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Abstract

The standard model of particle physics has been extremely successful in describing the
fundamental particles and their interactions via electroweak and strong forces. Despite
this, there are various experimental observations that can’t be explained using the stan-
dard model, such as, small non-zero neutrino mass and the presence of dark matter in
the universe. Various extensions of SM are proposed to fix these inadequacies of the
standard model. Searches for the standard model extensions, vectorlike leptons, and
type-II1 seesaw fermions are carried out in multilepton final states using the 13 TeV

proton-proton collision data collected by CMS experiment at LHC in 2016 and 2017.

The events are categorized based on the multiplicity of leptons (electrons, muons, and
taus) and the invariant mass of the oppositely charged lepton pairs. The missing trans-
verse momenta and the scalar sum of lepton transverse momentum are used to distin-
guish a signal from the standard model background. The observations are consistent
with the standard model background. The results are used to place limits on the pro-
duction of vectorlike leptons and heavy fermions of the type-III seesaw model. The
vectorlike leptons with a mass between 130-690 GeV are excluded using 41.4 fb~! of
data collected in 2017, while the type-III seesaw fermions are excluded with a mass
below 840 GeV using 35.9 fb~! of data collected in 2016.
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Chapter 1

Introduction

Our understanding of the natural phenomena has evolved by trying to ask a few basic
questions, such as 1) What is the universe made of? 2) How does it function? In ancient
times in India, it was believed that everything around us is made out of five elements,
namely, fire, air, earth, water, and space. This understanding of the fundamental con-
stituents has since been updated multiple times as we better understand the natural
phenomena. The main aim of particle physics is to find out what are the fundamental
building blocks of nature, and how do they interact with each other? Answers to these
questions have led to the development of the standard model (SM) of particle physics.
The SM has been successful and has stood the test of time since the 1970s. It has
also predicted the existence of top quark, tau neutrino, W, Z, and Higgs boson, all of
which have been experimentally discovered, latest being the Higgs boson discovered in
2012 by CMS and ATLAS collaborations. Guided by a set of symmetry and written in
the language of quantum field theory, it incorporates strong, weak, and electromagnetic

forces in a single coherent framework.

Although SM has been hugely successful, there are a few shortcomings to the SM, such as
the omission of the gravity, no explanation for the dark matter and dark energy. There
are models beyond SM that attempt to address these shortcomings. The models such as
supersymmetry, extra dimensions, seesaw, and additional vectorlike leptons are few such
models. In this thesis, a search for such models (type-III seesaw and vectorlike taus)
is performed. A brief description of the standard model and the phenomena beyond is

given in Chapter 2.



Introduction 2

One of the ways to examine the models beyond SM and measure the SM parameters is
to collide high energy particles and then examine the debris coming out of the collision
of these particles. This approach has been successful in discovering W, Z, Higgs boson,
as well as top quark in the past 60 years. The large hadron collider (LHC) situated at
CERN in Geneva, Switzerland, is currently the highest energy particle collider in the
world with a center of mass energy of 13 TeV. At LHC, the proton beams traveling
in opposite directions are made to collide at four interaction points. At each of these
points, detectors are placed on examining the particles coming out of the collisions.
Compact Muon Solenoid (CMS) is one of the multipurpose detectors at LHC (another
being “ATLAS”). In this thesis, data collected by CMS at 13 TeV is used to search
for the new phenomena. The description of the LHC and CMS detector is provided in
Chapter 3.

The search is based on reconstructing at least three final state leptons (three electron-
s/muons, four or more electrons/muons and two electrons/muon + at least one hadron-
ically decaying tau lepton) in each event. The description of the reconstruction of the
objects used in the analysis is provided in the Chapter 4. There are many SM processes,
such as WZ, ZZ, ttZ, which are the background of this search. The techniques used to
estimate the SM background are described in the Chapter 5. The multileptonic events
in each category are further divided into low and high missing transverse momentum
(p%liss) regions. In each of these regions scalar sum of the lepton transverse momentum
is used to discriminate signal from the SM background. The search for vectorlike leptons
is described in Chapter 6, and search for the evidence of the type-III seesaw is described

in Chapter 7.






Chapter 2

The Standard Model and Beyond

In this chapter, a brief introduction to the Standard Model (SM) of particle physics is
discussed. It is the most successful theory of fundamental particles and interactions.
Various limitations of the SM are discussed, models such as vectorlike leptons and type-
III seesaw mechanism, which attempt to resolve the limitations of the SM, are also

summarized.

2.1 The Standard Model of Particle Physics

The standard model of particle physics (SM) is a quantum field theory that describes
the fundamental particles and their interactions. It is a gauge theory based on SU(3)c®
SU(2), ® U(1)y symmetry group, developed by Glashow, Weinberg, and Salam. The
SM is developed from the work of many scientists over the years. Glashow in 1961,
proposed a model that unified the electromagnetic and weak interactions [2]. Salam
and Weinberg then integrated the Higgs mechanism into the electroweak framework [3,
4]. The quantum chromodynamics (QCD), a description of the strong interaction, was
included by Gell-Mann, Gross and others, to complete the SM as we know it in 1973 [5,
6, 7]. The SM has been a very successful theory of the three fundamental interactions,
namely, the strong, the weak, and the electromagnetic. Gravity, the fourth fundamental
interaction is not described within SM, and including gravity in the same framework is

a very active area of the particle physics research.
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers

[fermions) [bosons])
I Il I
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FI1GURE 2.1: Figure shows the particle content of the standard mdoel of the particle
phyiscs [1].

SM includes all the fundamental particles and also describes the interactions among
them. Particles in SM could broadly be split into two categories, the fermions and the
bosons. Fermions in the SM form all the matter while the bosons govern the interactions
among SM particles. The fermions that do not take part in strong interactions and only
interact via electroweak force are called leptons. On the other hand, the fermions that
interact via electroweak, as well as the strong force are called quarks. In SM, the matter
fields are spin 1/2 particles that come in 3 generations. The lepton family is composed
of the electron (e), the muon (u), and the tau (7), which have 1 unit of a negative
charge, and correspondingly three neutrinos (ve,v,,v,) which are electrically neutral.
The Quark family is composed of the “up type” up (u), charm (c) and top (t) having
+2/3 electric charge, and “down type” down (d), strange (s) and bottom (b) having
-1/3 of electric charge. Each fermion has a corresponding antiparticle in the SM. The
vector bosons in SM are the mediators of the interactions. The electroweak interaction
is mediated via photon, W*, and Z bosons, while the strong interaction is mediated

via gluons. The Higgs boson, a scalar boson, arises due to the spontaneous symmetry
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breaking of the electroweak theory. All the massive SM particles in the SM acquire their
mass upon interacting with the Higgs field. A summary of all the particles in SM with

corresponding electric charge and mass is shown in Fig. 2.1.

In the next few sections, fundamental interactions incorporated in the SM are discussed

briefly. The description follows Ref. [8, 9].

2.1.1 Electromagnetic Interaction

The particles carrying the electric charge have electromagnetic interaction via an ex-
change of the photon and is described by a quantum field theory called quantum elec-
trodynamics (QED). The Lagrangian density for a free fermionic field, ¢, with mass m

can be written as:

£ = i 0y — mibi (2.1

where the field, 1, is the conjugate field obtained by ¥ = )49, This Lagrangian remains
invariant under the global gauge transformation of the form ) — 1/ = %), where
and q are real constants. This Lagrangian leads to the equation of motion for the spin-%
fermions, called the Dirac equation. Global gauge invariance implies that the addition of
any phase to the wavefunction, 1, does not change the equation of motion as long as the
transformation parameter € remains independent of the local space-time coordinates.
The local gauge invariance is broken by the action of the partial derivative on the field.
For the theory to describe the nature, the Lagrangian should also have local gauge
invariance, since the physics should not change by choosing a different reference point
for the coordinate system. The theory could be made local gauge-invariant if we can
make the derivative transform like fields. To accomplish this, a new covariant derivative

is defined as:

D, = 8, — iqA, (2.2)
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where A, is a gauge field with spin-1, which transform in the following way:

Ay — Al = A, + 0,0 (2.3)

Using this definition of the covariant derivative, D,, its transformation is expressed as :

Dup — (Dutp) = "D,1p (2.4)

Now the Lagrangian for the theory can be written as:
L= iq/_}(')’u(au —iqAu) —m)y (2.5)

By requiring the local gauge invariance of the Lagrangian has led to a new term T/;Au”(ﬁ
in the Eq. 2.5. This term represents the interaction between spin-1 gauge field A4, with
the fermion field . By defining F},, = 0,4, — 0, A,, the Lagrangian for a spin-1 field

could be written as :

1 1

m4 is the mass of the boson A. If we add the mass term from the Eq. 2.6 to the Eq. 2.5
the Lagrangian will no longer be invariant under the U(1) symmetry transformation.
Hence if this theory is to describe the electromagnetic interaction, then the gauge field
A, has to be massless. We can identify the gauge field A, as the photon, q as the charge
for the electromagnetic interaction, and F),, as the field strength tensor. We can now

write down the full Lagrangian for QED as:

- 1 v
Lopp = (¥ Dy —m)p = S Fu P (2.7)
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From this Lagrangian Dirac equation for the electromagnetic field could be obtained,

the equation comes out as:
Vu0"Y — myp = gy, AMY (2.8)

The range of interaction for the electromagnetic force can be obtained using the Heisen-
berg uncertainty principle, AzAp > h/2. The force carrier for the electromagnetic
interaction, photon, is massless, this implies that electromagnetic interaction has an
infinite range, while its strength varies inversely with the square of the distance. The
strength of the electromagnetic interaction is given by a constant «, also known as the
fine structure constant. It could be obtained by a comparison between the electrostatic
energy of the two electrons kept at one unit natural length to the rest mass of the

electron.

e2 1

E— R — 2.9
YT Ireohe - 137 (29)

where e is the unit charge, m. is the mass of an electron, ¢y is the permittivity of
the free space, ¢ is the speed of light and A is reduced Plank constant. A is defined
as h = h/2w. The fine structure constant depends on the amount of energy transfer
during the interaction [10]. The value of the « increases with the increasing energy
of the interaction. All the particles with non-zero electric charge participate in the

electromagnetic interaction, o being the strength of that interaction.

2.1.2 Electroweak Unification and Symmetry Breaking

The W+ and Z bosons are the force carriers of the weak interaction. They were discov-
ered in 1983 by UA1 and UA2 collaborations [11, 12, 13, 14]. Masses of these bosons
have been measured very precisely. The W boson has a mass of 81.4 GeV, while the
Z boson has a mass of 91.2 GeV [15]. In electrodynamics, the gauge boson, photon,
is massless, and its easier to write down the QFT for electromagnetic interaction. The
massive gauge bosons in the weak theory are problematic since the mass term in the

Lagrangian will break the symmetry. Moreover, the interaction of W bosons with the
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SM fermions depends on their chirality. The W bosons only couple to left-handed par-
ticles, having negative chirality and right-handed antiparticles, having positive chirality.
On the other hand, the Z boson couples to both right-, left-handed particles and their

antiparticles. This behavior breaks the charge and parity symmetry maximally.

The presence of the three force carriers of weak interaction hints towards SU(2), sym-
metry group in theory. The SU(2); symmetry group would lead to all three gauge
bosons having the same couplings to the SM fermions. We know from the experimental
observations that the couplings of W and Z bosons to fermions are different; moreover,
W bosons are electrically charged. To account for these observations, we can try to write
down a theory having SU(2);, ® U(1)y symmetry group. Following the above argument,
Lagrangian for SM fermions of a given family having a negative chirality (left-handed)

doublet (1) and the positive chirality (right-handed) singlet (1)) could be written as:

Lfree = Yr1u0"Yr + Vr7u0" YR (2.10)

The transformation of the left-handed and right-handed component of the fermion fields
under local SU(2)r, ® U(1)y could be written as:

Yr -y, = GETTIDY,

A (2.11)
vr = Yk = c"pp

Where E and [ are function of spacetime coordinates, y is hypercharge and & are the

Pauli matrices.

The fermion mass term for these theories would be of the form —m (¢ r¢g). If we add
fermion mass term to the Lagrangian, the SU(2); symmetry will break. To avoid this,
let’s consider the fermions to be massless for the time being and develop the theory.
Just like QED, we can define covariant derivatives:

Dybr, = (9, — %igl/ffu.& + 1z’g’Bu)q,z)L

2 (2.12)

1.
DuwR = (au + ilg/Bu)wR
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The gauge boson fields (W, B) transform as:

Wi Wit 0,8 = e
, (2.13)
BN — B'u + ?aﬂﬁ

Both W and B are spin one gauge bosons, the mass term from these fields in the
Lagrangian would break the symmetry of the theory. By defining W_;“’, B*¥ as the field
strength tensors for the gauge fields, the Lagrangian for the electroweak theory without

the mass term can be expressed as:

T | - -
Lowk =~ W Wiy — LB Buy + i1 D, + il D (2.14)

Two components of the 1474 boson, namely (Wl}, Wi), participate in the charged cur-
rent interaction, such as the interaction between an up-type quark with a down-type
antiquark. We can identify the W bosons which participate in the charged current

interactions, by making a linear combination of the (I/Vﬁ7 Wi)

1
Wt = Wl w2

Wienberg, Salam and Glashow [2, 4] also showed that the third component of the Ww
WE can mix with By, giving rise to the photon field A, and a new neutral gauge field,
later discovered as Z boson. The mixing strength between Wﬁ’, B, is given by an angle
6, called Weinberg angle. Hence the photon field A, and neutral boson field Z,, could

be written in the following way:

A, = B,,cosby, + W3sinb
po T e (2.16)
Z, = —B,sinb, + W/i’cosew
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This theory provides a unification between the electromagnetic and the weak force.
Particles in this theory are still massless and give rise to a long-range interaction. We
know from the experimental observations that the weak interaction has massive gauge
bosons, resulting in a short-range interaction. In the next section, we shall discuss a

mechanism that can provide mass to these particles in the electroweak theory.

The masses to the particles in the electroweak theory are provided by the use of Gold-
stone’s theorem [16, 17, 18], It proposes the existence of a massless field (Goldstone
boson) for every broken symmetry. Higgs, Brout, and Englert used Goldstone’s theo-
rem to propose a mechanism which breaks the electroweak symmetry spontaneously and
makes the electroweak bosons massive [3, 19]. A brief description of this procedure is

given here. Any complex scalar field can be written as a two-component field as follows:

+
¢ = (:50 (2.17)

Using the field, ¢, we can write a generic Lagrangian of the form:

L= (Dud) (D'¢) = V(9,47 (2.18)

In this Lagrangian, we have used the covariant derivative, D,,, for this complex scalar

field defined as:

1 = 1.
Dy = (Op — §ngu.U + §Zg’BM)qb (2.19)

We can now write down a generic potential, V' (¢, ¢!) of the form:

Vg, ¢') = 12po! + h(ps')? (2.20)
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V()

0 :
e >0 .“3 < 0 +v

F1GURE 2.2: Figure shows sketch of a potential V as defined in Eq. 2.20.The sketch is
taken from the reference [20]

Figure 2.2 shows a sketch of potential V for the case u? > 0 and p? < 0 [20]. It is
evident from the potential that, it has a trivial minimum at ¢ = 0 for u? > 0, while for

1% < 0 the minimum of the potential occurs at:

RN o (2.21)
|¢mzn‘— oh

Now we can see that we started with a Lagrangian, which preserved the symmetry,
but for a certain choice of the quadratic term, the ground state of the potential breaks
the symmetry. This kind of phenomenon is known as the spontaneous breaking of
symmetry. Now the initial Lagrangian could be perturbed around the new minima at

Omin Dy defining a new field H, called Higgs field. We can write

¢ = Qmin + H (2'22)

By doing an expansion around ¢,;,, the Lagrangian could be written using the elec-

troweak boson as follows:

1 1 1
L= iauH(?“H + 2 H? + ZgQUQWJW“* + équ(gz +9*) 2, 2" (2.23)

Using the Lagrangian in Eq. 2.23, we can identify the mass terms for electroweak bosons

(W#,Z) as well as for the new Higgs field H as:
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1
= —
luw/:t 2g’l)

1
My = —v\/g? + ¢ (2.24)

2

MH =\ —2#2

With the help of the scalar Higgs field, we can write gauge-invariant couplings of Higgs
to the fermions of the SM. These coupling terms are known as Yukawa terms, 17,¢Ug.
The mass of the fermions in terms of the Higgs vacuum expectation value, v, and Yukawa

coupling y; could be expressed as My = yf%.

2.1.3 Strong Interaction

The strong force governs the interaction between the quarks and the gluons; the corre-
sponding QFT that describes these interactions is called the quantum chromodynamics
(QCD). QCD is a gauge theory, similar to QED but follows a non-abelian symmetry
group, SU(3). The SU(3) symmetry of the theory means that the gauge bosons of the
theory interact with themselves as a direct consequence of the non-commuting nature
of the generators of the symmetry group SU(3). Each quark has a color charge under
SU(3), labeled as red, green, and blue. Lagrangian for the theory without interaction

for a given quark flavor can be written as follows:

ﬁfree = (jf(lfyuau - mf)Qf (225)

Where q is a three-component vector referring to three colors. The Lagrangian for the
free theory is invariant under global gauge transformations of SU(3), while the local
gauge invariance is not present. To make the Lagrangian invariant under local gauge
transformations, the partial derivatives can be promoted to covariant derivatives. Since
there are eight generators of SU(3), we need eight additional gauge fields to write a

covariant derivative. The covariant derivative, in this case, could be defined as:
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1.
D, =0, — §Z95Gu>‘a (2.26)

Where a takes integer values from 1 to 8, A, are the Gell-Mann matrices, and G, are
eight gauge fields. These gauge fields correspond to 8 gluons, which are carriers of the
strong force. Using this definition of the covariant derivative complete QCD Lagrangian

having global as well as local gauge invariance can be written as:

— . 1 a apv
Locp = ZQf(Z’mD“ —my)qr — ZGMVG g (2.27)
f

where G is defined as, G}, = 9,G}, — 0,GY, + gs f“bCGZG,c/ and is called gluon field

strength tensor.

The standard model has been a hugely successful theory in describing the observed phe-
nomenon in nature. It has been extensively tested at the electroweak scale at various
experiments. There are many measurements, such as electron g-factor, where the SM
prediction and the measured experimental value agree to unprecedented precision, hav-
ing a relative uncertainty of the order of 10713 [21]. However, the standard model is not
complete, and various observed phenomena cannot be explained by the standard model.

In the next section, some inadequacies of the standard model are discussed.

2.1.4 Inadequacies of the Standard Model

SM is the most consistent theory of fundamental interactions. Although SM has been
very successful in describing the natural phenomenon, there are various experimental
observations that SM fails to explain. Some of these inadequacies of the SM are discussed

here.

In the SM, the neutrinos are massless. The Super-Kamiokande experiment [22] and the
Sudbury Neutrino Observatory (SNO) [23] observed neutrino oscillations where the neu-

trinos oscillate among the flavor eigenstates. The SNO experiment observed conversion
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of neutrinos from the sun (v.) into v, v, [24]. This is only possible if the flavor eigen-
states are a linear superposition of the different mass eigenstates. These observations
imply that at least two generations of the neutrinos have finite nonzero mass [25]. In

the SM, there is no explanation for these finite neutrino mass.

In the standard model, there is no candidate for the dark matter. The presence of dark
matter could be inferred by observing galaxy rotation curves [26, 27]. The velocity of
stars in a galaxy as we move away from the center of the galaxy depends on the amount
of matter enclosed. The visible matter content of the galaxy cannot account for the
observed rotation curve. These observations could be explained if the entire galaxy is
sitting in a dark matter halo. The word “dark” refers to the property that this matter
does not interact via electromagnetic interactions and only interacts gravitationally (or
weakly). There are other observations such as gravitational lensing, which also point
to the same conclusions. The standard model does not have any explanation for these

observations.

The observed universe to a large extent is made out of matter particles (not antimatter),
which is only possible if there was a huge violation of Charge and Parity (CP) symmetries
in the early universe. In the SM, there is only minimal CP violation, which is not enough
to account for the observed universe today. In the evolution of the universe, there must
have been substantial CP violation, which caused this large asymmetry between the

matter and the antimatter.

The CMS and the ATLAS collaborations have observed the mass of the Higgs boson
to be around 125 GeV [28, 29]. In the SM, the Higgs mass has terms contributions
from quantum corrections of the order of (Planck scale)?. This means the quantum
corrections will have to be extremely fine-tuned to give rise to 125 GeV, which is many
many orders of magnitude smaller than the corrections. In the standard model, there is

no explanation for such cancellations.

2.2 Beyond Standard Model

There are various models/theories beyond the standard model (BSM) that attempt to

address the issues with the SM. Some of the most common models are Supersymmetry
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(SUSY), seesaw, extra dimensions, additional vectorlike fermions, and compositeness
models. Supersymmetry is a proposed symmetry between the fermions and bosons, and
it predicts the existence of a superpartner for each SM particle. For all fermions, there
are bosonic superpartners, and for each boson, there are fermionic superpartners. SUSY
can explain the fine-tuning of Higgs mass by canceling the large quadratic divergence
terms. If a certain quantum number in SUSY is taken to be conserved, then it also
provides a dark matter candidate who can explain the relic density of the dark matter
observed today. The extra-dimensional models try to address the fact that gravity is
much much weaker than any of the other fundamental forces and predict the existence of
massive gravitons. The compositeness models, on the other hand, explore the possibility

that the fundamental particles we see today might be made out of some other particles.

Many of above-mentioned BSM models, such as extra dimensions, compositeness models,
and SUSY, often have additional vectorlike leptons (VLLs) in them. Moreover, one
most straightforward extension to SM is the addition of VLL doublet. In this thesis, a
search for the VLLs that couple to the third generation of the standard model leptons
is presented. In Chapter 6, more details about the VLLs, as well as the strategy and

results of the search are provided.

One of the most glaring deficiencies of the SM is the finite nonzero mass of the neutrinos.
The seesaw mechanism is one technique that extends the SM and attempts to explain
this discrepancy. In this thesis, we also performed a search for evidence of the type-II1
seesaw mechanism. Chapter 7 discusses the details of the type-III model as well as the

results of the search.






Chapter 3

The Experimental Apparatus

The Large Hadron Collider is a superconducting hadron accelerator located at CERN
near Geneva, Switzerland [30]. The Compact Muon Solenoid (CMS) experiment is a
multipurpose detector at LHC [31]. It measures the properties of the particles produced
in collisions at LHC. A description of the LHC and CMS detector is provided in this

chapter.

3.1 The Large Hadron Collider

The LHC is a two-ring superconducting hadron accelerator, and it is designed to collide
counter-rotating proton beams with a center-of-mass energy of 14 TeV (7 TeV per beam)

2

and luminosity of 103 em~2s71. It can also collide heavy (Pb) ions with an energy of

2.8 TeV per nucleon and peak luminosity of 102”cm™2s~!. Figure 3.1 shows a view of

the accelerator complex of CERN [30].

The number of events per second generated in the LHC collisions could be written as:

Nevent = LOcvent (31)

where oeyent 1S the cross section for the event under study and L the machine luminosity.
The machine luminosity depends only on the beam parameters and can be written for

a Gaussian beam distribution as:

16
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FIGURE 3.1: Figure shows a schematic diagram of the CERN accelerator complex
showing various stages of the accelaration for proton beam and the collision points on
the LHC ring where detectors are placed to study the collisions. [30]

1= Nemfreyr (3.2)
4dme, B*

where Ny is the number of particles per bunch, n; the number of bunches per beam, f¢,
the revolution frequency, , the relativistic gamma factor, €, the normalized transverse
beam emittance, 8* the beta function at the collision point, and F' the geometric lumi-

nosity reduction factor due to the crossing angle at the interaction point (IP):

F= (1t (222 (3.3)

0. is the full crossing angle at the IP, o, the RMS bunch length, and ¢* the transverse
RMS beam size at the IP.

The amount of proton-proton collision data delivered by LHC to CMS in year 2016
and 2017 at /s=13 TeV is shown in Figure 3.2. In 2016 CMS recorded 37.76 fb~!
of data while in 2017 CMS recorded 44.98 fb~! of data. In the analysis, we use the

data after it has passed certain filters to make sure we do not use the events where the
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important detector was not operating properly for the beam conditions were favorable.
After allying these event filters, 41.4 fb~! and 35.9 fb~! data is used in the analysis from

the years 2017 and 2016, respectively.

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV CMS Integrated Luminosity, pp, 2017, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC Data included from 2017-05-30 08:43 to 2017-11-26 10:30 UTC
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F1cUrE 3.2: Figure shows the total amount of proton proton collision data collected
by CMS detector in 2016 (left), and in 2017 (right). In 2016 CMS recorded 37.76 fb~1
of data while in 2017 CMS recorded 44.98 fb~! of data.

3.2 The CMS Detector

The CMS detector is located 100 meters underground close to the French village of Cessy,
at point 5 of the LHC ring. It is one of the two (another being ATLAS) multipurpose
detectors at LHC. CMS was designed to discover the Higgs boson and explore BSM
physics at the TeV scale. Due to its design goals, CMS has an excellent silicon tracker,
calorimeters, and outer muon tracker [32]. By combining the information from various
parts of the detector, CMS provides an excellent reconstruction efficiency and energy

resolution for electrons, photons, muons, and hadrons.

The CMS detector gets its name from its large superconducting solenoid. It has a 6-meter
internal diameter and provides a uniform 3.8-T magnetic field. The inner silicon tracker,
electromagnetic calorimeter and the hadron calorimeter are inside the superconducting
solenoid. The presence of a high magnetic field in the tracker volume provides an
excellent measurement of the charged particle momentum and also separates the energy
deposits of charged and neutral particles in the calorimeters. The magnetic field is

returned via steel yoke, which also houses the muon chambers and provides structural
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integrity to the structure of the CMS detector. Figure 3.3 shows the basic design of the
CMS detector.

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
p————
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

=

,

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

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

F1cURE 3.3: A view of the CMS detector showing its cylindrical structure, with
endcaps layers on either of the cylinderical layers.

3.2.1 Inner Tracking System

The inner tracking system of the CMS detector is designed to provide a precise and
efficient measurement of the momentum of the charged particles arising from the collision
point of the LHC. It also provides a precise reconstruction of the secondary vertices,
which helps mitigate the effect of multiple interactions on particle reconstruction and is

essential in efficiently identifying the b-quark jets.

The inner tracking system of CMS is made out of silicon detectors. It has a cylindrical
shape with 5.8 m length and 2.5 m diameter. The tracker small pixel detector close
to the interaction point. A large silicon strip detector surrounds the pixel detector.
Both of these subdetectors are submerged in a homogeneous magnetic field provided by
the superconducting solenoid. A schematic diagram of the CMS tracker is provided in

Figure 3.4.
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The pixel tracker has three cylindrical barrel layers with two endcap layers on either
side. It provides a 3-dimensional positional measurement of the charged particle passing
through it. The transverse and longitudinal hit resolution in the pixel tracker is of the
order of 10 pm and 20-40 pum, respectively. The position of the sensor provides the third
coordinate of the hit. It consists of 66 million pixel sensors and covers an area of about

one square meter.
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FIGURE 3.4: A schematic diagram of the CMS inner tracking system [32].

The strip tracker consists of four subsystems, the Tracker Inner Barrel (TIB) and Disks
(TID), and Tracker Outer Barrel (TOB) and Tracker EndCaps (TEC). In total, the strip
detector has 10 barrel layers and 12 endcap layers on either side. The inner layers TIB,
TID provides a resolution in the range of 13-38 um in the r-¢ plane, while the outer
layers, TOB, TEC delivers a resolution of 18-47 um. The strip tracker has 15148 silicon
modules that cover an area of around 198 m? and has 9.3 million channels. Figure 3.5
shows the total thickness of the tracker material traversed by a particle produced at the
nominal interaction point, as a function of pseudorapidity. More details about the CMS

tracking system are provided in reference [33].

The inner pixel detector was upgraded in early 2017 to account for radiation damage to
the pixels and to cope with the increased instantaneous luminosity [34]. The upgrade is
referred to as the Phase-1 upgrade of the pixel detector. The upgraded detector has one
extra layer of pixels in the barrel and an extra disk in the forward endcaps. The new

barrel layers are placed at 2.9 cm, 6.8 cm, 10.9 ¢cm, and 16.0 cm from the beam axis. The
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Fi1GURE 3.5: Total thickness of the tracker material traversed by a particle produced
at the nominal interaction point, as a function of pseudorapidity, expressed in units of
radiation length (left) and nuclear interaction length(right) [32].

endcap disks are placed at 3.2 cm, 3.9 cm, and 4.8 cm on both z directions. The upgraded
pixel detector was used to collect the data in 2017. The updated detector helps increase
the tracking efficiency, reduce the fake rate, and extend the lifetime of the detector. This
leads to a better performance in reconstructing the leptons (electrons, muon, and taus),
photons, b-jets, and better resolution of the missing transverse momentum. Figure 3.6

shows the efficiency and fake rates for the upgraded pixel detector.

3.2.2 The Electromagnetic Calorimeter

The CMS Electromagnetic Calorimeter (ECAL) is designed to measure the energy of
particles predominantly deposited via electromagnetic interactions. The design goal of
the CMS ECAL was to provide fast measurements of the energy deposits with fine
granularity while also being radiation-resistant. The lead tungstate (PbWOy,) crystals
with high density (8.28 g/cm?), short radiation length (0.89 cm), and small Moliere
radius (2.2 cm) used in ECAL satisfy all the design goals. ECAL has 61200 trapezoidal
lead tungstate crystals mounted in the barrel, and 7324 crystals in each of the endcaps.
The layout of the CMS ECAL is shown in the Figuer 3.7. ECAL is constructed out of

single lead tungstate crystals, which provides an excellent energy resolution.
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FIGURE 3.6: The efficiency (left) and the fake rates (right) for the upgraded pixel
detector for various pileup scenario calculated in the simulated tt events. [34].
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FIGURE 3.7: Layout of the CMS electromagnetic calorimeter showing the
arrangement of crystal modules, supermodules and endcaps, with the preshower in
front [32].
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There is a pre-shower detector installed in the endcaps within the fiducial region 1.653 <
In| < 2.6. In the endcaps, the radiation is very high, and ECAL is not efficient at distin-
guishing neutral pions and photons. The primary aim of the CMS pre-shower detector
is to identify neutral pions in the high occupancy endcap regions. The preshower is a
sampling calorimeter with two layers and a total thickness of 20 cm. The layers con-
sist of lead radiators that initiate the electromagnetic showers and silicon strip sensors,

which measure the energy and the shower profile of incoming particles.

3.2.3 The Hadron Calorimeter

Precise measurements of the hadronic jet properties are essential in fulfilling the goals
of the CMS physics program. Additionally, precise measurement of missing transverse
energy [31] arising from the neutrinos or other exotic particles is also equally vital. The
CMS Hadron Calorimeter (HCAL) is designed to measure the energies and directions of
quark, gluon, and neutrino by measuring the energy and direction of hadron jets [35].
The HCAL is composed of three sub-detectors, HCAL Barrel (HB), the HCAL endcaps
(HE), and the HCAL forward detector (HF). These sub-detectors cover region up to
In| < 1.3, 1.3 < |n| < 3.0, and 3.0 < |n| < 5.2 respectively. In order to have a larger
amount of material needed to contain the hadron shower than the available volume in
the barrel region, an additional outer HCAL (HO) is placed outside of the solenoid

behind the magnet. A schematic drawing of the HCAL can be seen in Figure 3.8

Copper alloy and stainless steel are used to build the sampling calorimeters, HB and HE.
They are placed in the 3.8 Tesla magnetic field of the CMS magnet. Plastic scintillators
of the thickness of a few mm are placed between the copper. The plastic acts as an active
material, while the copper plates act as the absorber. The barrel calorimeter has a depth
of 79 cm. The innermost and outermost plates are 7cm thick and are made of stainless
steel for structural integrity. The granularity of the HB and HE calorimeters depending
on the 1 coverage are Anx A¢ = 0.087 x0.087 for for || < 1.6 and Anpx A¢p = 0.17x0.15
for |n| > 1.6.
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FI1GURE 3.8: A schematic drawing of the CMS HCAL in the r-z plane. The dashed
lines denote different values of pseudorapidity [32].

3.2.4 Muon Systems

To fulfill the discovery potential of the CMS detector, robust, precise, and efficient
detection of muons is critical [36]. The muon system has a hermetic coverage over the
pseudorapidity range up to £2.4. It consists of three different technologies to detect and
measure the trajectories of muons. The drift tubes (DT) are in the barrel region and
extend up to 1.3 in |n|, cathode strip chambers (CSC) are in the endcap region cover
from 0.9 to 2.4 in |n| , and resistive-plate chambers (RPC) are in both the barrel and
endcap and cover the region from 0.0 to 2.1 in |n|. An overview of the muon system can

be seen in Figure 3.9.

There are four stations in the barrel of the muon systems. The inner and the outer faces
of the yoke of the magnet house two of these systems, while the other two stations are
inside the steel yoke. The coordinates of the muon candidates in the r — ¢ plane and
z-direction are provided by the first three stations consisting of eight chambers each.
The endcap muon system houses four muon stations (ME1, ME2, ME3, ME4) of CSCs.
These are designed to operate at very high speeds in the presence of a large magnetic
field. A continuous ¢ coverage is achieved, arranging CSCs with a trapezoidal shape in

an overlapping manner. The anode wires placed radially in each CSC measure the radial
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FIGURE 3.9: A view of the Muon systems of the CMS detector [32].

coordinate for tracks. The cathodes run lengthwise at a constant A¢ width. Additional
RPC detectors are installed in both barrel and endcap muon systems. The RPCs are
parallel-plate chambers filled with gas and are capable of good spatial resolution with
excellent time resolution. The excellent time resolution of the RPC detector is utilized

in quickly identifying the signal and to have complementary sensitivity to the cosmics.

3.2.5 Trigger and Data Acquisition System

The LHC collides proton bunches every 25 ns (40 MHz collision frequency), correspond-
ing to ~ 10? interactions per second. Every second 40TB of storage required to store
all the interaction events. It is impossible to record events at such a high rate with
the existing technology. Moreover, most of these interactions are of very low energy
and are unlikely to have interesting physics. CMS employs a two-level trigger system to
filter out the interesting events and reduce the number of events to be stored to ~100
interaction every second. The two-step are called Level-1 (L1) [37, 38] and High-Level
Trigger (HLT) [39].
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The Level-1 Trigger consists of custom-designed, largely programmable electronics, whereas
the HLT is a software system implemented in a filter farm of about one thousand com-
mercial processors. The rate reduction capability is designed to be at least a factor
of 10% for the combined L1 Trigger and HLT. The design output rate limit of the L1
Trigger is 100 kHz. The L1 Trigger uses coarsely segmented data from the calorimeters

and the muon system to construct objects such as electrons, muons, jets, and missing
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energy. These reconstruct objects are referred to as trigger primitives (TPs). During
L1 decision making buffer memories in the front-end electronics hold high-resolution
data. A regional trigger system uses the TPs to form trigger objects on which the global
trigger (GT) decision is based. Trigger objects are then sorted based on the quality of
reconstruction, energy, or momentum of TPs. The highest-ranked trigger objects are
passed on to the GT. GT uses a total of 128 programmable algorithms to evaluate these
trigger objects. If any of the algorithms accept the event, then the event is passed on to
HLT via CMS Data Acquisition (DAQ) system. A schematic of the L1 trigger system is
provided in Figure 3.10. A schematic of the DAQ system is shown in Figure 3.11 [40].
The event data is extracted from the buffers in the front-end electronics. Front-End
Drivers (FEDs) send this data to the DAQ system. The event builder takes the ac-
cepted L1 information and combines the different fragments into an event. The event
filter, a computing farm of about 1000 nodes, takes the event and performs the Data
Quality Monitoring (DQM). The event is then sent to the HLT system. HLT has access
to the complete read-out data and has a processing delay time of about 100 ms. HLT can
perform complex calculations and construct more realistic objects, similar to those made
in the off-line analysis software if required for especially interesting events. Where possi-
ble, the L1 Trigger hardware is implemented in a field programmable gate array (FPGA)
technology, allowing much flexibility in implementation. In certain cases where speed,
density, and radiation resistance requirements are important, programmable memory

lookup tables (LUT) are also commonly used.






Chapter 4

Monte Carlo Simulation and

Identification of Physics Objects

The CMS detector is designed to identify various particles passing through it. In this
chapter, the techniques used in reconstructing and identifying these particles are de-
scribed. All the particles with electric charge passing through the silicon strip and
pixels produce a signal in these detectors. Electrons and photons deposit most of their
energy via electromagnetic interactions in the ECAL. Charged and the neutral hadrons

deposit most of their energy via strong interaction in the HCAL.

Various subdetectors of the CMS experiment can independently reconstruct the physics
objects, such as the muon system could deliver the muon candidates, ECAL can pro-
vide electrons/photon candidates. CMS also employes an integrated approach, called
Particle Flow (PF), of combing the information from various subdetectors to coherently
reconstruct and identify all the individual particles. Composite objects such as hadronic
taus, jets, MET are then reconstructed using PF objects. Before discussing the object
reconstruction, lets first discuss how the collision events are simulated in CMS. Once
the simulation and digitization process is complete, the reconstruction of the objects is

the same for both data and simulated samples.

In the next few sections, some details of the CMS simulation are discussed. After the

simulation, object identification and reconstruction techniques are described.

28
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4.1 Monte Carlo Simulation

Simulation techniques are used to mimic the detector environment to understand the
experimental conditions and performance of the detector. Backgrounds from the SM
processes for a BSM search could also be modeled using simulation techniques. We
can interpret the results of the proton-proton collisions by comparing the simulation to
the experimental measurements. Since we want to replicate the randomness of nature
in the simulations, Monte Carlo (MC) simulation techniques are employed. Various
MC techniques are used to model many processes, such as the production of the hard
interaction and pileup, and transport of the particles produced through the detector and

response of the detector for different particles having different energy and momentum.

The simulation chain starts from a theorist writing down the Lagrangian for a particular
theory under consideration. This Lagrangian is used to derive various couplings decay
widths of that model. A universal file format called UFO is used to store the model files.
We use the UFO files in the event generators to produce the events. There are four main
parts of connecting the simulation to the experimental measurements, event generation,
simulation, digitization, and reconstruction. The simulation process is described using

the production of the vectorlike lepton signal samples as an example below.

4.1.1 Event generation

The process of producing the signal samples starts from the model files provided by the
authors of a given model. These files are used in an event generator like MADGRAPH
5_aMCQNLO v5.2.2 to produce the grid packs for further processing [41, 42]. The grid
pack production is especially important in the case of large simulation samples, use of
the grid packs allows us to utilize the grid computing resources fully. Madgraph uses the
parton distribution functions (PDF) to pick a parton for interaction from each proton
beam. These partons then interact according to the couplings and interaction strength
provided in the model to produce the hard interaction vertex. This interaction yields
a set of final state particles, and these particles may not be color singlets under QCD
interaction. PYTHIA 8 takes the particles provided by madgraph and does fragmentation
and hadronization to make color singlet states [43]. It also performs the initial state

radiation (ISR) and final state radiation (FSR) to mimic the actual parton interaction.
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4.1.2 Simulation

The particles produced at the interaction point travel through the detector and deposit
their energy in various detector modules. In the simulation, the particles provided from
the event generation step are transported through the detector. The interaction of the
particles with the detector material is modeled using GEANT4 toolkit [44]. GEANT4
describes the energy loss of various particles as they interact with the material in the

detector.

The GEANT4 based simulation (Full Simulation) of the CMS detector is used for the
backgrounds as well as most signal samples. However, for some huge samples, a faster
version of the simulation is desired. In the next section, a faster simulation technique

“Fast Simulation” is discussed.

4.1.3 Fast Simulation

The GEANT4 based simulation is generally quite slow for complicated processes. It
takes about 100 seconds to process one tt like event. Models beyond SM generally have
some free parameters; in a search for BSM physics, a range of these parameters needs
to be tested against the data. This means that a large number of simulation samples
are needed to make a grid of samples corresponding to variation in the free parameters.
To produce these large simulation samples, huge computing resources are needed. This
problem is mitigated by developing a speedy model to do detector simulation by making
some simplifying assumptions. This fast model of the detector simulation is referred to

as Fast Simulation. Below are some of the key differences/similarities of Fast Simulation:

Complete detector geometry.

Simplified analytic detector responses.

Infinitesmall thin detector layers.

Complete emulation of trigger and electronics.

CMS Fast simulation is built around these assumptions, and the resultant software is

speedy compared to the Full Simulation. The fast simulation takes about 5 seconds to
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process one tt like event. Many of the signal processes, especially in for the SUSY mod-
els are generated using Fast Simulation. Extensive validation tests of Fast Simulation
are performed against Full Simulation to judge its accuracy in simulating the different
processes. Figure 4.1 shows the efficiency of reconstructing tracks and muons in Fast
and Full Simulation for tt events [45]. Fast simulation is adequate to model high level
quanties such as, lepton pr, p%‘iss but there are notable difference in lower level quanti-
ties like track reconstruction efficiency. An effort to correct for the discrepancies of the

fast simulation is ongoing in CMS.
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FIGURE 4.1: Comparison of reconstruction efficiencies for tracks (left) and muons
(right) in Fastsim and Fullsim.

4.1.4 Digitization and Reconstruction

After having the energy deposits in various detector components, the raw signals are
digitized by backend electronics (data)/digitizer software(MC), and hits are constructed.
A hit refers to the energy deposit above some predefined threshold in a given detector
module. These hits are then used by the reconstruction algorithms to reconstruct the

physics objects.

Once the simulation chain is finished, the next step is to reconstruct and identify the
physical objects of interest. In the following few sections, reconstruction and identifica-

tion of physics objects are discussed.



Simulation and Identification of Physics Objects 32

4.2 Tracks and Vertices

As the charged particles traverse the tracker volume, they leave an electromagnetic sig-
nature in the detector. These electronic signals are used to reconstruct the tracks of the
charged particles. The charged particle tracks are used in the reconstruction of advanced
objects such as electrons, muons, charged hadrons, and also used in reconstructing inter-
action vertices. CMS tracker and the algorithms are designed to efficiently reconstruct
the tracks of charged particles in the pt range of 0.1-1000 GeV. The tracker volume near
the interaction point has a very high occupancy of hits; the goal of the track reconstruc-
tion is to correctly identify the tracks of charged particles with a low misidentification

rate.

The tracking in CMS could be divided into 5 logical steps: hit reconstruction, seed
generation, pattern recognition, ambiguity resolution, and final track fit [46]. The signals
from pixel and strip are used to build hits. The raw signals are zero-suppressed and
are clustered in a local reconstruction. The clusters satisfying a predefined signal-to-
noise ratio threshold in pixel and strip detectors are used to determine the initial hit
position. Tracks using pixel hits are reconstructed and are used by beam spot fitter [47]

to determine approximate location and size of the beam spot.

The magnetic field inside the detector volume is quite uniform; using a quasi-uniform
magnetic field it is possible to estimate the initial track trajectory and the uncertainties
assuming particles traverse helical paths in the detector. Seeds for the track recon-
struction are generated using this approach with utilizing up to 3 hits and beam spot
constraints. After this step, an iterative tracking technique with multiple levels is used
to reconstruct tracks from the seeds. In the iterative tracking, high momentum tracks
originating from interaction point are reconstructed first. Then the hits used in this
step are not considered for further trajectory building. A Combinatorial Track Finder
(CTF) algorithm processes the hits starting from the seed layer searching outwards in an
attempt to improve the trajectory and momentum measurements by adding more hits to
the reconstructed tracks. Particle trajectories are corrected for possible inhomogeneities
in the magnetic field as well as the effects of energy loss due to ionization and multiple

Coulomb scattering [33, 48].



Simulation and Identification of Physics Objects 33

After the iterative pattern recognition step, any hit or seed ambiguities the track candi-
dates have are resolved using the information on shared hit fraction to prevent double
counting. The resulting track candidates are fitted again using a least-squares approach
with relaxed seed constraints to eliminate any biases that might arise from the initial
coarse trajectory estimates. The reconstructed tracks, together with the pixel-based
beam spot measurement, are used to reconstruct the primary vertices in the event, in-
cluding those due to pileup collisions. For vertex reconstruction, tracks are required to
satisfy specific quality requirements on their transverse impact parameter, the number of
the strip and pixel hits, and the normalized x? of their trajectory fit, and then clustered

along the beam axis and fitted with the adaptive vertex fitter [49].

4.3 Muons

The CMS detector is very efficient in reconstructing the muons coming out of the proton
collisions. Muons produce tracks in the inner detector and the muon detectors. Both
tracker and the muon detectors are capable of reconstructing the muons and giving a
precise measurement of the muon momentum. Depending on the detector system used
in the reconstruction, three types of muon candidates have been defined: the standalone

muons, the tracker muons, and the global muons.

The standalone techniques solely rely on the information provided by DT and CSC
detectors. RPC detectors give additional information in the barrel endcap overlap region.
The reconstruction starts from the track segments produced by local reconstruction in
the DT and CSC chambers. In each DT chamber, triplets of hits in the SLs are used
as seeds and are grown into linear segments with additional hits, consistent with the
beam spot location and size. The information from strips and wire-bundles in the
CSS is combined to construct 2-dimensional hits in each chamber layer. A series of
at least four hits consistent with a linear fit with a maximum r — ¢ spread of 1 cm
are retained as segments. Unlike the DT and CSC systems, local RPC reconstruction
yields hit locations instead of segments. These are calculated as the geometric centers
of the signal carrying strip clusters in the RPC detector plane. Following the local
reconstruction step, the innermost DT and CSC segments are treated as seeds for the

standalone muon trajectory reconstruction. This step is performed with the Kalman
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filter technique taking into account the effects of energy losses in the material, multiple
scattering, and non-homogenous magnetic fields. The reconstruction is first performed
inside-out, and then outside-in with the added inclusion of the beam spot constraint,

yielding the final standalone muon candidates.

Tracks in the tracker with pp >0.5 GeV and pr <2.5 GeV are projected to the muon
systems, if the track matches to a DT or a CSC segment then the track is considered as

a tracker muon candidate.

Global muons are constructed by the combination of tracker tracks with the standalone
muon tracks obtained in the muon systems. The matching is performed by projecting the
standalone muon trajectories to the outer tracker surface, and the global muon track is
accomplished via a re-fit of these hits with the Kalman filter technique. This is especially
important for TeV range muons. The global muon reconstruction achieves a better pr
resolution in comparison to tracker-only measurements for muons with pp > 200 GeV.
Figure 4.2 shows the RMS of relative q/pr as a function of cosmic rays pr, q is charge

of the muon [50].
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FIGURE 4.2: Figure shows the RMS of relative q/pt as a function of cosmic rays pr,
q is charge of the muon. Inner track only fit is shown by squars and by clircles
including the muon systems. [50].
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4.4 Electrons

The electrons being electrically charged produce a track in the inner silicon tracker. The
electron identification algorithm takes this information from the tracker and matches the
energy deposits in the ECAL. Electrons deposit most of their energy in the ECAL, but
the bremsstrahlung radiation in the tracker volume plays a significant role in the electron
reconstruction [51]. As the electrons travel through tracker in the magnetic field, their
trajectory curve in the ¢ direction. Due to this curvature, the bremsstrahlung photons
deposits are spread in ECAL according to their pr. Usually, the electromagnetic energy
deposits in ECAL for a single electron/photon are contained in a 5 x 5 lattices of ECAL
crystals (97% of times). Due to this spread of energy in the ECAL, a combination
of clusters in local 7 — ¢ coordinates is needed to measure the total energy of the
incident electron. In the CMS, two techniques are used in ECAL to form the cluster
of energy deposits for electrons. In the endcap region, clusters of individual showers
are produced using a modified island (5x5) algorithm, which is then further combined
along ¢-segments to produce super-clusters. In the barrel region, a hybrid algorithm,
which dynamically seeks bremsstrahlung deposits along the ¢ axis, is used. In each event,
the ECAL crystal channels are read out using a Selective Readout (SR) zero-suppression
algorithm, and crystals with energy deposits above a predetermined energy threshold and
corresponding to local maxima are used as seeds in both clustering algorithms. While
reconstructing the electron tracks in the silicon tracker, the effect of bremsstrahlung
radiation also needs to be taken in to account. For a majority of charged particles,
ionization losses are most important, but for electrons, bremsstrahlung radiation also
plays a significant role. About 35% of the electrons lose at least 70% of their initial
energy due to bremsstrahlung radiation in the tracker. These radiated photons can
further convert into electron-positron pairs, yielding more charged particle tracks. A
dedicated Gaussian Sum Fitter (GSF) is used to reconstruct the tracks for electron
candidates in the tracker [52]. All the pixel tracks are checked for consistency in position
and momentum to an ECAL super-cluster. If these tracks are found to be consistent,
then the GSF track reconstruction is performed for such track candidates. This is
called ECAL based seeding. The ECAL-driven seeding is quite efficient and provides
good momentum measurement for the relatively high momentum electrons which are

isolated. A second approach, especially targeted at the low momentum electrons, is
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used to recover the low momentum, non-isolated electrons. In this approach, CTF
tracks with projections matching to an ECAL PF cluster, and with missing tracker hits

or poor x? values are considered for the GSF fit.

The final momentum of the electron candidates is estimated using information from
tracker as well as ECAL, for the low momentum electrons (pr < 15 GeV) the tracker
measurements are more precise due to low bremsstrahlung radiation, while for the high
momentum electrons the ECAL energy measurements play the leading role. Figure 4.3

shows the effective resolution of electron momentum by using the information of tracker

and the ECAL [53].
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FIGURE 4.3: Figure shows the effictive resolution of electron momentum by using the
information of tracker and the ECAL [53].

4.5 Taus

The 7 lepton is the heaviest lepton in the standard model. It is heavy enough to
decay to leptons as well as hadrons and neutrinos. The leptonic decay of 7 leptons
to electron and muon are accompanied by the two neutrinos. These are denoted as
7. and 7, respectively. The electrons and muons are reconstructed as described in the
previous sections. All other decay of the 7 lepton almost always contain the hadrons

with a combination of charged and neutral mesons and a 7 neutrino (). The hadronic
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Decay Mode Resonance B (%) Reconstruction
Leptonic decays 35.2

T = e Vels 17.8 e~

T = p Uyl 17.4 w
Hadronic decays 64.8

T > hvs 11.5 1-prong
T= = h™mov, p{770} 25.9 1-prong
T — h™momovs a1{1260} 9.5 1-prong
T~ = h hth v, a1{1260} 9.8 3-prong
T = h hTh mov, 4.8 Not targeted
Other 3.3 Not targeted

TABLE 4.1: Tau lepton decay modes and their branching fractions are provided. Also
listed the corresponding reconstruction modes. The charged hadrons are denoted by
the symbol h¥.

decay of the 7 lepton is denoted as 7. Decay modes with one charged hadron are
called 1-prong decays, while the modes with three charged hadrons are called 3-prong
decay modes. The detailed description of the 7 lepton decay modes and corresponding

branching fractions are provided in table 4.1.

The 75, candidates at CMS are reconstructed using the hadrons-plus-strips(HPS) algo-
rithm [54, 55]. In the HPS algorithm charged hadrons (h*) and the neutral pions (7o)
used to reconstructed the 75, object. The charged hadrons are reconstructed using their
associated charged particle tracks in the silicon tracker. Most of the time, the my converts
to a pair of photons in the tracker region, and the emitted photons can then convert
into the electron-positron pair in the ECAL. These electron and photon candidates are
clustered in rectangular regions of pseudorapidity and azimuthal angle, X ¢ to obtain

the mg candidates. These rectangular regions in the calorimeter plane are called “strips”.

At the LHC main challenge in efficiently identifying the 73, is to distinguish them from
the quark and gluon jet. The technique used to separate the 7, candidates from the

hadronic jets are discussed later in this chapter.

4.6 Jets and Missing Transverse Momentum

The quarks and gluons coming out of proton-proton collision go through fragmentation
and hadronization to form color singlet states. These states can further create additional

quark-antiquark pairs via gluon emission. This creates a collection of color neutral
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particles traveling in a narrow cone in the detector. This collection of particles, ideally
originating from a single quark/gluon, is referred to as a jet. Charged hadrons carry
most of the energy in a typical jet (~ 60%), photons (coming from the decay of 70)
carry ~ 25% while neutral hadrons carry about ~ 10%. There are many techniques to

associate the detector signatures of the particles by forming a jet.

The algorithms used in the formation of jets should be infrared and collinear safe
(IRC) [56]. The IRC safe algorithms are immune to the emission of arbitrarily soft
(low energy) and collinear particles resulting in measurements that can be compared to
fixed-order perturbative QCD calculations. CMS uses a number of IRC safe algorithms
to reconstruct jets of various radiuses such as, the SISCone [57], Cambridge/Aachen [58],

kr [59, 60] and anti-kp [61].

2 2

= min{1/k% . 1/k2 . (ni = mj)” + (¢ = 9)

dij = min{1/ky;, 1/k7 ;} R2 (4.1)
dile/k%,i

Jets clustered using anti-k7 algorithm with radius parameter R=0.4 are used in this
thesis. The anti-kr algorithm computes two distances for clustering the individual par-
ticles. These are given in Eq 4.1 as d;p (distance between i*" object and beamline) and
d;j (distance between " and j* object). Starting from a given i'" object, the combi-
nation algorithm looks for a j** object such that d;; < d;p, if such an object is found
then the algorithm combines these two objects by adding the individual four vectors.
If no additional object satisfying d;; < d;p is found, then the ith object is considered
as a jet and is removed from the further iterations. These resulting jets are corrected
for variation in energy response as a function of pr and 7, discrepancies in data and

simulations comparisons, and the effects of pileup [62].

' PF
PE == pr (4.2)
i

Neutrinos and other possible weakly interacting BSM particles escape the detector with-
out leaving any signature. The presence of such particles is inferred by constructing a

quantity called missing transverse momentum (p‘%ﬁss). The prrf‘iss is also labeled as Er_,r?iss
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throughout this thesis. The pmlSS is defined as the negative vector sum of the all the
PF candidates in the event as in Eq. 4.2. The definition of the pmlss for the vectorlike
lepton search performed using data collected in 2017 has been modified to mitigate noise
effects related to the aging of the CMS ECAL. For 2017 dataset the PF jet candidates
with 2.5 < |n| < 3.0 and pr < 70 GeV are excluded from the sum in Eq.4.2. The impact
of this change is shown in Fig. 4.4, 4.5 for dilepton event selection enriched in Drell-Yan

(DY) + jets events.
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FIGURE 4.4: Distributions of EZ**** in di-muon (left) and di-electron (right) region
when dilepton mass is on-Z.
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FIGURE 4.5: Distributions of EZ**** in di-muon (left) and di-electron (right) region
when dilepton mass is on-Z after correcting the E7**°.

A much better agreement between data and standard model predictions is observed by

using a modified p%liss definition. The remaining discrepancy in Fig. 4.5 is covered by
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the corresponding uncertainties on the SM prediction. These uncertainties are discussed

in Chapter 5.

4.7 Leptons Discriminations and Selections

The search for new physics relies on the identifications of particles produced in the hard
interaction. The leptons originating from the decays of the bosons (W, Z, and Higgs)
or new exotic particles produced in hard interaction, are generally isolated, i.e., the
additional hadronic activity around them is minimal. This property of these leptons
could be utilized to identify such leptons efficiently. In the CMS experiment, we define
various isolation quantities in a cone around leptons separately for electron, muon, and
taus. The main challenge in defining the isolation variables is to account for the impact
of the additional pileup particles present in the isolation cone. For the pileup correction
due to charged hadrons, the information from the CMS tracker is used. The charged
particles associated with pileup vertices are removed from the isolation sum. For the
neutral particles coming from pileup vertices, the tracker information is not available.
Average charged to neutral particle ratio called Ag is used to remove neutral pileup from
isolation sum effectively. Other useful parameters in differentiating the real vs. a lepton

from within the jets are the transverse (d;,) and longitudinal d, impact parameters.

Electrons with pr > 20 GeV and |n| < 2.5, and muons with pr > 20 GeV and |n| < 2.4
are used in the search for the vectorlike leptons. Muons are required to satisfy certain set
of idendification requirements summarized in Table 4.2 [63]. The selection corresponds
to about 99% efficiency for real muons. Additionally, muon candidates are required to
statisfy AS corrected relative PF-based isolation in a cone of AR < 0.4 around muon
candidate to be < 15%. Muon candidates are also required to satisfy |d,| < 0.1 cm
and |dzy| < 0.05 cm. A loose muon selection is defined where Af corrected PF-based

isolation requirement is relaxed to < 100% and the muon ID selections are relaxed.

Table 4.3 summarizes the electron selections [64], corresponding to a efficiency of about
80%. A loose selection is also defined for electrons, where the selections are relaxed.

The loose WP corresponds to an efficiency of about 90%.
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Muon Variable Selection
Global Muon yes
normalized global track y? <3
Tracker standalone position match | < 12
kick finder quality < 20
Segment compatibility > 0.451
d, (c. m.) < 0.1
dyy (c. m.) < 0.05
TABLE 4.2: Muon ID selections.
Electron Variable Selection
Barrel (|n| <1.479) | Endcap (|n| >1.479)
Tinin < 0.00998 < 0.0298
| ANseed] < 0.00311 < 0.00609
[Adin| < 0.103 < 0.045
H/E < 0.253 < 0.0878
|I/E —1/P] < 0.134 < 0.13
missing inner hits <1 <1
conversion veto yes yes
R.elatlve co.mbmed PF 1sol.at10n < 0.0695 < 0.0821
with effective area correction
d, (c. m.) < 0.10 < 0.20
dgy (c. m.) < 0.05 < 0.10

TABLE 4.3: The table summarises electron identification selections.

Tau candidates with py > 20 GeV, |n| < 2.3 are selected using hadron-plus-strips (HPS)
algorithm which reconstructs tau decay to 1 or 3 charged hadrons. The tau candidates
are required to pass a multivariate-based isolation discriminator with a working point
corresponding to about 40% efficiency. Additionally, it is required that dz < 0.2 c.m.,
where dyz is computed for the leading charged hadron candidate of the tau object. In
order to remove misidentified tau candidates originating from electrons or muons, we
require all candidates also to pass multivariate-based discriminators designed to distin-
guish tau candidates from electrons and muons. A looser tau selection for the prediction
of fake tau background is also defined; for this selection, the isolation is relaxed corre-
sponding to an efficiency of about 70% [65]. The tau ID selections are summarized in

Table 4.4.
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Tau Variable Selection
decayModeFindingOldDMs yes

by VTightlsolationMVArun2vlDBoldDMwLT | yes
againstElectronTight M VA6 yes
againstMuonTight3 yes

d. (c. m.) <0.2

TABLE 4.4: The table summarises hadronically decaying tau lepton identification

requirements.






Chapter 5

Multileptonic Signatures and

Backgrounds

In this chapter, multileptonic signatures at the LHC are discussed. The chapter also
describes the techniques used to estimate the standard model backgrounds for the multi-
lepton final states. In this chapter, data collected by CMS detector at \/s=13 TeV using
single electron and single muons triggers in the year 2017 is used. The pt threshold for
the electron trigger was 35 GeV, while for muon trigger, it was 27 GeV. The collected
dataset corresponds to a luminosity of 41.4 fb~! recorded in the year 2017. A detailed

description of the datasets used in the analysis is provided in Appendix A.1.

Multileptons region is divided into several categories as follows, events with three elec-
trons/muons (light leptons) are referred to as 3L, events with four or more light leptons
are referred to ass 4L, and events with two light leptons, and at least one hadronically
decaying tau are labeled as 2L1T. The 2L1T category is further divided based on the
relative charge of the light lepton pair. The 2L1T events where both light leptons have
the same (opposite) charge are referred to as 2L1TSS (2L1TOS).

5.1 Multileptonic Signatures at LHC

At a hadron colliders such as LHC, leptonic signatures are rare due to low electroweak

production cross-section as compared to the strong production. Figure 5.1 shows the

43
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production cross-section of various SM processes as a function of the center of mass
energy. The leading process with at least one lepton in the final state is the leptonic
decay of W boson. The production cross-section for W boson is orders of magnitude
smaller than the dijet cross-section at the LHC. The leading SM processes which yield
multilepton final state (diboson process WZ, ZZ) have an even smaller cross-section.
Having minimal SM background, the multilepton final states are a very clean probe to
look for beyond standard model (BSM) physics. The BSM processes resulting in multiple
leptons also tend to have a small cross-section; still, the multileptons signatures generally

have good sensitivity to a large number of BSM models.

March 2017 CMS Preliminary
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FIGURE 5.1: Production cross section for various standard model processes as a
function of center of mass energy.

There are a variety of BSM models that attempt to address the deficiencies of SM.
Many of them give rise to multilepton signatures, such as electroweak production of
chargino and neutralino in SUSY, pair production of heavy type-III seesaw fermions,
pair production of vectorlike leptons. I developed a generic framework to search for
models yielding multilepton signatures. For any BSM search, more often than not, the
most challenging part is the estimation of SM background. In the next section, I will

describe the methods I developed to tackle this problem for a generic multilepton search.
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5.2 Backgrounds for Multileptonic Signatures

There are many SM processes that can lead to multiple leptons in the final state, and
these constitute the background for our search. For this search, we categorize the leptons
based on their origin. The leptons that directly come from the W, Z, Higgs boson
decays (or from the direct decay of BSM particles such as vectorlike tau (7/) are called
prompt leptons. The leptons coming from the semileptonic hadron decays within jets or
some other misidentified detector signatures are labeled as misidentified(fake) leptons.
Additionally, a smaller fraction of non-prompt leptons are due to internal or external

asymmetric conversions of photons, and such leptons are labeled as conversion leptons.

Based on the lepton compositions, the background for this search could be broadly cat-
egorized into two components: irreducible and reducible. The irreducible backgrounds
are the processes where all the leptons under consideration are prompt, while the re-
ducible backgrounds are the ones where at least one of the lepton is non-prompt. The

non-prompt leptons are also labeled as misidentified leptons.

The leptonic decays of diboson productions (WZ, ZZ) are the primary sources of prompt
backgrounds. The leptons from these decays are generally isolated and originate from the
primary vertex. These processes are modeled very well using the Monte Carlo(MC) sim-
ulations. On the other hand, the non-prompt backgrounds involving leptons from hadron
decays and misidentified detector signatures are challenging to model using Monte Carlo
methods due to the lack of understanding of low energy QCD and the misidentified de-
tector signatures. The leading processes contributing in this category are DY+jets and
tt+jets, where two prompt leptons are coming from the decay of bosons, while the third
lepton is non-prompt lepton arising from other activity in the event. Due to these limita-

tions of Monte Carlo methods, data-driven techniques are employed for such processes.

Before beginning a search for BSM physics, it is important to study the properties of
the physics objects (in our case, leptons) selected in the analysis. In the next section,

dilepton regions are used as a cross-check to verify the object selections.



Multileptonic Signatures and Backgrounds 46

5.3 Dilepton Control Regions

In the signal regions, at least three leptons are required, given this, we can construct
dilepton regions to better understand and commission the object selections. In the
analysis, the data is collected using single lepton triggers; these regions are also very

useful in determining if the triggers have appropriately fired.

The Z boson decays to two leptons with opposite charge in the final state, we create a
selection of events enriched in Z + jets (or Drell-Yan (DY) + jets) events by requiring
the mass of the opposite sign same flavor (OSSF) dilepton pair to be on-Z and pss <
50 GeV. The on-Z selection is defined by requiring the invariant mass of the lepton
pair (M) to be within 15 GeV from the Z mass (91.19 GeV). DY (— ee)+jets and
DY (— pp)+jets processes are studied separately. To study tt+jets process, events
having an opposite-sign ey pair and St > 300 GeV are selected. St is defined as the

miss

scalar sum of pr of leptons (L), p'™* and sum of pr of jets(Hr).

Figures 5.2, 5.3 and 5.4 show the lepton pr, L, and My, distributions for the DY +jets
enriched selections, and the lepton pr, L, and p%iss distributions for the tt+jets en-
riched selection. The L is defined as the sum of pr of leptons. All plots are normalized
to data over the NLO cross-section (DY (— ee): 0.98, DY(— pp): 1.05, tt: 1.07). The
jet multiplicity is normalized to data in order to account for higher order effects that
might not be properly estimated by NLO MC. Additional correction factor as a function

of Z pr (vector sum of lepton pr) is applied to correct for the mismodelling of Z pr in

MC [66].

A good agreement between data and the SM predictions is observed in all the lepton
parameters. These regions have a lot of events and relatively low statistical uncertainty

even in the tails of distributions, suggesting the lepton kinematics is well modeled.

5.4 Misidentified Lepton Backgrounds

The background component involving at least one non-prompt leptons are estimated
via a 3-dimensional implementation of a matrix method [67]. The leading SM processes

contributing to this component of the background are DY +jets, tt+jets, and WW+jets.



Multileptonic Signatures and Backgrounds 47
CMS Preliminary 41.4 fo™ (13 TeV) CMS Preliminary 41.4 fo™ (13 TeV)
o e e e e B e e e e
10° ¢+ Data 10 ¢+ Data
108 I DY 108 I DY
I tthar I tthar
107 . Wz 107 . Wz
| o4 mm ZZ
10° 10°
L 10° L 10°
c c
3 10 3 10°
o o
10° 10°
10° 102
10 10
1 )
10t 107! L
o 2 — T T T ] o 2[ T |
S 15 +T ] S 15 . .
E 1 ?y+*+m.+o—o++f+ R e +++; E [ e A e I —
5 05 — 5 05 —
0 o by e b e e b e b e by 0 1 o b e b e by ey P
0 100 200 300 400 500 600 0 50 100 150 200 250 300
1st Lepton PT (GeV) 2nd Lepton PT (GeV)
CMS Preliminary 41.4 " (13 TeV) CMS Preliminary 414" (13 TeV,
B e B B e e SRR o CorT T R e
10° ¢+ Data 10 ¢+ Data 3
10° I DY 108 I DY
I tthar I tthar
107 . Wz 107 Wz
7z 7z
10° ] 108 ]
- 10° L 10
c c
8 10* g 10*
o o
10% 10°
10? 10°
10 10
1 1
107 107
Q 2T T TR T T ] a 2p ]
4 15— . *f — 4 15— =
g 1— e ST SOAPPPEPED S, 8 -7 .t +# ++; E 1= e ——*— —]
8 05 — 8 05 —
0 o b b e b e e e b e 0 v b b b b b b B By
0 100 200 300 400 500 600 700 70 75 80 85 90 95 100 105 110 115 120
L; (Gev) Dilepton Pair Mass (GeV)

FIGURE 5.2: Leading (upper left) and subleading (upper right) electron pr, Lt (lower
left) and My (lower right) distributions in the DY —ee enriched dilepton selection.

A unified method is developed to estimate all these processes together. The method also

estimates this background for all lepton flavors (viz. e/u/7).

5.5 Matrix Method

Matrix method is a data-driven techniques that relies on the assumption that the proba-
bilities with which prompt and fake leptons pass a tight lepton selection given that they
satisfy a loose lepton selection, prompt (p) and fake (f) rates respectively, are universal

and can be described as a function of the lepton and event dependent parameters. This
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0

0

assumption allows the measurement of these rates in signal-depleted regions and then

their application to the signal regions.

In the analysis, a 3-dimensional matrix method is used, while for clarity, a 2-dimensional

matrix method is explained in this section.

All the dilepton events are divided into four categories. The dilepton events in which

both the leptons satisfy the tight lepton criteria are referred to as TT events, events

where only one lepton satisfy the tight criteria while the other lepton only satisfies a

loose criterion and fails the tight criteria are referred to as LT and TL. The letters are

ordered based on the pr of leptons; for example, if the lepton leading in pr satisfies

the tight criteria and the trailing lepton only satisfies loose criteria; then the events
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Lt (lower right) distributions in the tt — e enriched dilepton selection.

are labeled as TL. The events where both the leptons fail the tight selections while
still passing the loose selection are referred to as LL events. The events where both
the leptons are tight, TT, are used to define the signal regions while the TL, LT, and
LL events are used to estimate the misidentified background using the matrix method.
Another categorization of these events can also be done based on the origin of these
leptons. Events where both leptons are prompt and are labeled as PP, both fake as FF
and one fake, one prompt as PF and FP. It should be noted that the total number of

events is the same after loose selections; this implies:
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Npp + Npr + Npp + Npp = Nrr + Nrp + Npr + N (5.1)

We can define fl =1— f; and p; = 1 —p;, using these definations the two categorizations

can also be related by a transformation matrix given in Eq. 5.2.

Nrr fifa fipe pife L2\ (Ner
Nir | _ fifa fipe pife prpe | | Nep (5.2)
Nrp, fi-fo fip2 pi-fe pip2 | | Ner
Nrr fi-fa fip2 pi-fe prp2) \Npp

This matrix relates the actual origin of the leptons to the observations using the detector.
The matrix could be inverted to get the number of origin based quantities as a function
of numbers and parameters that can be measured experimentally. While inverting the

matrix, it is assumed that p; # f;. The inverted matrix is given in Eq. 5.3.

Npp p1p2  —pi1-Pp2 —pi-p2 P1p2 Nrr
Nep | _ 1 —pifo prfo prfe —prfo| | Nor (5.3)
Npp =)= ) | —fips frpe fipe —fipo | | Nox
Npp fife —fife —fife fife Nrr

The number of events with at least one fake in the T'T category can be estimated using
Eq. 5.3 and the fact that the total fake contribution is coming from events with one fake

lepton and two fake leptons. The total fake background can be expressed as:

NEgke = f1 faNpp + fip2Nep + p1f2Npr (5.4)

We can now use Eq. 5.3 and Eq. 5.4 to predict the fake contribution, given that the

fake and prompt rates are already measured. This method can be extended to include
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the third lepton, as well. In this analysis, its 3-dimensional form is used. The 3-
dimensional matrix method can predict background contributions due to events with up
to 3 simultaneous misidentified leptons. In signal regions with four or more leptons, the
3-dimensional matrix method is applied on the 27¢, 3¢, and 4" leading pr leptons, and

the lepton with the highest pt in the event is considered a prompt lepton.

5.6 Measurement of the Prompt and Misidentification Rates

The measurement of the prompt and misidentification or fake rates is performed in the
signal depleted control regions and in MC simulated samples. The prompt rates are
defined as the probability that a given lepton satisfies the tight lepton selection, given
that it also fulfilled the loose lepton selections. Depending on the origin of the lepton,

this probability is referred to as “fake” or “prompt” rates.

In the detector, one of the main differences between the leptons arising from bosonic
decays as opposed to leptons from jets and other hadronic activity is the lepton isolation,
i.e., the amount of energy around the lepton candidate. Moreover, even for fake leptons,
the amount of energy deposited in the immediate neighborhood of the lepton might
change depending on the origin of the fake lepton. It is also worth noting that the
properties of lepton changes depending on how many particles are depositing given
energy and how close they are to the lepton. The other important parameter is the
displacement of the lepton from the vertex. The dominant processes contributing to the
misidentified background are DY + jets and tt +jets. In DY + jets, the fake lepton
mostly comes from additional jets of light flavor or a gluon jets, on the other hand,
fakes generally originate from the b quarks jets in the tt events. The light jets and the
b-jets have very different fragmentations, and moreover, the b-jets are coming from the
decays of top quarks and tend to have large pt compared to light jets in the DY + jets
process. This leads to a unique challenge of two very different processes contributing
to misidentified lepton background. The rate at which loose leptons coming from the
b-jets in tt pass the light lepton selection are quite different as compared to the DY +
jets leptons. Additionally, DY + jets events have a very different topology compared to
the tt events. In the DY process, the jet giving rise to the fake lepton essentially recoils

against the Z boson system(the prompt lepton pair). This means the property of the fake



Multileptonic Signatures and Backgrounds 52

lepton in the DY processes directly correlates to the momentum of the Z boson. If the Z
has high momentum, the recoiling jet would be more collimated due to the momentum
conservation, this will hugely impact the fake rate for the fake lepton coming from the
recoiled jet. This lepton is more likely to fail the tight isolation requirement used in the
tight selection, resulting in a much lower fake rate. These observations suggest that for
parameterization of the fake rates, we need something more than just the lepton specific
properties such as pt and 7. To mitigate the issues discussed above, we utilize the pt of
the AK4 jet matched to the given fake lepton (also referred to as mother jet) for the fake
rate parameterization in addition to lepton pt and 1. This not only helps in reducing
the differences between rates measured in tt and DY but also helps in capturing the

nuisances of the event topology.

Prompt rates for leptons are measured using a tag-and-probe method in MC and data.
For MC measurements, a set of events enriched in prompt leptons from Z — £¢ or tt
decays is created by requiring the reconstructed leptons to be kinematically matched to
a generator level prompt lepton (AR < 0.1) to be labeled as prompt objects. In data,
we require to have an on-Z, OSSF pair, and p%iss < 50 GeV. The leading pr lepton
is chosen as the tag and is also required to satisfy the tight lepton selection, and the

subleading pt one is chosen as the probe.

The rates are measured separately for each lepton flavor. The prompt rates are parametrized
in bins of the lepton pr, lepton |n|, and the number of tracks in an event. Lepton fake
rates are measured inclusively for trilepton events in MC. In data, we require to have
an on-Z, OSSF pair satisfying the tight lepton selection, p?iss < 50 GeV, and a single
additional probe lepton satisfying the loose lepton selection. A fake probe lepton en-
riched selection of events is created in simulated samples by imposing an inverted AR
requirement among the probe lepton and the prompt generator level leptons in the event
(AR > 0.1). Additionally, fake probe leptons matching to a generator level photon are

also vetoed.

In all rate measurements conducted in data, contributions due to leptons of the undesired
origin (prompt leptons for fake rate measurements and vice versa) are estimated and
subtracted using MC methods, whereas a simple binomial ratio of tight over loose leptons

is taken in MC. These quantities are calculated as given in Eq. 5.5.
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NMC data
MC __ ~ tight prompts data __ ~ tight prompts
p - Ay MC ’ p - Ndata ’
loose prompts loose prompts ( 5 5)

NMC Ndata _ NMC ’
fMC " 'tight fakes fdata _ ~tight tight non—fakes
- n\yMC ) - Ndata _ NMC :
loose fakes loose loose non—fakes

Since the fake rate measurement in data is statistically limited and contaminated with
the prompt background, we do not use these fake rates directly, but to correct the fake

rates measured in MC. This is done only for fake rate bins in lepton pr & lepton |n| with

significant non-prompt contribution. We calculate the ratio of k:(fiata — fdata /DY MC

and apply this correction factor back to fMC in the corresponding bins of the pr of the

mother jet of the probe lepton. Prompt rates are corrected in each lepton pr, lepton |7

p _ dat DY MC
paa/p

and number of tracks bin by kj . =

Taking into account the variation of the rates in simulated and data enriched DY and
only simulated tt events, a single prompt, and the fake rate is defined for each bin as

given in Eq. 5.6.

DY MC +ptf MC

p
b= kgata ’ 2 )
(5.6)
; fDY MC ftf MC ’
f = kdata ’ 9

The electron and muon prompt rates are measured to be 2 80%, whereas the fake rates

vary in the range of 5-25% for both lepton flavors.
The electrons prompt rates measured in the data are shown in Fig. 5.5.

Electron prompt rates in the simulated samples for the DY + jets and tt are shown in

Fig. 5.6.

Electron fake rates measured as a function of pt of AK4 jet matched to the electron in

bins of electron pt for barrel and endcap regions are provided in Fig 5.7.
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5.7 Misidentified Tau Backgrounds

In the regions with two light lepton and a tau, the most dominant background comes
from processes with two prompt light leptons and a fake tau, and fully leptonic decays
of Z and W boson in DY + jets and tt + jets are the most significant processes resulting

in this final state.
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FIGURE 5.7: Electron data fake rates: loose probe lepton selection (upper left), tight
probe lepton selection (upper right), fake rates (bottom left) and data to DY MC fake
rate ratios (bottom right).
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5.8 Tau Fake and Prompt Rates

Tau fake rates are measured in events with two opposite sign, same flavor leptons satisfy-

ing tight lepton selection with an additional loose tau lepton. Light lepton pair invariant

mass is required to be on-Z. We also impose a p?iss < 50 GeV requirement to create a

signal depleted, DY + jets enriched selection of events to both measure and validate tau

fake rates. A fake tau enriched selection of events is created in simulated samples by

imposing an inverted AR requirement among the probe tau and the prompt generator

level tau in the event (AR>0.2).

We measure prompt rates for taus in simulated DY + jets samples. We require that a
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loose tau candidate matches to a gen tau within a AR < 02. and measure rate at which

it also satisfies the tight working point.
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FIGURE 5.12: Tau prompt rates as a function of tau pr as measured in simulated DY
+ jets samples

Fake rates are measured separately for taus reconstructed with one charged hadron (1
prong) and with three charged hadrons (3 prong) in the barrel (|| < 1.46) and endcap
(In] > 1.56) region of the detector. Then we use tau pt and pr of the mother jet (AK4
PF jet matched to tau candidate) for fake rate parametrization. We measure tau fake
rate as a function of mother jet pr in regions with tau pr < 30,30—50 and 50— 100 GeV.
For tau pt > 100 GeV, fake rates are measured inclusively irrespective of the decay mode
and n position. The mother jet pt parameterization is used both to minimize the spread
of fake rates in DY vs. tt events, and also to capture a particular recoil effect which is
most visible in DY +1jet processes where the jet is misidentified as a fake tau. Since tau
isolation is defined by an MVA that is based on absolute (rather than relative) isolation
quantities, we observe that tau candidates with a large mismatch between tau pr and
the mother jet pt are more likely to fail tighter isolations requirements. This effect is
always present but most visible in DY+1jet events where the recoil of the Z boson is
almost directly correlated with the mother jet pt of the fake tau object, and it affects the
tau fake rate irrespective of the tau pp. Our current parametrization accounts for such
topologies, and the Lt distribution is accurately modeled by the data-driven method.

A few examples of the tau fake rates as measured in the data and DY+jets and tt
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simulation samples are provided in Fig. 5.13 and 5.14, all the remaining tau fake rates

are given in Appendix A.2.

An additional correction factor to tau fake rates is derived to account for the hadronic
activity dependence of rates. We measure fake rates as a function of the number of
high purity tracks in the events and divide that with the average tau fake rate. This
gives us a correction to tau fake rates as a function of the number of tracks as shown
in Figure 5.15. We fit a second-degree polynomial to extract this correction factor. The
resultant fit parameters for the function are py = 1.367 +0.038, p; = —0.01247 £0.0017,
po = 0.000066 4= 0.000017 where the functional form of the fit for the correction factor

is po + p1(N1yk) + p2 N7y )2
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F1cURE 5.13: Upper left: Tau fake rates in DY enriched data, and in simulated

DY +jets and tt + jets events as a function of the mother jet pr, for 1 prong taus with
pr < 30 GeV in barrel. Upper right: Tau fake rates in DY enriched data, and in
simulated DY+jets and tt + jets events as a function of the mother jet pr, for 1
prong taus with py < 30 GeV in endcap. Lower left: Tau fake rates in DY enriched
data, and in simulated DY+jets and tt + jets events as a function of the mother jet
pr, for 1 prong taus with pr 30 — 50 GeV in barrel. Lower right: Tau fake rates in
DY enriched data, and in simulated DY -+jets and tt + jets events as a function of the
mother jet pr, for 1 prong taus with pr 30 — 50 GeV in endcap.
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F1GURE 5.14: Upper left: Tau fake rates in DY enriched data, and in simulated

DY +jets and tt + jets events as a function of the mother jet pr, for 3 prong taus with
pr < 30 GeV in barrel. Upper right: Tau fake rates in DY enriched data, and in
simulated DY+jets and tt + jets events as a function of the mother jet pr, for 3
prong taus with py < 30 GeV in endcap. Lower left: Tau fake rates in DY enriched
data, and in simulated DY +jets and tt + jets events as a function of the mother jet
pr, for 3 prong taus with pt 30 — 50 GeV in barrel. Lower right: Tau fake rates in
DY enriched data, and in simulated DY +jets and tt + jets events as a function of the
mother jet pr, for 3 prong taus with pr 30 — 50 GeV in endcap.

5.9 Uncertainties on the Misidentified Lepton Background

The rates measured in the simulated samples are tested for self-consistency and to make
sure the crucial kinematics distributions are well modeled. The simulated DY+jets
and tt+jets samples are used where at least one fake lepton is required as part of the
event selection. The simulated samples are treated as data, and the sidebands in the
simulated samples are used to estimate the fake contribution. This estimation is then
plotted against the actual event, which has at least one lepton that does not match to
a genuine lepton at the generator level. Figure 5.16 includes Lt distributions showing
the observed yield of the fake events in the simulated samples and the estimation of the
fake lepton yield using the matrix method. The Lt distribution agrees quite well in for

DY-+jets and tt samples for both electron and muon fake events.
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FIGURE 5.15: Fake rate correction factor as a function of the number of high purity
tracks in the event. This correction factor is used to account for the hadronic activity
dependence of tau fake rate. We fit a second-degree polynomial to extract the
correction factor.

A similar test is also performed in the data in a region where the data fake rates are
measured. This region is mostly dominated by DY+jets like events. The data rates
are used to predict the misidentified background yield, and the estimate is compared to
the observed events in the data. Figure 5.17 shows an excellent agreement between the

matrix method prediction and the observations.

Various other distributions such as leptons pr, 1, p%iss, Hr are also inspected to verify

the method. We observe that all these distributions are also well modeled.

The measured fake rates for light leptons have about 5 — 25% uncertainty due to the
limited statistics in the measurement regions and the contamination of the fake rates
measurement regions by prompt sources (WZ, ZZ). Additional uncertainty on the rates
arises due to the process dependent (DY vs. tt) variations (10 — 15%) and flavor pr
ordering of the fake lepton [68]. Considering these uncertainties on the light lepton fake
rates, we vary the fake rates by 20 — 25% depending on the region to estimate the impact
of the fake rates uncertainties on the misidentified background yield. Figure 5.18 shows
the change in data-driven background yield in bins of Lt as the rates are varied up
and down relative to the central rates. We observe the background yield changes about
30% by varying rates, and this is used as systematic uncertainty on this background

component.
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"Data” entries represent the observed MC events in all plots. A good agreement is
observed in all distributions between the expected and observed number of events.
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miss

regions: low piss (upper plots) and high p** (bottom plots).

The tau fake rates are measured in the region with two electrons and muons consistent
with a Z boson and p%iss < 50 GeV with additional hadronic tau being present. This
region has relatively higher statistics due to the higher rate of hadronic jets faking the
hadronic tau lepton. The tau fake rates have typical uncertainty of 5 — 10% due to the
statistics and prompt contamination. The process dependent (DY vs. tt) variations are
of the order of 5 — 15%, while the correction factor based on the number of the tracks in
the event also has an uncertainty of about 10%. Considering these variations of the fake
rates, we vary the tau fake rates around central value by 20% for tau pr < 100 GeV
and by 40% for pr > 100 GeV (the high pr taus have larger statistical uncertainties)
and observe the impact on the misidentified background yield. Figure 5.19, 5.20 shows

the variation in the background yield in bins of Lt for events with a pair of opposite
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and same

sign e/p + 75, respectively.
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FI1GURE 5.19: Impact of varying tau rates rates on L distribution in two leptons of
oposite charge + hadronic tau channels in low p** (upper plots) and high piss
(bottom plots).

For the 2L1TOS channel, the fake background component is hugely dominated by the tau
lepton fakes while for the 2LL1TSS channel the light lepton fakes also become important.
We also see the impact of varying the light lepton fake rates in the tau channels. For
the 2L1TOS channel seen in Fig. 5.21 the change in background yield is 3%, while for
the 2L1TSS channel the impact is around 15-20%. Due to this reason, two separate
nuisances are considered for misidentified background arising from the light leptons and

taus.
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FIGURE 5.20: Impact of varying tau rates on Lt distribution in two leptons of the

miss

same charge + hadronic tau channels in low p%iss (upper plots) and high p
(bottom plots).

5.10 WZ Background

The WZ — 3lv process constitutes one of the major backgrounds in this analysis in
the three lepton channel. The background from the WZ process is estimated using
aMC@NLO generated NLO MC sample after normalizing in the dedicated control region
in data. The normalization is performed to not rely on the theory cross-section of the
process but using data to get the proper cross-section making the analysis more robust
and less sensitive to the theoretical calculations. A WZ — 3lv ( > 80%) enriched
selection of events is created by requiring exactly 3 leptons with an on-Z OSSF pair
and 50 GeV < p%liss < 100 GeV. The WZ MC normalization scale factor over the

NLO cross-section is then calculated as the ratio of non-W7Z subtracted data events
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FIGURE 5.21: Impact of varying light lepton rates rates on Lt distribution in two

miss

leptons of oposite charge + hadronic tau channels in low p7'*® (upper plots) and high
piss (bottom plots).

over WZ MC events, yielding a value of 1.24 + 0.08 (statistical and systematic), and
this normalization correction factor is applied to all WZ MC events. This leads to a
relative normalization uncertainty of 7%. While normalizing to data ensures the total
yield from this MC samples will be correct, it is also important to make sure that the
key distributions are well modeled. We examine many such distributions; some example
distributions corresponding to lowest lepton pr,Lr,Ht, and electron multiplicity are

shown in Figure 5.23.
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5.11 ZZ7 Background

The ZZ — 4l background dominates > 4 lepton signal regions.

miss

77 contributions are

estimated using a Powheg generated NLO MC sample that is normalized to data in a

dedicated ZZ-enriched selection of events. This selection is defined by requiring exactly

four leptons that form two distinct on-Z OSSF pairs and p%liss < 50 GeV, and yields

to a set of events 99% pure in ZZ — 4l .

The Z7Z MC normalization scale factor over

the NLO cross-section is calculated as the ratio of non-ZZ subtracted data events over

Z7 MC events, yielding a value of 0.91 £ 0.05 (statistical and systematic), which leads

to a 6% relative uncertainty. For the ZZ enriched selection Myy, L, Hr and electron

multiplicity distributions are provided in Fig 5.24.
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the WZ enriched region.

5.12 Conversion backgrounds

In process with two prompt leptons, an internal or external photon conversion might
result in 2 additional leptons, which might also pass the promptness criteria. If the
two conversion leptons were reasonably symmetric in pr, the standard conversion filters
might reject those leptons. In cases where the conversion is asymmetric, one of the
leptons might not result in a reconstructed lepton or not pass our quality criteria. In
such cases, the final state consists of 3 leptons, and this results in a small background
component to the three lepton signal regions. We estimate this background using MC
samples. A selection constrained by the invariant mass of the two leading leptons (Mg <

76 GeV, below-Z ), the invariant trilepton mass on-Z and p%iss < 50 GeV results
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FIGURE 5.24: Distributions of Myy,, L, Hr, and electron multiplicity in the ZZ
enriched region.

in a conversion dominant control region. The major contribution to this background
comes from the Drell-Yan (Z~*) process and taken from a Drell-Yan+jets aMCQNLO
generated NLO MC sample. Other processes like tty and WW can also contribute
to this background and for their estimation we use tf and WW MC samples given in
Table A.2. The overall MC normalization scale factor over the NLO cross-section is
calculated as the ratio of non-conversion events subtracted data events over conversion
events, yielding a value of 0.96 £+ 0.08 (statistical and systematic), which leads to an 8%
relative uncertainty. This normalization will be applied to all conversions processes in
all signal regions. For this region, Mj3;, leading lepton pr, jet and electron multiplicity
distributions are provided in Fig 5.25. The DY MC is the most important MC sample

for this control region, the DY samples have an effective luminosity of about 20 fb~!,
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resulting in the non-smooth tails of distributions.
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5.13 Rare and Higgs Backgrounds

A relatively small contribution to the backgrounds comes from the rare standard model
processes. The leading processes in this category are VVV, ttV, and Higgs (e.g., VH,
ttH), where V refers to W, Z, H boson. The ttZ process contributes significantly to the
4L high p%liss channel. These processes are estimated using high luminosity Powheg,
or aMCQ@QNLO generated NLO MC samples. These samples are normalized by the

appropriate theoretical cross-sections calculated at NLO accuracy.
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shown as a stack of all contributing processes, and the gray band in the lower panel
represents the statistical uncertainty on the expected background.

5.14 Validation Regions

After all the background methods are ready, we test the background prediction in the
signal depleted regions, referred to as validation regions. These regions are not used
to examine the signal and are removed from the signal regions. Figure 5.26 demon-
strates the agreement between the expected background and observed data yields as
a function of transverse mass My in signal-depleted 3 e/u selections of events, where
Mt = (2pFprf[1 — cos £ (pis5, pr?)])1/? and is calculated using the lepton that is not
a part of the on-Z OSSF pair.

As described earlier, we measure fake rates in 2L1TOS, pii* < 50 GeV, on-Z region.
Figure 5.27 shows the invariant mass distribution of light leptons in the events 2L.1TOS,
p%iss < 50 GeV region. We do a closure test in data in the measurement region, as
given in Figure 5.28. As an independent test of the background methods, we test our
predictions in 2L1TOS, pl‘rliss < 50 GeV regions with on-Z requirement reversed (off-7)
as given in Figure 5.29-5.30. We also test our predictions in 2L1TSS, prTrliss < 50 GeV
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region as given in Figure 5.31. Both of these regions are completely orthogonal to the
fake rate measurement region. We see good agreement between data and background
predictions in all these regions. Since we use 2L1T OS/SS, pss < 50 GeV regions to

measure and validate our fake rates, we exclude these from the signal regions.
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FIGURE 5.27: Dilepton Mass distribution in 2L1TOS, p&iss < 50 GeV region.

, CMS Preliminary 41.4fb* (13 Tev) , CMS Preliminary 41.4 b (13 TeV)
100 EFTTT T e e e e e 107 BT R e e e
¢+ Data ¢+ Data
10° MisID 10° MisID
, . wz . . Wz
10 . 2z 10 |
10° I Conversion 10° I Conversion
Il VVV . VYV
10° Il Higgs 10° I Higgs
= Y = .tV
3 10* ke 7 Uncertainty 3 10* 2 7y Uncertainty
O F w s [ VLLgy, o [ VLLgy
10 VLLgy, 10 VLLgyo
10° 102
10 10
1 1 iy “
///////
10t g 107t o 1
o 2 T g 2 AR A ma T R R R RARES!
X 15 + — S 15 —
B 1 +H++++ + — 3 1 :F*"—*+++++ + -
S 05 — 8 05F —
o 0‘ il Ll g gl giiglgrigl gl O 0 P L grig il giigl giigl
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 ‘600 700 800 900 1000
L, (GeV) H; (GeV)
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FIGURE 5.30: Number of electron distributions in 2L1TOS, p2i < 50 GeV off-Z
region.

By examining various validation regions, it is clear that the background methods we
developed are performing very well and can be used for the search for BSM physics.
However, before we test the predictions in the signal region, we need to estimate un-
certainties on each of the background component. The systematic uncertainties for this

search are summarized in the next section.
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FIGURE 5.31: Invariant mass of dilepton pair (left) and number of electrons
distributions in 2L1TSS, p2iss < 50 GeV region.

5.15 Pileup Uncertainties

The number interaction in a given bunch crossing is called pileup, and it is directly
proportional to the total min-bias cross-section. We vary the min-bais cross-section up
and down by the recommended uncertainty of 5%, from the central value and observe the
effect on MC yield in various control/signal regions. Depending on the amount of pileup,
the reconstruction of the physics objects gets affected. In most cases, the reconstruction
and identification probability goes down with the increases. For composite objects such

miss

as pp'*®, it is especially important, an incorrect pileup in the MC simulation may lead to
imprecise p%liss calculation. To estimate the impact of the pile reweighting on the MC
samples, we look at key distributions in various signal regions. Figure 5.32-5.33 show

the impact of these variations in various signal regions.

We also check how the reconstructed number of vertices distribution looks if we vary the
min-bias cross-section up and down. Figure 5.34 shows the number of reconstructed ver-

tices in WZ enriched selections of events, assuming the nominal min-bias cross-section.

Figure 5.35 shows the number of reconstructed vertices in WZ enriched selections of
events when the min-bias cross-section varied up and down by 5%. We observe that
within the uncertainties arising from these variations, the data and the SM prediction

agree well.
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FIGURE 5.32: Impact of varying min-bias cross-section in 3L, low pp'*® signal region.
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FIGURE 5.33: Impact of varying min-bias cross-section in 3L, high p7'*® signal region.

5.16 Object Energy Scale and Resolution Uncertainties

We also evaluate the impact of varying the energy scale and resolutions of various objects
used in the analysis. These parameters for each object are varied within their respected
uncertainty, and the change in the yield of the background is observed in each signal
region. Figure 5.36 shows some of the example variations for a subset of the signal
regions, remaining variations are provided in the Appendix A. The impact of these

variations is found to be 10% across signal regions.
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5.17 Summary of the Systematics Uncertainties

The misidentified background contribution estimated via the matrix method has as-
sociated systematic uncertainties that arise due to the uncertainties of the respective
prompt, and fake rates used in this method, as well as process-dependent variations
to the rates. We vary the rates within the individual uncertainties and observe the
change in background yield in all signal regions. These variations result in 20-40% sys-
tematic uncertainty on the misidentified lepton background. Corresponding plots for
the 3L channel are given in Figure 5.18. For the tau channels, the plots are given in

Fig. 5.19-5.20.
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The WZ and ZZ backgrounds are normalized in dedicated control regions as described
in section 5.10 and 5.11 respectively. We measure a relative uncertainty of 7(6)% on
WZ(ZZ) background. Since background contributions due to all-prompt lepton events
are estimated via simulated samples, many different sources of systematic uncertainty

are considered to account for differences between MC and data events.

The uncertainties on the muon and electron identification, isolation efficiency scale fac-
tors are 2%, the tau identification and isolation uncertainties are 3%, which are applied
per-lepton in each event. The trigger efficiency scale factors have an overall <2-3% im-
pact per event. The jet, unclustered energy, and lepton energy (or momentum) scale
uncertainties as well as jet and lepton resolution uncertainties are applied at the per-
object level, where the corresponding object prs are varied up and down within the
recommended uncertainty range. The impact of these variations on the kinematic quan-

tities is then observed, corresponding plots are given in Appendix A.3.

For the subdominant, rare background processes such as ttV, triboson, or associated
Higgs production, a 50% systematic uncertainty is applied on the theoretical normal-
ization cross-sections to cover both PDF as well as renormalization and factorization
scale uncertainties. Additionally, the recommended luminosity uncertainty of 2.3% [69]
is applied to the MC based rare background estimates as well as the signal yields since

these are not normalized to data but the theoretical cross-sections.

A summary of the uncertainty sources considered in this analysis and the corresponding

typical variations in the affected processes is provided in Table 5.1.
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Source of uncertainty impact on bz;l;}liz i(::lln d yield (%) Processes

MisID lepton backgrounds (matrix method) 20-40 Misidentified

Rare MC backgrounds (ttV, VVV, Higgs) 50 Rare

Conversion MC backgrounds normalization 8 DY/tt

WZ MC normalization 7 Wz

77 MC normalization 6 77

Single lepton trigger <3 WZ/ZZ/Rare/Signal
Lepton ID & isolation 6-—8 WZ/Z7/Rare/Signal
Electron energy scale and resolution 2-5 WZ/ZZ/Rare/Signal
Muon momentum scale and resolution 2-10 WZ/ZZ7/Rare/Signal
Tau Energy Scale <5 WZ/ZZ/Rare/Signal
Jet energy scale 5-10 WZ/ZZ/Rare/Signal
Jet energy resolution 5-10 WZ/ZZ7/Rare/Signal
Unclustered energy scale 2-10 WZ/ZZ/Rare/Signal
Integrated luminosity 2.3 Rare/Signal

Pileup <4 WZ/ZZ/Rare/Signal

TABLE 5.1: Systematic uncertainty sources and tentative typical variations observed
in the affected background and signal yields.






Chapter 6

Search for Vectorlike Leptons

This chapter describes the search for the vectorlike leptons performed in multilepton final
states using 41.4 fb~! of proton-proton collision data collected by the CMS detector in
2017. The techniques used to estimate the standard model background are discussed
in Chapter 5. Details of the model under consideration, the search strategy, and the

results are presented in this chapter.

6.1 Vectorlike Leptons

A search for new phenomena beyond the standard model using events with multiple
leptons, including hadronically decaying 7 leptons, is performed. We are looking for
vectorlike leptons (VLL) from a model [70] that is expected to produce signatures with
energetic multilepton final states at the CERN LHC. VLLs are non-chiral, color-singlet,
fermionic extensions of the SM leptons, whose left and right-handed components trans-
form similarly under the SM gauge symmetries, and arise in a wide variety of models
ranging from supersymmetry to extra dimensions [71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81].
VLLs are often classified by the SM generation that they primarily couple to and have

lepton numbers similar to that of SM leptons.

The VLL models can be broadly classified into two categories as SU(2) singlet or dou-
blet models. From an experimental perspective, the difference between these models is
that the singlet VLL model allows only charged VLLs, while the doublet VLL model
allows charged and neutral VLL. For example, the singlet model adds only one charged

80
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vectorlike electron (or muon or tau) and its antiparticle to the first generation. On the
other hand, the doublet model also adds one neutral vectorlike neutrino along with its
antiparticle. Therefore, the singlet model has two new particles, whereas the doublet

model has four.

We are looking for an SU(2) doublet VLL extension to the SM with couplings to the third
generation leptons [82]. The model introduces a vectorlike tau (7' ~), its antiparticle
(7'*) and a neutrino v, along with its antiparticle v;,,. At tree level, the 7" and v,
are mass degenerate whereas higher order radiative corrections predict < 0.3% relative
mass splitting among these two states for VLL masses above 100 GeV. Therefore the
vectorlike 7 and I/T are assumed to be degenerate in this analysis. At the LHC, these

/ ’ ’ ’ . ’
*y_, 7+7~ and v v, channels, with subsequent decays of 7

can be pair-produced in 7
to Z7 or Hr and v, to W where the mass of the VLL is the only free parameter both
in the production cross-section and the branching ratio calculations. We pursue a search
for VLL in final states with multiple leptons (e, u, 7) using proton-proton collision data

collected by the CMS detector at the LHC in 2017.

The L3 collaboration placed a lower bound on additional heavy leptons around 100.2
GeV [83]. The ATLAS collaboration performed a search for heavy lepton resonances
decaying into a Z boson and a lepton in a multilepton final state at /s = 8 TeV with 20.8
fb~! of luminosity [84]. This search constrained the singlet VLL model and excluded
VLL in the mass range of 114-176 GeV. However, there are no such constraints on the
doublet VLL model. Given the existing constraints, we consider VLLs with masses more

than 100 GeV.

6.2 Search Strategy

Events are primarily categorized as those with two light leptons and at least one hadron-
ically decaying tau lepton, three light leptons, and four or more light leptons. In the
2L1T channel, we have a further division based on whether the two light leptons are of

opposite-sign (OS) or same-sign (SS).

Events in all categories are selected using a single electron (muon) trigger with a pp

threshold of 35 (27) GeV. Also, mention the heavy signal here. The single lepton triggers
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are used to have a redundancy in firing the trigger for all categories resulting in overall
higher trigger efficiencies and small correction factors for simulated samples. The leading
light lepton is required to satisfy a pt threshold of 28 GeV if it is a muon, and 38 GeV
if it is an electron, for the corresponding single lepton triggers to be efficient. All the
other trailing leptons are required to satisfy the pr threshold of 20 GeV. In 2L1T and
41, categories, in the presence of more than one tau or more than four light lepton
candidates, only the leading tau and the leading four light leptons are selected and used

in the calculation of L.

The event classifications are done using the loose light lepton and tau definitions. Given
the relatively high momenta of bosons and leptons originating from the decays of massive
miss

VLL particles and given the presence of neutrinos in the final state, we use Lt and p7

to discriminate signal from SM contributions.

In order to achieve optimum sensitivity for the signal model, in each of the 2L1T OS/SS,
3L, and 4L categories the events are divided into low and high p?iss regions, where the Lp
distribution in 150 GeV (50 GeV for 4L) bins are then utilized as the final discriminant.
All control regions are vetoed in the signal region selections. Additionally, all events with
a light-lepton pair mass < 12 GeV are vetoed regardless of the flavor and sign of the

pair to suppress low mass quarkonia resonances. These search regions are detailed in

Table 6.1, where OSSF refers to an opposite-sign same-flavor pair.

6.3 Results

We use Lt as a variable to examine the presence of the signal by comparing the standard
model prediction to the observations in high and low p%iss regions for 3L, 4L, and 2LI1T
channels. Figure 6.2-6.3 show the Lt distribution in 3L and 4L signal regions. No
statistically significant deviation from the standard model prediction is seen in these

distributions.

Using these results the pair production of the VLLSs is constrained using the C'Lg modi-
fied frequentist technique at 95% confidence level [85, 86, 87, 88]. Multi-bin counting ex-
periment approach is utilized for the statistical analysis. The uncertainties on the signal

and background processes are characterized using nuisance parameters. The systematic
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FIGURE 6.1: Associated production of (7/, v}) pairs via an off-shell W (left) and Z
(right) boson, as well as possible subsequent decay chains that result in multileptonic
final states.

Nieptons PSS ((GeV) Control Region Veto
>4elu i 28 2 OSSF pairs on-Z and pii* < 50 GeV
< 150 OSSF pair on-Z and p7' < 100 GeV, or
3e/u < 150 OSSF pair below-Z and p2i < 50 GeV, or
OSSF pair below-Z and Mgz, on-Z
< 150 miss
2¢/pOS+>1r7 < 150 prs® < 50 GeV
2e/pSS+>1r71 iigg piiss < 50 GeV

Events / 150 GeV

TABLE 6.1: Signal regions as defined in this analysis. The on-Z selection is defined as
an OSSF lepton pair with mass between 76 and 106 GeV.
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FIGURE 6.2: The Lt distribution for events with three light leptons with

piss < 150 GeV (left) and with p2is > 150 GeV (right). The total SM background is
shown as a stack of all contributing processes. The predictions for signal models with
My = 300 GeV and m//,» = 500 GeV (sum of all production and decay modes) are
also shown as solid lines. The hatched gray band in the upper panel and the dark and
light gray bands in the lower panel represent the total, statistical, and systematic
uncertainties on the expected background, respectively.
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CMS Preliminary 41.4 b1 (13 TeV) CMS Preliminary 41.4 b1 (13 Tev)
> 6L — ; ‘ — e > A e e e
= + Data 3 10 + Data
= F >4 ely, -'i\zl o >4 ely, -tzt\zl
n e i el )
a4 F ET® <50 GeV = Higgs o 10° ET™ > 50 GeV = VWV
8 10t — a B Higgs
S E I Conversion g 10t MisID
u>J . F MisID Lﬁ I Conversion
10° e 7 Uncertainty 10° 7 Uncertainty
£ [ VLLgy, ) VLLgy,
10° VLLggo 102 VLLsgo
10 L 10
1 1
107! 107t
g 2 T T ] Z 27 T T T T[T T T
gl ] E @ e e —— |
2 1= ‘ i E g ! !
o Og jw L L 1 L L L 1 L L L 1 L L 1 L L L \i O 0(5) L L L 1 L L L 1 L L L 1 L L L 1 L L L 1
0 200 400 600 800 1000 0 200 400 600 800 1000
L; (GeV) L; (GeV)

FI1GURE 6.3: The Lt distribution for events with four or more light leptons with
pRiss < 50 GeV (left) and with p2is > 50 GeV (right). The total SM background is
shown as a stack of all contributing processes. The predictions for signal models with
My s = 300 GeV and m//,» = 500 GeV (sum of all production and decay modes) are
also shown as solid lines. The hatched gray band in the upper panel and the dark and
light gray bands in the lower panel represent the total, statistical, and systematic
uncertainties on the expected background, respectively.

nuisance parameters are modeled by log-normal distributions, while gamma distribu-
tions are used for uncertainties, which are statistical. All the systematic uncertainties
on the background and signal are considered fully correlated, while the statistical un-
certainties are considered to be entirely uncorrelated across all channels. The observed
and expected limits calculated in the 3L, 4L channels are shown in Figure 6.4. The 3L

and 4L channels individually do not exclude the vectorlike leptons.

Figure 6.5-6.6 shows the Lt distribution in various 2L1T regions. We do not observe
any sign of new physics even in these regions, as there is no statistically significant
deviation from the standard model estimates. These results are also used to constrain
the vectorlike leptons. The observed and expected limits in 211T channels are shown in
Figure 6.7. The tau channels are very sensitive to the VLL signal under consideration.
Using these channels, the VLLs with a mass between 160-660 GeV are excluded at a
95% confidence level.

Now all the individual channels are statistically combined to constrain the VLL model.
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FIGURE 6.4: The 95% confidence level upper limits on the cross section for production
of VLL pairs (7=, 7/%v’ and v/v/'). Left in 3L channel, right in 4L channels. Also
shown is the theoretical prediction for the section of the VLL pair production.
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FIGURE 6.5: The Lt distribution for events with two opposite charge light leptons
and a hadronically decaying 7 lepton with 50 < piss < 150 GeV (left) and with

pRiss > 150 GeV (right). The total SM background is shown as a stack of all
contributing processes. The predictions for signal models with m/,,» = 300 GeV and
My, = 500 GeV (sum of all production and decay modes) are also shown as solid
lines. The hatched gray band in the upper panel and the dark and light gray bands in
the lower panel represent the total, statistical, and systematic uncertainties on the
expected background, respectively.
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FIGURE 6.6: The Lt distribution for events with two same charge light leptons and a
hadronically decaying 7 lepton with 50 < p2iss < 150 GeV (left) and with

piss > 150 GeV (right). The total SM background is shown as a stack of all
contributing processes. The predictions for signal models with m,//,» = 300 GeV and
My, = 500 GeV (sum of all production and decay modes) are also shown as solid
lines. The hatched gray band in the upper panel and the dark and light gray bands in
the lower panel represent the total, statistical, and systematic uncertainties on the

expected background, respectively.
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FIGURE 6.7: The 95% confidence level upper limits on the cross section for

production of VLL pairs (7/77',

7'*1" and /1) in 2L1T channel. Also shown is the

theoretical prediction for the section of the VLL pair production.
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Figure 6.8 shows the expected significance of all the channels combined, and 95% confi-
dence level limits on the VLL production are shown in Fig. 6.9. From the figure, we ob-
serve that observed (expected) limits on the VLL pair production are 130-690 GeV(110-
560).
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FIGURE 6.8: The expected signal significance as a function of VLL mass after
statistically combing all the 3L, 4L and 2L1T channels in the analysis.
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FIGURE 6.9: The 95% confidence level upper limits on the cross section for production
of VLL pairs (77, 7/%1' and v/v/) after statisticallt combing the 3L, 4L and 2L1T

channels. The theoretical prediction for the cross section of the VLL pair production

is also shown. VLLs in mass range 130-690 GeV are excluded in this analysis.






Chapter 7

Search for the Evidence of

Type-111 Seesaw Mechanism

This chapter describes a search for the evidence of the type-III seesaw mechanism
conducted in the channels with at least three electrons or muons using 35.9fb~! of
V/s=13 TeV data collected by CMS experiment at LHC in 2016. These results are pub-
lished in reference [68]. The techniques used for the estimation of the standard model
background are very similar to the ones described in Chapter 5. Here I will discuss the

strategy and results for this search.

7.1 Type-III Seesaw Model

In the SM neutrinos are massless; however, the observation of the neutrino oscillations
by various experiments have already shown that the neutrinos have a non-zero mass[89].
This observation means that the SM is not complete, and there must be some physics
beyond SM that can explain the experimental results. Type-III seesaw mechanism is
one such BSM model that accounts for the small non-zero neutrino mass by the addition
of new massive ¥ fermions. In the seesaw model under consideration [90] neutrinos are
taken to be Majorana particles, and mediation of the heavy fermions gives rise to their
mass. The heavy fermions are charged Dirac and neutral Majorana lepton triplet of

a SU(2) symmetry group. The heavy fermions couple to both leptons and the Higgs.

89
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At LHC, these heavy seesaw fermions can be produced via both charged and neutral

electroweak currents. Production of these fermions is depicted in Fig. 7.1.

The pairs of X°%F and ©+%~ decay via electroweak and Higgs bosons into lighter SM
particles, naturally leading to a final state with many leptons. There are total of 27
production and decay models summarized in Table 7.1. A search for type-III seesaw
fermions is performed in channels with at least three light leptons. One example of

decay mode of seesaw fermions with three leptons in the final state is shown in Fig. 7.2.

The CTEQ6.6 and MSTW2008nlo90cl parton distribution functions (PDF's) [91, 92] with
an accuracy of NLO + NLL, are used to determine the production cross-section of the
heavy fermion pairs. In the current implementation of this model, the heavy fermions
mix equally with all three SM lepton flavors. The mixing to each lepton is taken to be

Ve=V, =V, = 107 to ensure the decays of the seesaw fermions are prompt.

The signal samples are produced centrally by CMS MC team using the FeynRules Model
file of Ref. [93]. The events are generated using MADGRAPH 5_aMC@QNLO v5.2.2 using the
NNPDF30_lo_as_0130_nf_4 pdf [94]. The decays of boson in the events and hadronization

of the colored particles are done using Pythia 8.

7.2 Search Strategy

This search only utilizes the events with only electrons and muons, the 3L and 4L cate-
gories defined in Chapter 5. All the combinations of electrons and muons are considered.
For example, the 3L region has pupu, p, and eee events; similarly, all combinations in
4L region are considered as well. The data and MC samples and triggers used in this
search are given in Appendix A.1. The leading and subleading pr leptons are required to
satisfy pr thresholds of 25 GeV and 15 GeV. All other leptons in the event are required
to fulfill a pr threshold of 10 GeV. The events further categorized by lepton flavor,

charge, and other kinematic quantities, as detailed in Table 7.2.

Each event is primarily classified by the maximum number of distinct opposite-sign
same-flavor (OSSF) dilepton pairs that can be formed; i.e., both utu~p~ and p*u~e”
are OSSF1, uTute™ is OSSFO, and pu™p~eTe™ is OSSF2. The invariant mass of the
OSSF dilepton pair closest to the mass of Z boson is used and referred to as MOSSF. If
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FIGURE 7.1: Feynman diagrams corresponding to the production of the type-III
seesaw fermions in electroweak interactions.

FIGURE 7.2: Feynman diagram example of the fermion production and decay in the
Type-III Seesaw model.

Production Channel Decay Mode BR(%)
— H¢THy 9.7
— HOPWHF 121
— Hi{TZv 6.0

— WtvHvy 12.1
Y20 or 370 or YT 5 WHUIWELT 258
> WtvZzy 12.9

— ZitHv 6.0
— Z0TWEF 129
— Z0t Zu 6.4

TABLE 7.1: The signal production modes for the seesaw samples and the branching
fraction of seesaw particles to various final states are shown. The charged and the
neutral seesaw particles are considered to be mass degenerate, and their mass is taken
to be (X 2 700 GeV) for these calculations.

Nieptons OSSF Pair  Discriminating variable Control Region Veto
on-Z M piiss > 100 GeV
3 above-Z Lt + p%?ss ‘ —
below-Z Lt + pp™ pp'®® < 50 and M (3¢) is on-Z
none Ly + phaiss —
4 1 pair Lt + p%lfss . —
- 2 pairs Lt + pp™ pt'® > 50 GeV if on-Z

TABLE 7.2: Signal regions as used in the search for the heavy seesaw fermions are
shown.
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MOSSF in an event is found to be within Z window (91+10) GeV, the event is labeled as
on-Z. If the MOSSF is below the Z mass window, the event is called below-Z. If MOSSF
is above the Z window, the event is referred to as above-Z. The control regions which
were utilized in the background estimation are vetoed from the signal regions as given
in Table 7.2. In this analysis, a veto to suppress contributions due to low-mass dilepton
resonances is also applied. If the mass of any opposite sign lepton pair found to be less

than 12 GeV, the event is not considered.

For distinguishing the signal from the SM background contributions, kinematic quanti-
ties such as Lt play a major role due to the relatively high momenta of lepton in the
event. This is especially true for decay modes such as ¥* — (TZ — (T ('F('F where
all of the daughter particles of the heavy fermion are visible in the detector. However,
for certain other decay modes where there are multiple neutrinos in the final states such
as X0 — Hy — WWu, piiss become very sensitive. To remain sensitive for all decay
modes, Lt + p%liss is used as the final discriminant. However, M is chosen as the dis-
criminating variable for the events having a topology similar to the leptonic WZ decays.
In each region the Lt + p&iss (Mr) distribution is divided on to 8 bins of 150 GeV in
the range of 0-1200 GeV. The M+ distribution is divided into eight bins of 100 GeV in

the range of 0-800 GeV. The last bin in all distributions contains the overflow events.

This division yields a total of 48 orthogonal signal regions as summarized in Table 7.2

7.3 Backgrounds and Uncertainties

Chapter 5 describes the techniques used to estimate multileptonic backgrounds using
the data collected in 2017. To a large extent, the background estimation techniques
remain very similar to those described in Chapter 5. In this section, I will summarize
the backgrounds for type-III seesaw search while focusing on the important differences

to the Chapter 5.

The primary source of the prompt background for three leptons final state is the WZ
process, while for the four-lepton channel, the dominant contribution comes from ZZ
production. Simulated samples estimate the prompt backgrounds. Before using these
samples in the signal regions, the cross-section for simulated samples is normalized using

a dedicated control sample in data for both WZ and ZZ. A control sample in data with
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FIGURE 7.3: Lt distribution in WZ enriched selection of events is shown.

3 e/u events with 50p®iss < 100 GeV and Mr > 30 is created to normalize the WZ
simulation, the normalization scale factor is found to be 1.15+0.08. Figure 7.3 shows
L of three leptons in this region after applying the appropriate normalization to the
WZ simulation sample. To normalize the ZZ simulated sample, a selection of events
having 4e/u with p”llss < 50 and 2 OSSF onZ pairs is created. The normalization factor
for the ZZ sample is found to be 1.20+0.06. Figure 7.4 shows the invariant mass of
the four-lepton in this region after applying the appropriate normalization factor to the
77 sample. Other smaller backgrounds such as Higgs, ttV are also estimated using
simulated samples. For the misidentified lepton backgrounds, the method is very similar
to that described in Chapter 5. The significant difference lies in the parameterization
of the fake rate for electrons and muons. Here we use the number of particles in a jet
matched to the fake lepton for the fake rate parametrization to minimize the spread in
rates for DY +jets and tt samples. For the VLL search, we used the pr of the jet matched
to the fake lepton as a parameter in fake rate measurement. Other implementation of

the matrix method remains precisely the same.
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FIGURE 7.4: The invariant mass of the 4 leptons in a ZZ enriched 4L region is shown.

For a smaller photon conversion background, a photon-proxy method [68] is used, which
relies on the ratio of reconstructed photons to leptons (measured in conversion enriched
region) to predict the contribution from photon conversions to the background in the
signal regions. The total contribution from photon conversions is less than 5% of the

total background.

7.4 Results

miss

The 3 lepton, below-Z signal region is presented in Fig. 7.5, which shows the Lt + p7
distribution in the 3L below Z signal region. We observe a good agreement between

InlSS

the data and standard model prediction. Additionally, LT, p%'®, primary vertex mul-
tiplicity, and jet multiplicity distributions for this selection are shown in Fig. 7.6, all
these distributions also show a good agreement. The seesaw signal with mass 380 GeV

and 700 GeV are overlayed on top of the stacked SM backgrounds to demonstrate the
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expected signal yield. Fig. 7.7-7.9 depicts the Lt + p2® (or M) distributions in 3L
(on-Z, above-Z, and OSSF0) and 4L (OSSF1, OSSF2) regions.

We observe no statistically significant excess in the various signal regions. The CLs
method [85, 86, 87, 88] is used to constrain the production of the heavy seesaw fermions
at 95% confidence level, where a counting experiment is performed in each signal bin
for the statistical analysis. The uncertainties on the mean values of the expected signal
and background yields are treated as nuisance parameters modeled by log-normal and
gamma distributions for systematic and statistical uncertainties, respectively. Statistical
uncertainties on the signal and background yields are assumed to be fully uncorrelated,
whereas all other systematic uncertainties are considered to be fully correlated among
the 48 signal channels. The expected signal efficiencies and the expected significances

as a function of the ¥ mass by combining all 48 bins are shown in Fig. 7.10.

The upper limit on the production cross-section of the 3 pairs are shown in Fig. 7.11,
assuming the X particles couple equally to all SM generation of leptons. The ¥ particles
with the mass below 840 GeV are excluded at 95% CL, using this data. The uncertainty
on the signal yield due to the choice of scales and PDF are also shown in Fig. 7.11. The
uncertainties are calculated to be around 5-15%. Figure 7.12 to 7.13 shows the exclusion
limits when the couplings of the seesaw fermions to the SM lepton generations are varied
on be-b; axis. It is observed that the limits become weaker and weaker as the coupling

to third generation (7 lepton) is increased.
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FIGURE 7.5: Ly + p2* distribution for the 3 lepton, below-Z signal region as defined
in Table 7.2. The expected yields of the Seesaw signal model with My = 380 GeV and
My = 700 GeV are overlaid. The last bin includes overflow events, and the uncertainty
bands in the ratio plots include statistical (dark) and systematic (light) uncertainties.

Signal Region Discriminating variable

Lt +pp*° L + pp'™® Lt + pp™® Lt + pp'™®
(0 — 150 GeV) (150 — 300 GeV) (300 — 450 GeV) (450 — 600 GeV)
Obs. Exp Obs. Exp Obs. Exp Obs. Exp
L3BelowZ 183 177 £ 32 1022 990 £ 210 163 148 £ 28 25 29.4 149
L3AboveZ 313 260 + 56 1038 930 + 160 246 235 + 34 59 60.8 + 8.1
L30OSSF0 228 232 + 56 654 710 + 180 107 93 + 22 16 18.1 + 4.4
L30OSSF1 2 6.2+ 1.8 18 28.2+5.5 14 10.5 + 3.5 6 4.3+ 1.6
L30OSSF2 21 28.2 6.1 57 54 + 11 25 21.1+ 4.6 6 59+ 1.5
L + piss L + piss L1 + poes L1 + poes
(600 — 750 GeV) (750 — 900 GeV) (900 — 1050 GeV) (> 1050 GeV)
Obs. Exp Obs. Exp Obs. Exp Obs. Exp
L3BelowZ 5 6.9+1.6 4 1.57 £0.50 0 0.38 £0.17 0 0.61 £0.34
L3AboveZ 16 20.9 £ 2.7 6 6.88 +1.17 3 2.78 £ 0.65 3 3.58 £ 0.73
L30OSSF0 7 4.3+£1.2 3 1.97 £0.65 0 0.34 +0.18 0 0.71 + 0.36
L30OSSF1 1 1.39 £0.55 1 0.41 +0.24 0 0.78 + 0.65 0 0.08 + 0.05
L30OSSF2 2 2.09 £ 0.56 0 0.99 + 0.27 0 0.48 + 0.18 1 0.32 + 0.10
Mt Mt Mt Mt
(0 — 100 GeV) (100 — 200 GeV) (200 — 300 GeV) (300 — 400 GeV)
Obs. Exp Obs. Exp Obs. Exp Obs. Exp
L30nZ 816 840 £ 150 137 115 £ 20 22 19.1 £ 3.4 5 72+1.5
Mt Mt Mt Mt
(400 — 500 GeV) (500 — 600 GeV) (600 — 700 GeV) (> 700 GeV)
Obs. Exp Obs. Exp Obs. Exp Obs. Exp
L30OnZ 2 1.67 £0.51 1 1.24 £0.44 1 0.77 £0.28 0 0.63 £0.27

TABLE 7.3: The table shows the expected and observed signal region yields.
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FIGURE 7.6: Lt (upper left), piiss (upper right), primary vertex multiplicity (lower
left), and jet multiplicity (lower right) distributions for the 3 lepton, below-Z signal
region as defined in Table 7.2. The expected yields of the Seesaw signal model with
My = 380 GeV and My, = 700 GeV are overlaid. The last bins include overflow
events, and the uncertainty bands in the ratio plots include statistical (dark) and

systematic (light) uncertainties.
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exclusion limits at 95% CL on the production cross-section of ¥ pairs, as calculated
with the asymptotic CLs mode of the Higgs Combination Tool.
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Chapter 8

Summary

Searches for beyond standard model physics are carried out in multilepton signatures at
LHC using data collected by CMS detector. The search regions are categorized based
on the number of electrons, muons and hadronically decaying taus, resulting in regions
with two light leptons and at least one hadronic tau, three light leptons and at least
four light leptons. The tau regions are further divided into two channels based on the
charge of the light lepton pair. Sum of the lepton transverse momentum and the missing
transverse momentum are used as discriminating variables to distinguish signal from the

background.

The primary background for the search comes from the diboson standard model pro-
cesses, WZ, and ZZ for three and four-light lepton channels, respectively. These back-
grounds are estimated using simulated samples. For the tau channels, the important
background comes from the DY +jets and tt processes, where one lepton is hadronic ac-
tivity in detector misidentified as a lepton. The misidentified backgrounds are estimated

using a data-driven matrix method.

Unfortunately, no signs of new physics have been observed, and data is consistent with
the standard model prediction. The results are used to constrain models of beyond
standard model physics. The vectorlike leptons coupling to the third generation (tau)
of standard model leptons is excluded in the mass range of 130-690 GeV. Proton-proton
collision dataset corresponding to 41.4 fb~! collected in 2017 at the center of mass energy
of 13 TeV is used for the search [95]. Another search for the evidence of the type-III
seesaw mechanism is performed in the light lepton channels using a 35.9 fb~! of data
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collected in 2016 at 13 TeV center of mass energy. The heavy seesaw fermions with the
mass below 840 GeV are excluded assuming the seesaw fermions couple equally to the

standard model leptons [68].

In the year 2018, LHC experiments have collected close to 60 fb~! of additional data.
Moreover, LHC is expected to deliver about 300 fb~! of data in its phase -1 operation.
The additional dataset will make it possible to extend the VLL search below 130 GeV.
For heavy vectorlike leptons and seesaw fermions, most of the sensitivity comes from the
regions with small statistics resulting in large uncertainties. Additional data will help in
minimizing those uncertainties and improve the sensitivity of the search. Backgrounds
such as ttW, ttZ, and backgrounds, including Higgs boson, have a large uncertainty of
50%. With more data, these backgrounds could be better estimated using the dedicated
control samples. For signals which couple to the third generation of the lepton, the
misidentified tau background is most dominant. In the current analysis, it has systematic
uncertainty between 30-40% due to the large uncertainty on the fake rates. With more
data, fake rates for the leptons can be measured much more precisely, which in turn
would mean lower uncertainties on this background component. Precise estimation of
backgrounds would significantly enhance our ability to look for BSM physics, and to

measure standard model processes more precisely.

LHC is delivering more and more data each year with an increase in the instantaneous
luminosity of the proton collisions. I believe we have fascinating times ahead of us in

search of the unknown.
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Appendix

A.1 Datasets, Triggers, and Simulated Samples

In this section, the details of the datasets, trigger and simulated samples used in this
thesis are discussed. For the search for vectorlike lepton, we used the 41.4 fb~! of proton-
proton collision data collected by CMS. The list of datasets is provided in Table A.1. The
data is collected by single muon and single electron triggers having a pr threshold of 27
and 35 GeV respectively. The collected data is stored in SingleMuon and SingleElectron
primary datasets. Every single muon and single electron primary dataset is split into
five periods based on the time of the data collection. For each of these periods, the
run number and the integrated luminosity collected is also provided. The run number
provides a unique identity to data collected in a specific period by the CMS detector.
Before selecting the events for analysis, some event filters are applied to filter out spurious
events due to the electronic noise, not ideal beam conditions and other known hardware
issues. For reconstructing the events, CMS has developed a software package called
CMS Software (CMSSW) [96]. CMSSW is used to reconstruct every event used in the

analysis.

The prompt backgrounds and the signal used in this thesis are modeled using the MC
samples. The background samples are produced using CMSSW centrally by the collab-
oration, while the signal samples for the vectorlike leptons are produced privately. The

privately produced samples are validated with respect to a few signal samples produced
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Dataset Name Run Range L [pb~1]
/SingleMuon/Run2017B-17Nov2017-v1/MINTAOD 297020-299329 4802
/SingleMuon/Run2017C-17Nov2017-v1/MINIAOD 299337-302029 9630
/SingleMuon/Run2017D-17Nov2017-v1/MINTAOD 302030-303434 4235
/SingleMuon/Run2017E-17Nov2017-v1/MINIAOD 303435-304826 9268
/SingleMuon/Run2017F-17Nov2017-v1/MINIAOD 304911-306462 13433
/SingleElectron/Run2017B-17Nov2017-v1/MINTAOD  297020-299329 4802
/SingleElectron/Run2017C-17Nov2017-v1/MINTAOD  299337-302029 9630
/SingleElectron/Run2017D-17Nov2017-v1/MINIAOD  302030-303434 4235
/SingleElectron/Run2017E-17Nov2017-v1/MINIAOD  303435-304826 9268

/SingleElectron/Run2017F-17Nov2017-v1/MINIAOD  304911-306462 13433

TABLE A.1: Single lepton data samples and corresponding luminosities in 2017.

centrally. Table A.2 lists the simulation samples used in the analysis as well as the

theoretical cross section for each sample.

While searching for the seesaw fermions, the data collected in 2016 was used. This data
was collected using di-lepton triggers given in Table A.4. Each trigger path stores the
data into MuonEG, DoubleMuon, and DoubleEG primary datasets respectively. Each
of the primary datasets are divided into eight periods based on the time of the data
collection. The list of all the datasets used in this search is given in Table A.3. The
table also contains the corresponding run number and the integrated luminosity for each
dataset. A list of simulated samples used in this search is given in Table A.5. The table

also lists the corresponding production cross-section of each sample at LHC.

A.2 Lepton Prompt and Fake Rates

In this section, the prompt and fake rates used in the matrix method for the prediction
of the misidentified background are presented. The measurement of the prompt rates
for electrons and muons is performed as a function of lepton pr, n and the number of
tracks (Nppqcks) in the event under consideration. The fake rates for the light leptons
are parameterized as a function if lepton pr, 1 and the pr of jet nearest to lepton(AR <
0.4). Some of the measurements are already discussed in the Chapter 5, remaining

measurements are provided here.

Figure A.1 shows the prompt rates for electrons as measured in data while Fig. A.2
depicts the measurements performed in MC samples. The electron fake rates are as

measured in MC samples are provided in Fig. A.3 and A.4. The muon prompt rate
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Dataset Name Run Range L [pb— 1]
/MuonEG/Run2016B-03Feb2017_ver2-v2/MINIAOD 272007 - 275376 5788
/MuonEG/Run2016C-03Feb2017-v1/MINIAOD 275657 - 276283 2573
/MuonEG/Run2016D-03Feb2017-v1/MINIAOD 276315 - 276811 4248
/MuonEG/Run2016E-03Feb2017-v1l/MINIAOD 276831 - 277420 4009
/MuonEG/Run2016F-03Feb2017-v1l/MINIAOD 277772 - 278808 3102
/MuonEG/Run2016G-03Feb2017-v1/MINIAOD 278820 - 280385 7540
/MuonEG/Run2016H-03Feb2017_ver2-vl/MINIAOD 280919 - 284035 8391
/MuonEG/Run2016H-03Feb2017_ver3-vl/MINIAOD 284036 - 284044 215

Total luminosity: 35867
/DoubleMuon/Run2016B-03Feb2017_ver2-v2/MINIAOD 272007 - 275376 5788
/DoubleMuon/Run2016C-03Feb2017-v1l/MINIAOD 275657 - 276283 2573
/DoubleMuon/Run2016D-03Feb2017-v1l/MINIAOD 276315 - 276811 4248
/DoubleMuon/Run2016E-03Feb2017-v1/MINIAOD 276831 - 277420 4009
/DoubleMuon/Run2016F-03Feb2017-v1/MINIAOD 277772 - 278808 3102
/DoubleMuon/Run2016G-03Feb2017-v1/MINIAOD 278820 - 280385 7540
/DoubleMuon/Run2016H-03Feb2017_ver2-vl/MINIAOD 280919 - 284035 8391
/DoubleMuon/Run2016H-03Feb2017_ver3-vl/MINIAOD 284036 - 284044 215

Total luminosity: 35867
/DoubleEG/Run2016B-Run2016B-03Feb2017_ver2-v2/MINIAOD 272007 - 275376 5788
/DoubleEG/Run2016C-03Feb2017-v1/MINIAOD 275657 - 276283 2573
/DoubleEG /Run2016D-03Feb2017-v1/MINIAOD 276315 - 276811 4248
/DoubleEG/Run2016E-03Feb2017-v1/MINIAOD 276831 - 277420 4009
/DoubleEG/Run2016F-03Feb2017-v1/MINIAOD 277772 - 278808 3102
/DoubleEG/Run2016G-03Feb2017-v1/MINIAOD 278820 - 280385 7540
/DoubleEG/Run2016H-03Feb2017_ver2-vl/MINIAOD 280919 - 284035 8391
/DoubleEG/Run2016H-03Feb2017_ver3-vl/MINIAOD 284036 - 284044 215

Total luminosity: 35867

TABLE A.3: Dilepton data samples and corresponding luminosities in 2016.

Dataset HLT Path Name Run Range
DoubleEG HLT_Ele23_Elel12_CaloldL_TrackIdL_IsoVL_DZ 272007-284044
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL 272007-280385
DoubleMuon HLT_Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL 272007-280385
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ 280919-284044
HLT_Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ 280919-284044
HLT_-Mu23_TrkIsoVVL_Ele8_CaloldL_TrackIdL_IsoVL 272007-280385
MuonEG HLT_Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL 272007-280385

HLT_Mu23_TrkIsoVVL_Ele8_CaloldL_TrackldL_IsoVL_DZ 280919-284044
HLT_Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_DZ 280919-284044

TABLE A.4: List of dilepton triggers used in the type-III seesaw analysis. All triggers
are unprescaled and a logical or is to be understood over those valid in the same
dataset and run range.

Sample Name Cross-section [pb]
/DY JetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/{_ext1-v2/% 5765.4
/DY1JetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/t-v1/f 1016x1.54527
/DY2JetsToLL_-M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/t-v1/1 331.4x1.54527
/DY3JetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/t-v1/1 96.36 X 1.54527
/DY4JetsToLL_-M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/t-v1/{ 51.40%1.54527
/TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/t-v1/} 87.31
/TTJets_DiLept_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8/t_ext1l-v1l/§ 87.31
/WWTo2L2Nu_13TeV-powheg/f-v1l/} 12.178
/WZTo3LNu-TuneCUETP8M1_13TeV-powheg-pythia8/f-v1l/t 4.42965
/WZTo3LNu_-TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8/f-vl/i (cross-check) 4.712
/ZZTodL_13TeV_powheg_pythia8/t-v1/i 1.256
J/WWW_4F_TuneCUETP8M1_13TeV-amcatnlo-pythia8/f-v1/{ 0.2086
J/WWZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8/f-v1/1 0.1651
J/WZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8/f-v1/t 0.05565
/ZZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8/t-v1/f 0.01398
/TTZToLLNuNu-M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8/f_ext1-v1/ 0.2529
/TTWJetsToLNu_-TuneCUETP8M1_13TeV-amcatnloFXFX-madspin-pythia8/f{_ext1-v3/t 0.2043
/TTTT_ TuneCUETP8M2T4_13TeV-amcatnlo-pythia8/f-v1/i 0.009103
JttH_HToZZ_ALFilter .M125_13TeV _powheg2_JHUgenV6_pythia8/{-v1/} 0.000337
/GluGluHT0ZZTo4L_M125_13TeV_powheg2_JHUgenV6_pythia8/f-v1l/} 0.01212
/VBF_HTo0ZZTo4L_M125_13TeV_powheg2_JHUgenV6_pythia8/f-v1/} 0.001034
/WminusH_HToZZTo4L._M125_13TeV _powheg2-minlo-HWJ_JHUgenV6_pythia8/f-v1l/} 0.0001471
/WplusH_HToZZTo4L_M125_13TeV _powheg2-minlo-HWJ_JHUgenV6_pythia8/f-v1l/t 0.0002339
/ZH_HToZZ ALFilter_M125_13TeV_powheg2-minlo-HZJ_JHUgenV6_pythia8/t-v1/} 0.000652

7 RunIISummer16MiniAODv2-PUMoriond17_-80X_mcRun2_asymptotic.2016_TranchelV_v6
I MINTAODSIM

TABLE A.5: Background MC samples used in type-III seesaw analysis.
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measurements are shown in Fig. A.5 and A.6 in data and MC samples respectibly. The
fake rates for muon measured in the MC samples are shown in Fig. A.7-A.8. The tau
leptons that decay hadronically the fake rate is measured as separately for 1-prong and
3-prong decays. For each tau category (1-prong/3-prong) the fake rates are measured
in bins of tau pr, n and the pt of a jet matched to the tau candidate within AR < 0.4.
An additional correction factor as a function of the number of tracks in the event is
also measured as discussed in Chapter 5. Figure A.9-A.11 show the fake rates for taus

measured in data as well as DY +jets and tt simulated samples.
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F1cURE A.1: Electron prompt rates as measured in data.
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FIGURE A.2: Electron prompt rates as measured in simulated samples.
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FIGURE A.3: Electron fake rates measured in MC in barrel for pr < 30 GeV (left),
30 < pr < 45 GeV (middle) and pr > 45 GeV (right).
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FIGURE A.4: Electron MC fake rates in endcap for pr < 30 GeV (left), 30 < pt < 45
GeV (middle) and pt > 45 GeV (right).
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FIGURE A.5: Muon prompt rates as measured in the single muon dataset.
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FIGURE A.6: Muon prompt rates measured in the simulated samples.
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F1GURE A.7: Muon MC fake rates in barrel for pp < 25 GeV, 25 > pp > 35 GeV,
35 < pr < 50 GeV and pr > 50 GeV from left to right respectively.
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FIGURE A.8: Muon MC fake rates in endcap for pt < 25 GeV, 25 > pt > 35 GeV,
35 < pr < 50 GeV, and pt > 50 from left to right respectively.
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FIGURE A.9: Left: Tau fake rates in DY enriched data, and in simulated DY +jets
and tt + jets events as a function of the mother jet pr, for 1 prong taus with pr

50 — 100 GeV in barrel. Right: Tau fake rates in DY enriched data, and in simulated
DY +jets and tt + jets events as a function of the mother jet pr, for 1 prong taus with
pr 50 — 100 GeV in endcap.
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F1cURE A.10: Left: Tau fake rates in DY enriched data, and in simulated DY +jets
and tt + jets events as a function of the mother jet pr, for 1 prong taus with pr

50 — 100 GeV in barrel. Right: Tau fake rates in DY enriched data, and in simulated
DY +jets and tt + jets events as a function of the mother jet pr, for 1 prong taus with
pr 50 — 100 GeV in endcap.
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FI1GURE A.11: Left: Tau fake rates in DY enriched data, and in simulated DY +jets
and tt + jets events as a function of the mother jet pr, taus with pt 100 — 125 GeV.
Right: Tau fake rates in DY enriched data, and in simulated DY +jets and tt + jets
events as a function of the mother jet pr, taus with pp > 125 GeV.

A.3 Uncertainties on the MC based backgrounds

Some of the major backgrounds for this search are estimated using the simulated samples.
For example, the WZ process is the most dominant background in the 3L channels, while
77 is the primary background for the 4L channels. To make sure there aren’t any biases
in the simulation, we evaluate the impacts of various uncertainties on the MC samples.
The main sources considered here are the energy and scale variations of the various
objects used in the analysis, viz. leptons, jet. The quantities considered are jet energy
resolution (JER), jet energy scale (JES), uncluttered energy scale (UES), muon energy
and resolution scale (MERS), electron energy scale (EES) and tau energy scale (TES).
The impacts of these uncertainties are accessed by varying each quantity within one
standard deviation of their central values and observing the change in the background
yield for particular MC samples in all the signal regions. Figure A.12-A.17 depicts the

variation in the background yields while we vary the quantities listed above.

A.4 Trigger Efficiencies

The trigger efficiencies are measured using the Tag and Probe method on Z resonance
by selecting the dilepton events by a single lepton trigger. The tag and probe objects
are required to pass tight selection requirement and match to an HLT level object. The
tight selection requirements for each lepton favor are described in Chapter 4. The probe

object is also required to be opposite in charge compared to tag and is at least AR = 0.4
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FIGURE A.12: Impact of varying JER on LT distribution in 3L channels in low piiss
(upper plots) and high p2** (bottom plots).

away from the tag object. The probability at which this probe object also matches to
HLT level object (within AR < 0.2) defines the trigger efficiency for the that HLT
path. The trigger efficiencies are measured in bins of lepton pt and 7. Figure A.18
and A.19 show the trigger efficiencies for single muon “IsoMu27” and single electron

“Ele35WPTight” respectively.

To evaluate the impact of the uncertainties on the trigger efficiencies measured in the
data simulated samples we vary the trigger efficiency up and down by 2% for both data
and MC in the opposite direction and observe the change in MC yield. Figure A.20-A.21
show the impact of these variations in various signal regions. We observe the impact of
the uncertainty on the trigger efficiency is minimal, especially in the regions with 3 or

more light leptons due to the redundancy in the objects that can fire the trigger. The
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FIGURE A.13: Impact of varying JES on LT distribution in 3L channels in low p2iss
(upper plots) and high p2** (bottom plots).

impact is most visible (< 4%) in 2L1T channels as seen Figure A.20-A.21. The trigger
efficiency for the trigger paths used in the 2016 seesaw analysis as given in Table A.4
are shown in Figures A.22-A.25

A.5 Impact of L1 pre-firing

We evaluated the impact of Level-1 (L1) pre-firing using a combination of single muon
and single electron 2017 datasets (Run B, D, and F). We use a selection of events with

at least two e/u, and a recipe provided by the L1 group !. We observe a minimal

"https://indico.cern.ch/event/732212/contributions/3026917/attachments/1663881/
2666673/Levell _DPG_UpdatePreFire_PPD_7June2018.pdf


https://indico.cern.ch/event/732212/contributions/3026917/attachments/1663881/2666673/Level1_DPG_UpdatePreFire_PPD_7June2018.pdf
https://indico.cern.ch/event/732212/contributions/3026917/attachments/1663881/2666673/Level1_DPG_UpdatePreFire_PPD_7June2018.pdf

Appendiz 114

B 8 S S S I 2y
E [ Jwz_uEsdown | 3 180 |wz_uesdown .
L WZ_UESup ] F 3
10 L Wz - - 1.6 o WZ_UESup 1
g T 214 ]
L _— ] © g b
~ 10F e © 1.2f .
% E . g > r 1
8 L ] Tg 1: 1  E— — B
1 E S o0.8Ff .
E | 3 3] F ]
i || S 0.6] ]
-1 — LL r ]
107 0.4f :
i 1 0.2F 1
107 \ \ \ \ \ E E | | | | | ]
i Lo Lo L Lo N s | O L1 L1 L1 L1 L1 L1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
LT3D LT3D
T 2y
[ [ Jwz_uesdown | 1 180 D WZ_UESdown ]
10° ¢ WZ_UESup 3 F ]
E W2z E c 1.6 ;7 WZ_UESup ;
102 - 2 14] ]
E [ 3 © F ]
= f 1 3 12 .
S 10¢ 5 > F ]
o =k . & T IF — E
O L — ] c F 1
L | Sos -
E 3 (&) C ]
: : ] S 06] ]
[ = | LL C ]
107 [ 0.4 .
B ] 0.2F .
10_2;”\H‘\H‘\H‘\H‘\HE o) ST R R AP BRI I B
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
LT3D LT3D

FIGURE A.14: Impact of varying UES on LT distribution in 3L channels in low p2iss
(upper plots) and high p2** (bottom plots).

impact (about 1.2%) of this issue in Run B+D+F. The impact on entire 2017 dataset
is expected to be even smaller. In trilepton selection, we have very few events, but our

observations are statistically consistent with the dilepton observations.

We also checked the impact of this issue on the signal MC using an in-efficiency curve
provided by the L1 group as a function of jet pr in 2.4< |n| <3.4. Figure A.26 shows
the inefficiency curve as a function of jet pr in 2.4< |n| <3.4 (left) as provided by the
L1 group and pr of leading AK4 PF jet (right) in 2.4< |n| <3.4 for VLL signal with
mass 600 GeV. We estimate the impact of this issue on VLL signal is <1%.
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F1GURE A.15: Impact of varying MERS on LT distribution in 3L channels in low

miss

piss (upper plots) and high p2s* (bottom plots).
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