uty
channel described in more detail in Section Events are required to have been recorded
with a single-muon trigger (see Section [7.1]), and contain an identified and isolated muon that
has a pr of at least 1 GeV higher than the p threshold of the trigger. The T}, candidate must
pass the VVLoose WP of the DeepTau2017v2p1VSe discriminator, and the Tight WP of the
DeepTau2017v2p1VSmu discriminator. A tigher WP is chosen for the muon discriminator to
significantly reduce the Z — utu~ background. Only the following reconstructed decay modes
are considered: h*, h*x® h*hFh*, and hT*hThErC.

To further reduce the background with little loss of Z — 777~ events, further purification

selections are applied. First, the transverse mass of the muon and FIss,

mr = \/2;0%]91%“5(1 — cos Ag), (9.1)

must be below mp < 60 GeV, where A¢ is the angle between the muon momentum and Fiiss

in the transverse plane. In addition, events are required to satisfy pzniss — 0.85]92’iS > —25GeV,

—miss

is the component of the pr™*° along the bisector axis E of the pr of the lepton and

where p‘cniSS

Th, while p‘c’is is the vector sum of the lepton and 7y, candidate momenta, also projected on
the E axis [348]. This variable quantifies the compatibility of events with the topology wherein
the direction of neutrinos from the T-lepton decays are aligned with the direction of the visible

T-lepton decay products. This requirement is optimized to remove a substantial amount of tt
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as well as W + jets events. It is defined in more detail in Section Finally, the maximum
separation in pseudarapidity between the muon and Ty, candidate is required to be |An| < 1.5.

A 7Z — ptu~ event sample complementary to the wry, sample is created to control the
theoretical cross section in the final fit. This sample is obtained from pp events requiring the
same trigger and muon selection criteria as for the pry event sample. The invariant mass of the
two muons must be in a window around the Z boson mass: 60 < my,, < 120 GeV.

In addition to the Z — T/~ samples, a separate event sample of W* — Tv, is created to
measure the efficiency SFs at T, pp > 100 GeV, as the number of Z — 771~ events at high T,
pr is limited. The sample is created by selecting events with a T object, plus large p%iss, and
no other hadronic jets. A W* — pv,, control region is also included to constrain the fiducial
cross section of W* production. The procedure is documented in Ref. [299].

9.1.2 Measurement

As an observable, the invariant mass myis of the muon and 7y, candidates in the 50-150 GeV
range is used to fully capture the Z — 777~ resonance while keeping part of the sideband,
which helps to constrain the backgrounds. The SF is obtained as the parameter of interest in
a binned maximum likelihood fit [306] of the SM expectation to the observed my;s distribution
in the pTy, events, and the expected to observed yield in the pp events. The SF represents the
ratio of the observed and expected efficiency for a genuine 1, object to be reconstructed and
pass the identification. Several systematic uncertainties of known sources are incorporated in
the fit as nuisance parameters. These include uncertainties in the normalization of various SM
processes, muon efficiencies, integrated luminosity, as well as uncertainties due to the limited
number of simulated events in each histogram bin. The Z — ¢T¢~ normalization is left freely
floating while correlating relevant systematic uncertainties like muon efficiencies and luminosity
such that they partially cancel.

Previous 1y, efficiency SF measurements in Run 2 instead performed a simultaneous fit with
a “Fail” region of pty events wherein the Ty, candidate failed a given WP of the identification.
The expected number of events with genuine T}, candidates in the Fail region was properly anti-
correlated with the events in the “Pass” region in order to constrain the SF. This did not improve
the overall fit, and was dropped for simplicity.

The fit is performed separately for each year and DeepTau2017v2p1VSjet WP, and in bins of
Th pr. The resulting pr-dependent SFs for several WPs and for 2018 data are shown in Fig.
For the measurement in Z — 777~ events, the edges of the pr bins are 20, 25, 30, 35, 40, 50,
70 GeV, where the last bin includes all events with pt > 70 GeV. The SFs above pp > 40 GeV
have negligible pr dependency within the uncertainties, and are therefore fitted with a single
constant (shown as the red line). The uncertainties in this fit are linearly enlarged up to double
the uncertainty from 500 to 1000 GeV, after which, it is taken as constant. Overall, the dominant
source of uncertainty is statistical in nature due to the limited number of events per bin.

The efficiency SFs are therefore also measured for the four main decay modes instead of pr,
namely h*, h*tn0 h*hTh* and h*hTh*x0. This is done because the trigger efficiency of Ty,
objects differs between reconstructed decay modes, and as a consequence, the double-Ty, trigger
algorithm introduces a bias in the relative distribution of the T, decay mode. Because of the
trigger thresholds of these triggers, the measurement is performed with pp > 40GeV. The
results are shown in Fig.
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Figure 9.1: Data-to-simulation scale factors (SFs) for the Ty, reconstruction and identification
efficiency with DeepTau2017v2p1VSjet. Left: pr-dependent SFs for the Loose, Medium, and
Tight WPs in the 2018 data-taking period, as measured in the Z — ¢*¢~ (black) and W* — fv,
(blue) samples. Right: SFs per 1, decay mode for the Medium WP of DeepTau2017v2p1VSjet,
and the data taken in 2016, 2017, and 2018. Figures taken from [289).

9.2 Lepton misidentification rate

The probabilities of an electron or a muon to be misreconstructed and misidentified by the
DEEPTAU algorithm are measured in data and simulation with a similar tag-and-probe method
around the Z — ¢/~ resonance, where /* = e*, p*. A sample of /1y, events is created, where
one electron or muon, the probe, is misreconstructed as a T, object. The probabilities are
extracted from a pass and fail region, where the electron (muon) passes or fails a given WP
of DeepTau2017v2p1VSe (DeepTau2017v2p1VSmu). To reflect the segmentation of the relevant
subdetector systems, the measurements are done as a function of n™. SFs are then obtained from
the data-to-simulation ratio of the misidentification probability for each WP of the respective
lepton discriminator.

The methods are described in more detail in Refs. [289], [299], and [301]. Several representa-
tive SFs are shown in Fig.
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Figure 9.2: Observed and expected probabilities of leptons to be misreconstructed and misiden-
tified as a Ty object with the DEEPTAU discriminators in 2018 data. The ratio shows the
data-to-simulation scale factors. Left: Electrons in the ECAL barrel region (|| < 1.46) for
several WPs of DeepTau2017v2p1VSe. Right: Muons in several n™ regions for the Tight WP
of DeepTau2017v2p1VSmu. Figures taken from [289).
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9.3 Energy scale

Th objects in CMS are reconstructed by combining PF objects, which are already very well
calibrated. The reconstructed momentum and energy of T, decays are therefore already very
accurate and have a resolution of about 10% [299]. The energy scale (ES) of simulated T,
candidates varies between decay modes by an offset of less than 2%. In this section, I will detail
the measurement of the 1, ES I have performed during Run 2. This measurement has been
published in Ref. [289], and previous measurements are also documented in Ref. [299].

9.3.1 Object & event selection

The ES measurements are based on the same pty, event sample as the efficiency SF measurement,
and closely follows the object and event selections in Section [9.1.1] The T, candidates are
required to pass the Tight WP of DeepTau2017v2p1VSjet, and the VVLoose (Tight) WP of
DeepTau2017v2p1VSe (DeepTau2017v2p1VSmu). To reduce statistical fluctuations in the final
fit, the only purification criterion used, with respect to Section is m < 50 GeV.

9.3.2 Measurement

Two alternative observables are used to extract the T, ES: m., and myi. As m,, is constant
for the one prong decay h*, the ES of 7, decay reconstructed in this decay mode is measured
exclusively in myis. The ES is measured separately for each observable decay mode, and data-
taking period. As the measurement is performed per decay mode of Ty, candidates with pr >
20 GeV, dedicated efficiency SFs are measured as a function of the decay mode with pp > 20 GeV
(see Section [9.1.2)).

The main procedure is to vary the ES in a range, and perform for each value a maximum
likelihood fit of the expected to the observed distribution. The ES is varied in the Z/y* — 177~
events by scaling the reconstructed Ty, four-momentum by a given value of ES if the reconstructed
Th object matches a Ty, decay at generator-level. The variation of the T, four-momentum is
propagated to all affected variables, which include the pr, m.,, and myis. The difference is also
vectorially subtracted from p2ss,

For each ES variation, a new shape template of the my;s or m,, distribution is created. Note
that m._ scales proportionally to the ES, while mis scales approximately as VES. The 1, ES
is varied discretely between —3 and +3% in steps of 0.2%. This range is sufficient to contain
for each decay mode the measured T, ES value and its uncertainty interval of one standard
deviation. The step size of 0.2% is small compared to the precision that needs to be achieved
with the T, ES measurement. This yields a total of 121 shape templates per T, ES measurement.

During the HPS reconstruction, T, candidates with a reconstructed mass that fall outside
the mass window of the respective reconstructed decay mode are discarded, as detailed in Sec-
tion Because the ES is varied after HPS reconstruction, the mass window needs to be
narrow to avoid boundary effects when creating the m., templates for the final fit to the observed
distribution. The m,, ranges are restricted to the following:

e 0.35 < m., < 1.20GeV for h*=".
e 0.83 < m,, < 1.43GeV for hERThE.
e 0.93 < m,, < 1.53GeV for h*hThErO.

These ranges are chosen such that they contain the largest ES variations from the boundaries.
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Figure 9.3: Pre-fit distributions of reconstructed m,, of a Ty, candidate reconstructed in the
h*h¥h* decay mode in pry, events of the data-taking period 2018. Shown are variations of the
T energy scale (TES) in simulated Z/y* — 771~ events (orange): —3% (left), 0% (center) and
+3% (right).
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As representative examples, the pre-fit m., (myis) distributions for the h*hTh* decay mode
are shown in Fig. , where the T, ES is shifted to —3%, 0, and +3% in the Z/y* — 71~
template. As expected, the ES shifts introduce a visible trend with a positive and negative
excess in the data-to-expectation ratio, as shown in the lower panel of each figure. The effect
of ES variation is stronger in m-, , as argued above, but the downside of the m,, observable is
that the shape of the Z/y* — 1771~ signal and background distributions are not that different,
while in the m.yis observable, one can exploit the sideband above the Z — 777~ resonance to
constrain the background.

To extract the 7, ES from a given observable, we profile the likelihood L(t) as a function
of the 1, ES ¢ by performing a maximum likelihood fit for each ES variation [349]. If the ES
variation £ has the largest likelihood ratio £(f), the negative logarithm of the likelihood ratio is

—2AInL = —-2In E({) : (9.2)
L(t)
The likelihood profiles obtained from the fits of myis in 2018 data are presented in Fig.

We fit the profiles to the —2AIn L values below 5, to smooth out statistical fluctuations due to

the limited number of simulated events. The shape of the —2AInL profile can be approximated
by a parabola, as the likelihood ratio typically approaches a gaussian distribution [306]. Further-
more, the profiles are found to be asymmetric. I have therefore constructed the “asymmetric-

parabola” fit function

f) = ap(t —to)? +c fort <ty (0.3)
ar(t —to)? +c fort >ty

with four fit parameters: left width ar, > 0, right width ag > 0, ¢t = ¢y at the minimum, and
vertical offset ¢. The parameter ¢ is introduced to allow the parabola to be offset with respect
to the measured profile, and is constrained to small values. We extract the final 1, ES as the
one where the parabola reaches its minimum t3. The upper and lower uncertainties in the
measurement are taken from where the parabola intersects —2AInL = 1 4 ¢, which represent
one standard deviation (“1o0”).

During my studies of the 1, ES, I considered different selections and choices of binning. One
of the biggest challenges was the fit stability due to limit statistics per bin and migration effects.
I converged on a relatively wide binning of the observables to ensure smooth profiles, at the cost
of a slightly larger uncertainty because of the widening of the profile. As the ES showed some
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Figure 9.6: Energy scales of the reconstructed Ty, decays in simulation for 2018 data. Shown
are the measurements in the m., (black) and myis (blue) observables. Figures taken from [289].
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dependency on the binning and selections, an additional 0.5% uncertainty is added in quadrature
to take into account this dependence on choice.

The final results for 2018 data are shown in Fig. The values obtained for the two different
observables overall agree within one standard deviation, with the largest deviation being 1.5
standard deviations observed for the h*hTh* decay mode. The overall uncertainty in the ES is
less than 1%, ranging from 0.6% for h*x° and h*h¥h* decay modes, up to 0.8% for h*.

The ES has also been measured for m, pr > 100GeV with a W + jets event sample, and

shows consistent results within uncertainties.
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10 Object & Event Selections

The third-generation LQ search considers three types of LQ signals which have been introduced
earlier in Section [3.4.3} single, pair, and nonresonant production. The properties of their final
states were discussed in more detail in Section [7.4]

Here we consider the signature of events with high-pt T leptons and b quarks in the final
state. This section discusses the event selection of this analysis to target that final state. First,
Section [10.1]introduces a common preselection which requires events to be consistent with either
the ey, WTh, ThTh, €W, or pp decay channel, where the electron, muon, and 71, objects are assumed
to be the visible products of T lepton decays. This preselection is used for studies to validate
background estimations, and optimize the final event selection that targets the LQ signal. As
mentioned in Section[6.1} the semileptonic and fully hadronic channels have the largest branching
fractions. They also offer more sensitivity to 777~ signals, due to the smaller background
relative to the fully leptonic channels. Still, the ep and pp decay channels are included in the
search because they provide good control regions for the Z + jets and tt backgrounds, and help
constrain systematic uncertainties. The only channel not used in the present search is the ee
channel since it has a very similar background composition as the pp channel, and does not
significantly improve the analysis.

After the preselection, event categories are defined that target the LQ signal. The resonant
LQ search categories with at least one high-pr jet are defined in Section [I0.2} The nonresonant
search category is based on events with no high-pr jets and is defined in Section [I0.3] The
flow chart in Fig. gives a quick overview of the final signal selection after the optimization
discussed below.

[eu, LW, €Th, WTh, and Ty Th preselection ] pr > 50 GeV

|jet pr > 50 GeV

@?f;ﬂ <22 >1 jet [myis > 100GeV

Meyis binsl ILoose DeepCSV
(200-400] (400-600)  >600 | [0 b tag] [21 b tag]
discriminating variable: discriminating variable:

X = exp 2An SHET — pT + p32 + pi + pipiss

p b .
LQ LQ b
+ } S .
) 2
9 LQ
, _

nonresonant nonresonant single pair

Figure 10.1: Flow chart of signal selection. The 0j category is split into bins of myis, while
the >1j category is split into the Ob and >1b categories using the Loose WP of the DEEPCSV
b-tagging algorithm. A more detailed summary is given in Tables and
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Throughout the rest of the thesis, “lepton” will refer to an electron or muon, unless specified
otherwise. The electron, muon, and Ty, candidates in each 71 decay channel will collectively be
referred to as the “visible T candidates”.

10.1 Common preselection

The single-lepton and double-1y, triggers used to collect events have already been discussed in
Section [7.1] The minimum pr requirement of the visible T candidates in the physics analysis
is based on the online pr threshold of the trigger(s) that selected the event. It is increased by
1 GeV for electrons and muons, and by 5 GeV for T, objects to avoid turn-on effects, where the
efficiency is quickly changing as a function of ppr. However, in the final signal selection, the
electrons, muons, and Ty, objects must have pt > 50 GeV.

10.1.1 Baseline eT, and p T, selections

Events in the et} channel must contain one electron candidate that geometrically matches the
object that caused the firing of the single-electron trigger, has |n| < 2.5, and a relative isolation
of I8, < 0.15 (Eq. (5.2)). The electron trajectory extrapolated to the z axis should have a
distance of d, < 0.2cm from the PV, and a radial distance of d, < 0.045cm. Additionally, the
electron candidate is required to be inconsistent with a conversion, have one or no missing hits
in the inner tracker, and pass the 90% WP of the MVA-based discriminator without isolation
(see Section [5.4)).
Similarly, pty, events are selected by requiring one muon candidate with relative isolation
< 0.15 (Eq. (5.3)) and || < 2.4. The same d. and d,, requirements as those imposed on

electron candidates are applied to muons.

I,

In addition to a lepton, each channel must contain a T, candidate with pp > 20 GeV and
In| < 2.3, and pass the Medium WP of the DeepTau2017v2p1VSjet discriminator, as detailed
in Section [6] The selected lepton and T, should have an opening angle of AR > 0.5 and have
opposite-sign (OS) electric charges. If multiple T, candidates passing these criteria are found,
the one with the largest pr is selected.

Furthermore, the anti-lepton DEEPTAU discriminators are applied in both channels. In the
eth (WTh) channel, the Tight (VVLoose) WP of the anti-electron discriminator and the VLoose
(Tight) WP of the anti-muon discriminator are required. These WPs are chosen to reject
background events mainly from the Z — eTe™ and Z — p™p~ processes.

Lastly, for both the ety and pt, channels, “lepton vetoes” are applied in order to reduce
Z + jets, tt, and diboson backgrounds, and to keep orthogonality between the 71 decay chan-
nels: Events with additional isolated electrons or muons that pass looser identification criteria
are discarded. The lepton vetoes also include a veto on events that contain a dielectron or
dimuon pair of opposite sign and AR > 0.15. The criteria are summarized in Table The
extra lepton is still allowed to match with a selected T, candidate. This is needed to ensure
orthogonality, and the loss of signal events is found to be relatively small, around 1%, due to
the effectiveness of the DeepTau anti-lepton discriminators.

The baseline selection for the “signal” electron, muon, and T, candidates are summarized in

Table [[0.11
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Table 10.1: Summary of the preselection of electron, muon, and T, candidates in the various
77 decay channels. The DeepTau2017v2p1VSjet, -VSe, and -VSmu discriminators are used for
the T, object. Requirements indicated with (*) are trigger-dependent, see Table

Criteria Electron Muon T, object
> 26,28,33,36* for et,, > 23,25,28* for pty > 20 for 4Ty,
pr/GeV
> 15 for ep > 15 for pup > 40 for Ty
n] < 2.3,2.1% < 2.4,2.1% < 2.3 (2.1) for fty, (ThTh)
|dgy| /cm <0.045 <0.045 —
|d.|/cm <0.2 <0.2 <0.2
Isolation Ie, <0.10 (p-corr.) I < 0.15 (Ap-corr.) —
. . MVA w/o isolation . . .
Identification (90% WP) Medium ID -VSjet Medium WP
Other Conversion veto -VSe Tight (ety), VVLoose (Wth,ThTh)
< 1 missing inner hits -VSmu VLoose (eTy, ThTh), Tight (pry)

Table 10.2: Summary of selection criteria for extra-lepton vetoes to remove Z/y* — ¢4~ tt,
and diboson backgrounds. Dielectron and dimuon refer to the lepton veto criteria for events

with two leptons of the same flavor.

Criteria Extra electron Dielectron Extra muon Dimuon
pT > 10 GeV > 15 GeV > 10 GeV > 15 GeV
Ui <25 <24
|dzy| < 0.045 cm < 0.045cm
|| < 0.2cm < 0.2cm
Isolation I, <0.10 I <0.15
Identification MVAgxg)vééo\;\s/%lation Cut-based ID Medium ID (;LO(?;I;EEE?
Other Conversion veto Opposite-sign - Opposite-sign
> 1 missing inner hits AR(ete™) > 0.15 AR(ptp™) > 0.15

Table 10.3: Summary of signal selection for a resonant (single and pair) and nonresonant LQ
signal. The Loose WP of the DEEPCSV algorithm is used for b tagging jets. The selected
muon, electron, and Ty, objects are indicated by £ and ¢'.

Criteria Resonant Nonresonant
Ob  >1b 0j
Number of jets, pt > 50 GeV >1 >1 0
Number of b tags, pr > 50 GeV 0 >1 0
DeepTau2017v2plVSjet Medium
DeepTau2017v2plVSe Loose (ety,)/ VVLoose (wTh, ThTh)
DeepTau2017v2p1VSmu VLoose
Extra lepton vetoes Yes
Opposite charge Yes
P /GeV > 50
Myis/ GeV > 100 Binned in [200, 400, 600, 00|
70+ 0l /2 - <11
Angpr — <3
Discriminating variable SMET X
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10.1.2 Baseline T, selection

Events in the 1), channel are required to have two 1, candidates with pp > 40 GeV, |n| < 2.1,
and d, < 0.2cm that both pass the Medium WP of the DeepTau2017v2p1VSjet discriminator.
The T, pair should have an opening angle of AR > 0.5, and have opposite-sign (OS) electric
charges. If more than two T candidates are found, the two with the largest pr are selected.
As in the case for the semileptonic channels, anti-lepton DEEPTAU discriminators and lepton
vetoes are applied. As there is little background from electrons or muons faking Ty, candidates,
the VVLoose and VLoose WPs of the anti-electron and anti-muon discriminators, respectively,

are used. Events with an extra electron or muon passing looser selections are rejected.

10.1.3 Baseline ep & pp selections

Events in the ep and pp channels are selected with single-muon triggers, therefore, the selection
criteria for the muon candidate is the same as that of the pty, channel. The electron selection
is also similar to that of the ety channel, except that the pr requirement is lowered to pp >
15 GeV. Similarly, the pt requirement of the subleading muon in the pu channel is lowered to
pr > 15 GeV.

10.1.4 D, variable

To suppress the tt and W + jets backgrounds from X — 1771~ decays for some particle X,
the discriminating variable called D is defined. This observable was introduced in a H —
TT77 analysis at CDF [348, [350]. In this thesis, it is only used in the measurement of the T},
identification SFs in Z — 777~ events. The D variable is constructed as follows: An axis ¢ is
defined as the bisector of the visible transverse momenta of the two T decay products. The sum
of ﬁr‘f‘sl and ﬁ%‘% is projected on the (-axis with and without the missing transverse momentum

—miss

T
—Vis —vis —Vis C
Pt = (P +PT,2)ﬁ= (10.1)
L vis o vis 4 missy C
Pe = (P13 +P1s +p%mss)ﬁ~ (10.2)
¢

T

Figure 10.2: Construction of p; is ﬁéniss, and P by projecting the missing transverse momenta

PSS and the visible transverse momenta of each 7 decay product, ]3’%151 and ]5’%52 onto the bisector

5 . With these definitions, ]5’4 = p’gis + Z—)'éniss.
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The construction of p, ﬁgis and ﬁgr-niss is illustrated in Fig. m D¢ is now defined as the
magnitude of the difference of these projections:

D¢ = pc — 1.85pf™, (10.3)
or equivalently,
D¢ = p@™* — 0.85p¢™. (10.4)

The factor in the definitions of D is optimized for maximal background rejection with negligible
loss of signal. This variable quantifies the compatibility of events with the topology wherein the
direction of missing neutrinos from T decays are aligned with the direction of the visible T decay
products. In the pty channel the quantities ﬁ%lsl and ]3'%1752 correspond to the transverse momenta
of the muon and Ty, object.

10.2 Search for resonant L(Q production

The final states from the single and pair production of LQs are characterized by two high-pt T
leptons and at least one high-pt b quark. At the reconstructed level, the large majority of those
events have at least one or two jets with pp > 50 GeV. Furthermore, as one expects a b quark
in the final state, one can use b tagging to target those jets.

The event selections and categorization targeting the LQ — bt signal have been sequentially
optimized to gain the best sensitivity. The optimization study has considered different events
categorizations according to the number of (b-tagged) jets, several discriminating variables for
signal extraction, b tagging WPs, minimum pt requirements on the visible T candidates, and
a requirement on p%ﬂss. As a measure of sensitivity, the expected significance of the vector
LQ — bt signal was chosen. The signal extraction that is used to compute the sensitivity will
be described in more detail in Chapter For simplicity, the shape uncertainties discussed in
Section are not applied, except for the statistical uncertainties that are due to the limited
number of simulated events [351) 352]. To take advantage of the full data set, all three years of
data are combined and analyzed, as well as the ety, pt, and 1,7y channels when appropriate.
The ep and pp channels are omitted from the optimization, as they have a negligible sensitivity,
and are only used to constrain systematic uncertainties when fitted to data.

The optimization of signal event selection starts from the common preselection described
in the previous section. An additional cut on the invariant mass between the visible T-decay
products of myis > 100 GeV is applied to remove Drell-Yan events, with negligible loss of signal,
and at least one jet of pp > 50 GeV and |n| < 4.7 is required.

10.2.1 Discriminating variable

Several discriminating variables have been considered as observables to extract the LQ signal.
Studies of previous LQ searches have considered variables like the invariant mass, the collinear
mass, and the scalar pp sum of different combinations of the visible T decay candidate, jet, and

—

pr>°. In most cases, the most sensitive variable turns out to be the “scalar sum-pr”

Semr 457 4ok, 109

104



2 | =3 b | >2b %
1j 0b sl >1b 1j>1b || >2j>1b
0j >2j >1b .
ob| ojob 1j0b || >2j0b
>1j >0b
0j 1j >2j
# jets' #Db tagsr # jets'

Figure 10.3: Labeling of different event categories considered in the optimization study in
terms of the number of b tags and/or number of jets with pr > 50GeV. Each rectangle is
orthogonal from the other ones. Each row in the two figures on the left represents a different
way of partitioning the events.

or

SMET . p1i | 2 —i—p%l + s (10.6)

where pr}m are the transverse momenta of the T decay candidates, and p} is the transverse

momentum of the leading jet. This variable has good discriminating power because the resonant
LQ signal is expected to peak at extreme high values, while most background processes have a
steeply falling St spectrum. It has been used in several previous analyses, including Refs. [335]
353, [354]. Invariant masses generally do not perform as well, because of the ambiguity of how
the final state objects should be combined to reconstruct the LQ — ¢f decay.

Based on the optimization studies of a lower cut on p%ﬁss in combination with either St or

S}}/[ET, the final choice was made to employ S}}/IET without a cut on p%liss.

10.2.2 Event categorization

Different event categorizations have been constructed for optimizing the signal sensitivity ac-
cording to the number of jets, the number of b-tagged jets, and a combination thereof. Only
jets of pp > 50 GeV are considered, and the St observable is used during this optimization.

As shown in the left panel of Fig. the most sensitive case among the different ways of
partitioning events by the number of b-tagged jets was found to be the combination of the 0b
and >1b categories with the loose WP of the DEEPCSV, where

e “0Ob” contains at least one jet with pp > 50 GeV, but no jet with pr > 50 GeV that is b
tagged,

e “>1Db” contains at least one jet with pr > 50 GeV that is b tagged.

The Ob + >1b categorization has also been compared to other (b) jet categorizations such as
>1j or 1j + >2j, as shown in the right panel of Fig. but Ob + >1b was chosen as the final
event categorization for the resonant LQ — br signal.

10.2.2.1 Minimum pt requirement

Most of the sensitivity to the resonant signal originates from the tail of the SF}AET distribution
at high values. The largest fraction of large S%/[ET values in signal events tends to come from
the leading jet pr, so there is no need to optimize the lower bound on the jet pr selection
criterion. The pr of the visible T decay candidates is distributed at relatively lower values, and
therefore several choices of lower bounds have been studied. Based on these results, a minimum
requirement of pt > 50 GeV on both T decay candidates has been chosen.
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Figure 10.4: Optimization study of event categorization based on the number of jets and
b-tagged jets, using the expected significance of a resonant vector LQ signal as a measure of
sensitivity. The significance is computed using St = plT + pgr + pzrl distributions of the ey, uty
and T, Th channels, as well as the 2016, 2017, and 2018 data.

10.2.3 Anti-lepton 7, discriminators

Different combinations of WPs of the DeepTau2017v2p1VSe and -VSmu discriminators have been
tested per 7T decay channel. At high pr, the signal-to-background ratio can be improved by
loosening these requirements because the background with leptons misidentified as T, candidates
remains small, while the signal efficiency can be increased. In all channels, the looser WPs of the
DeepTau anti-lepton discriminators have the highest sensitivity. There is a negligible difference
in sensitivity between applying the lepton vetoes or not. However, these are needed to ensure
orthogonality. We choose the following WPs for the event categories: Loose (VLoose) for the
anti-electron (anti-muon) discriminator in the ety, channel, and VVLoose (VLoose) for the anti-
electron (anti-muon) discriminator in both the pry, and 1, channels.

10.2.4 Charge requirement

It was considered to drop the the opposite-charge requirement between the T decay candidates
since charge assignment degrades at high pp. The significance can be improved by up to 5%
across the full my,q range. However, the j — 1, background estimation introduced in Chapter
relies on a same-charge region to extrapolate the QCD multijet background to the opposite sign
region. Therefore, this analysis will proceed with the opposite-charge requirement.

10.2.5 Summary

Figure [10.1] and Table [I0.3] summarize the event selections and categorization for the search for
a resonant LQ — bt signal after optimization. The final event categories are the “0b” and “>1b”
categories with the Loose WP of DEEPCSV and pt > 50 GeV jets. The T decay candidates
must have pt > 50 GeV in all channels and categories. The observable for the signal extraction
is GMET

T

Figure shows a comparison of the S%“ET distributions in the Ob and >1b categories for
the three different production modes. The overflow events (SYET > 2500 GeV) are included in
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Figure 10.5: Comparison of the Srll\f[ET distribution for different vector LQ production modes,
masses, and coupling strengths A. From left to right: my,q = 500, 2000 GeV. Shown in each plot
are the pair (blue dashed), single (red solid), and nonresonant LQ — b signal (green solid).
From top to bottom: Ob with A = 1, Ob with A = 2.5, >1b with A = 1, >1b with A = 2.5. Note
that the shapes are normalized to their respective theoretical cross section, as indicated in the
legend. The lower panel shows the ratio with respect to the single production.
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Figure 10.6: Breakdown of Sl}/IET into fractions of each pp component for events in the pTy
channel and >1j category with SMET > 800GeV. The top three rows show the single (top),
pair (second row), and nonresonant (third row) production of a vector LQ for myq = 500 (left)
and 2000 GeV (right) with A = 1. The bottom row shows the Z + jets (left) and tt backgrounds
(right). Shown in each plot are the fractions of the muon pr (red), T, pr (blue), leading jet pp
(green), and p2s* (orange). The error bars indicate statistical uncertainty in the bin yield.
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the last bin. Pair production (blue dashed line) tends to peak at extreme values for larger mp,q
masses. The same is true for single production (red solid line), although a nonnegligible contri-
bution from the pole at My, = 0 appears at lower S%ET values for A 2 1.5 (see Section ,
even after the final event selections. Also shown is the nonresonant 777~ production through
t-channel LQ exchange (green solid line). The SFI}/IET observable also offers sensitivity to the
nonresonant signal because the signal-to-background ratio increases toward higher values in the
tail. At high coupling strength A and high mass my,q, the nonresonant production cross sec-
tions is sufficiently large compared to the resonant production modes to contribute to the total
sensitivity. This nonresonant contribution is therefore included in the total LQ signal.

Figure shows how SE}AET breaks down into fractions of its four pr components for events
in the pry, channel of the >1j category with S}MET > 800 GeV. For the majority of events from
single and pair LQ production, as well as the Z + jets and tt backgrounds, by far the largest
fraction of Slq\f[ET is due to the leading jet pt. At the largest values of S%AET, the bulk of the
pr distribution of T decay candidates in these events still tends to be well below 500 GeV. For
nonresonant production, however, the largest fraction is from the 1, candidate, as the central
jets produced in association are considerably softer (see Fig. .

10.3 Search for nonresonant L(Q production

If the LQ exclusively couples to b quark and the T lepton, the nonresonant production happens
through bb — 711~ with the ¢-channel exchange of the LQ, and where the b quarks are typically
produced through gluon splitting.

10.3.1 Discriminating variable

Unlike pair and single LQ production, this process does not generate an on-shell resonance.
Therefore, discriminating variables such as the invariant mass between the T leptons cannot be
used for the signal extraction. Instead, this analysis looks for the angular separation between
two T decay candidates, defined as

X = exp (2y™), (10.7)

where the “separation” y* = %|y1 —yo| = %Ay is the point between the rapidities y; and w9 of
the two T leptons,
1. E+p,

- -1 10.8
y=ghp— - (10.8)

and p, is the projection of the T leptons’ momenta on the beam axis. In 2 — 2 scattering

processes of massless particles (E = p),

1. 1+ |cosf*
=—In y, (10.9)

21— |cos0*|
where 0* is the scattering angle in the T center-of-mass frame w.r.t. the z axis, which is along
the beam, and p, = p|cos §*| in this frame. Because differences in rapidities are by construction
invariant under Lorentz boosts along z, the rapidities of the two T leptons are £y* in this frame.

In the massless approximation, the angular variable x can be written as

1+ [cos |

= —. 10.1
1 — |cos 6*| (10.10)
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Figure 10.7: Displays of dijet events in y*-y, space, with y;, = |ypoost| and separation y* =

%]yl — y2|. Note the events displays are shown with A¢ = 7 for illustration purposes. Inspired
by Ref. [367].

The “boost”,

Yboost = %(yl + 12), (10.11)
denotes the average rapidity of the two T leptons. In massless 2 — 2 scattering processes, Ypoost
specifies the longitudinal boost by which the 71 center-of-mass frame is boosted with respect to
the detector frame. An illustration of the event topology as a function of ¥* and yYpest 1S given
in Fig. [10.7]

The choice of this variable is motivated by the fact that the y distribution in Rutherford
scattering is flat. It also allows signatures of new physics that might have a more isotropic
angular distribution than QCD (e.g., quark compositeness) to be more easily examined as they
would produce an excess at low values of x, where y; ~ yo. The same quantities have been
examined in dijet signatures at the Tevatron by the DO [355], [356] and CDF [357] Collaborations,
and at the LHC by the ATLAS [358-362] and CMS [363H366] Collaborations.

In this analysis, instead of with two jets, x is defined with the two respective T-lepton decay
candidates in each channel. The x distribution is then measured over the range 1 < x < 21,
which implies a maximum value of y* < 1.52. The maximum of the separation and boost
are determined by the maximum of the 7 candidate rapidities, Ypoost < Ymax and ¥* < Ymax-
Furthermore, they are not linearly independent, and satisfy the inequality

|yboost| + y* < |ymax‘a (10.12)

as illustrated in Fig. Without loss of precision, pseudorapidity n instead of rapidity y is
used in this analysis, so x = exp An.

10.3.2 Event categorization

To select events that are like the nonresonant signal, the selected electrons, muons and T-objects
are required to have pr > 50 GeV on top of the baseline selection described in Section
Furthermore, to increase the purity further, we require |1y + n¢|/2 < 1.1 and Angy < 3 between
the two visible T decay candidates ¢ and ¢'.

To make this category for the nonresonant signal orthogonal from the resonant signal de-
scribed in Section [I0.2] selected events are required to have no jets with pr > 50GeV. We
therefore denote this category simply as the “0j” category. After these selections, the T1 angu-
lar distributions are measured in three bins of the visible mass myis: 200 to 400 GeV, 400 to
600 GeV, and larger than 600 GeV. Each bin with higher my;s has a higher signal purity. Other
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Figure 10.8: Optimization study of mys bins in the 0j category. Left: Comparison of each
individual myis bin. Right: Combination of orthogonal m;s bins.

binning choices of my;s have been checked, as shown in Fig. [I0.8] However, the combination
[200, 400, 600, oc] is found to have the highest sensitivity.
As mentioned in Section[10.2.5] the nonresonant signal is also included in the signal extraction

from

MET
ST

in the Ob and >1b categories, which adds significant sensitivity to the 0j category.

Table summarizes the selections of the nonresonant signal category. This category will

be referred to as the “0j” category.
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Vertical bars indicate the statistical uncertainty in the efficiency. Published in Ref. [368].
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10.4 Signal acceptance times efficiency

The product of acceptance and efficiency for the vector-L(Q signal in the various signal categories
is shown in Fig. as a function of myq. The scalar-LQ signal has a very similar efficiency in
all cases. The efficiencies are restricted to the sensitive region of the respective final discrimi-
nator. In the T, channel of the >1b category, the selection efficiency for events from LQ pair
production varies with mass from approximately 3.5 to 10%, while the efficiency for events from
single LQ production varies between 1.0 and 7.5%. The efficiency for resonant production in

>1b is smaller at lower mpq due to a softer pr spectrum.
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11 Data-Driven Background Estimations

In the search for a resonant LQ — b signal with the defined b-tag categories, the dominant
background stems from tt production because of the presence of genuine electrons, muons, T
leptons, and b-quark jets from top quark decays, which all tend to have a hard pp spectrum.
Meanwhile, in the search for a nonresonant signal, the main background in the sensitive region
tends to be Drell-Yan, whose events also tend to peak more at lower x values compared to the
other backgrounds. The third largest background arises from jets misidentified as Ty, candidates
(j — 7n fakes), which primarily consists of QCD multijet and W + jets events, but also those
from tt.

As mentioned in Section data-driven methods are used to estimate some backgrounds
like the 7 — T, background. These methods typically exploit data in certain control regions
(CRs) to estimate the size and distribution in the signal region (SR). This often offers a better
description of data than MC simulation because the processes of QCD multijet production and
the misidentification of quark and gluon jets as T, decays are harder to simulate accurately.
Additionally, detector conditions including pileup are ipso facto correctly described in the real
data events used for background estimation. This can therefore lower the systematic uncertainty
in a robust way. Frequently, the statistical uncertainty can be reduced compared to that achieved
with MC samples if the CRs provide a larger number of events.

For the case of the dileptonic 7T decay channels, ep and pp, of the LQ — bt search, the QCD
multijet production is estimated from a simple OS/SS method explained in Section In the
channels with a 1, the j — 7, fakes are estimated in a data-driven way from CRs in data, using
the so-called fake-factor (FF) method, explained in Section [11.2]

11.1 The OS/SS method

In the ep and pp channels, all backgrounds other than QCD multijet are fully estimated from sim-
ulation and normalized according to their respective cross sections, as detailed in Section
The dominant contribution to the ep channel is tt, while in pp it is Drell-Yan. In both channels,
the QCD multijet background is minor and is estimated with the OS/SS method. The method
utilizes events in a same-sign (SS) CR, which has all the same object and event selections as the
SR, except both leptons are required to have the same sign of electric charge. The SS region
is orthogonal to the SR, which has the opposite-sign (OS) requirement imposed. The SS CR
is very pure in QCD and the estimated QCD multijet yield is obtained from the observed data
after subtracting the total contribution of other SM background processes as determined from
simulation. The expected QCD multijet contribution in the SR with the OS requirement is
obtained by rescaling the distribution in the SS region with a simple “OS/SS” extrapolating
factor, which is about 2.4. This was measured in a high-purity QCD multijet sample obtained
by inverting the lepton isolation requirement, and comparing the QCD yield in the OS and
SS regions. To create a histogram of the QCD multijet kinematics in any given variable, this
procedure can be repeated on a bin-by-bin basis.
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11.2 The fake factor method

The basic idea of the FF method is to define a CR that only differs from the SR by relaxing the
Th, identication requirement for the selected Ty, candidate. For the case of the LQ — bt analysis,
this entails changing the Medium WP of DeepTau2017v2p1VSjet to VLoose. This new region
is referred to as the “application region” (AR), and is expected to be primarily populated by
events with jets misidentified as T, and with typical impurities from genuine T}, at the level
of a few percent or below. It is kept orthogonal from the SR by excluding events that pass
the tighter WP in question, i.e., T, candidates that pass the VLoose WP, but fail the Medium
one. Finally, the j — 1, fake background in the SR is estimated from the observed data in the
AR after applying the extrapolation factors known as “fake factors” (FFs). The FFs ensure the
correct j — Ty, fake rate is obtained in the SR. The AR is not completely pure in j — T}, fakes, so
the contamination of backgrounds with genuine T or £ — 71, fakes is estimated from simulated
events and is subtracted.

The FFs are parametrized in a number of different variables like T, pr and number of jets,
which will be discussed below per channel. Furthermore, they are measured separately for
three different components of the j — 1, fake background: QCD multijet, electroweak (EW),
and tt production. The EW component mainly consists of W + jets, but also includes small
amounts of Drell-Yan, diboson, and single top-quark production. In this way, the different flavor,
multiplicities, and correlation with other kinematics of jets stemming from these backgrounds
can be measured, and the relative background composition can be taken into account per event
category. Jets in QCD multijet events are mostly initiated by gluons, while W + jets events
primarily contain light-flavored jets, and tt is rich in heavy-flavored jets.

The FFs are measured for each of the three types of j — T}, backgrounds in dedicated CRs
that are enriched with the background in question, and which are called the “determination
regions” (DRs). Very roughly speaking, the “raw” FFs are then the ratios of the number of
observed data events in the SR-like “Medium” region over the AR-like “VLoose && !Medium”

region,

B NPR(Medium)
~ NPR(VLoose && !Medium)’

FF, (11.1)
in the DR of a given background, where b = QCD, EW and tt. N,(Medium)pr denotes the
number of events with a T, object that fulfill the Medium DeepTauVSjet WP in DR of back-
ground b, and Nj(VLoose && !Medium)pg is the number of events in DR with a 1, that pass
the VLoose but fail the Medium WP. The choice of the looser WP depends on the following
trade-off: Looser WPs increase the number of events in the denominator, reducing the statisti-
cal uncertainty, while increasing the systematic uncertainty because the T candidates in these
events are less similar to the Ty, candidates in the SR, which have a high DeepTau2017v2p1VSjet
score and pass the Medium WP. With the choice of the VLoose WP, the denominator has on
the order of 2.5 more events than the denominator, i.e., the FF is very roughly FF; ~ 0.4.

This method is therefore a so-called ABDC method [369) Section 8.1|, which relies on the
basic assumption of universality, meaning that the FFs measured in the DR also apply between
the AR and SR:

NPR(Medium) _NJR
NPR(VLoose && !'Medium)  NAR

(11.2)
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Figure 11.1: Simple schematic of the ABDC method in the fake factor (FF) method. FFs
are measured as the ratio between the B to D region. Universality assumes that the number
of events in the regions satisfy No¢/Na = Np/Np. To ensure universality, bias correction are
measured between the OS and SS regions. Shown are the regions to measure the FFs for QCD
multijet in the ety and pry channels, by using the OS (A, C) and SS regions (B, D).

where NbsR and NI;AR are the number of j — T, events in the SR and AR, respectively. The
ABCD method is illustrated by Fig. using the DR for QCD as an example. The univer-
sality assumption does not always hold in fact, and some bias corrections are needed to restore
universality to ensure the accuracy of this method. Furthermore, the closure of the FFs are
tested in several variables in the DR, and small nonclosure corrections are applied if needed, as
the main parametrization does not capture all the dependencies.

The factorization of the j — T background components makes it possible to take into account
the relative background composition in different SRs, like the different jet categories in the
LQ — bt search. The relative fractions f; of the three considered backgrounds are therefore
measured in the ARs. The j — T, fake components of the EW and tt backgrounds, respectively,
are estimated by simulation. The remaining events from simulated event samples are considered
to be “real” T, candidates including the small component of £ — Ty, fakes. The QCD multijet
background, on the other hand, is estimated by subtracting all simulated background processes
from the observed data in the AR:

NQCD = max [0, Nobs - Nreal - NEW — Ntf] AR’ (113)

The fractions of the three j — T}, fake backgrounds b = QCD, EW, and tt then, are simply

Ny
Nqcp + New + Nig | ar

= (11.4)

These fractions are normalized such that their sum adds up to 1. Additionally, they are measured
as a function of one or more variables that are physically motivated. For the Ob and >1b
categories, separate fractions from an AR with corresponding selections are computed as a
function of SE}/IET. Similarly, the fractions in the 0j category are measured as a function of x.
Putting everything together, it means that the following “total” FF is applied to the observed
events in the AR:

FF = fi x FF, x corry, (11.5)
b

where corry, are a product of bias and nonclosure corrections discussed in the following sections.
For a given variable, the predicted j — 7 background in a histogram bin is then estimated by

NG = (S R xcom ) 5 [N~ Nl (010
b
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where the total FF in parenthesis is applied on an event-by-event basis in both observed and
simulated events in the AR due to the parametrization of the background fractions, FFs, and
corrections.

The FF method was fully implemented and validated by several MSSM H — 171~ analyses
such as Refs. [370] and [371], but also a Z/y* — 71~ cross section measurement in CMS [372].
The measurement procedure and validation of the FF method for the DEEPTAU algorithm in Run
2 is documented in detail by Ref. [369]. Some small modifications were made for the LQ — bt
analysis, mainly the choice of parametrization and the choice of DeepTau2017v2p1VSjet WPs.
The following sections describes the method separately for the semileptonic and fully hadronic
channel.

11.2.1 eTy, pTh channels

For the ety and pTy, channels, all SM background processes except for the QCD multijet and
W + jets processes are estimated by simulation. The component of jets misidentified as Ty,
(“j — Tn fakes”) of each SM process is estimated with the FF method. Simulated events with a
selected Ty, object that does not originate from either a lepton or genuine T}, decay at generator-
level are discarded to avoid overcounting.

Similar to the OS/SS method, the DR for the QCD component is defined as events with a
SS ¢ty pair, as shown in Fig. The DR is binned in number of jets. The FFs are then fitted
to the ratio between the Medium and VLoose && !Medium regions as a function of 1, pr with
the sum of a Landau function and a polynomial. The DR for the W + jets component is defined
by mt > 70 GeV with no b-tagged jets. It is further binned by AR(¢,T,) and number of jets,
and fitted as a function of pr in the same way. Figure shows the Ty, pr distribution in the
QCD and W + jets DRs. The FFs for tt are instead estimated directly from simulation, as it is
very hard to construct a DR enriched in tt in a phase space similar to the SR, while maintaining
orthogonality with the AR and SR, and preserving a sufficient number of events. They are also
fitted as a function of T, pr without binning in number of jets.

Figure shows some representative examples of the FF measured in the wry channel of
the 2018 data set. The black line represents the final FF values used in the analysis, and is
obtained by fitting the black points from observed data (minus simulated backgrounds). The
yellow uncertainty band is used in the analysis, and is created with a resampling technique
by randomly fluctuating each measurement point according to its uncertainty 200 times and
repeating the fit as described in [369, p. 125-127]. At large pr values the FF is taken to be
constant, and the uncertainty band is inflated.

Bias corrections for the W + jets FFs are derived by comparing the FF measured from ob-
served data in the DR to FFs measured in purely simulated W + jets events between the AR
and SR. The corrections are measured as a function of m.s, as some dependency was found with
a variation of up to 15%. Similarly, nonclosure corrections between the Medium and VLoose &&
IMedium regions are derived as a function of lepton pt. For QCD, several bias corrections are

obtained using lepton pr, relative lepton isolation I

o> and myis as parametrization. Most of

these corrections are close to unity. For the tt FFs, nonclosure corrections are also derived from

MC as a function of my;s.
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117



channel: pt, channel: ut,

N, category: Ojet . N, category: ljet B
A OlsidR(lau.,Ieplon) inclusive 59.74 fo” (2018, 13 TeV) A OlgidR(tau.,Iepton) inclusive 59.74 fb™ (2018, 13 TeV)
S F Private work S F Private work
L~ 0.7 (CMS data/simulation) LL~ 0.7 (CMS data/simulation)
L E L E + Measured
0.6 ; 0.6 ; Resampling method
t = _ high-p_ (1) flattening
0.5 0.5 Analytic fit (68% CL)
r r .xf/NdD,=0.88/3
04 e =7 0.4
[E— T I
0.3 0.3%——'#5*!
C + Measured L
0.2 } Resampling method 0.2 }
r B high-p_(1) flattening r
0.1 Analytic fit (68% CL) 0.1
T X2/ Ny =7.2413 T
E ‘ ‘ E ‘ ‘
30 4050 100 200 300 30 4050 100 200 300
p.(t,) (GeV) p.(Ty) (GeV)
channel: pt, channel: ut,
N, category: Ojet ’ N, category: ljet
dR(tau,lepton) < 2 59.74 fo” (2018, 13 TeV) dR(tau,lepton) < 2 59.74 fb* (2018, 13 TeV)
I 0.81 : %) 0.8 :
2t Private work 2 Private work
Z 0.7F (CMS data/simulation) 2 0.7 (CMS data/simulation)
L F LL F
L o L oen
0.5 n 0.5?
040 0.4 merpet {
L L + + T
0.3 0.3f-
C + Measured C + Measured
r " r R li thod
0.25 L Reramotra ot 0.2 — [ g
C ic fit (68% C Analytic fit (68% CL)
o1 [y o W aers
E ‘ ‘ E ‘ ‘
30 4050 100 200 300 30 40 50 100 200 300
p;(1,) (GeV) p,(t,) (GeV)

channel: pt,
N, category: [0-1] jet

0.8 dR(tau,lepton) inclusive

t Private work
0.7F (CMS simulation)

FF.

0.6

0.5

0.4

0.3

X2/ Ny, =6.02/9

F + Measured
0.2 Resampling method
C | | high—pT(x) flattening
F Analytic it (68% CL)
01 s

30 4050 100 200 300
p.(Ty) (GeV)
Figure 11.4: Fake factors for the different j — 7, background components in the pry channel
of the 2018 data set: QCD (top), W + jets (middle), tt (bottom). The measurement in data
is shown as black points and the parametrization as a solid line. The red bands represent the
fit results and are shown for comparison reasons only. In the analysis the solid black line is
used. The yellow band is its associated uncertainty band, which is obtained using a resampling
technique. The QCD and W + jets FFs are shown for NI = 0 (left), and for NI > 1

jets jets

(right). The tt FFs are measured inclusively in ]Vjtts' The W + jets FFs are only shown for the

AR(p, Th) < 2 bin. Work by Janik Andrejkovi¢ [369].
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11.3 T,7™h channel

All SM background processes in the 1,7, channels are predicted by simulation, with the exception
of the j — Ty, fake background, which is estimated with the FF method. The FF measurement
for the T,Ty is very similar to the one used in the semileptonic channels, with a couple of
small differences. The j — 71, fake backgrounds mainly consist of QCD multijets: more than
90% compared to less than 40% in the semileptonic channels [369]. The FFs are therefore
only measured for QCD multijet production, and the QCD FFs are applied to the EW and tt
component with increased uncertainty. Because there are two Ty, candidates, the AR is defined
as the region where only one of the 1;, candidates passes the VLoose and not the Medium WP of
DeepTau2017v2plVSjet, while the remaining 1, candidate must pass the Medium WP. In most
QCD multijet events, both T candidates are j — Ty, fakes, and therefore the FF is applied with
a factor of 0.5 to avoid double counting.

The QCD DR is again defined using a SS requirement, and it is binned according to the
number of jets. The FF is extracted from a fit of a third-order polynomial to data in the DR,
and as a function of pp of the T, candidate that fails the Medium WP. The bias and nonclosure
corrections are measured as a function of my;s. Additional nonclosure corrections are measured

as a function of the pr of the 1, candidate that passes the Medium WP.
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12 Signal Extraction & Systematic Uncertainties

For maximum exclusion power, I combine the three L(Q production modes (single, pair, and
nonresonant) into a “total” LQ signal, which is simply the sum of the three. As discussed in
Section[7.4] each production mode has a unique signature in terms of cross section and kinematic
properties. I therefore also fit each production mode separately to study where the sensitivity
comes from, and how it depends on different model assumptions. This would furthermore allow
phenomenologists to reinterpret the final results with different LQ models or with different new
physics models that have similar signals.

This chapter will cover how these L(QQ — bt signals are fitted to the y and S%/IET distributions
to fit the observed data for a possible signal, set upper limits on the cross section and coupling
strength A\, and to perform other studies, as well as an explanation of the systematic uncertainties
used in the fit. The next chapter will discuss the preliminary results using the fit introduced in
this chapter.

12.1 Maximum likelihood fit

A binned maximum likelihood fit [306] to the observed x and SMET distributions is used to
search for a possible signal over the expected background. As explained in Section a
resonant LQ — bt signal would mostly contribute events at the highest values of S%/IET, which
has the best signal-to-background ratio, while a nonresonant signal would contribute to low
values of x, as explained in Section

There are five 77 decay channels (up, ep, ety, uth, and T,74) and five event categories (Ob,
>1b, and 0j split into three my;s bins) for three data-taking periods (2016, 2017, 2018). This
adds up to a total of 75 distributions (30 for SYMET, 45 for x) that are fitted simultaneously for
a total LQ — br signal, as explained in Section [12.2]

The Slq\ﬂ/[ET is plotted from 0 to 2500 GeV for visibility, but the events with S%/IET > 2500 GeV
(“overflow”) are added to the last bin. This is necessary to keep sensitivity to the signals with the
largest mass values. The yield in each bin of the histograms is divided by the bin width, unless
specified otherwise. The last bin of the Slq\f[ET histograms also contains the overflow. Finally, the
binning of all y and S%ET histograms are adjusted such that the total statistical uncertainty
resulting from finite sample sizes in the SM background expectation of a given bin does not
exceed 20%. To achieve this, the bin-merging algorithm of the CombineHarvester tool has been
used [373], which iteratively merges bins of a given histogram. The choice of the 20% threshold
is motivated by the bias study reported on in Section [12.3]

12.2 Upper limit & signal normalization

We set expected and observed upper limits on the cross section of the single, pair, nonresonant,
and total signal, with the asymptotic CLg modified-frequentist criterion [306, 374-376]. To get
the upper limit in units of picobarns (pb), the signal in question is normalized assuming a cross
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section of o = 1pb. To obtain the upper limit on the sum of the three signals, each signal is
first weighted by its respective cross section, and normalized to the total cross section given by
Eq. (7.15):

a®(mrq, A\, K)

ws(mrL, A\, k) = (12.1)

att(mrqg, A\, k)’

where s = single, pair, or nonres, such that the sum of the signals is normalized to 1pb. Note
that this relative weight depends on myq and A, and for the case of the vector-LQ model, it
also depend on k. Similarly, for the sum of the resonant signals only, i.e., single plus pair LQ
production, each signal is reweighted by

a®(mrq, A\, K)

ws(mrg, A\, k) = (12.2)

Ures(mLQ7 A, "i) ’

where s = single or pair, and o™ is the resonant cross section defined by Eq.

The upper limits on the cross sections are set as a function of mrg. We can therefore find
the largest value of my,q excluded at 95% confidence level (CL) by numerically computing the
intersection between the theoretical cross section and the upper limit.

As explained in Section the cross sections for single and nonresonant LQ signals varies
with the coupling strength A. Consequently, an upper limit on the cross section can be derived
for different values of A. This also allows us to convert the upper limit on the cross section to
an upper limit on A at 95% CL as a function of myq. By finding the excluded mass for a range
of A values, we exclude regions of the A\-mpq phase space for each production mode separately,
and then for their combination.

Because the pair production cross section and the upper limit 7.5, on the cross section is
independent of A, so is the lower limit on myq. It is a single value given by the intersection
between 7, and the theoretical cross section. The cross section does depend on x in the vector
model, so a separate upper limit on A is set for the two benchmarks used in this analysis, kK = 0
and 1.

For single LQ production only, both the upper limit rg,g1e on the cross section and the theo-
retical cross section depend on the value of \. For the vector model, there is also a dependency
on the x value. The chosen values of A are 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, and 2.5. For A > 1,
dedicated event samples and cross sections are used to take into account the increased width
and the presence of soft events at low My, (see Sections and . For A <1, the effect
of the width can be safely neglected, and therefore the simulated event sample of single LQ
production with A =1 is used.

Because the nonresonant cross section is simply proportional to A*, the following formula is

used to compute the upper limit on A for a given value of my,q:

r
nonres __ 4/ ' nonres
min T \/ ghonres’ (123)

where Thonres 1S the expected upper limit on the cross section of a nonresonant signal.

For the total signal, the lower limit on mpq is found per A with the intersection method. For
A = 0, there is no single or nonresonant production, and the excluded mass values are manually
set to those of the pair LQ search. Conversely, at high values of A, the limit on the total signal
in A-mp,q phase space converges to the limit on the nonresonant signal.

For systematic studies, we typically consider two benchmarks: mpq = 1400 GeV with A = 1,
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which is more sensitive to pair production, and myq = 2000 GeV with A = 2.5, which is more

sensitive to the nonresonant signal.

12.3 Bias study

The 20% bin-merging threshold has been chosen with the goal of minimizing the expected bias in
the signal strength extracted by the maximum likelihood fit while retaining enough sensitivity.
A higher threshold, and thus finer binning, can result in a larger bias. The bias test is performed
by generating toy data sets from the expected background plus signal, and performing a binned
maximum likelihood fit of the signal strength p to toy data sets. The signal is normalized to
the respective expected 95% CL upper limit on the cross section to test the analysis at the
threshold of its sensitivity. Furthermore, the bin-by-bin uncertainties are not included during
toy generation, since these would not exist for real data. A comparison of different binning
thresholds is shown in Fig. assuming different signal strengths. The toy distribution of the
signal strength with the current bin-merging threshold of 20% is shown in Fig. Overall, the
bias for an injected signal strength of pin; = 1 varies between —36 and —8%, depending on the
LQ model (scalar or vector) and LQ mass. The same test has been done for pn; = 2 (twice the
expected upper limit) with similar results. A 20% bias (in units of o) corresponds to a coverage
error of approximately 1.0% [377] and an uncertainty of approximately v/12 + 0.2 — 1 = 2.0%.

12.4 Systematic uncertainties

This section will discuss the statistical and systematical uncertainties that are taken into account
in the fit. Some uncertainties, like the one in luminosity, only introduce an overall normalization

MET
ST

effect, while others may affect the normalization or the shape of the or x distribution of

the signal and background processes. Both types are included in the fit as nuisance parameters.

12.4.1 Uncertainties in normalization

The uncertainty in the integrated luminosity varies between 1.2 and 2.5%, depending on the
year [378-380], and affects the normalization of the signal and background processes that are
based on simulation. Uncertainties in the electron or muon identification and trigger efficiency
amount to 2% each [381]. For events where electrons or muons are misidentified as T, candidates,
predominantly Z — eTe™ events in the ety, channel and Z — p™p~ events in the py, channel, rate
uncertainties of 12 and 25% [300], respectively, are applied, as determined by a tag-and-probe
method.

The QCD multijet background estimation in ep and pp is found to have rate uncertainties of
up to 20%. The uncertainty in the Z + jets cross-section is estimated using a dedicated CR in
events with two 7y, candidates and at least one b-tagged jet. A 30% uncertainty is assigned to
the Z + jets cross section in the >1b category on the basis of the expected fluctuations in the
total number of data events in this CR. In the other signal categories, the uncertainty in the
NNLO computation is given as 3%. The uncertainties in the cross section for the tt, diboson,
and single top quark processes are 5.5, 6, and 5.5%, respectively. These uncertainties in the
cross sections are treated as correlated between the years, but uncorrelated between the 0j and
the other signal categories.
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section. Bins are merged with a 20% uncertainty threshold. The extra panel also visualizes the
comparison of the injected cross section oinj. = pinj.o to the expected cross section measurement
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Figure 12.2: Biases versus myq when fitting for the total vector-LQ signal using different bin-
merging threshold (30% is finest, 10% is coarsest). The signal templates are normalized to the
expected 95% CL upper limit on the cross section, and the bias is estimated with toys with an
injected signal pinj = 0 (top), 1 (second from top), 2 (second from bottom), and 3 (bottom).
Different LQ masses between are shown with a coupling strength of A = 1. The central value is
the mean of the fitted gaussian (e.g. see Fig. , and the error bar is the uncertainty in the
fitted mean. Note: These plots were produced before unblinding to decide on the final binning
threshold of 20%.
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12.4.2 Uncertainties in shape

The Ty, identification efficiency SFs are applied as a function of p for the semileptonic channels
(uty and ety), and are decay-mode dependent for the t,7, channel because of the use of the
double-Ty, trigger. The uncertainty in the T}, identification efficiency is taken as the total un-
certainty in the measurement discussed in Section and is fully uncorrelated between the
years.

The uncertainty in the 1, energy scale depends on the T, decay mode and pr, and varies
between 0.6 and 1.4% for pr < 34 GeV, and between 1 and 4% for pr > 170 GeV, with a simple
linear interpolation between the respective uncertainties for 34 < pr < 170GeV. It is only
applied to the background components with genuine T, namely those in simulated Z + jets,
tt, and LQ events. It is uncorrelated between the years and signal categories, but correlated
between the different channels. Similarly, for events where a muon or electron is misidentified
as a 1, candidate, a shape uncertainty is derived by varying the T, energy scale by 3%. The
T, trigger efficiency has been measured using the “tag-and-probe” technique [299] and the shape
uncertainty in the measurement is obtained with the uncertainty in the measured SFs.

The uncertainties in the jet energy scale are up to 4%, depending on the jet pp and n [282].
The uncertainties in the jet energy scale and resolution are taken into account as shape uncer-
tainties by taking the one-standard deviation variations of the corrections, and propagating them
to all the affected variables in the analysis (including jet pr, jet multiplicity, b tag multiplicity,
p%ﬁss and SyET). They are uncorrelated between the years, but correlated between the different
decay channels of each signal category. For the case of the 0j categories, the uncertainties in JER
and unclustered energy can be neglected, while instead an overall uncertainty in acceptance of
5% is observed for the jet energy scale, which is anti-correlated to the same uncertainty in the
b tag categories.

The uncertainties in the b tagging efficiency of heavy flavors (b and ¢ quark) and the misiden-
tification rate of light flavors (u, d and s quark, or gluon) are propagated from the uncertainties
in the b tagging SKs. The efficiencies for b and ¢ quarks are treated as correlated, as are the
misidentification rate for light flavors. Furthermore, the uncertainties are correlated between
the Ob and >1b categories. By the nature of the b tagging SFs, the overall yield of the resulting
up and down shape variations are automatically anti-correlated between Ob and >1b, which is
clear from Fig. Most of the shape variations have little dependence on S%AET, with about
a 1% change in overall yield in the >1b category, and less than 3% in Ob. The uncertainties are
only partially correlated between the years.

The uncertainties in the FF method include the total systematic uncertainties in the mea-
surement of the FFs and its corrections in each of the W + jets, tt and QCD CRs, as well as the
statistical uncertainty in the fit of the FFs. The statistical uncertainty is split into the different

NM

jots and AR((, ) bins of the FF parametrization. They are treated as uncorrelated between

the years and signal categories, as the dominant background process can differ. The shape un-
certainties in the FFs are normalized to the nominal j — Ty, event yield, and their total variation
in event yield is combined into one normalization nuisance parameter, which is summarized in
Table [2.11

The uncertainty in the Z pr reweighting is applied by varying the weight 50% up and down.
The top pr reweighting is not applied nominally, but a large shape variation of the tt template
is chosen so that it is effectively treated as a flat prior, as discussed in Section The shape
variations are correlated across channels, but decorrelated between the 0j, Ob, and >1b cate-
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gories, as well as between years. It has been checked that this uncertainty is well-constrained
by just the ep channel, which has a large and pure tt yield compared to the other channels, and
a negligible amount of signal contamination. The shape is created by taking the top-quark pr
reweighting measured with data (see Eq. ), and inflated by taking the weight to the power
5 for up, and —5 for down.

The shape uncertainties in the renormalization and factorization scales yug and pup are com-
puted by taking the envelope of all variations generated by changing each scale simultaneously
by the same or a different factor (0.5, 1 or 2) while keeping the total yield constant to the nomi-
nal one. Extreme combinations (ur, pur) = (0.5,2) or (2,0.5) are excluded. To renormalize each
shape variation to the nominal yield, the sum of weights shown in Fig.[12.4] are used. Figure[12.5]
shows examples of the shape variations of SYET in the >1b category after renormalizing. Sim-
ilarly, the systematic uncertainties in the PDFs are taken into account by determining in each
bin the symmetric uncertainty in the cross section due to the PDF. For Hessian PDF sets, we
use

Nmem

Ao = Z (Om — 00)%, (12.4)

m=1

where Npem is the total number of members in a given PDF set, and og is the central value of
the PDF set. For MC sets, we use the standard deviation

1 Nem 9
Ao = | (om— (o) (12.5)

O (12.6)

This procedure is described in Ref. [382].

The uncertainty in the prefire corrections to 2016 and 2017 simulated events is simply taken
by varying the event weight up and down by the prefire correction uncertainty.

Finally, uncertainties related to the limited number of simulated events are taken into ac-
count with the Barlow-Beeston-lite approach [351), 352]. They are considered for all bins of the
distributions that are used to extract the results. They are kept uncorrelated across the different
samples and across the bins of a single distribution.

All systematic uncertainties are summarized in Table
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Table 12.1: The sources of uncertainty considered, categorized as to whether they affect the
normalization or shape of the distributions. “s.d.” refers to the standard deviation on the
uncertainty of the source.

. Channel

Systematic source
€Th HWTh ThTh e LR

Integrated luminosity 1.2-2.5%
Electron ident. 2% — — 2% —
Electron trigger 2% — — —
Muon ident. — 2% — 2% 2%
Muon trigger — 2% — 2% 2%
e misident. as Ty, rate 12% — 12% —  —
p misident. as Ty, rate —  25% 2% — —
PSS scale Up to 4%
QCD multijet normalization — — — 20% 20%
7 + jets cross section 20% in >1b, 3% otherwise
tt cross section 5.5%
W + jets cross section — — — 6% 6%
Diboson cross section 6%
Single top quark cross section 5.5%
FF norm., Ob 3.0% 2.5% 22%  — —
FF norm., >1b 2.5% 1.8% 1.7% — —
FF norm., 0j, 200 < myis < 400 GeV  1.4% 1.1% 0.3% — —
FF norm., 0j, 400 < myis < 600 GeV  3.9% 3.1% 3.0% — —
FF norm., 0j, myis > 600 GeV 4.0% 3.6% 3.0% — —
Jet energy scale 5% in 0j
Ty, ident. efficiency +1 s.d. in SF — —
Ty, energy scale 41 s.d. on the energy scale — —
p misident. as T, energy scale +1% on the energy scale — —
e misident. as T energy scale 41 s.d. on the energy scale — —
FF shape variations Syst. shape variations — —
Ty, trigger — — =1 s.d. in the SF — —
b tagging efficiency 41 s.d. in b tagging SFs
b tagging mistag rate +1 s.d. in b tagging SFs
Jet energy scale +1 s.d. in SF in Ob, >1b
Jet energy resolution +1 s.d. in SF in Ob, >1b
PDF variations Envelope of PDF variations
ur & pp variations Envelope of scale variations
Z pr reweighting Weight applied +£50%
Top pr reweighting (top pr weight)? with p =5 or —5
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13 Results

This chapter will discuss the preliminary results of the LQ — bt search that have already been
made public in Ref. [368].

13.1 Fit resulis

As explained in Chapter a binned maximum likelihood fit [376] of the observed SMET and
x distributions in all channels, event categories, and data-taking periods is performed to search
for a possible signal over the expected background.

Figure shows the postfit distributions of S%/IET in the Ty, and ep channels in the Ob
category and >1b categories, while Fig. shows the postfit distributions of y in the bins of the
0j category with 400 < myis < 600 GeV and myis > 600 GeV. These distributions are obtained
by adding up distributions from different data-taking periods. To achieve this, distributions
with common binning are created, to which the fit results are applied. This is needed because
the automatic rebinning described in Section may vary between the years in the main fit.
The uncertainty bands include the statistical uncertainties and all postfit uncertainties on the
background expectation. The total LQ signal for the benchmark my,q = 2000 GeV with A = 2.5
and k = 1 is overlaid. The signal is normalized to the fitted cross section.

Table shows the best-fit signal cross section with the corresponding significance for
different LQ production modes. For lower masses and coupling strengths A, the observed data
agree with the standard model expectation within one standard deviation. At higher masses
and coupling strengths, however, an excess with a significance of up to 3.4 standard deviations
above the SM background expectation is found. This excess is observed across several channels,
as well as in both the y and S}}/IET distributions in the different jet categories. The excess is
most prominent for the nonresonant signal in the analysis, which contributes to the combined
excess increasingly as larger L(Q) masses and couplings are considered. The significance of the
nonresonant signal by itself has no strong dependence on mrq or A, hence the trial factor is
negligible. When combined with the pair and single production contributions to the total LQ
signal, the excess at lower L(Q) masses and couplings is reduced.

To better illustrate where the excess is localized, we reorder and stack the x and S%/IET bins
by S/(S + B), where S (B) is the total fitted signal (background) yield in a given bin. The
resulting histograms are shown in Fig. for a vector-LQ model with my,q = 1400 (2000) GeV
and A = 1 (2.5). The excess becomes more evident at high A, where more bins from the 0j
category appear at high S/(S + B) due to the increased sensitivity to a nonresonant signal. In
the next section, this will be shown by a breakdown of the upper limits.

13.2 Upper limits on the cross sections

Although we find an excess in a small part of the phase space, we set upper limits on the cross
section of single, pair, and nonresonant production, as well as their sum, with the asymptotic

128



138 fb* (13 TeV) L eu, 21b 138 fb* (13 TeV)
T T T T 0“‘I‘ T T T T T

EmW +jets
AN Bkg. unc.

2\ Bkg. unc.

> 5 T > —
] 10 CMS ¢ Observed LQ, 2000 GeV, A=2.5, B=1, k=1 [} o CMS ¢ Observed LQ, 2000 GeV, A=2.5, B=1, k=1
(O] 10* Lo [t and single top  — Scalar, 0 = 62179 tb (O] 10 . [ tiand single top — Scalar, o = 6219 tb

- Preliminary & piboson ---Vector, 0 = 4347 fb - Preliminary = qcp muttijet - Vector, o = 435 fb

a2 100 [1QCD multijet o 10 {3 Diboson

c C1Z+jets c CJZ+jets

(5] [}

> >

L L

2 sk 3 2 1sf =

om = k! om = } 1 k!
~ 1'; - SR Y W3 é | ~ l'. S ees? & r

. = LK 22§ 3 . E LN} T T 3

2 F } E 2 F { E

O 0.5 ; ‘ ‘ ‘ ‘ - O 0.5 ; ‘ ‘ ‘ ‘ -

500 1000 1500 2000 2500 500 1000 1500 2000 2500

SYET [GeV] SYET [GeV]

Ty, Ob 138 fb™! (13 TeV) L Thln 210 138 th™* (13 TeV)

> L L B LR > 10 L L B A B I — 3

[0} ¢ Observed LQ, 2000 GeV, A=2.5, B=1, k=1 7] (0] ¢+ Observed LQ, 2000 GeV, A=2,5, B=1, k=1 7

O w0 CMS e s Tl O 10 SMS  imdsnger —scamoseii o

- Preliminary [ tfand single top -+ Vector, o = 4313 fb 3 - Preliminary [j - 1, fakes -~ Vector, o = 43" fb 3

%) 10 Jj - 1, fakes = §2] 10? CZ - 11 -

c 5 @ Drell-Yan with | - T, 3 c N\ Bkg. unc. 3

g 10 [ Diboson = C|>) 10 7

| AN Bkg. unc. 3 I} E

10 = 3

3 1 -

1 . = 3

10_1 é 10—1 .............. E

107 = 107 : E

10° - 10° =

10 1074 R R B

2 1sp I E 2 1sp [ ]

O ST 525 ; I Lar t ]

: F M e 1 : Frooet Ty o 1

%] £ ] (%] £ % ]

5 osF = 5 osF E

500 1000 1500 2000 2500 500 1000 1500 2000 2500
SYET [GeV] SY¥T [GeV]

Figure 13.1: Postfit distributions of S%/IET for the combined 2016-2018 data set after a simul-
taneous fit of the scalar-LQ signal to the data in each data-taking period. The last bin includes
the overflow. The ep (top) and T, (bottom) channels in the Ob (left) and >1b (right) category
are shown. The fitted signal distributions for the total scalar- (solid red) and vector-LQ model
(dashed red) with a mass of 2000 GeV and a coupling strength of A = 2.5 are overlaid to illus-
trate the sensitivity. They include the single and pair LQ production, as well as the nonresonant
production of a 7 lepton pair through ¢-channel LQ exchange. The lower panel shows the ratio
between the observed data and background from the fit (black). The hatched uncertainty bands
include the total postfit uncertainties in the background.
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Figure 13.2: Postfit distributions of x for the combined 2016-2018 data set after a simultaneous
fit of the scalar-LQ signal to the data in each data-taking period. The ep (top) and T, (bottom)
channels in the 400 < myis < 600 GeV (left) and myis > 600 GeV (right) category are shown.
The fitted nonresonant signal for the scalar- (solid red) and vector-LLQ model (dashed red) with
a mass of 2000 GeV and a coupling strength of A = 2.5 are overlaid to illustrate the sensitivity.
The lower panel shows the ratio between the observed data and background from the fit (black).
The hatched uncertainty bands include the total postfit uncertainties in the background.

130



CMS Preliminary
e e

138 fb™' (13 TeV)

7)) 104 E T LN B s | 3 7))
'_% E Vector LQ, 1400 GeV, A=1 4 Observed 3 ._g
= [ Total signal fit [@Bkg. in 21b 1 £
v L [@Bkg. in Ob 4w
n 3 a9 +0.69 @
[S] 10° = —S+Bfit, 0 =0.425%es fb 3 o5
>< = W Bkg. unc. 3 <
£ F 41 £
2] | ]
g 10°F ERR
> E 3 >
Ll E ] L
10 5
FL 1
. 1.6 ] .
g 14F 4 2
om E 1 m
=~ 1.2 ; + — ~
(%) £ AR = 2]
2 1l sy T TR 2
O 4E RN AR o
=35 -2.5 -2 -1.5 -1 -0.5 0
LOglO[S/(S+B)]

-
(=]
>

-
o
G

10*

10°

102

1.6
1.4
1.2
1

0.8"

—

CMS Preliminary

£ Total signal fit

T T T
= Vector LQ, 2000 GeV, A=2.5 4 Observed

[mBkg. in 21b

[mBkg. in Ob

DOJ +15
—S+Bfit, 0 =43%4 fb
W Bkg. unc.

138 fb™' (13 TeV

TTTTTIIITTTT

@
3
I
w

R I —

-0.5

0

Log, [S/(S+B)]

Figure 13.3: Histograms of log([S/(S 4+ B)| counting events in all bins, assuming a vector
LQ with myq = 1400GeV and X = 1.0 (left), or myq = 2000GeV and A = 2.5 (right). The
log1y[S/(S + B)] is computed per bin of the postfit y and SY*T distributions after the signal
fit. The total LQ signal strength (single, pair & nonresonant) is fitted simultaneously. The
expected background is grouped by jet categories in stacked histograms, and the red line is the
fitted signal on top of the total backgrounds. The lower panel shows the ratio of the observed
data to the expected background from the fit.

Table 13.1: Best-fit LQ cross sections og¢ for various masses and coupling strengths A, and
the corresponding significance z (given in standard deviations) for different production modes
individually, as well as their combination.

mrq = 1400 GeV

mrq = 2000 GeV

Signal
Ofit [fb] z Ofit [fb] z
Pair 0247547 0.5 0227035 0.0
Single, A\=1 1157095 1.3 064708 1.0
Single, A =2.5  9.1729 1.7 181} 1.7
Nonres. 70733 3.4 63729 3.5
Total, A = 1 L7909 96183 1.7
Total, A = 2.5 43118 2.9 62129 3.4
Pair 0.24%94¢ 0.0 0247035 0.0
Single, A\=1  1.007052 1.2 0.6010% 1.0
Single, A =2.5  9.17¢3 1.5 25715 1.4
Nonres. 58718 3.5 51718 3.5
Total, A = 1 1.2*12 0.8 7.7 1.7
Total, A\ =2.5 122704 1.8 4317 3.1
Pair 0.24%04¢ 0.0 0247035 0.0
Single, A\=1  1.0070%2 1.2 0.6070% 1.0
Single, A =2.5  9.17%5 1.5 25718 1.4
Nonres. 58718 3.5 51118 3.5
Total, A = 1 042155 06 1379 0.5
Total, A\ =25 122701 1.8 43114 3.1
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CLs modified-frequentist criterion, as explained in Section The observed and expected
upper limits on the cross section of the different production modes and their combination are
shown in Figs. for scalar- and vector-LQ production at 95% CL, respectively. Note
that the quantity of the vertical axis varies between the plots. In Fig. [13.7] I have rescaled the
upper limits on the cross sections of each individual production mode to the upper limit on the
total cross section using Eq. in order to compare them directly. This illustrates how each
of the three production modes (single, pair, and nonresonant) contributes to the upper limit on
the total cross section, and therefore where the sensitivity lies. For the resonant signals, the
observed data agree with the SM background expectation, as well as for the combined signal
at A = 1. The upper limits on the nonresonant signal, however, show an excess of about 3o,
resulting from several small excesses in the low y bins and high Sll\f[ET bins, where the S+B
fit can better explain the data than the B-only fit. As expected from its relatively large cross
section and hard kinematics, pair production dominates the sensitivity for an LQ signal at low
coupling and low mass. At 95% confidence level, LQ masses below 1.25TeV are excluded for
the scalar model with A = 1, and below 1.53 (1.86) GeV for the vector model with A = 1 and
nonminimal coupling k = 0 (1). At A = 2.5, the lower limits are 1.37 TeV for a scalar model,
and 1.86 (1.96) GeV for a vector model with v =0 (1).

13.3 Exclusion of coupling & mass

As explained in Section [12.2] each production mode has a different dependency on A, which
allows us to exclude different regions of the A-myq phase space by setting an upper limit on
A and a lower limit on myq at 95% CL. This is shown in Figs. and They include
one line for each production mode, as well as their combination, which allows for the exclusion
of a larger region at higher values of A\, where the single and nonresonant production start to
contribute more significantly. Figure shows the upper limit on the coupling strength for
LQs exchanged in the ¢ channel with an extended mass range. The region with blue shading
shows the parameter space preferred by one of the models proposed to explain the anomalies in
B hadron decays with leptons [I13]. Thanks to the sensitivity to the LQ pair production, large
part of this parameter space can already be excluded.

13.4 Impacts & pulls

Figure shows how the profile of the negative logarithm of the likelihood (NLL) breaks down
when including different uncertainties in the fit of the total vector-LQ signal. It shows that the
measurement of the signal strength r is statistically dominated at smaller values of A, where the
total LQ signal is dominated by pair production in the high tail of S¥ET. At higher values of the
masses and A, the LQ signal becomes more dominated by the nonresonant production, which is
constrained by the low-x bins and the whole SI%/IET tail, which have relatively higher expected
yield. As such, the statistical and systematic uncertainty in the signal strength becomes more
comparable for a mass of 2000 GeV and A = 2.5.

To study how nuisance parameters can affect the measurement of the signal strength r, we
define the impact on r as the shift A7 that is induced in r by nuisance parameter 6 if the fit is
performed with 6 fixed to

RN} (13.1)
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Figure 13.4: The observed and expected upper limit on the cross section of different scalar
LQ — br signals at 95% CL. Shown are pair (top left), nonresonant (top right), and single
production with A = 1 (middle left) and A = 2.5 (middle right), as well as the total signal
with A = 1 (bottom left) and A = 2.5 (bottom right). The inner (green) band and the outer
(vellow) band indicate the regions containing 68 and 95%, respectively, of the distribution of
limits expected under the background-only hypothesis. The red line shows the cross section with
the hatched band indicating the theoretical uncertainties.
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Figure 13.5: The observed and expected upper limit on the cross section of different vector
LQ — bt signals at 95% CL. Shown are pair (top left), nonresonant (top right), and single
production with A = 1 (second row left) or A = 2.5 (second row right), as well as the total signal
with A = 1 (third row left) and A = 2.5 (third row right), assuming a nonminimal coupling of
k = 1. The inner (green) band and the outer (yellow) band indicate the regions containing 68 and
95%, respectively, of the distribution of limits expected under the background-only hypothesis.
The red line shows the cross section calculated at LO with the hatched band indicating the

theoretical uncertainties.
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Figure 13.6: The observed and expected upper limit on the cross section of the total vector
LQ — br signal at 95% CL, assuming a nonminimal coupling of k = 0, and A = 0 (left)
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Figure 13.7: The expected upper limit on the total LQ production cross section at 95% CL
comparing each production mode as a separate signal to illustrate their respective sensitivity
and contribution to the total sensitivity. Single LQ production is shown in green, pair in red,
nonresonant in orange, and the total black. All years and all channels in each category are
combined. The top (bottom) plots are for scalar (vector) LQs, while the left (right) plots are
for A\ =1 (A= 2.5).
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see Eq. (7.11]) and Ref. [I13].
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Figure 13.11: The negative log likelihood profiles in the signal strength r for the total vector-
LQ signal assuming x = 1. The total statistical and systematic uncertainty (black) is broken
down into statistical without bin-by-bin uncertainties (red), and statistical with bin-by-bin un-
certainties (blue). The statistical component is obtained by fixing all nuisance parameters in
the fit to the best-fit value. Left: mpq = 1400 GeV and A = 1. Right: mpq = 2000 GeV and
A = 2.5. The fit is performed with the signal templates normalized to the expected upper limit
on the cross section.
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where 6 is the post-fit value of 6, and Af is the post-fit uncertainty of one standard deviation.
Furthermore, to study how the nuisance parameter 6§ is shifted by a fit to the data and how its
uncertainties are constrained in this fit, we define the post-fit central value of 6 that is normalized
to the pre-fit values of 6:

~ 0 — 6y

p(0) = 5 (13.2)

where 6y is the central pre-fit value, and A# is the pre-fit uncertainty in 8 = 6y. Within the

CMS Collaboration, this quantity is often referred to as the pull of §. The pulls and impacts
of the most important nuisance parameters are shown in Fig. At lower values of masses
and A, the parameters that have the largest impact are the bin-by-bin uncertainties of the last
S%/IET bins that have the most sensitivity to single and pair production. These are statistical in
nature. At higher values of masses and A, however, nuisance parameters related to T, systematic
uncertainties become more important.

To further investigate the excess, the pulls of the most important systematics in background-
only (B-only) and background-plus-signal (S+B) fits are compared in Figs. Little differ-
ence between the background-only and S+B fit pulls is observed. The backgrounds are therefore
already strongly constrained by the numerous low-purity regions, such as the ep channel, the Ob
and 200 < myis < 400 GeV categories, and the side bands of each distribution (i.e. low S%/IET
and high x).

There are also no strong correlations found between the nuisance parameters and signal
strength r in the S4B fit, as is shown in Fig. for two representative mpq-A points. At
lower values of mass and A, the nuisance parameters with the strongest correlations (p) have
p > —0.38. These are related to the bin-by-bin uncertainties of the most sensitive S%/IET bins in
the T,7Th channel of the >1b category and are anti-correlated to r, as expected. At large values
of masses and A, the strongest (anti-)correlations are related to systematic shape uncertainties
related to the SFs and energy scale of the T lepton. As mentioned above, the backgrounds can
be well constrained. Figure also presents the correlation matrix of the S%AET bins in the
2018 data set as a representative example. The matrices reveal no strong correlation between
different S%/IET distributions in the same event category of the same year, or between the bins of
the same S%AET. Most of the largest correlations between bins in different channels or categories
are still well below 20%.

13.5 Discussion

Figure shows a summary of lower limits on LQ masses from searches by CMS. ATLAS
has set similar limits. Roughly speaking, most types of LQ-fermion couplings for scalar-LQ
masses below 1TeV have been excluded. The strongest limits are set on vector scenarios, of
which most types are excluded below 1.5 (1.8) TeV for k = 0 (1) as the cross sections tends to
be considerably larger than for the scalar case.

Up until now, the most stringent limits on the production of an L.QQ couplings to a T lepton and
a bottom quark come from an analysis by the ATLAS Collaboration, in which a scalar (vector)
LQ with mass below 1.25 (1.8) TeV was excluded in a search for LQ pair production [384].
The LQ search presented in this analysis achieves very similar limits. Previously, a search for
single production of a scalar LQ with the same decay mode was also performed by the CMS
Collaboration with just 2016 data, and is now superseded by the present search [385]. Other
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Figure 13.12: Pulls and impacts for the nuisance parameters with the largest impact in the
measurement of the signal strength of the total vector-LQ signal in all categories. Top: myq =
1400 GeV and A = 1. Bottom: myq = 2000 GeV and A = 2.5. Note that the signal template is
normalized to the expected upper limit on the cross section.
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Figure 13.13: Background-only (black) and S+B pulls (red) of nuisance parameters represent-
ing systematic uncertainties in the fit of the signal strength of the total LQ signal in all categories
observed with the full Run-2 data set. The values are shown for the vector model with mass
2000 GeV, A = 2.5, and k = 1. The signal template is normalized to the expected upper limit
on the cross section.
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Figure 13.14: Correlation matrix of the nuisance parameters with the total signal strength r
in all event categories. Only parameters with p > 0.10 are shown. Top: For my,q = 1400 GeV
and A = 1. Bottom: For mpq = 2000 GeV and A\ = 2.5.
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searches for LQs decaying to a top quark and a T lepton or neutrino exploiting the full LHC
20162018 data set have been performed by CMS [341], 386] and ATLAS [384] [387].

A search for a nonresonant 17 production through the ¢-channel exchange of a vector-L.Q has
also been performed in Ref. [371]. An important difference with the analysis presented in this
thesis is the event categorization. Ref. [371] uses a “no b tag” category, which is inclusive in terms
of jet selections and vetoes events with a b-tagged jet of pt > 30 GeV, while the “Ob” category of
the analysis presented in this thesis requires at least one jet with pr > 50 GeV, and also includes
the “0j” category with a jet veto. The other difference is the signal model used; Ref. [371] uses
two benchmarks for several LQ-fermion couplings as fitted to the B anomalies by Ref. [113],
while the present analysis considers exclusively the LQ-bT coupling. The independent analysis
group has found consistent results in terms of the exclusion limits and the excess reported above
when applying similar event categorization and selection, and using a similar LQ model.

Overview of CMS leptoquark searches
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Figure 13.16: Summary plot of limits on L.Q mass for various coupling scenarios, from searches
by the CMS Collaboration using proton-proton collision data collected. Taken from Ref. [383].
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14 Conclusions

Despite the many remarkable successes of the Standard Model (SM) of particle physics, there
are both theoretical and experimental reasons that imply the SM is not the final and most fun-
damental theory of nature. One of the most striking features of the SM are the three generations
of quarks and leptons, which on the one hand seem very symmetric, but on the other hand form
a hierarchical mass pattern. This could suggest something about the underlying physics beyond
the SM, which might preferentially couple to the third-generation fermions. Meanwhile, on the
experimental side, some anomalies have emerged in tests of the universality of lepton flavor that
could reveal the violation of lepton flavor universality. In particular, the experimental evidence
from measurements of R(D(*)) points to new physics interactions that couple preferentially to
third-generation fermions like bottom quarks and T leptons.

Models that propose a new particle called the leptoquark (LQ) are strongly motivated as a
possible explanation for these flavor anomalies, and could be discovered directly in proton-proton
(pp) collisions collected by the CMS or ATLAS experiments. This new type of boson emerges
naturally from many extensions of the SM, such as grand unification theories, which unify the
fermions under some larger symmetry group, or theories invoking technicolor, compositeness,
or supersymmetry. They could therefore reveal the underlying connection between quarks and
leptons and explain the observed flavor symmetries, as well as the hierarchical mass pattern.

This thesis presents a combined search targeting the signal of the single and pair production
of an LQ that decay exclusively to a T lepton and a bottom quark, as well as a novel search for
the exchange of an LQ by b quarks that produces a T lepton pair. This is done by targeting
the 71 decay channels, and creating several event categories based on the number of jets and
heavy-flavored jets. Preliminary results of this LQ — bt search have been presented. These
have been made public in Ref. [368], and the full analysis will soon be published.

The search for an LQ coupling to a T lepton and b quark uses pp collision data corresponding
to an integrated luminosity of 138fb~!, collected at a center-of-mass energy of 13 TeV, and
recorded with the CMS detector. Upper limits are set on the production cross section of third-
generation scalar and vector LQs as a function of the LQ mass, and results are compared
with theoretical predictions to obtain lower limits on the LQ mass. At 95% confidence level,
third-generation LQs decaying to a T lepton and a b quark with unit coupling are excluded for
masses below 1.25TeV for a scalar model, and below 1.53 (1.86) TeV for a vector model with
nonminimal coupling k = 0 (1). At A = 2.5, the lower limits are 1.37 TeV for a scalar model,
and 1.86 (1.96) TeV for a vector model with x = 0 (1). Upper limits are also set on the coupling
strength of such LQs as a function of their mass. Due to the inclusion of the nonresonant LQ
exchange processes, this analysis was able to set constraints on LQs with masses up to 10 TeV,
much higher than can be produced directly at the LHC.

The observed data agree with the standard model expectation within 2 standard deviations
below a coupling strength of A = 1.5. However, for a representative L mass of 2TeV and
a coupling strength of 2.5, an excess with a significance of 3.4 standard deviations above the
standard model expectation is observed in the data. Consequently, the observed upper limits on
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the LQ production cross section are about three times larger than expected for this benchmark.

As hadronic decays of the T lepton (Ty,) are an important part of physics analyses like the
search for an LQ coupling to a b quark and a T lepton, dedicated algorithms have been developed
to reconstruct and identify Ty, decays with high efficiency, while suppressing the large background
of objects that is misreconstructed or misidentified. This thesis has also presented the measure-
ments of the corrections to simulated T}, candidates that are needed to ensure sufficient modeling
of the data in order to search for new physics.
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