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Abstract

I study the scope of discovering vector-like leptons at the Large Hadron Collider. Unlike

the Standard Model, vector-like leptons are non-chiral. Many beyond the Standard Model

theories like composite Higgs model, warped extra-dimensions, supersymmetry predict the

existence of such leptons. I studied vector-like lepton model in a multilepton final state

using an ATLAS 8 TeV search result. I exclude vector-like leptons with masses below 150-

280 GeV depending on specific model parameters. I study the doublet model at center of

mass energy of 13 TeV using a multilepton final state. I design signal regions to maximize

signal to background ratio and I make predictions about the sensitivity of multilepton

final state to the vector-like lepton model. The optimized signal region corresponds to

2l-tau, onZ channel with meff ≥600 GeV. Using this signal region, I predict 95% CL

exclusion limit for a luminosity of 20 fb−1. I excluded vector-like leptons in the doublet

model having masses below 365 GeV.
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Chapter 1

Introduction

The Standard Model of particle physics has not only successfully accounted for most of

the experimental results but has also rightly predicted many new phenomena including the

existence of top quark, tau neutrino, W, Z and the Higgs bosons. This theory incorporates

the strong, weak and electromagnetic forces in a single framework. In late 1960s, Abdus

Salam, Steven Weinberg and Sheldon Glashow merged the electromagnetic and weak

forces into a single electroweak force with the inclusion of the Higgs mechanism. The

strong force was added to this description in early 1970s, thus completing the Standard

Model as we know it today [1–5].

This theory includes fundamental particles and gives a description of the interactions

between them. The particle content of the Standard Model is given in Figure 1.1. There

are 61 fundamental particles comprising of 12 leptons, 36 quarks, 12 gauge bosons and 1

Higgs boson. The quarks and leptons make up the matter content of the universe and the

gauge bosons mediate the interactions between them. The stable matter in the universe

is dominated by the up, down quarks and the electron. The photon, γ, mediates the

electromagnetic force and W+, W−, Z bosons mediate the weak force. The gluon, g,

is the carrier of the strong force. The Higgs boson, a scalar boson, arises due to the

spontaneous symmetry breaking of the electroweak theory. All the massive particles 1 in

the Standard Model acquire their mass upon interaction with the Higgs field [7, 8].

1Neutrinos are massless in the Standard Model of course.
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Figure 1.1: Standard Model particles [6]

1.1 Inadequacies of the Standard Model

The Standard Model is the most consistent theory of fundamental particles we have

today [9]. Though successful, it is not a complete description of elementary particles and

their interactions [10]. There are outstanding problems with this model and I will mention

a few here [11].

1. Gravitational interaction: The Standard Model incorporates weak, electromagnetic

and strong forces but does not include the gravitational interaction in its framework.

2. Neutrino masses: The neutrinos in the Standard Model are massless. But experi-

mentally, neutrino oscillations were observed at Super-Kamiokande experiment [12]

and the Sudbury Neutrino Observatory (SNO) [13]. Neutrino oscillations imply

that a neutrino of one flavor can convert into a neutrino of other flavor. For exam-

ple, SNO experiment observed the conversion of νe from Sun into νµ and ντ . The

observation of neutrino oscillations requires at least two neutrinos to have a non-

zero mass [14]. This is in conflict with the Standard Model’s prediction of massless

neutrinos.

3. Dark matter : The galaxy rotation curves provide the evidence for the existence of

dark matter [15]. The word dark in its name indicates that it is electromagnetically
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neutral and hence cannot be detected using the standard electromagnetic imaging

techniques [16]. While the exact nature of dark matter is unknown, what is known

about the dark matter is that it interacts only through gravity and probably the

weak force. The Standard Model doesn’t provide any viable dark matter candidate.

4. Matter-Antimatter asymmetry: The observable universe is predominantly composed

of matter and not anti-matter. The Standard Model cannot account for this imbal-

ance.

5. Hierarchy problem: In the Standard Model, mass of the Higgs boson acquires

quadratically divergent contributions from quantum corrections. The ATLAS and

the CMS experiments discovered the Higgs boson with mass of around 125 GeV [17,

18]. The parameters of the Standard Model need to be fine-tuned in order to obtain

a finite mass for the Higgs boson. There is no theoretical motivation in the Standard

Model for this fine-tuning.

6. Why three generations of matter : The three generations of quarks and leptons are

experimentally established and they neatly fit into the SU(3)C × SU(2)Y × U(1)Y
description of the Standard Model. But there is no a priori reason why we do not

expect four or more generations.

7. Mass hierarchy between three generations of matter : The masses of the three gen-

erations of quarks and leptons are different by orders of magnitude. For example,

electron’s mass is 0.5 MeV while the tau’s mass is 1.7 GeV. The Standard Model

doesn’t account for this disparity.

1.2 Beyond Standard Model physics

Many theories beyond the Standard Model (BSM) are proposed to resolve one or many

of the above mentioned issues. Some of the well-studied ones are supersymmetry, seesaw

mechanism, extra-dimensions, vector-like fermion models, compositeness and Higgs dou-

blet model. Supersymmetry proposes a symmetry between fermions and bosons [19]. The

supersymmetric transformation acting on a fermionic state results in a bosonic one and
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viceversa. Thus for every Standard Model particle, there exists a supersymmetric part-

ner with spin-1
2 difference. This theory naturally solves the hierarchy problem, and also

provides a viable dark-matter candidate. The seesaw mechanism addresses the issue of

massive neutrinos [20]. The extra-dimension models propose extra spatial dimensions in

addition to the regular four-dimensional spacetime [21]. These models explain why grav-

ity is so weak compared to the other three forces in nature and also predict the existence

of massive gravitons.

The Vector-like fermion models predict additional fermions, and are described in detail

in Chapter 2.
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Chapter 2

Vector-like lepton model

One simple extension of Standard Model (SM) is the inclusion of new vector-like

leptons. Models with these new particles can explain the mass hierarchy between the three

generations of matter [22]. This hierarchy refers to the electron mass being 0.5 MeV while

the mass of tau lepton is 1.7 GeV. In vector-like lepton models, the Standard Model leptons

acquire mass upon mixing with these new leptons and this mixing explains the mass

hierarchy between different generations. They feature in many BSM theories including

composite Higgs model [23,24], warped extra-dimensions [25,26] and supersymmetry [27].

In December 2015, the ATLAS and the CMS collaborations observed a slight deviation

from the Standard Model prediction [28,29]. They reported a slight excess in the diphoton

invariant mass spectrum at around 750 GeV. If this excess is confirmed as the presence of a

new particle, then this might be the first hint of beyond the Standard Model physics. One

of the BSM models that can explain this resonance is the vector-like lepton model [30].

The vector-like leptons are different from the Standard Model leptons. Before I discuss

what they are, I will examine the case for the existence of additional SM like leptons in

nature.
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2.1 Fourth generation of matter

Experimentally, we discovered three generations of matter and they fit neatly into

the Standard Model framework. But a natural question to ask is, are there additional

fermions? While nothing prevents having more fermions in nature, there are severe exper-

imental constraints on a SM like fourth generation. The CMS and ATLAS experiments

have placed a lower bound on the mass of fourth generation quarks to be around 480-

685 GeV [31–34] depending on the specifics of the model being probed. Existence of

such a massive particle would have noticable implications on electroweak precision ob-

servables [35]. This new particle would couple to W, Z and Higgs resulting in measurable

deviations from SM predictions of the their mass, production cross section, branching

ratio, etc.

Figure 2.1: Higgs production through gluon-gluon fusion. Here, the Higgs boson is pro-
duced from gluons through a top quark loop. If a SM-like fourth generation of matter
exists, then it would also contribute to the Higgs production through a fermion loop,
similar to the top quark.

For illustration purposes, let us consider the Higgs boson production through gluon

fusion. In Standard Model, one of the ways this fusion takes place is through a fermion

loop as shown in Figure 2.1. If a new up-type quark with mass > 650 GeV existed, then

it would contribute to this process similar to the top quark. As the coupling to higgs

boson is proportional to the mass of the particle, these new particles will enhance the

Higgs production cross section. This would imply that the measured Higgs production

cross section would be higher than the SM prediction. Using LHC Run I data, the CMS

experiment obtained the ratio of measured Higgs cross section to that of the SM to be

1.00±0.13 [36]. Thus we see that the measurement shows consistency with the Standard
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Model.

Similarly, the L3 collaboration puts a lower bound on the masses of heavy leptons to be

100.2 GeV [37]. Therefore, if a fourth generation lepton with mass more than a 100 GeV

existed, it would also contribute to the enhancement of Higgs cross section like above and

the same argument holds true. In general, SM predictions of various electroweak precision

observables is in sync with the data. Though the existence of SM like generation of quarks

and leptons is not completely ruled out, it is severely constrained.

2.2 What are vector-like fermions?

The fermions in the Standard Model are chiral. This implies that the left-handed

fermions and the right-handed fermions transform differently under the symmetries of the

theory. For example, the weak charged current interacts with the left-handed fermions

but not the right-handed fermions. This asymmetric interaction of left and right handed

fermions in the Standard Model makes it a chiral theory.

The particles whose left and right handed components transform similarly under the

symmetries of the theory are non-chiral and are referred to as vector-like particles [22,

38–41]. For example, the interaction of weak charged current with left and right handed

vector-like fermions is similar. As a result, the vector-like fermion’s interaction with the

W, Z and the Higgs boson is different from Standard Model fermion. One important

consequence is that their contribution to the electroweak precision observables decouples

or decreases as their mass increases [41]. This implies that a heavy vector-like fermion

might exist in nature that does not result in measurable deviations in these observables

from SM predictions. Therefore, these particles are less constrained than extra SM like

fermions. Only direct searches for vector-like fermions can be used to constrain these

models.

Vector-like lepton model is not a single model but a class of models (like supersym-

metry refers to a broad range of models with large parameter space). In the next section,

I introduce the different vector-like lepton models that I have probed.
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2.3 Models

Vector-like leptons (VLL) are spin 1
2 particles whose masses are expected to be higher

than the SM leptons. As they are leptons, they do not have any color charge [22,38–41].

Just like the SM leptons, these vector-like leptons can be electromagnetically charged

or neutral. The vector-like lepton models are a simple extension to the Standard Model

where we add vector-like leptons to the SM generations. This results in vector-like leptons

having lepton numbers similar to the SM generation that they are added to. For example,

if we add a vector-like electron (e′) to the first generation of SM leptons, then this e′

would have a corresponding electron number (Le) and this would be conserved in all its

interactions.

The Vector-like lepton models can be broadly classified into two categories: singlet and

the doublet VLL models. From an experimental perspective, the difference between these

models is that the singlet VLL model allows only charged vector-like leptons while the

doublet VLL model allows charged and neutral vector-like leptons. For example, singlet

model adds only one charged vector-like electron (or muon or tau) and its antiparticle to

the first generation. On the other hand, the doublet model adds one charged vector-like

electron (or muon or tau), its antiparticle and one neutral vector-like neutrino along with

its antiparticle. Therefore, the singlet model has two new particles where as the doublet

model has four.

All the models for my study are minimal extensions of the Standard Model where only

one generation of vector-like leptons are added. In principle, we can have more generations

of vector-like leptons too. I explored two types of singlet VLL models (labelled as A and

B in subsequent discussion) and one doublet VLL model. I will briefly discuss each of

these models including the new particles and their decays in the following subsections.

2.3.1 Doublet model

The doublet VLL model adds a vector-like tau τ ′−, its antiparticle τ ′+ and a neutrino ν ′τ
along with its antiparticle ν̄ ′τ to the Standard Model. This model and the singlet B model
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discussed below are described in Ref. [41]. In this model, it is assumed that m(τ ′)=m(ν ′τ )

i.e. the vector-like tau and the corresponding neutrino are degenerate. The production

channel for the vector-like leptons in this model refers to pair-production (τ ′+τ ′−,ν ′τ ν̄ ′τ )

or associated production (τ ′+ν ′τ , τ ′−ν̄ ′τ ). The production cross sections of these channels

for the Large Hadron Collider at center of mass energies of 8 and 13 TeV is displayed in

Figure 2.2.

Figure 2.2: Production cross section for different channels as a function of mass of vector-
like leptons (doublet VLL model) [41]

These new particles would be unstable and short-lived, and decay into Standard Model

particles. In the doublet VLL model, the vector-like tau couples to Z and Higgs bosons

but not the W boson. This implies the τ ′− can decay into Zτ− and Hτ− and the Feynman

diagrams for this decay are shown in Figure 2.3.The branching fraction for these decays

is shown in Figure 2.4. We observe that B(τ ′− → Hτ−) increases as m(τ ′) increases and

asymptotically reaches 0.5.

On the other hand, ν ′τ only decays into a W boson and a tau lepton. The Feynman

diagram for this decay is given in Figure 2.5. The Branching ratio for this decay is 100%

irrespective of the mass of ν ′τ .

12



Figure 2.3: Feynman diagrams for the decays of τ ′− in the doublet VLL model

Figure 2.4: Branching ratio of different decay modes of τ ′ as a function of its mass (doublet
VLL model) [41]

Figure 2.5: Feynman diagrams for the decay of ν ′τ in the doublet VLL model
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2.3.2 Singlet B model

In this singlet VLL model, we have a vector-like tau (τ ′−) and its antiparticle (τ ′+)

added to the third SM generation [41]. Unlike the doublet VLL model, this model does

not predict the existence of a new neutrino i.e. no ν ′τ in this model. The production of

vector-like leptons in this model is only through pair production of τ ′+τ ′−. The production

cross section as a function of mass is depicted in Figure 2.6.

Figure 2.6: Production cross section as a function of mass of vector-like leptons (singlet
B VLL model) [41]

Apart from the above mentioned difference , another important distinguishing factor

between the singlet and the doublet VLL model is as follows. The τ ′− in the singlet model

couples with the W boson in addition to Z and the Higgs bosons in SM. Therefore, in

this model the τ ′− decays into W−ντ , Zτ− and Hτ−, as depicted in Figure 2.7. The

branching ratio corresponding to each of these decay modes is presented in Figure 2.8.

As expected, the branching fraction, B(τ ′− → Hτ−), increases with m(τ ′). As m(τ ′)

increases further, B(τ ′− → W−ντ ) asymptotically tends to 0.5 while both B(τ ′− → Zτ−)

and B(τ ′− → Hτ−) asymptotically reach 0.25.
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Figure 2.7: Feynman diagrams for the decays of τ ′− in Singlet B model

Figure 2.8: Branching ratio of different decay modes of τ ′ as a function of its mass (Singlet
B model) [41]

2.3.3 Singlet A model

This particular model is described in Ref. [42]. Here, vector-like electron, e′−, and its

anti-particle, e′+, are added to the Standard Model. In this model, I consider vector-like

electrons as they couple to SM bosons and the first generation leptons (e,νe). This gives

us a different event topology from the doublet and singlet B model to search for vector-
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like particles. The new particles in the other two models decay and result in taus and

these taus being unstable, decay either into leptonically or into hadrons. But considering

vector-like electrons which result in stable electrons allows us to probe vector-like leptons

using a different approach.

Figure 2.9: Production cross section as a function of mass of vector-like electrons (singlet
A VLL model)

Figure 2.10: Feynman diagrams for the decays of e′− in Singlet A model
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In this model, the production is through the pair-production of e′+e′− and the cross

section as a function of mass of vector-like electron is shown in Figure 2.9. Here, e′− can

decay into W−νe, Ze− and He−. The Feynman diagrams corresponding to this decay are

given in Figure 2.10. The branching ratio of each of these decays depends on the mass of

e′ (m(e′)) and is depicted in Figure 2.11.

Figure 2.11: Branching ratio of different decay modes of e′ as a function of its mass
(Singlet A model)

2.4 Previous searches

The L3 collaboration placed a lower bound on additional heavy leptons to be around

100.2 GeV [37]. Recently, the ATLAS collaboration performed a search for heavy lepton

resonances decaying into a Z boson and a lepton in a multilepton final state [43]. This

search constrained the singlet VLL model and excluded vector-like leptons in the mass

range of 114-176 GeV. But there are no such constraints on the doublet VLL model. Given

the existing constraints, I consider vector-like leptons with masses more than 100 GeV.
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Chapter 3

Analysis strategy

In this thesis, I study pair produced vector-like leptons. The pair production refers

to the production of e′+e′− in the singlet A model, τ ′+τ ′− in singlet B model and τ ′+τ ′−,

τ ′+ν ′τ , τ ′−ν̄ ′τ and ν ′τ ν̄ ′τ in the doublet model.

When protons collide, different particles are produced and if they are unstable, they

decay before reaching the detector. The daughters of these particles may or may not

be stable and might result in a series of decays. The particles at the end of this decay

chain that interact with the detector are the final state particles. Typically photons,

electrons, muons and jets are detected by the detector. If neutrinos are present in the

final state, then they contribute to missing transverse energy as they do not interact with

the detector. Therefore, we can use any of these as probe to study physics. Vector-like

leptons have a rich phenomenology and can be studied using variety of probes including

leptons, jets or a combination of both.

I study vector-like leptons using a multilepton final state i.e. final state with three or

more charged leptons. For example, Figure 3.1 shows Feynman diagrams for pair produc-

tion in doublet VLL model and some of the subsequent decays that result in multileptons.

This multilepton final state includes hadronic taus. The tau lepton decays before reaching

the detector. It either decays leptonically (resulting in electron or muon, and neutrinos)

or hadronically (resulting in a jet). When it decays leptonically, the resulting electron

or muon are considered in the final state. One advantage of using multileptons is that
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the SM cross section to multilepton final state is low, and thus multileptons have low

backgrounds compared to jet final state. Multileptons have several parameters that can

be used to classify observed excesses. Plus multileptons arise in many different models.

Figure 3.1: Few decays of pair-produced vector-like leptons that give multilepton final
state in doublet VLL model. Here, l, li (i=1,2) indicate charged leptons (e, µ, τ) where
li can be leptons of same or different flavor.

To constrain the vector-like leptons in the Run I of the Large Hadron Collider, I use

an ATLAS multilepton search [44]. I interpret results from this paper in the context of

the doublet VLL model and the singlet A model. The constraints for these models from

this interpretation are presented in chapter 5. The interpretation for the singlet B model

is provided elsewhere in Ref. [41] and the authors show that a luminosity of 20.3 fb−1 used

in Ref. [44] is not enough to constrain this model. Even in the most optimistic scenario,

a luminosity of at least 350 fb−1 is necessary to constrain the singlet B model in Run I of

the Large Hadron Collider.

So far, there are no constraints on the vector-like lepton model from Run II of LHC.

Hence, I devise a strategy to effectively search for these vector-like leptons using a mul-
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tilepton final state. While doing so, it is important to note that some Standard Model

processes can also result in multiple leptons in the final state. For example, consider

WZ production (WZ → lllν). Such SM processes are referred to as background (as

compared to the VLL signal). The important background processes for multileptons are

WZ, ZZ, tt̄W , tt̄Z, Z/γ∗+jets and tt̄+jets.

I consider different signal regions based on selection cuts on various kinematic vari-

ables. Therefore, an important component of the analysis is to estimate these background

processes and devise search regions in order to optimize signal to background ratio. The

doublet VLL model is the richest model among the different VLL models that I considered

so far. Upon comparing Figures 2.2, 2.6 and 2.9, we see that the production cross section

in the doublet VLL model is atleast an order of magnitude higher than the singlet models.

This implies that we are more sensitive to the doublet VLL model than the singlet models

at the LHC. Therefore for Run II analysis, I optimize my search for the vector-like leptons

in the doublet VLL model only.
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Chapter 4

Simulation of signal and background

samples

There are three steps involved in the Monte Carlo (MC) simulation of collision events.

They are listed below.

1. Event generation: A MC generator is a piece of software that calculates cross sec-

tions and kinematics for a specified process. It simulates the hard scatterings in

proton-proton collision events at the Large Hadron Collider. For my analysis, I

use MadGraph 5 v2.1.0 [45] which is a generic Monte Carlo generator. In gen-

eral, MadGraph provides several options and handles to generate specific pro-

cesses. For example, one can generate a process involving selected decays such as

tt̄ → W+bW−b̄ → cs̄bµ−ν̄µb̄. Also, one can specify kinematic cuts on generated

objects such as leptons, photons and jets. In addition, specific Feynman diagrams

contributing to a process can be excluded.

2. Hadronization: Free quarks and gluons do not exist in nature, they hadronize.

Quarks (or gluons) produce one or more hadrons such that the final result is colorless.

The resultant hadrons carry parent quark’s (or gluon’s) momentum and hence are

typically collimated. We cluster these hadrons using particular algorithms [46–51]

into objects called as jets. A jet has a well defined four momentum which correlates

tightly with the four momentum of the initial quark (or gluon). The exact physics of
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hadronization is not well understood but there are models predicting the same [52].

I use Pythia v8.186 [53] for the hadronization of the output of the generator.

Pythia 8 can not only generate Monte Carlo events but also hadronize the MC

events simulated by other generators (like MadGraph in my case).

3. Detector simulation: After simulating the proton-proton collision event, we need to

simulate the detector effects. When a particle passes through matter, it interacts

with it. For example, a charged particle like electron interacts with the detector

through ionization, bremsstrahlung, Cherenkov radiation. A photon interacts via

photoelectric effect or pair production. Hadrons interact with the detector through

nuclear interactions. All these detector effects on the particles generated in a colli-

sion event need to be taken into account. The ATLAS and CMS experiments have

proprietary software based on GEANT [54] to accurately simulate the detector in-

teraction with the generated particles. Here, I use parametrization defined by the

ATLAS experiment to acess the detector effects on generated leptons where jets are

considered, they are reconstructed using generator level information using the anti-

kt jet clustering algorithm [51] in the FastJet [55] package. I use the implementation

of Fastjet within the Delphes v3.1.2 [56] framework.

All the signal and background samples used for this analysis follow the above three

steps: event generation in MadGraph, hadronization in Pythia and detector simulation

in Delphes. Detailed description of the signal and background samples is given in the

following sections.

4.1 Signal samples

The doublet VLL model and the singlet A model were explored at 8 TeV and thus the

appropriate signal samples were generated as described below. At 13 TeV, only the doublet

VLL model was studied and signal samples pertaining to this model were generated.
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4.1.1 Model implementation

MadGraph provides instructions to implement a new model in its framework. Some

models are already available in MadGraph such as the Standard Model.

Doublet VLL model

Model implementation for the doublet VLL model was done with the help of Stephen

Martin and Nilanjana Kumar [41]. They implemented this model in FeynRules v2.0.25

[57] which allows one to start from the Lagrangian of a model and obtain the interaction

vertices and their couplings. The output generated by FeynRules contained all the

information about the particles in the model including their interactions, couplings, decays

and branching ratios. I was provided with this output and I imported it into MadGraph

framework. Upon doing this, MadGraph allowed me to generate events for the doublet

VLL model. For the Run I analysis, I generated pair-produced τ ′+τ ′− with m(τ ′) = 150,

200, 250, 300, 400 and 500 GeV. I generated the pair-produced vector-like taus with m(τ ′)

in the range of 280-500 GeV for the Run II analysis. The cross section at 8 TeV and the

cross section at 13 TeV is listed in Table 4.1.

m(τ ′)=m(ν ′τ ) (GeV) 8 TeV cross section (fb) 13 TeV cross section (fb)
150 245.8 -
200 81.17 -
250 32.5 -
280 - 50.1
300 14.9 40
350 - 20
400 3.846 10.42
425 - 10
450 - 8
475 - 7
500 1.242 5.5

Table 4.1: The mass of vector-like leptons for different signal samples and the correspond-
ing production cross section in the doublet VLL model at 8 TeV and 13 TeV
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Figure 4.1: Comparison plots between my implementation (labeled Private production)
and the pre-existing signal sample (labeled J. Ruderman) for m(e’)=100 GeV. The top
left panel shows the distribution of e′ pT , the top right plot is the ∆η between Z, e which
result from decay of e’, the bottom left plot is the pT distribution of leading electron in
the sample and the bottom right plot shows the pT distribution of subleading electron in
the event. All these plots show reasonable agreement of the kinematic variables with the
available sample.

Singlet A model

Simulation samples for this model at the generator level were available for two mass

values of e′ [58]. Based on these samples, I implemented this model in the MadGraph

(v2.1.0) framework. 1

I validated my implementation of the model by comparing some kinematic distri-

butions with the previous samples. I reproduced distributions such as the transverse

momentum, pT , of different particles such as e′, leading lepton (the lepton with highest

1In my implementation, I assumed the Standard Model like couplings for vector-like electrons.
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pT ), subleading lepton (the lepton with second highest pT ) and I also compared the an-

gular distribution between Z and the electron which decay from an e′. Figure 4.1 shows

some of the comparison plots between the sample I generated and the existing sample for

m(e′)=100 GeV.

Though Figure 4.1 shows consistency in both the generations, some discrepencies

remain which can be partially related to differences between MadGraph 4 v4.5.2 and

MadGraph 5 v.2.1.0. An important difference could be that different couplings were

implemented in both the generations. This difference would be pursued during further

studies.

m(e′) (GeV) Cross section (fb)
100 427.966
200 35.3255
300 6.9138
400 1.90869
500 0.634002

Table 4.2: The mass of vector-like electron for different signal samples and the corre-
sponding production cross section in the singlet A VLL model at 8 TeV

I generated signal samples for vector-like electrons of masses 100, 200, 300, 400 and

500 GeV. The cross section for these mass points are given in Table 4.2.

4.2 SM Background samples

I generated background samples for LHC Run II analysis at a center of mass energy

of 13 TeV. The SM background processes that give multileptons are WZ, ZZ, tt̄V (here

V = W/Z), Drell − Y an+jets and tt̄+jets. In all these processes, Z represents Z boson

and the virtual photon, γ∗. Some important details of the generation of these samples is

summarized in Table 4.3.
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Background sample Cuts Cross sec-
tion (pb)

Branching
ratio

Number of
events

Luminosity
(fb−1)

WZ → lllν mll > 4 GeV 4.4 1.0 50,000 11.4
ZZ → llll mll >4 GeV 1.2 1.0 50,000 41.7
tt̄W (→ lllνννbb̄)
tt̄Z(→ llllννbb̄)

- 0.17 1 950,000 5588

Z/γ∗(→ ll)+jets mll ≥10 GeV 24635 1 100,000 0.004
tt̄(→ llννbb̄)+jets - 831.8 0.106 4,000,000 45

Table 4.3: List of all the SM background processes with their cross section (pb), number
of events and Luminosity (fb−1) specified. Here, Z=Z/γ∗ and l = e/µ/τ . I am predicting
exclusion limits for a luminosity of 20 fb−1.
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Chapter 5

Analysis for LHC Run I data

LHC Run I comprises of proton-proton collision data recorded at center of mass energy

of 7 TeV and 8 TeV. For my analysis purposes, I consider only 8 TeV data as it corresponds

to a luminosity of 20.3 fb−1 whereas the 7 TeV data corresponds to a luminosity of around

5 fb−1.

5.1 Model testing using an ATLAS 8 TeV search

The ATLAS experiment has performed a model independent multilepton search using

pp collisions at
√
s = 8 TeV [44]. In this paper, ATLAS provides a prescription to con-

strain any beyond Standard Model physics that results in multileptons. Here, I describe

how I use this prescription to constrain vector-like leptons.

Results in Ref. [44] are presented in terms of visible cross section, σvis. These can

be inverted to obtain a 95% CL [59, 60] upper limit on the number of events, N95, using

N95=L ·σvis. If a model predicts more number of events than N95 for the same luminosity,

then it is excluded.

Thus for vector-like lepton models, we need to calculate the number of signal events,

Nsig and compare it with N95. Alternatively, I can convert Nsig into visible cross section

and compare against the upper limit on σvis from Ref. [44]. I present results for the

vector-like lepton models in terms of σvis. In order to calculate the expected σvis from
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the model, I use following relations.

Nsig = L ∗ σ ∗B ∗ A ∗ ε (5.1)

σvis = Nsig

L
(5.2)

Equation 5.1 relates the production cross section (σ) to the number of signal events (Nsig)

where L is the luminosity, B is the branching ratio, A is the acceptance and ε in the

efficiency. Here, the luminosity is same as the original result i.e. L=20.3 fb−1. The

cross section for the pair-produced vector like leptons is given by the model. For example,

cross section of τ ′+τ ′− at m(τ ′)=150 GeV in the doublet VLL model is 245.8 fb. The

cross sections of the signal samples used for the doublet VLL model is listed in Table 4.1

and for the singlet A model are listed in Table 4.2. During the generation of samples, if

the vector-like leptons or the SM bosons resulting from their decay are forced to decay

into leptons, then the appropriate branching ratio needs to be taken into account. For

example, consider the following production for m(τ ′)=150 GeV in the doublet VLL model.

p p → τ ′+τ ′− → Zτ+Hτ− → l+l−τ+Hτ−

Here, the τ ′+ is forced to decay to Zτ+, τ ′− decays to Hτ− and the resultant Z

decays leptonically. The branching ratio of each of these decays is B(τ ′+ → Zτ+)=0.87,

B(τ ′− → Hτ−)=0.13 and B(Z → l+l−)=0.10099 where l = e/µ/τ . The total branching

ratio for the generated process is given by multiplying these individual branching ratio.

Therefore, the total branching ratio for this generation is 0.0114. For illustration, consider

the branching ratio of pair-produced vector-like electrons to 3 or more leptons in the singlet

A model. Figure 5.1 depicts this branching ratio as a function of vector-like electron mass.

The A ∗ ε in equation 5.1 is experimental in nature. The acceptance is a measure of

the number of events that satisfy our event selection requirements whereas the efficiency

refers to the effectiveness of detecting an event within the fiducial volume of the detector.

Therefore, this can only be ascertained by simulation of the signal sample and applying

precisely the same selections as in the paper. The exact event selection is described in

the next section.
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Figure 5.1: Branching ratio to trileptons for pair-produced vector-like electrons in the
singlet A model as a function of their mass.

5.2 Event selection

I select events using generator-level information. The output of the detector (detector-

level) is different from generator-level information due to the efficiency of reconstructing

objects from detector information and the resolution of those measured quantities. The

correction factor to go from generator-level to detector-level is provided for individual

leptons in Ref. [44] based on their flavor, position and momentum. This correction is

measured using a WZ simulated sample.

Here, the electrons and muons are selected if their transverse momentum, pT , is above

10 GeV and their pseudorapidity, |η|, falls within the fiducial volume of the detector (see

Table 5.1). For hadronically decaying taus, τhad, the selection cuts are placed on visible

transverse momentum, pvisT , and visible pseudo-rapidity, |ηvis|. Here, visible indicates that

the resultant four-momentum from the daughters of τhad that interact with the detector

material. For example, if τ− → π−ντ then the pvisT = pT of π− (neutrino is ignored as

it does not interact with the ATLAS detector). To obtain isolated electrons and muons,

we consider a cone of ∆R=0.3 around the lepton’s direction and sum the magnitude of
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S.No. Event selection cuts
1 Electron: pT>10 GeV and 1.52<|η|<2.47 or |η|<1.37
2 Muon: pT>10 GeV and |η|<2.5
3 Hadronically decaying tau: pvisT >15 GeV and |ηvis|<2.5
4 Isolation cuts: |ΣpisoT |/pT<0.15 and |ΣEiso

T |/pT within cone of
∆R=0.3 for both electrons and muons.

5 Jets: pT>30 GeV and |η|<4.9
6 Overlap removal: Muons with jets inside ∆R<0.4 are rejected.

If an electron or τhad has a jet within ∆R<0.2, then the jet is
neglected.
If jet and electron’s separation satisfies 0.2<∆R<0.4, then electron
is neglected.
Electrons having muons within∆R<0.1 are ignored.
Also, if two electrons are within ∆R<0.1, then the electron with
lower pT is rejected.

Table 5.1: Event selection for the 8 TeV analysis

pT of charged particles whose pT>1 GeV within this cone. An upper bound is placed on

the ratio of this sum to the lepton pT . A similar upper bound is placed on the ratio of

sum of transverse energy, ET , of visible particles (except muons) within the same cone to

the lepton pT . The second isolation requirement includes the neutral particles unlike the

first isolation requirement. We also place minimum pT requirements on jets to be 30 GeV

and have pseudo-rapidity, |η|, less than 4.9. To ensure that the isolated leptons are not a

part of a jet, we remove the overlap between jets and the selected leptons as mentioned in

Table 5.1. The event selections that I used in my analysis are summarized in Table 5.1.

5.2.1 Event efficiency

The event efficiency is refers to the efficiency of detecting an event within the fiducial

volume of the detector. Here, the fiducial volume of the detector refers to the active

parts of the detector within the acceptance region. The total efficiency of a multilepton

event depends on the individual lepton efficiencies. These individual lepton efficiences are

provided in the ATLAS paper.

For such an event with exactly three leptons, the total efficiency of the event is the

product of the three individual lepton efficiencies. If l1, l2 and l3 are the only three
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leptons in the event, then efficiency of total event is ε1ε2ε3 where εi is the efficiency of

li. For an event with four leptons ( l1, l2, l3, l4), consider the combination of three

leptons, for example, l1l2l4, the efficiency for this combination is given by ε1ε2ε4(1 −

ε3). Here (1 − ε3) terms takes into account the inefficiency of detecting the 3rd lepton.

Similarly, a combination of l2l3l4 has an efficiency of ε2ε3ε4(1− ε1). We need to consider

all such trilepton combinations in order to calculate the four lepton event efficiency. This

procedure can be extended to any number of leptons that might be in an event. A detailed

description can be found in Ref. [61].

5.2.2 Signal regions

Events satisfying the above mentioned event selection criteria are divided into two

channels. The first channel is when the event has three or more electrons or muons which

is referred to as ≥3e/µ channel. The second channel consists of the events which have

exactly two electrons or muons and atleast one hadronically decaying tau. The second

channel is referred to as =2e/µ+≥1τhad and this channel is orthogonal to ≥3e/µ channel.

Each of these channels is further divided into three categories: “on-Z”, “off-Z, OSSF”

and “off-Z, no OSSF”. The first category refers to the events in which we have atleast one

opposite sign same flavor (OSSF) leptons that has invariant mass in the range 81-101 GeV

(20 GeV mass window around Z boson mass). The events which have an OSSF lepton

pair but with invariant mass outside this mass range belong to the second category, “off-

Z, OSSF”. The third category, “off-Z, no OSSF” comprises of events that have no OSSF

lepton pair. For this categorization, only the three leading leptons in >=3e/µ channel

are considered and in the =2e/µ+≥1τhad channel, we consider the two light leptons and

the leading τhad (one with the highest pT ).

We categorize events in this fashion in order to distinguish events with a Z boson

and the events without a Z boson. For example, WZ background would predominantly

contribute to the “on-Z” channel where as tt̄+jets contributes to the “off-Z” channel.

Similarly, the signal events may or may not comtain a Z boson and undergo similar

classification. It is important to note that these three categories are mutually exclusive.
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Signal Region Kinematic Variable Cut
Number
0 all inclusive
1 H lep

T >200 GeV
2 H lep

T >500 GeV
3 H lep

T >800 GeV
4 Hjets

T <150 GeV
5 Hjets

T <150 GeV, Emiss
T > 100 GeV

6 Hjets
T <150 GeV, Emiss

T > 200 GeV
7 Hjets

T <150 GeV, Emiss
T > 300 GeV

8 Hjets
T ≥150 GeV

9 Hjets
T ≥150 GeV, Emiss

T > 100 GeV
10 Hjets

T ≥150 GeV, Emiss
T > 200 GeV

11 Hjets
T ≥150 GeV, Emiss

T > 300 GeV
12 meff >600 GeV
13 meff >1000 GeV
14 meff >1500 GeV
15 Emiss

T ≥100 GeV
16 meff >600 GeV, Emiss

T ≥100 GeV
17 meff >1200 GeV, Emiss

T ≥100 GeV

Table 5.2: Different signal regions based on the kinematic variables used for the interpre-
tation. Signal region number 0 corresponds to an all inclusive channel (with no cuts on
Emiss
T , H lep

T , Hjets
T and meff ). For full signal regions, refer Table 1 in Ref. [44].

Therefore, we can perform analysis separately in these categories and statistically combine

them to obtain a better exclusion limit.

After this, the events are divided into different signal regions based on the cuts on

different kinematic variables, as shown in Table 5.2. H lep
T is calculated by the scalar sum

of the pT (or pvisT for τhad) of leptons that define the multilepton event. Hjets
T is obtained

by the scalar sum of pT of all the selected jets in the event. Emiss
T is defined as the vector

sum of all the stable, invisible particles at the generator level. In my analysis, only the

Standard Model neutrinos contribute to Emiss
T and hence, vector sum of neutrinos in the

event is equal to Emiss
T . The kinematic variable effective mass, meff , is the sum of H lep

T ,

Hjets
T and Emiss

T . I used signal regions based on these variables for my analysis. For

detailed list of all signal regions, refer Table 1 in Ref. [44].
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Figure 5.2: Acceptance times efficiency as a function of vector-like electron mass for singlet
A VLL model. The plot is for an all inclusive signal region for ≥3e/µ channel.

The acceptance in each signal region is given by the ratio of the number of events

that satisfy all the selection requirements of particular signal region to the total number

of events processed. By multiplying this acceptance with the event efficiency obtained

from the earlier calculation, we can obtain the acceptance times efficiency for the signal

sample. For example, the acceptance times efficiency as a function of the VLL mass for

the singlet A VLL model is given in Figure 5.2.

5.3 Kinematic distributions

Here, I present some distributions for the kinematic distributions such as Emiss
T , H lep

T ,

Hjets
T and meff based on which the signal regions that I use for the analysis are defined.

Figure 5.3 gives comparison plots of these kinematic variables for different VLL masses

of the doublet model. As the mass of vector-like lepton increases, we see that peak of

the distributions shift to the right side. This is because if the mass of the vector-like

tau is more, then the resulting leptons will have higher pT which in turn shows up as

higher Emiss
T , H lep

T , Hjets
T and meff . These distributions for the singlet A VLL model for
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Figure 5.3: Comparison plots of different kinematic variables like Emiss
T , H lep

T , Hjets
T and

meff for different masses of vector-like electrons in the doublet VLL model. Here, I
consider m(τ ′)=150, 300 and 500 GeV.

m(e’)=100, 300 and 500 GeV are shown in Figure 5.4.

5.4 Interpretation of the results

Using equation 5.1, we obtain the expected visible cross section for the VLL model

which we can compare against the measured σvis given in Ref. [44].

5.4.1 Doublet model

The signal sample for this model is pair-produced τ ′+τ ′− where one of the τ ′ is forced

to decay into Zτ . One Z in the decay chain always decays leptonically. So the allowed

decay chains are Zτ+Zτ−, Zτ+Hτ− and Hτ+Zτ− where one Z is forced to decay lep-

tonically. The corresponding branching ratio is taken into consideration while calculating
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Figure 5.4: Comparison plots of different kinematic variables like Emiss
T , H lep

T , Hjets
T and

meff for different masses of vector-like electrons in the singlet A model. Here, I consider
m(e’)=100, 300 and 500 GeV.

the exclusion limit.

By using =2e/µ+≥1τhad, off-Z OSSF channel and signal region H lep
T ≥ 200 GeV, I rule

out vector-like leptons with m(τ ′)<280 GeV. Figure 5.5 shows the comparison between

the expected and measured σvis for this signal region.

5.4.2 Singlet B model

I have not probed this model at LHC using the Run I data, but I quote the result

from reference [41] for completeness. Figure 2.6 shows that the production cross section

in this model is very low at a center of mass energy of 8 TeV. As a result of which, we are

not sensitive to this model with a luminosity of 20.3 fb−1. More data, typically of order

of 100 fb−1, is necessary to discover or constrain this particular model [41].
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Figure 5.5: Observed and expected 95% CL upper limit on the visible cross section in
=2e/µ+≥1τhad, off-Z OSSF channel with H lep

T ≥ 200 GeV

5.4.3 Singlet A model

In the singlet model, I pair-produce vector-like electrons (e′+e′−) and force one of them

to decay to Ze. Therefore, the allowed decay modes are Ze+Ze−, Ze+He−, Ze+W−νe

and W+ν̄eZe
−.The corresponding branching ratio for this generation is also taken into

consideration.

Upon calculating the exclusion limit for different signal regions, the most constrained

region is ≥3e/µ, off-Z OSSF channel with meff ≥ 600 GeV. The exclusion contour for the

corresponding signal region is given in Figure 5.6. Therefore, vector-like leptons in the

singlet A VLL model with masses below 150 GeV are excluded.

5.4.4 Summary

I constrained the vector-like lepton models in the Run I of the Large Hadron Collider.

The 95% confidence level lower bound on the masses of different vector-like leptons is

summarized in Table 5.3.
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Figure 5.6: Observed and expected 95% CL upper limit on the visible cross section in
≥ 3eµ, off-Z OSSF channel with meff ≥ 600 GeV

Model Excluded at 95% CL
Doublet VLL m(τ ′)<280 GeV
Singlet B VLL No exclusion
Singlet A VLL m(e′)<150 GeV

Table 5.3: The 95% Confidence Level (CL) exclusion limit on vector-like leptons in dif-
ferent VLL models.

From Section 2.4, we saw that Ref. [43] excluded vector-like leptons in the singlet

model with masses in the range of 114-176 GeV. The lower bound from my analysis is

around 150 GeV which is comparable to this result. Analysis designed for specific models

typically place stronger cosntraints on the model as compared to model independent

analysis. But, as can be seen by comparing these two numbers, the model independent

analysis does provide a good estimate of the constraints.
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Chapter 6

LHC Run II prospects

I study the prospects of discovering or excluding the vector-like leptons within the

doublet model in the Run II of the LHC. The cross section for pair-produced τ ′τ ′, τ ′ν ′τ
and ν ′τ ν̄ ′τ at 13 TeV is shown in figure 2.2. For this analysis, I pair-produced τ ′+τ ′− where

one of the τ ′ is forced to decay to Zτ . This implies that the possible decays are Zτ+Zτ−

and Zτ+Hτ− with one of the Z bosons decays leptonically. As the limit from Run I

analysis is 280 GeV on vector-like lepton mass, here I consider m(τ ′)≥280 GeV.

6.1 Event pre-selection

All the selection criteria discussed here are applied at the generator level. Electrons

and muons should satisfy pT > 10 GeV and |η| <2.4. Electrons and muons are required

to be isolated with Trackiso<0.15. TrackIso is defined as the ratio of the scalar sum pT

of all charged particles with pT >1 GeV, in a cone of ∆R=0.3 around the lepton to the

lepton’s pT . Hadronic taus need to satisfy pT >20 GeV, |η| <2.3 and Eiso <2.0. The Eiso
is defined as the sum of energy of all the particles in a cone of ∆R=5.0 around the lepton

direction. For hadronic taus, the isolation is defined as the ratio of sum of energy of all

the particles within this cone to the pT of the tau lepton. The leading lepton pT in the

selected events should at least be 20 GeV. All the selected jets in an event should have

pT>30 GeV and |η|<2.5. To remove lepton-jet overlap, any jet that comes within ∆R<0.3

of a lepton is vetoed. These selections follow the 8 TeV CMS multilepton paper [66] and
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are summarized in Table 6.1.

S.No. Event selection cuts
1 Electron and muon: pT >10 GeV and |η| <2.4
2 Hadronically decaying tau: pvisT >20 GeV and |ηvis| <2.3
3 Isolation cuts: |ΣpisoT |/pT <0.15 within cone of ∆R=0.3 for both

electrons and muons.
Eiso <2.0 within cone of ∆R=0.5 for hadronic taus.

4 Jets: pT >30 GeV and |η| <2.5
5 Overlap removal: If a lepton has a jet within ∆R<0.3, then the jet

is rejected.
6 Leading lepton in the event has pT >25 GeV.

Table 6.1: Event selection for the Run II analysis

In order to incorporate the detector response, I follow the same procedure as in sec-

tion 5.2.1. Here, I assume that the per-lepton efficiencies at 13 TeV would be comparable

to those at 8 TeV. This assumption is not unreasonable as the muon identification effi-

ciency at the CMS and the ATLAS experiments did not change appreciably from Run I

to Run II [67–71]. Therefore, I use the same per-lepton efficiencies listed in Ref. [44] for

the Run II analysis.

6.2 Background estimation

The Standard Model backgrounds that give multileptons are WZ, ZZ, ttV (V =

W/Z), tt̄, and Z/γ∗+jets. These backgrounds can be broadly classified into two categories

as discussed below.

1. Irreducible backgrounds: These SM backgrounds give at least three genuine leptons

in the final state. Backgrounds like WZ, ZZ, ttV belong to this category. They

are estimated using the simulated Monte Carlo samples. I compare to results shown

in Ref. [72] and assign uncertainties as follows. I assign 10% uncertainty on WZ

background and 38% on ZZ. These uncertainties are conservative, and in practice

could be reduced leading to stronger constraints.

2. Misidentified lepton backgrounds: Backgrounds such as tt̄ and Z/γ∗+jets only give

two genuine leptons in the final state. The third lepton might arise from a jet and
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can be misidentified as a genuine lepton. For example, in tt̄, two W bosons result

in two leptons and a semi-leptonic decay of a hadron from one of the b jets can

give the third lepton. These backgrounds cannot be accounted for directly from

the generator-level information as the probability of a jet faking a lepton depends

on its properties and its interaction with the detector material.1 I estimate the tt̄

background using the simulated sample of luminosity of 45 fb−1. In order to be

conservative, I assign 100% uncertainty on my tt̄ estimate.

In a recent CMS multilepton result [72], the contribution of Z/γ∗+jets was compa-

rable to that of tt̄ for particular set of selections. Here, I assume that the Z/γ∗+jets

background estimate is same as tt̄+jets. Typically, Drell-Yan events will have less

Emiss
T and jet activity compared to tt̄. Thus my approach is conservative while

searching for my signal. I assign 100% uncertainty on the Drell-Yan events to ac-

count for any differences in the event topology from the tt̄.

6.3 Signal regions

The event classification has a similar flow as in the Run I analysis. I first classify

the events into two mutually-exclusive channels, ≥3e/µ and =2e/µ+ ≥1τhad. The former

channel comprises of the events with at least three or more electrons and muons. The

events which have exactly two electrons or muons and at least one hadronically decaying

tau fall into the latter channel. I further categorize events in each channel into “onZ” and

“offZ” depending on whether they have an OSSF pair with invariant mass 91±10 GeV or

not.

Figure 6.1 shows the distributions of kinematic variables such as number of leptons

(e/µ), number of hadronic taus and the number of jets for m(τ ′)=300, 400 and 500 GeV.

We observe that the number of leptons and jets peak at the same value for different masses

of τ ′. Similar distributions for kinematic variables such as Emiss
T , H lep

T , Hjets
T and meff

for ≥3e/µ channel are depicted in figure 6.2. However, the peaks in the kinematic distri-

butions in figure 6.2 shift to higher values as m(τ ′) increases. This is expected because if
1These backgrounds are not even considered in some analysis, for example Ref. [41].
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Figure 6.1: The top left panel shows the number of leptons (e/µ), the top right plot
shows the number of hadronic taus and the bottom panel displays the number of jets for
different mass points of vector-like leptons. Here vector-like lepton masses of 300, 400 and
500 GeV are considered.

the mass of the vector-like tau is higher, then its daughters carry more momentum. This

implies the final state objects like leptons and jets peak at higher values. This is reflected

in the distributions of H lep
T , Hjets

T and hence, meff . Since we do not expect any large

Emiss
T signatures in the final state, we do not see an appreciable shift in its distribution

for different τ ′ masses. It is important to note that although figure 5.3 is the 8 TeV analog

of figure 6.2, we cannot compare them. This is particularly true for Hjets
T and meff as the

selection requirement on jet η and the overlap removal criteria are different in both the

cases.

Different signal regions are considered based on different kinematic variables like H lep
T ,

Emiss
T , Hjets

T and meff . The kinematic distributions of these variables for signal and the

backgrounds is presented for =2e/µ+ ≥1τhad, on Z channel in figure 6.3. In this figure, we
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Figure 6.2: The top left panel depicts the distribution of Emiss
T for m(τ ′)=300, 400 and

500 GeV. The top right plot shows a similar comparison plot for H lep
T , the bottom left

panel depicts the distribution for Hjets
T and the bottom right plot shows the distribution

of meff .

see that placing a lower threshold on these kinematic variables decreases the background

considerably compared to the reduction in signal. For example, H lep
T > 500 GeV cuts

down large background as the background peaks at a lower value of H lep
T than the signal.

Following the same recipe, I choose different signal regions. The signal regions that I

considered for the Run II analysis are listed in the Table 6.2.

6.4 Optimization of the search

The selection cuts are optimized to give maximum signal to background ratio. Here,

we optimize S/
√
B rather than S/B ratio because the former presents a measure of the

ratio of signal events from the standard deviation in the background events. Therefore, by

optimizing S/
√
B, we are ensuring that the chances of background fluctuations go down.
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Figure 6.3: Plot showing the distributions of different kinematic variables H lep
T , Emiss

T ,
Hjets
T and meff for the vector-like lepton signal sample (Mτ ′ = 300 GeV) and different

Standard Model backgrounds. This is for the =2e/µ+ ≥1τhad, on Z channel. The signal
is overlayed upon a stacked background plot for a luminosity of 20 fb−1.

The plots showing comparison of S/
√
B for a luminosity of 20 fb−1 for different signal

regions in =2e/µ+≥1τhad channel for vector-like lepton with a mass of 300, 400 and

500 GeV are given in figure 6.4. Here, the S/
√
B values are presented for different signal

regions which constitute the X-ordinate in the plot. The signal region number in this plot

corresponds to the signal region number in Table 6.2. From these plots, we see that the

onZ channel has more senstivity to the vector-like lepton signal than the offZ channel.

This is expected because during the generation of signal samples, we forced one Z boson

to decay into leptons. Therefore, the signal events will predominantly dominate the onZ

channel rather than the offZ channel. Therefore, the offZ channel is not sensitive though

the backgrounds here are smaller. We observe that when we place a minimum cut on

Emiss
T , S/

√
B decreases. This is expected as the signal does not have any appreciable
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Signal region Kinematic Variable Cut
number
0 all inclusive
1 H leptons

T >200 GeV
2 H leptons

T >500 GeV
3 Emiss

T ≥50 GeV
4 Emiss

T ≥100 GeV
5 Emiss

T ≥150 GeV
6 Hjets

T ≥100 GeV
7 Hjets

T ≥100 GeV, Emiss
T ≥50 GeV

8 Hjets
T ≥100 GeV, Emiss

T ≥100 GeV
9 Hjets

T ≥100 GeV, Emiss
T ≥150 GeV

10 meff ≥600 GeV
11 meff ≥600 GeV, Emiss

T ≥50 GeV
12 meff ≥600 GeV, Emiss

T ≥100 GeV
13 meff ≥600 GeV, Emiss

T ≥150 GeV
14 meff ≥400 GeV
15 meff ≥400 GeV, Emiss

T ≥50 GeV
16 meff ≥400 GeV, Emiss

T ≥100 GeV
17 meff ≥400 GeV, Emiss

T ≥150 GeV
18 meff ≥200 GeV
19 meff ≥200 GeV, Emiss

T ≥50 GeV
20 meff ≥200 GeV, Emiss

T ≥100 GeV
21 meff ≥200 GeV, Emiss

T ≥150 GeV
22 leading τhad pT ≥ 100 GeV
23 leading τhad pT ≥ 200 GeV

Table 6.2: Signal regions used for Run II analysis based on different kinematic variables
such as EmisS

T , H lep
T , Hjets

T and meff . The signal region number 0 refers to all inclusive
channel with no cuts on these kinematic variables. The last two singal region are used
only for =2e/µ+ ≥1τhad channel.

missing energy. Upon comparing these plots, we observe that the signal region numbers

2, 10 and 23 provide high S/
√
B where the selections are H lep

T >500 GeV, meff >600 GeV

and leading τpT >200 GeV.

We have similar plots for ≥3e/µ channel for m(τ ′)= 300, 400 and 500 GeV in figure 6.5.

Note that the signal region numbers 23 and 24 are not applicable for this channel. From

the plots, we notice that the signal region numbers 11 and 15. We observe that the

meff >400 GeV cut in combination with Emiss
T >50 GeV (signal region no. 15) gives
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the maximum S/
√
B for m(τ ′)= 300 GeV. But as m(τ ′) increases, the signal region with

meff >600 GeV in combination with Emiss
T >50 GeV starts to dominate. As can be

observed from this figure, the most sensitive region is given by meff >600 GeV in combi-

nation with Emiss
T >50 GeV (signal region no. 11). This is also true for m(τ ′)= 500 GeV.

This behavior can be explained based on figure 6.2. We noticed that as mass of the

vector-like lepton increases, the peak in the meff shifts to the higher values. This implies

that the signal regions including events with higher meff will be more sensitive than the

ones which include lower values. Therefore, the trend seen in S/
√
B values in meff signal

regions is expected.

Figure 6.4: S/
√
B for different signal regions of =2e/µ+≥1τhad channel as a function of

the signal region number. The X ordinate here corresponds to the signal region number
in Table 6.2. Here, m(τ ′) = 300 GeV for the top left plot, m(τ ′) = 400 GeV for the top
right plot and m(τ ′) = 500 GeV for the bottom plot. The predictions are for luminosity
of 20 fb−1.
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Figure 6.5: S/
√
B for different signal regions of ≥3e/µ channel as a function of the signal

region number. The X ordinate here corresponds to the signal region number in Table 6.2.
Here, m(τ ′) = 300 GeV for the top left plot, m(τ ′) = 400 GeV for the top right plot and
m(τ ′) = 500 GeV for the bottom plot. The predictions are for luminosity of 20 fb−1.

6.5 Prediction of exclusion limits

I calculate 95% CL exclusion limit [59,60] using a statistical tool, RooStats [73]. The

expected number of signal events, Nexp and the 95% exclusion limit, Nlim for a luminosity

of 20 fb−1 are listed for the optimized signal regions in table 6.3. The optimized search

region for ≥3e/µ, onZ channel is the one with meff ≥ 600 GeV in combination with

Emiss
T ≥ 50 GeV (signal region number 11). But it does not constrain the doublet VLL

model. On the other hand, the best exclusion limit is given by meff ≥ 600 GeV (signal

region number 10) for the =2e/µ+≥1τhad, on Z channel. Using this signal region, vector

like leptons with masses below 365 GeV are excluded..

The exclusion limit plot corresponding to =2e/µ+≥1τhad, on Z channel and signal
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m(τ ′) ≥3 e/µ, on Z channel = 2e/µ+1τhad, on Z channel
[GeV] Signal region no. 15 Signal region no. 10

Nexp Nlim Nexp Nlim

280 4.97 2.93 5.24 2.88
300 4.67 2.94 5.19 2.88
350 2.77 2.94 3.32 2.88
400 1.62 2.93 1.95 2.87
425 1.59 2.93 1.89 2.88
450 1.33 2.92 1.55 2.88
475 1.19 2.93 1.38 2.87
500 1.15 2.93 1.33 2.88

Table 6.3: The expected number of signal events, Nexp and the 95% CL upper limit on
the number of events, Nlim for two different optimized signal regions.

Sample ≥3 e/µ, on Z channel = 2e/µ+1τhad, on Z channel
Signal region no. 15 Signal region no. 10

Signal
m(τ ′)=280 GeV 4.97±0.12 5.24±0.12
m(τ ′)=300 GeV 4.67±0.10 5.19±0.11
m(τ ′)=350 GeV 2.77±0.06 3.32±0.06
m(τ ′)=400 GeV 1.62±0.03 1.95±0.04
m(τ ′)=425 GeV 1.59±0.03 1.89±0.04
m(τ ′)=450 GeV 1.33±0.03 1.55±0.03
m(τ ′)=475 GeV 1.19±0.02 1.38±0.02
m(τ ′)=500 GeV 1.15±0.02 1.33±0.02

Background
WZ 30.89±3.09 12.18±1.22
ZZ 22.58±8.58 8.92±3.4
ttV 2.68±0.39 2.71±0.43
tt̄ 0.094±0.094 0.076±0.076

Z + jets 0.094±0.094 0.076±0.076
Total background 56.34±12.25 23.96±5.19

Table 6.4: The expected number of events for different signals and backgrounds in two
different signal regions for an integrated luminosity of 20 fb−1.
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Figure 6.6: The exclusion contour showing the visible cross section corresponding to the
signal and the predicted visible cross section. This plot corresponds to 2e/µ+≥1τhad, onZ
channel and a signal region where meff >600 GeV. I predict that the vector-like leptons
with masses below 365 GeV can be excluded with 20 fb−1 of Run II data.

region with meff >600 GeV is shown in figure 6.6. I conclude that vector-like leptons in

the doublet model with masses below 365 GeV can be excluded at 95% CL using 20 fb−1

of Run II data.
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Chapter 7

Summary

In this thesis, I explored the feasibility of discovering vector-like leptons in the Run I

and Run II of the Large Hadron Collider.

For the Run I analysis, I interpret an ATLAS 8 TeV multilepton search result in the

context of vector-like lepton models. I exclude vector-like electrons with m(e′)<150 GeV

within the singlet A model. This exclusion limit is comparable to the one placed in

Ref. [43]. For the doublet VLL model, the lower bound on the mass of vector-like leptons

is 280 GeV. There are no constraints on the singlet B model using this result. Luminosity

of at least few 100 fb−1 is necessary to constrain this model [41].

I study the prospects of doublet VLL model in Run II of the Large Hadron Col-

lider. The optimal search region for ≥3e/µ and onZ channel corresponds to the one with

meff ≥600 GeV in combination with Emiss
T ≥50 GeV. The =2e/µ+≥1τhad, onZ channel is

optimized for the signal region corresponding to meff ≥600 GeV. Using the latter signal

region, I exclude vector-like leptons of the doublet VLL model with masses below 365 GeV

for a luminosity of 20 fb−1.
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