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Chapter 1

Introdution

The Standard Model (SM) of partile physis is a very suessful theory in desribing

the interations among elementary partiles. All the experimental results so far indiate

that the SM is the orret e�etive theory of elementary partiles for energies below

the TeV sale. All the fundamental partiles predited by the SM are on�rmed by

experiment inluding most likely the Higgs boson, sine reently on the 4th of July 2012,

CERN announed the disovery of a new boson of mass around 125 GeV whose properties

seem to be onsistent with the SM Higgs boson [1, 2℄. It will, however, take more data

and further analysis to positively on�rm this partile as the SM Higgs boson. If it

is on�rmed to be the SM Higgs, it will omplete the experimental veri�ation of the

partile spetrum and ouplings of the SM. However, despite the spetaular agreement

of the SM with experiments, there remain some theoretial shortomings.

One of the major problems that the SM does not address is the gauge hierarhy

problem. The fundamental Plank sale (∼ 1019 GeV) is 16 orders of magnitude larger

than the sale of eletroweak symmetry breaking (EWSB) (∼ 103 GeV). One might

assume that no beyond the SM (BSM) physis exists below the Plank sale and the SM

is the only theory of partile physis valid all the way upto the Plank sale. However,

this assumption an make the SM a very �ne-tuned theory in order to keep the Higgs

mass light in the presene quantum orretions. The renormalized or physial Higgs mass
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(Mh) is given by

M2
h =M2

0 +∆M2
h (1.1)

where M0 is the bare Higgs mass and ∆M2
h is the Higgs self energy orretions. The one

loop orretion to the Higgs mass (major ontribution is oming from top loop) an be

expressed as, ∆M2
h ∼ (λ2t/16π

2)Λ2
where λt (∼ 1) is the top Yukawa oupling and Λ is

the ut-o� sale. We see the quantum orretion to the Higgs mass diverges quadratially

that lifts the mass to the largest sale in the theory i.e. the Higgs mass beomes of the

order of the Plank sale under quantum orretions. If the quantum orretion of a

quantity is of the same order as (or smaller than) its tree level value, the result is said to

be natural (this is a onsequene of naturalness priniple [3℄). If, on the ontrary, the tree

level value is muh smaller than its quantum orretion the result is unnatural beause

the bare value and the quantum orretion appear to have an unexpeted anellation

to give a result that is muh smaller than either omponent. We have observed a light

Higgs with mass around 125 GeV. Furthermore, one strong theoretial reason to believe

that the Higgs mass should be below the TeV sale is the requirement of the partial

wave unitarity in a perturbative theory of the gauge bosons sattering [4℄. For example,

the presene of Higgs with mass below the TeV sale an ontrol the bad high energy

behavior of WLWL → WLWL sattering amplitude. In order to keep the physial Higgs

mass (Mh) below the TeV sale, we need an enormous amount of �ne-tuning between the

bare Higgs mass and Higgs self energy orretions (anellation upto 30 deimal plaes).

This unusual ��ne-tuning� is not addressed in the SM. The requirement ∆M2
h ∼ M2

h for

the eletroweak theory to be natural leads to the ut-o� sale of the theory,

Λ2 ∼ ∆M2
h

λ2t/16π
2
∼ 16π2(125 GeV)2 ∼ (1.5 TeV)2 (1.2)

If the �ne tuning is to be removed, some new physis has to ome in near the TeV sale.

This is one of the main motivations to extend the SM around the TeV sale. A more

detailed disussion on naturalness and the appearane of new physis at the TeV sale

2



an be found in Ref. [5℄.

In addition to the gauge hierarhy problem, the SM also leaves unexplained the large

hierarhy of fermion masses. For instane, the mass of a top quark (≈ 173 GeV) is 6

orders of magnitude larger than the mass of an eletron (≈ 0.5 MeV). Neutrino masses

are at most of the order of few eV whih is 12 orders of magnitude smaller than the mass

of a top quark. However, unlike the Higgs mass, fermion masses are proteted by hiral

symmetry, and therefore stable under radiative orretions. This �avor hierarhy problem,

although tehnially natural [3℄, leaves a question, why are the masses of fundamental

partiles so widely separated?

There are some observed fats like the neutrino mass, existene of dark matter and

baryon asymmetry of the universe that strongly suggest that we may need to go beyond

the SM to explain them. We brie�y disuss these issues below.

Neutrino mass: neutrinos are massless partiles in the SM. However, neutrino osillation

experiments have shown that neutrinos do have mass. Mass terms for the neutrinos an

be added to the SM, but these lead to new theoretial questions. For example, the mass

terms need to be extraordinarily small (order of eV) and it is not lear that the neutrino

masses arise in the same way that the masses of other fundamental partiles arise in the

SM.

Dark matter: the existene of dark matter is inferred from gravitational e�ets on visible

matter/radiation. There are many experimental evidenes whih learly suggest the

existene of dark matter, suh as rotation urves of galaxies [6, 7℄, gravitational lensing

of bakground radiation [8℄, anisotropies in the osmi mirowave bakground radiation

(the COBE experiments), baryon aousti osillation experiments [9℄ et. Many BSM

models have been proposed to aount for dark matter. In most of those models the

dark matter is assumed to be omposed of weakly interating massive partiles (WIMP).

A surprising fat that WIMP whih interat with EW strength and a mass around the

TeV sale leading to the orret reli abundane to aount for the dark matter in the

universe.
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Baryon asymmetry: it is assumed that the big bang should have reated equal amounts

of matter and antimatter in the early universe. But, today we observe that our universe

is almost entirely made up of matter and almost no anti-matter. To explain the observed

matter-antimatter imbalane, we need to inorporate large CP violating interations.

The CP violation in the SM is orders of magnitude too small to aount for the observed

baryon asymmetry [10℄.

There are other motivations too to extend the SM; we observe some puzzling fats

ommon to the quark and lepton setors of the SM, namely the weak oupling onstants of

quarks and leptons are the same, three generations with idential SU(2)L⊗U(1)Y gauge

struture of quarks and leptons et. In the last few deades enormous e�ort has been

made to onstrut and test the bigger theory whih will address some of the unanswered

questions of the SM. Some well-known examples of these BSM theories are Supersymmet-

ri (SUSY) theories, models with extra spatial dimension, dynamial models of EWSB

suh as tehniolor, little Higgs models, quark-lepton ompositeness et.

In this thesis we restrit ourselves to warped extra dimension (WED) models whih

provide a beautiful solution to the hierarhy problems, and ompositeness models whih

explain fermion family repliation, similarities in the weak interation of quarks and lep-

tons et. Many BSM extensions inluding WED and ompositeness models predit the

existene of new heavy fermions with masses near the TeV sale. If these new partiles

exist, they might be deteted at olliders and yield diret evidene of new physis. There-

fore, it is important to study the phenomenology of these exoti fermions at present day

olliders like the LHC. The LHC experiments, ATLAS, CMS and LHCb, are looking for

the signatures of some of these new resonanes. The main fous of this thesis is to study

the LHC phenomenology of two types of suh heavy exoti fermions, namely the vetor-

like quarks that arise in various warped extra dimensional theories and the olor otet

eletrons whih appear in some quark-lepton ompositeness models.

All the SM fermions are hiral sine their left and right hiralities belong to di�erent

representations of the SM gauge group. However, a fermion is de�ned to be vetorlike

4



if its left and right hiralities belong to onjugate representations of the gauge group

of the theory. New hiral sequential forth generation quarks are now exluded [11℄ by

the reent Higgs-data [12, 13℄ and by eletroweak preision test (EWPT) [14℄. Chiral

quarks ouple to the Higgs boson with a strength proportional to its mass. Therefore,

the heavy hiral quarks do not deouple in loops involving these ouplings in partiular in

the prodution and deay of the Higgs [15℄. On the other hand, heavy vetorlike quarks

whih do not reeive masses from the Yukawa-like ouplings (proportional to the mass of

the fermions) to the Higgs are less severely onstrained by the reent Higgs-data [16℄. This

is beause the vetorlike quarks have deoupling property. So far there is no experimental

evidene of the existene of vetorlike quarks, nevertheless they are the key ingredients for

many BSM theories. For example, vetorlike quarks appear in extra-dimensional theories

where higher exitations of SM quarks are vetorlike, omposite Higgs models [17�20℄,

little Higgs models [21�24℄, some non-minimal supersymmetri extensions [25�27℄ of the

SM et. In the literature extensive studies on the vetorlike fermions are available. Here

we brie�y survey some referenes that are relevant to our study.

Vetorlike fermions in the ontext of Higgs boson prodution have been onsidered

in Refs. [28�32℄. Based on the reent disovery of a Higgs boson at the LHC [1, 2℄,

Refs. [33, 34℄ onstrain vetorlike fermion masses and ouplings from the reent data. It

has been pointed out in Refs. [35�38℄ that vetorlike fermions an address the forward-

bakward asymmetry in top quark pair prodution at the Tevatron. Refs. [39�45℄ analyze

vetorlike fermion representations and mixing of the new fermions with the SM quarks and

the relevant experimental bounds. Refs. [46�54℄ study the LHC signatures of vetorlike

quarks having eletromagneti (EM) harges -1/3, 2/3, and 5/3, whih we denote as b′, t′

and χ respetively. Ref. [48℄ studies the LHC signatures of vetorlike b′ and χ in the 4-W

hannel. Ref. [53℄ studies multi-b signals for t′ quarks at the LHC. The LHC signatures of

vetorlike t′ and b′ deaying to a Higgs boson are disussed in Ref. [52℄. Ref. [54℄ studies

pair-prodution of the vetorlike quarks followed by their deays into single and multi-

lepton hannels. Pair-prodution of the Kaluza-Klein (KK) top is explored in Ref. [55℄.
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Ref. [56℄ studies the signatures of vetorlike quarks resulting from the deay of a KK

gluon. Ref. [57℄ analyzes the single prodution of t′ and b′ via KK gluon and �nds

that these hannels ould be ompetitive with the diret eletroweak single prodution

hannels of these heavy quarks. Model independent LHC searhes of vetorlike fermions

have been disussed in Refs. [58�61℄. Many important pair and single prodution hannels

for probing a vetorlike b′ at the LHC in the ontext of a warped extra-dimension were

explored in Ref. [62℄. Mixing of the SM b-quark with a heavy vetorlike b′ and partial

deay widths were worked out in Ref. [63℄. In Ref. [64℄, the LHC phenomenology of new

heavy hiral quarks with eletri harges −4/3 and 5/3 are disussed.

Exploiting same-sign dileptons signal to beat the SM bakground, Refs. [46,47℄ show

that the pair-prodution at the 14 TeV LHC an disover harge −1/3 and 5/3 vetorlike

quarks with a mass up to 1 TeV (1.5 TeV) with about 10 fb

−1
(200 fb

−1
) integrated

luminosity. Ref. [49℄ onsiders pair prodution of harge 5/3 vetorlike quarks and shows

that with the searh for same sign dilepton the disovery reah of the 7 TeV LHC is about

700 GeV with 5 fb

−1
integrated luminosity. The LHC signatures of t′ vetorlike quarks

have been disussed in [50℄ using pp → t′t̄′ → bW+b̄W−
hannel with the semileptoni

deay of the W 's and the reah is found to be about 1 TeV with 100 fb

−1
integrated

luminosity at the 14 TeV LHC. With 14.3 fb

−1
of integrated luminosity at the 8 TeV LHC,

ATLAS has exluded a weak-isospin singlet b′ quark with mass below 645 GeV, while for

the doublet representation the limit is 725 GeV [65℄. In Ref. [66℄ the ATLAS ollaboration

shows the exlusion limits for a t′ quark in the BR(t′ → Wb) versus BR(t′ → th) plane.

With 4.64 fb

−1
luminosity, using single prodution hannels with harged and neutral

urrent interations, vetorlike b′, t′ and χ quarks up to masses about 1.1 TeV, 1 TeV

and 1.4 TeV respetively have been exluded [67℄, for ouplings taken to be v/M , where

v is the Higgs vauum expetation value (VEV), and M the mass of the vetorlike quark.

With 19.6 fb

−1
luminosity at the 8 TeV LHC and assuming 100% branhing ratio (BR)

for the χ→ tW hannel, the CMS ollaboration has set their limit on the χ quark mass

to 770 GeV [68℄. They set limit on t′ mass between 687 GeV to 782 GeV for all possible
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BRs into bW , tZ and th deay modes using 8 TeV LHC data with 19.6 fb

−1
integrated

luminosity [69℄.

The quark-lepton omposite models assume that the SM partiles may not be fun-

damental and just as the proton has onstituent quarks, they are atually bound states

of substrutural onstituents (preons) [70℄. These onstituents are visible only beyond a

ertain energy sale known as the ompositeness sale. A typial onsequene of quark-

lepton ompositeness is the appearane of olored partiles with nonzero lepton number

(leptogluons, leptoquarks) and exited leptons et. Some omposite models naturally pre-

dit the existene of leptogluons (l8) [70�76℄ that are olor otet fermions with nonzero

lepton number. Several studies on the ollider searhes of leptoquarks, exited fermions

an be found in the literature [77�79℄ but there are only a few similar studies on l8's.

Various signatures of olor otet leptons at di�erent olliders were investigated in some

earlier papers inluding the pair and the single produtions [80�85℄. Reently some other

important prodution proesses of the l8 have been analyzed for future olliders like

the Large Hadron-eletron Collider (LHeC) (ep → e8 → eg proess) [86℄, International

Linear Collider (ILC) and the Compat Linear Collider (CLiC) (t-hannel e8 exhange

proess) [87℄. We brie�y review the limits on (harged) olor otet leptons available in

the literature. The lower mass limit of olor otet harged leptons quoted in the latest

Partile Data Book [88℄ is only 86 GeV. This limit is from the twenty three years old

Tevatron data [89℄ from the pair prodution hannel. A mass limit of Ml8 > O(110) GeV

from the diret pair prodution via olor interations has been derived from pp̄ ollider

data in [90℄. Lower limits on the leptogluons masses were derived by JADE ollaboration

from the t-hannel ontribution to the total hadroni ross setion in the Ml8 vs Λ plane,

Ml8Λ
2 & (150 GeV)3 (where Λ is the ompositeness sale) and from diret prodution via

one photon exhange, Ml8 & 20 GeV [91℄. In Ref. [92℄, the ompositeness sale Λ . 1.8

TeV was exluded at 95% on�dene level (CL) for Ml8 ≃ 100 GeV and Λ . 200 GeV for

Ml8 ≃ 200 GeV. It is also mentioned in Ref. [84℄ that the D0 ross setion bounds on eejj

events exlude leptogluons mass up to 200 GeV and ould naively plae the onstraint
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Ml8 & 325 GeV. To the best of our knowledge, there are no papers giving bounds from

preision probes on leptogluons. It is beyond the sope of this thesis to investigate them.

The outline of the thesis is as follows: In Chapter 2 we review the warped-spae extra

dimensional model that has been proposed by Randall-Sundrum (RS) as a solution to

the gauge hierarhy problem of the SM [93℄. We also give a brief disussion on how

the warped geometry an potentially address the fermion mass hierarhy of the standard

model by allowing SM �elds to propagate in the bulk. In Chapter 3 we give details of

the parameter hoies we make in the warped models and show the vetorlike fermion

ouplings and their dependene on the bulk mass parameters. In the same hapter we

also give the partial deay widths and the branhing ratios into the various deay modes

for various warped-spae models. In Chapter 4 we disuss some promising disovery

hannels for the vetorlike quarks having eletromagneti (EM) harges -1/3, 2/3, and

5/3, whih we denote as b′, t′ and χ respetively. We also present the disovery reah of

these new quarks for the 8 and 14 TeV LHC. Chapter 5 of the thesis deals with olor otet

eletrons. We point out that omposite models are proposed to answer some questions

in the SM suh as quark-lepton symmetry, family repliations et. A typial onsequene

of quark-lepton ompositeness is the appearane of olored partiles with nonzero lepton

number (leptogluons, leptoquarks) and exited leptons et. In this thesis we disuss the

LHC phenomenology of olor otet eletron and present the disovery reah for the 14 TeV

LHC.
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Chapter 2

Warped models

During the last deade the Randall-Sundrum (RS) model [93℄ and its variants have at-

trated a lot of attention, both theoretially and phenomenologially as this model solves

the gauge hierarhy problem in a very elegant manner. Due to the AdS/CFT orrespon-

dene [94℄, suh a theory de�ned in a slie of AdS spae is onjetured to be dual to

some strongly oupled 4D theory. In Se. 2.1 we brie�y review the onstrution of the

RS model, inluding the derivation of the warped metri as a solution to the Einstein's

equations [93℄. Then we show how this model solves the gauge hierarhy problem of

the SM. After this, we present a short disussion on the bulk gauge and fermion �elds

oupled with an IR-brane loalized Higgs �eld. In Se. 2.2 we give the details of the

warped models both without and with ustodial protetion of the Zb̄LbL oupling. We

disuss the gauge setor and di�erent quark representations of these models, and write

various Lagrangian terms in the mass basis relevant to the phenomenology we disuss in

the subsequent hapters.

2.1 Original RS model

Following Ref. [93℄, in this setion we brie�y review the onstrution of the RS model and

present the derivation of the warped metri as a solution to the Einstein's equations. We
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Figure 2.1: An illustrative piture (taken from Flip Tanedo's webpage) of warped extra

dimension where fermions and gauge bosons propagate into the bulk, while Higgs is

loalized on the IR brane.

onsider a �ve dimensional spaetime with one extra spatial dimension y ompati�ed on

an orbifold S1/Z2, where S
1
denotes a irle with ompati�ation radius R and Z2 is a

parity symmetry. In other words the �fth dimension y is periodi with a period 2πR and

(xµ, y) is identi�ed with (xµ,−y), where xµ denote the 4DMinkowskian oordinates. Thus,

the y oordinate is bounded in the interval 0 ≤ y ≤ πR. The boundaries of this interval

are alled 3-branes. The branes at y = 0 and y = πR are alled the Ultraviolet (UV) or

the Plank brane and the Infrared (IR) or the TeV brane respetively. As disussed in

Ref. [95℄ and referenes therein, the y diretion is related to the renormalization sale of

the 4D theory. The presene of the brane at y = 0 will make gravity dynamial in the

4D dual theory introduing the Plank sale MP l, a UV sale. Thus, the brane at y = 0

is alled the �Plank brane� or the �UV brane�. The brane at y = πR will break the

onformal symmetry spontaneously in the IR and will introdue masses in the 4D theory.

Thus, the brane at y = πR is alled the �IR brane�. Sine the e�etive sale at y = πR is

the TeV sale, this brane is also known as the �TeV brane�. The region between the UV

brane and the IR brane (i.e. 0 < y < πR) is alled the bulk. The lassial ation for this

setup an be split into three parts as follows

S = Sbulk + SUV + SIR , (2.1)

10



where Sbulk, SUV and SIR represent the ations for the bulk, the UV brane and the IR

brane respetively, and they read as

Sbulk =
∫

d4x

∫ πR

0

dy
√
−G

(

−Λ + 2M3R
)

(2.2)

SUV =

∫

d4x
√
−G (LUV − VUV ) δ(y) (2.3)

SIR =

∫

d4x
√
−G (LIR − VIR) δ(y − πR) , (2.4)

where G is the determinant of the 5D metri GMN(x
µ, y) (where M,N = 0, . . . , 4), Λ is

the 5D osmologial onstant, M is the 5D fundamental sale of gravity and R is the

5D Rii salar. In Eqs. (2.3) and (2.4), the 4D vauum energy VUV and VIR at as

gravitational soures even in the absene of partile exitations. Our strategy is to derive

the bakground metri in absene of any partile exitation and then to add matter �elds

as perturbations on the bakground metri. Thus, we set LUV ,LIR = 0 and write the 5D

Einstein's equations for the ation S as follows

√
−G

(

RMN − 1

2
GMNR

)

= − 1

4M3

√
−GGMN [Λ + VIRδ(y − πR) + VUV δ(y)] , (2.5)

where RMN is the 5D Rii tensor. We assume that there exists a solution of Eq. (2.5)

that respets 4D Poinare invariane in the xµ diretions. The general form of the 5D

metri whih satisfy this ansatz an be written as

ds2 = e−2σ(y)ηµνdx
µdxν − dy2 , (2.6)

where ηµν = diag(1,−1,−1,−1) is the 4D Minkowskian metri. Our aim is to �nd out

the unknown funtion σ(y) appearing in Eq. (2.6). Using the metri in Eq. (2.6), the

Einstein's equations shown in Eq. (2.5) redue to two di�erential equations as follows

dσ

dy
=

√

−Λ

24M3
;

d2σ

dy2
=

1

12M3R
[VUV δ(y) + VIRδ(y − πR)] . (2.7)
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The solution to the �rst order di�erential equation above onsistent with the orbifold

symmetry is

σ = |y|
√

−Λ

24M3
. (2.8)

Sine the metri is a periodi funtion in y, using Eq. (2.8) we alulate σ′′
as follows

d2σ

dy2
=

2

R

√

−Λ

24M3
[δ(y)− δ(y − πR)] . (2.9)

Comparing σ′′
in Eq. (2.7) and Eq. (2.9), we �nd that a solution of Eq. (2.7) exists only

if VUV , VIR and Λ are related in terms of a single sale k as

VUV = −VIR = 24M3k ; Λ = −24M3k2 . (2.10)

Thus, the form of the 5D metri as a solution to the 5D Einstein's equations for the RS

warped geometry is given by

ds2 = e−2kyηµνdx
µdxν − dy2 . (2.11)

We note that the above solution is valid only if Λ ≤ 0. The ase Λ = 0 gives the �at

extra dimension, while for the Λ < 0 ase, the 5D bulk is a slie of 5D Anti-de-Sitter spae

(AdS5). Due to the non-vanishing negative 5D osmologial onstant, the extra dimension

has a �nite urvature. Due to the presene of the e−2ky
fator in the metri, this spae is

alled "warped". The xµ diretions are �at and respets 4D Poinare invariane.

2.1.1 Solution to the hierarhy problem

Here we disuss how the RS geometry solves the gauge hierarhy problem. One an

obtain a 4D e�etive theory by integrating over the extra dimension y. Using the 5D

metri in Eq. (2.11) in the 5D ation S, we obtain the 4D ation orresponding to the
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4D urvature term as

S4D ⊃
∫

d4x

∫ πR

0

dy 2M3e−2ky
√
−ḡR̄ , (2.12)

where R̄ is the 4D Rii salar onstruted from the 4D metri ḡµν whih has the form

ḡµν(x) = ηµν + hµν(x) . (2.13)

The hµν(x) desribes loal gravitational �utuations on the bakground metri ηµν . From

Eq. (2.12) one an relate the 4D e�etive Plank sale of gravity MP l to the 5D gravity

sale M as

M2
P l =

M3

k

(

1− e−2kπR
)

≈ M3

k
(sine e−2kπR ≪ 1) . (2.14)

We will see that in order to solve the gauge hierarhy we need kπR ∼ 35 whih makes

e−2kπR ≪ 1 (f. Eq. (2.16)). Now we move to a situation where LIR 6= 0 and onsider

a fundamental salar �eld H on the IR brane with a vauum expetation value (VEV)

〈H〉 = v0. The 4D ation for this ase is

S4D ⊃
∫

d4x
√
−gIR

{

gµνIR∂µH
†∂νH − λ(H†H − v20)

2
}

, (2.15)

where gµνIR = e2kπRηµν and gIR = det(gµνIR) = −e−8kπR
. We absorb a fator e−kπR in the

de�nition of H to anonially normalize it and by replaing H → ekπRH we obtain

S4D ⊃
∫

d4x
{

ηµν∂µH
†∂νH − λ(H†H − e−2kπRv20)

2
}

. (2.16)

In the above equation, we observe that the fundamental Higgs VEV is resaled by a warp

fator and the e�etive symmetry breaking sale v is given by v = e−kπRv0. Aording

to the naturalness priniple, we assume that all the fundamental parameters are of same

order i.e. M, k, v0 ∼ O(Mpl). Thus, there is no large hierarhy present between the
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fundamental parameters. But we an derive a sale v ∼ O(TeV) by hoosing kπR ∼ 35,

the sale of EWSB from the Plank sale. Therefore, the RS model o�ers an intriguing

solution to the gauge hierarhy problem by reduing the large hierarhy between the

Plank sale and the sale of EWSB. This onludes the review of the original Randall-

Sundrum model [93℄.

2.1.2 SM �elds in the Bulk

In the original RS model only gravity is assumed to propagate into the bulk, while all the

SM �elds are assumed to be on�ned on the TeV brane. Loalization here means that

the �elds are on�ned to a sub-spae. Examples of suh loalization inlude solitoni

solutions (see for example Ref. [96℄) and D-Brane solutions (see for example Ref. [97℄).

For the gauge hierarhy problem, only the Higgs �eld has to be loalized on the TeV brane.

In addition to the gauge hierarhy problem, the fermion mass hierarhy problem of the

SM an also be addressed by allowing SM fermions to propagate in the bulk [98�102℄. In

Fig. 2.1 we demonstrate an illustrative piture of warped extra dimension where fermions

and gauge bosons propagate into the bulk, while Higgs is loalized on the IR brane, and

here we onsider this senario. Setting all interation terms to zero, the free �eld ation

for gauge and fermion �elds is given by

S =

∫

d4x

∫ πR

0

dy
√
−G

[

−1

4
FMNF

MN +
1

2
ψ̄
(

iΓM(∂M + ωM)− ck
)

ψ

]

+ H.c. , (2.17)

where FMN = ∂MAN − ∂NAM is the �eld strength tensor of the 5D gauge �eld AM . The

5D Dira matries and spin onnetions in urved spaetime is denoted by ΓM and ωM

respetively. The bulk mass of the 5D fermion ψ is m = ck where c is the bulk mass

parameter. We obtain the EOM for the gauge and the fermion �elds using the variational

priniple δS = 0 whih yields

[

−e2kyηµν∂µ∂ν + esΦky∂5(e
−sΦky∂5)−M2

Φ

]

Φ(xµ, y) = 0 , (2.18)
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where Φ = {AM , e−2kyψL,R}. Fermion �eld is saled by a fator e−2ky
as required for

proper normalization and L,R represent the Lorentz hiralities. In ase of gauge �elds,

sA = 2 and M2
A = 0 with the gauge hoie ∂µA

µ = 0 and A5 = 0. In ase of fermions,

sψ = 1 and M2
ψL,R

= c(c± 1)k2. In order to solve the EOM in Eq. (2.18), we deompose

5D gauge and fermion �elds in a omplete set f
(n)
Φ as follows

Aµ(x
µ, y) =

1√
πR

∞
∑

n=0

A(n)
µ (xµ)f

(n)
A (y) (2.19)

ψL,R(x
µ, y) =

e2ky√
πR

∞
∑

n=0

ψ
(n)
L,R(x

µ)f
(n)
ψL,R

(y) . (2.20)

This deomposition is alled Kaluza-Klein (KK) deomposition. The in�nite sums ap-

pearing in the deompositions orrespond to a tower of 4D KK states and eah KK state

is assoiated with a pro�le f along the y diretion. Using the KK deomposition of Φ in

Eq. (2.18) we �nd that f satisfy the following equation

[

∂2y − sΦk∂y −
(

M2
Φ − e2kym2

n

)]

f
(n)
Φ (y) = 0 , (2.21)

where mn is the mass of the n-th KK mode satisfying the relation ηµν∂µ∂νΦ
(n)(xµ) =

m2
nΦ

(n)(xµ) relation. Eq. (2.21) is a seond order di�erential equation whih an be

solved by speifying two boundary onditions (BCs) at the boundaries y = 0 and y = πR.

Here we onsider two types of BCs,

• Dirihlet (−) BC: The �eld Φ(xµ, y) or equivalently f
(n)
Φ (y)vanishes on the brane.

• Neumann (+) BC: The derivative of the �eld ∂yΦ(x
µ, y) vanishes on the brane.

By properly hoosing the BCs for the �eld ontent of the theory, one an onstrut

phenomenologially interesting models in agreement with the urrent experimental on-

straints. Now we disuss the solution of the EOM for the bulk gauge and fermion �elds.
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Gauge �elds in the bulk

Solving the EOM for the gauge �eld using the KK deomposition given in Eq. (2.19) we

obtain the bulk gauge boson pro�les as [99℄

f
(0)
A (y) = 1; f

(n)
A (y) =

eky/2

Nn

[

J1

(mn

k
eky
)

+ b1(mn)Y1

(mn

k
eky
)]

, (2.22)

where n = 1, 2, . . . labels the n-th KK mode. The J1(x) and Y1(x) are the Bessel funtions

of order one of the �rst and the seond kind respetively. We note that the zero mode

pro�le f
(0)
A (y) for a massless gauge �eld is �at (i.e. not dependent on y) whereas the

higher KK pro�les f
(n)
A (y) are exponentially peaked towards the TeV brane. The �at

zero mode, f
(0)
A (y) = 1 exists only for (+,+) BCs. Here the signs in the braket indiate

the BCs for eah �eld on the UV and IR brane respetively. These pro�les satisfy the

following orthonormality onditions,

1

πR

∫ πR

0

dyf (m)(y)f (n)(y) = δmn , (2.23)

from whih one an determine the normalizationNn. The KK massmn and the oe�ient

b1(mn) depend on the hoie of the BCs on the branes. Here we onsider gauge �elds

with (+,+) and (−,+) BCs.

• For (+,+) BCs, i.e. ∂yf
(n)
A (y)|y=0,πR = 0:

b1(mn) = −J1
(

mn

k

)

+
(

mn

k

)

J ′
1

(

mn

k

)

Y1
(

mn

k

)

+
(

mn

k

)

Y ′
1

(

mn

k

) = b1(mne
kπR) , (2.24)

whih an be solved numerially formn and b1(mn). For instane, solving Eq. (2.24)

numerially for the �rst KK mode with (+,+) BCs we �nd m
(+,+)
1 ≈ 2.45ke−kπR.

• For (−,+) BCs, i.e. f
(n)
A (y)|0 = 0 and ∂yf

(n)
A (y)|πR = 0:

b1(mn) =
J1
(

mn

k

)

Y1
(

mn

k

) = −J1
(

mn

k
ekπR

)

+
(

mn

k
ekπR

)

J ′
1

(

mn

k
ekπR

)

Y1
(

mn

k
ekπR

)

+
(

mn

k
ekπR

)

Y ′
1

(

mn

k
ekπR

) , (2.25)
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Solving the above equation numerially we �nd that the �rst KK gauge boson mass

with (−,+) BCs is m
(−,+)
1 ≈ 2.40ke−kπR.

We note that m
(−,+)
1 < m

(+,+)
1 and we de�ne MKK = m

(+,+)
1 i.e. the mass of the lowest

gauge KK exitation.

Fermion �elds in the bulk
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Figure 2.2: Masses of the �rst KK fermion with (−,+) (left) and (+,+) (right) BCs as
funtions of c-parameter for MKK = 3 and 5 TeV.

Solving the EOM for the fermion �eld using the KK deomposition given in Eq. (2.20)

we obtain the bulk pro�les for left-handed fermion as [99℄

f
(0)
ΨL

(y) =

√

(1− 2c)kπR

e(1−2c)kπR − 1
e−cky (2.26)

f
(n)
ΨL

(y) =
eky/2

Nn

[

Jα

(mn

k
eky
)

+ bα(mn)Yα

(mn

k
eky
)]

, (2.27)

where n = 1, 2, . . . labels the n-th KK mode and α = |c+ 1/2|. The speial funtions Jα
and Yα are the Bessel funtions of order α of the �rst and the seond kind respetively.

Due to orbifold BCs the fermioni zero modes are hiral and they are identi�ed with

the SM fermions, while all the higher fermioni KK states are vetorlike in nature with

respet to the gauge group. We note that a massless zero mode f
(0)
ΨL

(y) exists only for

(+,+) BCs. The pro�les for the right-handed modes an be obtained by replaing c by
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−c in the above formulae. We also note that the left-handed zero mode f
(0)
ΨL

(y) is �at for

c = 1/2, peaked towards the UV brane for c > 1/2 and peaked towards the IR brane for

c < 1/2. The fermioni pro�les satisfy the following orthonormality onditions,

1

πR

∫ πR

0

dy ekyf (m)(y)f (n)(y) = δmn , (2.28)

from whih one an determine the normalization, Nn. The oe�ient bα(mn) and KK

mass mn are determined through the BCs on the branes. The vetorlike mass mn is set

by the ompati�ation sale MKK , and is given as the solution of Eqs. (2.29) and (2.30)

below.

• For fermions obeying (−,+) BCs, i.e. f (n)(y)|y=0 = 0 and (∂y+ck)f
(n)(y)|y=πR = 0,

we obtain

bα(mn) = −Jα
(

mn

k

)

Yα
(

mn

k

) = −
(

c+ 1
2

)

Jα
(

mn

k
eπkR

)

+
(

mn

k
eπkR

)

J ′
α

(

mn

k
eπkR

)

(

c+ 1
2

)

Yα
(

mn

k
eπkR

)

+
(

mn

k
eπkR

)

Y ′
α

(

mn

k
eπkR

)
(2.29)

This ondition an be solved numerially for mn and bα(mn). The �rst fermion KK

mass m1 with (−,+) BC as funtions of the bulk mass parameter c for MKK = 3

and 5 TeV is shown in Fig. 2.2(a).

• For fermions obeying (+,+) BCs, i.e. (∂y + ck)f (n)(y)|y=0,πR = 0, we obtain

bα(mn) = −
(

c+ 1
2

)

Jα
(

mn

k

)

+
(

mn

k

)

J ′
α

(

mn

k

)

(

c+ 1
2

)

Yα
(

mn

k

)

+
(

mn

k

)

Y ′
α

(

mn

k

) = bα(mne
πkR) (2.30)

This ondition an be solved numerially for mn and bα(mn). The �rst fermion KK

mass m1 with (+,+) BCs as funtions of the bulk mass parameter c for MKK = 3

and 5 TeV is shown in Fig. 2.2(b).

In Fig. 2.2(a) we see that the m1 for (−,+) BCs an be signi�antly smaller in some

c-parameter range and the LHC signatures of (−,+) fermions might be very promising.

Therefore, in this thesis our main aim is to study the LHC signatures of (−,+) fermions.
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How the warped geometry solves the fermion mass hierarhy of the SM an be under-

stood from the exponential loalization of fermion zero modes along the extra dimension

(see Eq. 2.26). Di�erent fermions have di�erent loalization along the 5D bulk depend-

ing on their bulk mass parameters c. The overlap of the fermion shape funtions with

the Higgs on the IR brane depends exponentially on c-parameters. By hoosing all the

c-parameters to be O(1) numbers but slightly di�erent from eah other, the 4D e�e-

tive hierarhial Yukawa ouplings an be generated without introduing hierarhy in

c-parameters. In this manner the warped geometry provides a nie explanation of the

fermion mass hierarhy problem.

2.2 Custodially Proteted RS Model

In the previous setion we reviewed the warped-spae extra dimensional model that has

been proposed by Randall-Sundrum (RS) as a solution to the gauge hierarhy problem

of the SM [93℄. The RS model is a theory de�ned on a slie of AdS5 spae. Due to the

AdS/CFT orrespondene [94℄ ertain strongly oupled 4D theories an be interpreted as

weakly oupled 5D theories in the AdS5 bakground. Therefore, it is possible to alulate

some observables perturbatively in the framework of the RS model. The fermion mass

hierarhy of the SM an also be addressed by allowing SM �elds to propagate in the bulk

satisfying eletroweak preision test onstraints with aessibleMKK sale at the LHC [98,

99℄ and without badly spoiling �avor hanging neutral urrent onstraints [103, 104℄. In

partiular the most stringent onstraints ome from the measurements of the Peskin-

Takeuhi parameters [105℄ and the Zb̄LbL oupling. The Peskin-Takeuhi parameters are

a set of three measurable quantities, alled S, T , and U , whih are very sensitive to the

new physis ontributions to the eletroweak radiative orretions. They are parametrized
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as

S =
4s2wc

2
w

α(MZ)

[

Π′
ZZ(0)−

c2w − s2w
swcw

Π′
Zγ(0)− Π′

γγ(0)

]

(2.31)

T =
1

α(MZ)

[

ΠWW (0)

M2
W

− ΠZZ(0)

M2
Z

]

(2.32)

U =
4s2w

α(MZ)

[

Π′
WW (0)− c2wΠ

′
ZZ(0)− 2swcwΠ

′
Zγ(0)− s2wΠ

′
γγ(0)

]

(2.33)

where α(MZ) is the �ne struture onstant measured at the saleMZ . Here ΠV V denotes

the vauum polarization funtions of the gauge boson V measured at the sale q2 = 0

and the Π′
V V is the derivative of ΠV V with respet to q2. The sw and cw are the sine

and osine of the weak mixing angle respetively. The Peskin-Takeuhi parameters are

de�ned in suh a way that they are all equal to zero at a referene point in the Standard

Model, with a partiular value hosen for the Higgs boson mass. Usually U is small in

typial BSM theories. Assuming U = 0 and Mh = 125 GeV, a ombined analysis of

eletroweak preision measurements leads to the onstraint, S = 0.04 ± 0.09 [88℄. The

T parameter is a measure of the violation of the ustodial symmetry in the eletroweak

setor and very sensitive to the new physis e�ets (S parameter is also sensitive). The

LEP data put very stringent bound on the T parameter, T = 0.07 ± 0.08 [88℄. Another

EWPT observable whih is very preisely measured is the Zb̄LbL oupling and in the SM

it reads

κZbLbL = gZ

[

−1

2
+

1

3
sin2 θW

]

. (2.34)

Experimentally the bound on the shift of the Zb̄LbL oupling from the SM value, ∆κZbLbL

with 95% C.L. is given by [88℄

− 2× 10−3 . ∆κZbLbL . 6× 10−3 . (2.35)

In a simple extension of the RS model with SM �elds in the bulk and the bulk gauge

group being the SM gauge group SU(2)L ⊗U(1)Y , the mass of the lowest KK exitation
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of the gauge boson, MKK is onstrained by eletroweak preision tests (in partiular

the T parameter) to be above 8 TeV [106℄. Therefore, this simple extension will likely

remain beyond the reah of the LHC. However, as shown in Ref. [106℄ this situation

an be signi�antly improved by extending the bulk gauge group to G = SU(2)L ⊗

SU(2)R⊗U(1)X . The ustodial symmetry in the Higgs setor o�ers an SU(2)R symmetry

in the bulk [106℄ and protets the T -parameter from reeiving large tree level orretions.

In this senario the limit relaxes to MKK & 2 − 3 TeV whih ould be disovered at

the LHC. However, this senario is still strongly onstrained due to a large shift to

the Zb̄LbL oupling. As shown in Ref. [107℄ the orretion to the Zb̄LbL oupling an

be kept under ontrol by embedding the third generation quarks (tL and bL) into the

bidoublet representation (i.e. (2, 2)2/3) of G together with an extra disrete Z2 (whih

implies SU(2)L ↔ SU(2)R) symmetry of the theory. The Z2 symmetry (we all it PLR

symmetry) between two SU(2) groups in G implies that the Lagrangian is invariant under

the exhange of SU(2)L and SU(2)R. As a onsequene, in a left-right symmetri theory

the SU(2)L and SU(2)R gauge ouplings have to be equal and fermions are embedded in

the left-right symmetri representations of the gauge group.

Next we give the partile ontent of the warped model with bulk gauge group G and

work out various Lagrangian terms in the mass basis. For the quark ontent of the theory

we present various quark representations in models both without and with the ustodial

protetion of the Zb̄LbL oupling.

2.2.1 Gauge setor

The bulk gauge group of the ustodially proteted RS model is larger than the SM

gauge group and therefore, the partile ontent in this model is larger than the SM

partile ontent. Here, we list all the gauge bosons assoiated with the bulk gauge group

SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)X , and the orresponding gauge ouplings.

• SU(3)c gauge bosons are G
A
µ (A = 1, · · · , 8) and the gauge oupling is gS.
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• SU(2)L gauge bosons are W 1
Lµ, W

2
Lµ, W

3
Lµ and the gauge oupling is gL.

• SU(2)R gauge bosons are W 1
Rµ, W

2
Rµ, W

3
Rµ and the gauge oupling is gR.

• U(1)X gauge bosons is Xµ and the gauge oupling is gX .

To obtain the orret low energy spetrum, the bulk gauge group of the ustodially

proteted RS model an be broken by an appropriate hoie of BCs on the UV brane to

the SM gauge group, and the SM gauge group is �nally broken to U(1)EM by a nonzero

Higgs VEV as in the SM [106℄. Sine SU(3)c is not broken, we do not always show SU(3)c

expliitly. In short, the breaking pattern an be shown as

SU(2)L ⊗ SU(2)R ⊗ U(1)X
UV brane−−−−−→ SU(2)L ⊗ U(1)Y

〈H〉−−→ U(1)EM (2.36)

The symmetry breaking is ahieved by the following assignment of BCs

W a
Lµ(+,+), Bµ(+,+), W b

Rµ(−,+), ZXµ(−,+) , (2.37)

where a = 1, 2, 3 and b = 1, 2. The �eld ZX and B are the linear ombinations of W 3
R

and X as follows

ZXµ = cosφW 3
Rµ − sinφXµ, Bµ = sin φW 3

Rµ + cosφXµ (2.38)

where tanφ = gX/gR. At this point, W
a
L and B have massless zero modes before EWSB

in their KK deompositions. We de�ne W±
L,R, Z and A as follows

W±
L µ =

1√
2

(

W 1
Lµ ∓W 2

Lµ

)

, W±
R µ =

1√
2

(

W 1
Rµ ∓W 2

Rµ

)

(2.39)

Zµ = cosψW 3
Lµ − sinψBµ, Aµ = sinψW 3

Lµ + cosψBµ (2.40)

where tanψ = gX/
√

g2R + g2X . It is important to note that the angle ψ is analogues to

the weak mixing angle θW in the SM. Beause of mixing between the gauge boson zero
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modes and heavy KK modes, ψ and θW are slightly di�erent from eah other.

2.2.2 Model without Zb̄LbL protetion

To disuss fermion ontent of the theory, we present various quark representations whih

are phenomenologially interesting. We begin our analysis following Ref. [106℄ with the

simplest quark representations (although the Zb̄LbL oupling is not proteted in this ase)

where the third generation quarks transform under G as

QL ≡ (2, 1) 1

6

=







t
(++)
L

b
(++)
L






; QtR ≡ (1, 2) 1

6

=







t
(++)
R

b′(−+)






; QbR ≡ (1, 2) 1

6

=







t′(−+)

b
(++)
R






.

(2.41)

Here we onsider only the third generation quarks beause the ouplings of the third

generation quarks with the Higgs are signi�antly bigger than the �rst two generations.

Sine they are loalized loser to the Higgs pro�le (i.e. loser to the IR brane) as ompared

to the �rst two generations. Thus, the mixing of third generation quarks with higher KK

modes through the o�-diagonal mass terms generated after EWSB an be important [108℄.

We use the notation for the �eld representations as (l, r)X where l and r denote SU(2)L

and SU(2)R representations respetively, and X denotes the U(1)X harge. The signs in

the braket assoiated with eah �eld indiate the BCs for eah �eld on the UV and IR

brane respetively. The �+� denotes a Neumann BC and �−� stands for a Dirihlet BC.

The �elds with (+,+) BCs on the extra dimensional interval [0, πR] have zero modes

and these zero modes are identi�ed with the SM �elds, while the new �elds t′ and b′ (the

�ustodians�) have no zero modes by applying (−,+) BCs. All the zero-modes (i.e. SM

�elds) are hiral, while all the higher KK exitations are vetorlike with respet to the

SM gauge group.
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The Higgs �eld whih is responsible for the EWSB transforms as bidoublet under G,

Σ ≡ (2, 2)0 =







φ∗
0 φ+

−φ− φ0






, (2.42)

where φ0 denotes the physial Higgs boson whose VEV eventually leads to EWSB, φ±

and φ∗
0 denote the Goldstone bosons. In the unitary gauge, these Goldstone bosons

an be gauged away. These degrees of freedom appear as the longitudinal polarizations

of the massive gauge bosons. The eletroweak symmetry is broken by a nonzero VEV

〈Σ〉 = diag(v, v)/
√
2 (where v is the Higgs boson VEV, v ≈ 246 GeV). Throughout this

thesis we work in the unitary gauge in whih the Goldstone bosons are the longitudinal

polarizations of the gauge bosons.

To reprodue the large top mass requires the loalization of either the QL or the

QtR near the IR brane. If we take the QL to be too lose to the IR brane, the bL-

ouplings (sine bL is a part of QL) will reeive large orretions [109℄. This leaves the

possibility of QtR is to be loalized near the IR brane. Thus, the b′ whih belongs to

the QtR is most likely the lightest KK exitation and the b ↔ b′ mixing is large due to

the large o�-diagonal term in the mixing matrix. Therefore, the b′ promises to have the

best observability at the LHC, and we will only study its phenomenology for the model

without Zb̄LbL protetion.

Lagrangian

We want to write down the 4D e�etive ouplings of quarks shown in Eq. (2.41) with the

SM gauge bosons and Higgs. One an write down an equivalent 4D theory starting from

a 5D theory by using KK redution in whih one performs a KK expansion of the �elds

and then integrate over the extra dimension. The EWSB makes some zero modes massive

like in the SM, and mixes various KK modes. After diagonalization of the various mass

matries the lightest eigenmodes of eah mass matrix are identi�ed with the SM states.

The kineti energy (K.E.) terms for the quark multiplets de�ned in Eq. (2.41) are
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given by

LKE ⊃ Q̄Liγ
µDµQL + Q̄tRiγ

µDµQtR + Q̄bRiγ
µDµQbR , (2.43)

where Dµ is the ovariant derivative for the SM gauge group SU(3)c ⊗ SU(2)L ⊗ U(1)Y

written in the mass basis of the gauge bosons after EWSB as follows

Dµ = ∂µ − igST
αGα

µ − ieQAµ − i
gW√
2

(

T+W+
µ + T−W−

µ

)

− igZ
(

T 3 − s2WQ
)

Zµ . (2.44)

The K.E. term of the Lagrangian LKE expressed in the mass basis of gauge boson is

LKE ⊃
∑

q

(

eQq q̄γ
µqAµ + gS q̄γ

µT αqGα
µ

)

+
gW√
2

[

t̄Lγ
µbLW

+
µ + H.c.

]

+ gZ

[(

1

2
− 2

3
s2W

)

t̄Lγ
µtL +

(

−2

3
s2W

)

t̄Rγ
µtR +

(

−1

2
+

1

3
s2W

)

b̄Lγ
µbL

+

(

1

3
s2W

)

b̄Rγ
µbR +

(

−1

2
+

1

3
s2W

)

b̄′γµb′ +

(

1

2
− 2

3
s2W

)

t̄′γµt′
]

Zµ . (2.45)

After KK redution, eah term in the Lagrangian is assoiated with an overlap integral

whih is not shown expliitly above and an be written in a general form

Iq1q2V =
1

πR

∫ πR

0

dy ekyfq1(y)fq2(y)fV (y) , (2.46)

where q, q1,2 = {tL,R, bL,R, t′, b′} and V is the vetor bosons, either massless V0 = {A,G}

or massive VM = {W±, Z}. Photon and gluons will remain massless after EWSB sine

U(1)EM and SU(3)c are unbroken. Therefore, the zero mode pro�les of V0, f
(0)
V0

(y) will

remain �at (i.e. f
(0)
V0

(y) = 1) after EWSB along the extra dimension. Thus, the overlap

integrals IqqV0 beome unity using the orthonormality ondition of the normalized fermion

wavefuntions. On the other hand, Iq1q2VM di�er from unity sine the zero modes V
(0)
M of

the EW gauge bosons mix with their higher KK modes due to EWSB. But the mixing

hanges the overlap integrals Iq1q2VM from unity only by a few perent. In our analysis

we neglet this small mixing e�et and take all the Iq1q2VM = 1 for simpliity. Later we

give more quantitative omparison of mixing e�ets in quark setor and in gauge setor.
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The ouplings q1q2VM an be modi�ed due to the mixing in the quark setor or mixing

in the EW gauge boson setor. For LHC phenomenology, it is su�ient to onsider only

the dominant mixing e�ets i.e. mixing between zero mode and �rst KK exitations. In

this thesis, we keep mixings between zero-mode and �rst KK modes in the quark setor

as these an be bigger owing to the smaller mass of the ustodians with (−,+) BCs.

Whereas, we ignore mixing e�ets in the gauge setor as these e�ets are only a few

perent ompared to the mixing e�ets in the quark setor.

To ompare the mixing e�ets in the quark setor with the EW gauge boson se-

tor more quantitatively, we, for example, onsider the b′ → tW deay. The b′tW ver-

tex an be modi�ed due to b ↔ b′ mixing as well as mixing in the W setor. The

ontribution to the b′ → tW deay rate due to b ↔ b′ mixing is proportional to the

(Mbb′/Mb′)
2
(in the limit of large Mb′), while due to W

(0)
L ↔ W

(1)
R mixing it is propor-

tional to

(√
kπR(gR/gL)M

2
W/M

2
W ′

R

)2

[110℄. An additional

√
kπR appears in the gauge

setor mixing, due to an IR-brane-peaked Higgs. The gauge KK boson mass MW ′

R
is

onstrained to be about 2 TeV by EWPT (see Ref. [111℄ and referenes therein). Thus,

the ontribution due to gauge KK mixing is about 1.3% of the quark KK mixing on-

tribution for Mb′ = MW ′

R
= 2 TeV (we take kπR ∼ 35 as disussed after Eq. (2.16) and

assume gL = gR), and even smaller for lighter b′ masses. Therefore, the mixing e�ets in

the gauge setor have little impat on the phenomenology we disuss in this thesis and

we do not onsider any gauge KK mixing anymore.

The top and the bottom quarks Yukawa ouplings are obtained from the invariant

ombination (2, 1)1/6(2, 2)0(1, 2)1/6. The 5D Yukawa interations are given by [62℄

LY ⊃ −λ̃tQ̄LΣQtR − λ̃bQ̄LΣQbR + H.c.

LY ⊃ −λ̃t
(

t̄LtRφ
∗
0 + t̄Lb

′
Rφ

+ − b̄LtRφ
− + b̄Lb

′
Rφ

0
)

− λ̃b
(

t̄Lt
′
Rφ

∗
0 + t̄LbRφ

+ − b̄Lt
′
Rφ

− + b̄LbRφ
0
)

+ H.c. , (2.47)

where λ̃t,b are dimensionless 5D Yukawa oupling onstants whih we take to be O(1).
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One an write down an equivalent 4D theory by performing a KK expansion of the �elds

and then integrating over the extra dimension. After EWSB, the o�-diagonal terms

in the bottom mass matrix resulting from Eq. (2.47) lead to the mixing of the �elds

(b(0), b′(n), b
(n)
L , b

(n)
R ) where n (≥ 1) denotes the n-th KK states. To simplify our analysis,

we onsider only the dominant mixing (i.e. b(0) ↔ b′(1) mixing) and ignore mixing to all

heavier KK states. We all b(0) and b′(1) as b and b′ respetively and write the bottom

mass matrix in the (b, b′) basis as follows:

L ⊃ −
(

b̄L b̄′L

)







Mb Mbb′

0 Mb′













bR

b′R






+ H.c. , (2.48)

where Mb = λ̃b
v√
2
ekπR

kπR
f
(0)
QL

(πR)f
(1)
QbR

(πR), the Mb′ is the vetorlike mass of the b′, and the

o�-diagonal mass term Mbb′ = λ̃t
v√
2
ekπR

kπR
f
(0)
QL

(πR)f
(1)
QtR

(πR) is indued after EWSB, and

fψ's are the fermion wavefuntions whih depend on the fermion bulk mass parameters

cψ. The vetorlike mass Mb′ is set by the ompati�ation sale (see se. 2.1.2 for bulk

fermions). In Fig. 2.2, we have shown vetorlike fermion masses (�rst KK exitation) for

two di�erent BCs.

The mass matrix in Eq. (2.48) is diagonalized by a bi-orthogonal rotation and we

denote the sine (osine) of the mixing angles by sL,R (cL,R).







bL

b′L






=







cL −sL
sL cL













b1L

b2L






;







bR

b′R






=







cR −sR
sR cR













b1R

b2R






, (2.49)

where {b1, b2} are the mass eigenstates. The mixing angles are given by

tan (2θL) = − 2Mb′Mbb′

(M2
b′ −M2

b −M2
bb′)

; tan (2θR) = − 2MbMbb′

(M2
b′ −M2

b +M2
bb′)

. (2.50)

The mass eigenstates are given by

M2
b1,b2 =

1

2
M2

b′

[

(

1 + x2b + x2bb′
)

∓
√

(1 + x2b + x2bb′)
2 − 4x2b

]

, (2.51)

27



where xb = Mb/Mb′ and xbb′ = Mbb′/Mb′. In the limit of large Mb′ , i.e., xb, xbb′ ≪ 1, the

mixing angles behave as sin θL ∼ xbb′ , sin θR ∼ xbxbb′ and the mass eigenvalues beome

Mb1 =Mb

[

1 +O
(

x4b , x
4
bb′

)]

; Mb2 =Mb′

[

1 +
1

2
x2bb′ +O

(

x4b , x
4
bb′

)

]

. (2.52)

The Lagrangian in the mass basis onsists of the following interations [63℄,

• Interations with photon (A) and gluon (G):

LA+G ⊃ −e
3

[

b̄1γ
µb1 + b̄2γ

µb2
]

Aµ + gS
[

b̄1γ
µT αb1 + b̄2γ

µT αb2
]

Gα
µ . (2.53)

• Interations with W -boson (harged urrent):

LW ⊃ gW√
2
[cLt̄Lγ

µb1L − sLt̄Lγ
µb2L]W

+
µ + H.c. . (2.54)

• Interations with Z-boson (neutral urrent):

LZ ⊃ gZ

[(

−1

2
c2L +

1

3
s2W

)

b̄1Lγ
µb1L +

(

1

3
s2W

)

b̄1Rγ
µb1R

+

(

−1

2
s2L +

1

3
s2W

)

b̄2Lγ
µb2L +

(

1

3
s2W

)

b̄2Rγ
µb2R

+

{(

1

2
cLsL

)

b̄1Lγ
µb2L + H.c.

}]

Zµ . (2.55)

• Interations with Higgs boson:

Lh ⊃ −1

v

[

(Mb cLcR +Mbb′ cLsR) b̄1Lb1R + (Mb sLsR −Mbb′ sLcR) b̄2Lb2R

+ (−Mb cLsR +Mbb′ cLcR) b̄1Lb2R + (−Mb sLcR −Mbb′ sLsR) b̄2Lb1R
]

h + H.c. .

(2.56)
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As mentioned earlier, the Zb̄LbL oupling is very preisely measured. The shift in the

Zb̄LbL oupling an be de�ned as

∆κZbLbL = κBSM − κSM =
gZ
2
(1− c2L) =

gZ
2
s2L . (2.57)

The experimental onstraints shown in Eq. (2.35) require that this shift be less than

about 1%, roughly implying sL . 0.1, i.e. equivalently Mb′ & 10Mbb′ ≈ 3 TeV. We

have disussed the model without Zb̄LbL protetion for simpliity, but in the following

subsetions we disuss models with Zb̄LbL protetion whih will relax this onstraints.

We notie o�-diagonal ouplings b2b1Z and b2b1h are present in the mass basis. The

o�-diagonal Z oupling is due to the fat that the b′ has di�erent T 3
L quantum number

ompared to bL, and therefore going to the mass basis leads to an o�-diagonal oupling.

The o�-diagonal Higgs oupling is beause of the presene of a b′ vetorlike mass that

is independent of Higgs VEV, due to whih diagonalizing the mass matrix does not

diagonalize the Higgs interations.

2.2.3 Models with Zb̄LbL protetion

In this setion we onsider a lass of models where Zb̄LbL oupling is proteted using

the ustodial symmetry as detailed in [107℄. The Zb̄LbL oupling an reeive orretions

sine the SU(2)L harge (T 3
L) of bL an be modi�ed after EWSB. The diagonal subgroup

SU(2)V of SU(2)L ⊗ SU(2)R remains unbroken even after EWSB ensuring that SU(2)V

harge (T 3
V ) does not get any orretion, i.e. δT 3

V = δT 3
L + δT 3

R = 0. The PLR symmetry

ensures that T 3
L = T 3

R or equivalently δT 3
L = δT 3

R. This immediately yields δT 3
L = 0.

One way to ahieve T 3
L = T 3

R for bL is to embed the third generation left handed quarks

(tL and bL) into the bidoublet representation (i.e. (2, 2)2/3) of the bulk gauge group

G = SU(2)L⊗SU(2)R⊗U(1)X and the theory should be made invariant under a disrete

Z2 (SU(2)L ↔ SU(2)R) symmetry. The omponent �elds of the bidoublet representation
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are

QL ≡ (2, 2) 2

3

=







t
(++)
L χ(−+)

b
(++)
L t′(−+)






. (2.58)

In the bidoublet representation above, the SU(2)L ats vertially and SU(2)R ats hori-

zontally. Note that to omplete the bidoublet representation, two new quarks namely χ

(harge 5/3) and t′ (harge 2/3) have been introdued. The K.E. term for QL is

LKE ⊃ Tr
[

Q̄Liγ
µDµQL

]

, (2.59)

where Dµ is the ovariant derivative de�ne in Eq. (2.44). The Higgs �eld also transforms

as a bidoublet representation of the gauge group G as shown in Eq. (2.42).

It is possible to write down an invariant top quark Yukawa oupling with either the

tR = (1, 1)2/3 or with tR ⊂ (1, 3)2/3 ⊕ (3, 1)2/3 [107℄. We will elaborate on both these

possibilities in the following subsetions. The invariant bottom quark Yukawa oupling

an be written in many ways by embedding bR in various multiplets of G as detailed

in [107℄. The c-parameter required for obtaining the orret bottom mass implies that all

the (−,+) partners of bR are heavier than 3 TeV. Thus, the mixing e�ets of these heavier

quarks with the lighter modes are muh smaller and phenomenologially uninteresting.

Therefore, we ignore all bR partners in our analysis and show ouplings of bR wherever

they are relevant.

Model with tR ⊂ (1, 1)2/3

In this subsetion we explore the possibility where tR is a singlet under both SU(2)L and

SU(2)R, and this an be represented as

QtR ≡ (1, 1) 2

3

= t
(++)
R . (2.60)
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The K.E. term for QtR an be written as (K.E. term for QL is given in Eq. (2.59))

LKE ⊃ Q̄tRiγ
µDµQtR . (2.61)

Using the invariant operator (2, 2)2/3(2, 2)0(1, 1)2/3 one an write down the 5D top-quark

Yukawa oupling as follows

LY ⊃ λ̃tTr
[

Q̄LΣ
]

QtR + H.c. (2.62)

LY ⊃ λ̃t
(

t̄LtRφ
∗
0 − b̄LtRφ

− + χ̄tRφ
+ + t̄′tRφ0

)

+ H.c. , (2.63)

where λ̃t ≡ kλt is the dimensionless 5D Yukawa oupling. The K.E. terms in Eq. (2.59)

and (2.61) an be expressed in the mass basis of gauge bosons as

LKE ⊃
∑

q

(

eQq q̄γ
µqAµ + gS q̄γ

µT αqGα
µ

)

+
gW√
2

[

(t̄Lγ
µbL + χ̄γµt′)W+

µ + H.c.
]

+ gZ

[(

1

2
− 2

3
s2W

)

t̄Lγ
µtL +

(

−2

3
s2W

)

t̄Rγ
µtR +

(

−1

2
+

1

3
s2W

)

b̄Lγ
µbL

+

(

1

3
s2W

)

b̄Rγ
µbR +

(

1

2
− 5

3
s2W

)

χ̄γµχ +

(

−1

2
− 2

3
s2W

)

t̄′γµt′
]

Zµ . (2.64)

In the quark setor, the top-mass matrix inluding zero-mode and the lightest KK

mode mixing but negleting the smaller mixings to heavier KK states is

Lt ⊃
(

t̄L t̄′L

)







Mt 0

Mtt′ Mt′













tR

t′R






+ H.c. (2.65)

where Mt = λ̃t
v√
2
ekπR

kπR
f
(0)
QL

(πR)f
(1)
QtR

(πR), the Mt′ is the vetorlike mass of t′, and Mtt′ =

λ̃t
v√
2
ekπR

kπR
f
(0)
QL

(πR)f
(1)
QtR

(πR) is the o�-diagonal mass term indued after EWSB. We have

not shown mass matrix for the bottom setor as in this model the new heavy harge −1/3

vetorlike quarks ould only arise as the partners of the bR and we ignore them sine they

are very heavy. The above mass matrix is diagonalized by a bi-orthogonal rotation as
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follows







tL

t′L






=







cL −sL
sL cL













t1L

t2L






;







tR

t′R






=







cR −sR
sR cR













t1R

t2R






, (2.66)

where {t1, t2} are the mass eigenstates (ignoring mixings to higher KK states), with the

mixing angles given by

tan (2θL) = − 2MtMtt′

(M2
t′ −M2

t +M2
tt′)

; tan (2θR) = − 2Mtt′Mt′

(M2
t′ −M2

t −M2
tt′)

. (2.67)

The mass eigenvalues m1,2 are given by

M2
t1,t2 =

M2
t′

2

[

(1 + x2t + x2tt′)∓
√

(1 + x2t + x2tt′)
2 − 4x2t

]

, (2.68)

where xt = Mt/Mt′ and xtt′ = Mtt′/Mt′ . In the limit of large Mt′ , i.e., xt, xtt′ ≪ 1, the

mixing angles behave as sin θR ∼ xtt′ , sin θL ∼ xtxtt′ and the mass eigenvalues beome

Mt1 =Mt

[

1 +O
(

x4t , x
4
tt′

)]

; Mt2 =Mt′

[

1 +
1

2
x2tt′ +O

(

x4t , x
4
tt′

)

]

. (2.69)

In the mass basis the �nal interations we obtain are as below

• Interations with photon (A) and gluon (G):

LA+G ⊃ e

[(

5

3

)

χ̄γµχ +

(

2

3

)

t̄1γ
µt1 +

(

2

3

)

t̄2γ
µt2 +

(

−1

3

)

b̄γµb

]

Aµ

+ gS
[

χ̄γµT αχ + t̄1γ
µT αt1 + t̄2γ

µT αt2 + b̄γµT αb
]

Gα
µ . (2.70)

• Interations with W -boson (harged urrent):

LW ⊃ gW√
2
(cLt̄1Lγ

µbL − sLt̄2Lγ
µbL + sLχ̄Lγ

µt1L + cLχ̄Lγ
µt2L

+ sRχ̄Rt1R + cRχ̄Rt2R)W
+
µ + H.c. . (2.71)
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• Interations with Z-boson (neutral urrent):

LZ ⊃ gZ

{[

1

2
cos 2θL − 2

3
s2W

]

t̄1Lγ
µt1L +

[

−1

2
cos 2θL − 2

3
s2W

]

t̄2Lγ
µt2L

+

[

−1

2
s2R − 2

3
s2W

]

t̄1Rγ
µt1R +

[

−1

2
c2R − 2

3
s2W

]

t̄2Rγ
µt2R

+

[(

−1

2
sin 2θL

)

t̄2Lγ
µt1L +

(

−1

2
sRcR

)

t̄2Rγ
µt1R + H.c.

]

+

[

−1

2
− s2W

(

−1

3

)]

b̄Lγ
µbL +

[

1

2
− s2W

(

5

3

)]

χ̄γµχ

}

Zµ . (2.72)

• Interations with Higgs boson:

Lh ⊃− 1

v
[(Mt cLcR +Mtt′ sLcR) t̄1Lt1R + (Mt sLsR −Mtt′ cLsR) t̄2Lt2R

+ (−Mt cLsR −Mtt′ sLsR) t̄1Lt2R + (−Mt sLcR +Mtt′ cLcR) t̄2Lt1R]h + H.c. .

(2.73)

We notie o�-diagonal ouplings in the neutral urrent and Higgs setors. This har-

ateristi signature of vetorlike quarks has been disussed just before se. 2.2.3.

Model with tR ⊂ (1, 3)2/3 ⊕ (3, 1)2/3

In this subsetion we pursue another option in whih the tR is embedded into a (1, 3)2/3

representation of G. As explained in Ref. [107℄, due to the required PLR invariane to

protet the Zb̄LbL oupling, a (3, 1)2/3 must also be added. Thus, the multiplet ontaining

the tR is

QtR ≡ Q′
tR

⊕Q′′
tR

=







1√
2
t
(++)
R χ′(−+)

b′(−+) − 1√
2
t
(++)
R






⊕







1√
2
t′′(−+) χ′′(−+)

b′′(−+) − 1√
2
t′′(−+)






, (2.74)

where Q′
tR

≡ (1, 3)2/3 and Q′′
tR

≡ (3, 1)2/3. The top Yukawa ouplings are obtained

from [112℄

LY ⊃ −
√
2λ̃′tTr

[

Q̄LΣQ
′
tR

]

−
√
2λ̃′′tTr

[

Q̄LQ
′′
tR
Σ
]

+ H.c. (2.75)
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where λ̃′t, λ̃
′′
t are 5D Yukawa ouplings and PLR invariane of the theory requires λ̃′t = λ̃′′t

whih we just denote as λ̃t heneforth. The PLR invariane also implies that the c-

parameters for Q′
tR

and Q′′
tR

are equal i.e. cQ′

tR
= cQ′′

tR
. The fator of

√
2 is introdued

for proper normalization of the K.E. terms. The EM harge of the b′, b′′ is −1/3, the t′′

is 2/3 and the χ′, χ′′
is 5/3.

One an write bottom Yukawa ouplings that respets the ustodial symmetry of the

theory. Many possibilities for bR representations are disussed in Ref. [107℄. For example

with QL = (2, 2)2/3, the bR an be embedded into the representation Q′
bR

= (1, 3)2/3 and

the bottom Yukawa oupling is obtained from, LY ⊃ −λ′bTr
[

Q̄LΣQ
′
bR

]

+ H.c.. However,

this hoie breaks the PLR symmetry but the resulting shifts in the Zb̄RbR oupling are

aeptable sine the cbR hoie required to get the orret bottom mass makes the new

states in the Q′
bR

multiplet all very heavy (> 3 TeV). Therefore, in our analysis we have

ignored the mixing e�ets and the signatures of these heavy bR partners.

After EWSB due to 〈φ0〉 = v/
√
2, with the restritions due to PLR symmetry men-

tioned earlier the mass matries are [112℄

• Mass matrix for harge −1/3 states (b setor):

Lb ⊃ −
(

b̄L b̄′L b̄′′L

)













Mb

√
2Mbb′

√
2Mbb′′

0 Mb′ 0

0 0 Mb′′

























bR

b′R

b′′R













+ H.c. (2.76)

where due to PLR symmetry we have Mb′ =Mb′′ and Mbb′ =Mbb′′ .

• Mass matrix for harge 2/3 states (t setor):

Lt ⊃ −
(

t̄L t̄′L t̄′′L

)













Mt 0 Mtt′′

−Mtt′ Mt′ −Mt′t′′

0 −Mt′t′′ Mt′′

























tR

t′R

t′′R













+ H.c. (2.77)
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• Mass matrix for harge 5/3 states (χ setor):

Lχ ⊃ −
(

χ̄L χ̄′
L χ̄′′

L

)













Mχ

√
2Mχχ′

√
2Mχχ′′

√
2Mχχ′ Mχ′ 0

√
2Mχχ′′ 0 Mχ′′

























χR

χ′
R

χ′′
R













+ H.c. (2.78)

where due to PLR symmetry we have Mχ′ =Mχ′′
and Mχχ′ =Mχχ′′

.

In all the three mass matries, the Mq (exept Mb and Mt) denotes the vetorlike masses,

and the EWSB generated o�-diagonal masses Mpq whih are given by

Mpq = λ̃t
v√
2

ekπR

kπR
f
(n)
QpL

(πR)f
(m)
QqR

(πR) (2.79)

The hiral masses also arise after EWSB and they are

Mb,t = λ̃b,t
v√
2

ekπR

kπR
f
(0)
QL

(πR)f
(0)
QbR,tR

(πR) (2.80)

In the above expressions λ̃b,t ≡ kλb,t is the dimensionless 5D Yukawa ouplings.

Next, our aim is to work out ouplings in the mass basis. For this, let us de�ne the

�avor eigenstates ψα ≡ (ψ ψ′ ψ′′)T and the mass eigenstates as ψi ≡ (ψ1 ψ2 ψ3)
T
for

eah of the ψ = {b, t, χ} setors (where α, i = {1, 2, 3}). We perform a bi-orthogonal

rotation (we take the masses to be real for simpliity) ψαL = Rαi
ψL
ψiL and ψαR = Rαi

ψR
ψiR to

diagonalize eah of the mass matries in Eqs. (2.76)-(2.78).

The gluoni and photoni interations are standard and we do not show them expliitly.

We have heked numerially that mixing e�ets in the gauge setor an give only a few

perent orretion to the ouplings we are interested in. Therefore, we ignore di�erenes

in the overlap integrals and take all I = 1 while deriving Lagrangian terms. In unitary

gauge the interations we obtain in the mass basis are as below:
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• Interations with W boson (harged urrent):

LW ⊃ gW√
2

[

R1i∗

tL
R1j
bL
t̄iLγ

µbjL +R1i∗

χL
R2j
tLχ̄

i
Lγ

µtjL +R1i∗

χR
R2j
tRχ̄

i
Rγ

µtjR

+
√
2
(

R3i∗

tL
R3j
bL
t̄iLγ

µbjL − R3i∗

χL
R3j
tL
χ̄iLγ

µtjL +R3i∗

tR
R3j
bR
t̄iRγ

µbjR

− R3i∗

χR
R3j
tR
χ̄iRγ

µtjR
)]

W+
L µ + H.c. . (2.81)

• Interations with Z boson (neutral urrent):

LZ ⊃ gZ

[

Rαi∗

ψL,R

(

q3Lψα
L,R

−Qψs
2
W

)

Rαj
ψL,R

]

ψ̄iL,Rγ
µψjL,RZµ , (2.82)

where Qψ = {−1/3, 2/3, 5/3} are EM harges and the q3L are the SU(2)L harges

of ψ = {b, t, χ} as given below

q3Lbα
L
= {−1/2, 0,−1} , q3Ltα

L
= {1/2,−1/2, 0} , q3Lχα

L
= {1/2, 0, 1}

q3Lbα
R
= {0, 0,−1} , q3Ltα

R
= {0,−1/2, 0} , q3Lχα

R
= {1/2, 0, 1} (2.83)

• Interations with Higgs boson:

Lh ⊃ −1

v

[

Mb R
11∗

bL
R11
bR
b̄1Lb1R +Mt R

11∗

tL
R11
tR
t̄1Lt1R +Mψ

αβ R
αi∗

ψL
Rβj
ψR
ψ̄iLψ

j
R

]

h+ H.c. .

(2.84)

where Mψ
αβ (α 6= β = {1, 2, 3}) are the o�-diagonal mass terms of ψ-setor indued

after EWSB.

Here too we �nd numerially the presene of non-zero o�-diagonal ouplings in the neutral

urrent and Higgs setors. This harateristi signature of vetorlike quarks has been

disussed just before se. 2.2.3.
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b-mass matrix diagonalization

We have shown in the earlier setions some simple analytial derivation of mixing angles

and Lagrangian terms for those ases where mass matries were 2× 2 dimensions. But it

is not always possible to give simple analytial results for mass matries with dimensions

3 × 3 or more. That is why, for the ase of tR ⊂ (1, 3)2/3 ⊕ (3, 1)2/3 model we present

the general struture of the interation terms and use numerial diagonalization for the

LHC phenomenology. However, for the b-setor we derive some simple analytial results

in some limiting ases.

In ase of b mass matrix in Eq. (2.76), due to PLR symmetry we haveMb′ =Mb′′ (=M

say) andMbb′ =Mbb′′ (= m say). TakingMb = 0 in the b mass matrix sineMb ≪M and

de�ning r = m/M , we �nd two orthogonal rotation matries in the following form [112℄

RL =
1√

1 + 2r2













−1 0
√
2r

r −
√
1+2r2√

2
1√
2

r
√
1+2r2√

2
1√
2













; RR =













1 0 0

0 − 1√
2

1√
2

0 1√
2

1√
2













(2.85)

with the mass eigenvalues 0,M,M
√
1 + 2r2. The b1 is identi�ed as the SM b-quark, and

the zero eigenvalue will be lifted when non-zero Mb is inluded. In unitary gauge the

interation terms in the mass basis are (we will not show harged urrent interations

sine they involve diagonalization of t and χ setors)

• Interations with Z boson (neutral urrent):

LZ ⊃ gZ

{(

−1

2
− s2WQb

)

b̄1Lγ
µb1L +

(

−s2WQb

)

b̄1Rγ
µb1R +

(

−1

2
− s2WQb

)

×
(

b̄2Lγ
µb2L + b̄2Rγ

µb2R + b̄3Lγ
µb3L + b̄3Rγ

µb3R
)

+

[( −r√
2 + 4r2

)

b̄1Lγ
µb2L

+

( −1√
4 + 8r2

)

b̄2Lγ
µb3L + b̄2R

(

−1

2

)

b3R + H.c.

]}

Zµ (2.86)

where Qb = −1/3. We have taken all IψψV = 1 as earlier, ignoring orretions to

this due to EWSB (0) − (1) gauge boson mixing whih are at most a few perent.
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Note that the b1b1Z interations ome out standard due to the ustodial protetion.

• Interations with Higgs boson:

Lh ⊃
m

v

[

−
(

2
√
2r√

1 + 2r2

)

b̄3Lb3R +

(

2√
1 + 2r2

)

b̄1Lb3R

]

h+ H.c. . (2.87)

The Higgs interations are got by replaing v → v(1 + h/v).

Interestingly we observe that in Eqs. (2.86) and (2.87), some possible interation terms

(like b1b3Z, b1b2h et.) are not present. This is beause, due to the PLR symmetry of the

theory the b-mass matrix has a speial struture and some ouplings will beome zero

after mixing. In the next hapter we will show various parameters and ouplings for the

di�erent warped models we have disussed here.

38



Chapter 3

Warped-model parameters and

ouplings

In this hapter we present the parameter hoies, whih we use for our numerial results,

for the di�erent warped-spae models disussed in Chapter 2. New vetorlike fermions

with EM harge -1/3, 2/3 and 5/3 arise in those warped models and we generally denote

them as b′, t′ and χ respetively. The vetorlike fermions an mix among themselves

and with the SM quarks as shown in the previous hapter. After mixing we denote the

n-th mass eigenstates of ψ type quark (where ψ = {b′, t′, χ}) by ψn exept for the SM

quarks where we use t or t1 and b or b1 interhangeably. We parametrize the left and

right ouplings of ψn with the SM �elds as follows

• Interations with V : κψnLψmLV ψ̄nLγ
µψmLVµ , κψnRψmRV ψ̄nRγ

µψmRVµ

• Interations with Higgs: κψnLψmRh ψ̄nLψmRh , κψnRψmLh ψ̄nRψmLh

where n,m = {1, 2, 3}, ψn = {bn, tn, χn} and V = {W±, Z}. For onveniene we all the

model without Zb̄LbL protetion as the �doublet top� or DT model where tR is embedded

in a doublet of SU(2)R. Similarly, in ase of the Zb̄LbL proteted models, we all the

model with tR ⊂ (1, 1)2/3 as the �singlet top� or ST model and the model with tR ⊂

(1, 3)2/3 ⊕ (3, 1)2/3 as the �triplet top� or TT model. In all these models, we have seven
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free model parameters, they are the 5D Yukawa ouplings λ̃b,t, the lowest gauge KK

mass MKK, the three bulk mass parameters cqL, ctR and cbR and the ombination kR.

The theoretial onstraint on k is k/MP l . 0.1 for the theory not to be in the quantum

gravity regime [113℄. We �nd that after mixing the ouplings relevant for our study are

largely insensitive to the hoie of kπR and λ̃b,t; for instane, for MKK = 3 TeV, varying

k/MP l between 0.1 and 1 hanges the ouplings by at most 1% and varying λ̃b,t between

1 and 2 hanges ouplings only by about a few perent. For our numerial analysis we

set λ̃b,t = 1 and take MKK to be 3 TeV. Various hoies of c-parameters are possible that

reprodue the measured masses and ouplings. After �xing kR, MKK , λ̃b,t and imposing

the physial top mass mt = 172 GeV and bottom mass mb = 4.2 GeV onstraints, only

one free parameter remains. For our numerial studies we take cqL as the free parameter,

and show various masses and ouplings as funtions of cqL.

Due to mass-mixing in the top and bottom setors, the CKM matrix element Vtb an

be shifted. The urrent measured value of |Vtb| from the diret measurement of the single

top prodution ross setion at the Tevatron with

√
s = 1.96 TeV is |Vtb| = 0.88 ± 0.07

with a limit [88℄ of |Vtb| > 0.77 at the 95% C.L. assuming a top quark mass mt = 170

GeV. While presenting the results for the warped-spae models, the parameters we use

for numerial omputations satisfy the above |Vtb| onstraint.

3.1 b′ Parameters and Couplings

New harge -1/3 quarks appear in the DT (one new state b′) and the TT (two new states

b′ and b′′) models. In Fig. 3.1 we display the mass eigenvalues Mbn (where n = 2, 3)

as funtions of cqL in the DT and TT models. We observe that in the region cqL & 0

is the phenomenologially interesting region at the LHC sine Mbn . 2 TeV. We �nd

that in Eq. (2.48) the o�-diagonal mass term Mbb′ ∼ mt in the DT model. Thus, for

simpliity in our paper in Ref. [114℄ we use the benhmark ouplings shown in Table 3.1

taking Mbb′ = 172 GeV for our study of the b′ phenomenology. In Table 3.2 we show the
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Figure 3.1: Mbn (where n = 2, 3) as funtions of cqL in the DT and TT models, with

λ̃t = 1, λ̃b = 1 and MKK = 3 TeV.
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Figure 3.2: The ouplings as funtions of cqL in the DT and TT models, with λ̃t = 1,
λ̃b = 1 and MKK = 3 TeV.

parameters for some benhmark points in the TT model. The elements of the rotation

matries R12
bL

and R12
bR

are given in setion 2.2.3.
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Mb2 (GeV) 250 500 750 1000 1250 1500

κb1Lb2LZ 0.185 0.121 0.084 0.064 0.051 0.043

κt1Lb2LW 0.322 0.161 0.107 0.080 0.064 0.054

κb1Lb2Rh 0.505 0.663 0.687 0.697 0.700 0.702

Mb2 (GeV) 1750 2000 2250 2500 2750 3000

κb1Lb2LZ 0.037 0.032 0.029 0.026 0.024 0.022

κt1Lb2LW 0.046 0.040 0.036 0.032 0.029 0.027

κb1Lb2Rh 0.704 0.704 0.705 0.705 0.705 0.705

Table 3.1: The benhmark masses and ouplings used in the model independent b2
signatures in Chapter 4. These ouplings are obtained taking Mbb′ = 172 GeV.

B cqL ctR cbR R12
bL

R12
bR

B1 0.259 -0.464 0.562 -0.400 -0.0034

B2 0.247 -0.414 0.566 -0.299 -0.0017

B3 0.226 -0.350 0.569 -0.242 -0.0010

B4 0.197 -0.274 0.571 -0.207 -0.0007

B5 0.156 -0.186 0.574 -0.186 -0.0005

B6 0.098 -0.088 0.577 -0.173 -0.0004

B Mb2 κt1Lb2LW κb1Lb2LZ κb2Lt2LW κb2Rt2RW
B1 500 -0.118 0.210 0.300 0.322

B2 750 -0.077 0.158 0.311 0.321

B3 1000 -0.060 0.128 0.313 0.319

B4 1250 -0.050 0.109 0.311 0.315

B5 1500 -0.044 0.098 0.303 0.306

B6 1750 -0.041 0.091 0.283 0.286

Table 3.2: Benhmark parameters (parameter set denoted by B) and ouplings obtained

using λ̃t = 1, λ̃b = 1 and MKK = 3 TeV in the TT model for b2 phenomenology.

The presene of large o�-diagonal terms both in the DT and TT models an lead to

a large shift in the SM tbW oupling due to large mixing in the top or bottom setors.

This mixing angle an be onstrained using the experimentally measured Vtb value. In

the DT and the ST model we have Vtb ≈ cos θL (see Eq. 2.54 and Eq. 2.71 for the DT

and ST models respetively) and in the TT model Vtb ≈ R11∗
tL
R11
bL

(see Eq. 2.81). While

generating benhmark ouplings, we have heked that Vtb onstraint is satis�ed.

In Fig. 3.2 we display some relevant ouplings of bn in the DT and the TT models as

funtions of cqL. There are some interesting features we observed in the TT model. In

the TT model we have Mb′ = Mb′′ due to the PLR symmetry of the theory and we �nd
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that the b1Lb2Rh and b1Rb2Lh ouplings to be zero as a onsequene of this. The b2Lb3Rh

and b2Rb3Lh ouplings are also zero. Furthermore, the PLR symmetry also onstrains

Mbb′ = Mbb′′ and as a result we �nd that b3b1Z (both L and R) ouplings to be zero.

These are expliitly seen in the analytial formulas shown in Eqs. (2.86) and (2.86) in

the small mixing limit. In Fig. 3.2 we observe that in the TT model κt2Lb2LW ≈ κt2Rb2RW

whih we expet sine b2 and t2 are both vetorlike. In Fig. 3.1 we see after mass matrix

diagonalization we have two almost degenerate states b2 and b3.

3.2 t′ Parameters and Couplings
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Figure 3.3: Mtn (where n = 2, 3) as funtions of cqL in the ST and TT models, with

λ̃t = 1, λ̃b = 1 and MKK = 3 TeV.

New harge 2/3 quarks appear in the DT (one new state t′), ST (one new state t′)

and TT (two new states t′ and t′′) models. In Fig. 3.3 we display the mass eigenvalues

Mtn (where n = 2, 3) as funtions of cqL. In the DT model, the t′ is quite heavy (above

3 TeV) due to the hoie of the cbR required for the orret mb = 4.2 GeV, making its LHC

disovery hallenging. Therefore, we will not disuss the t′ phenomenology further in the

DT model. In Fig. 3.3 we observe that in the region cqL . 0 is the phenomenologially

interesting region for the ST model at the LHC sine Mt2 . 2 TeV in this region. The

Mt2 as a funtion of cqL in the TT model shows an unusual behavior � with inreasing

cqL, it �rst inreases and then dereases. We understand this from the diagonalization of
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Figure 3.4: The ouplings as funtions of cqL in the ST and TT models, with λ̃t = 1,
λ̃b = 1 and MKK = 3 TeV.

top mass matrix, sine we �nd that one side, cqL . 0, orresponds to Mt′ < Mt′′ while

the other to Mt′ > Mt′′ and the maximum is attained when Mt′ =Mt′′ .

In Fig. 3.4 we display some relevant ouplings of t2 as funtions of cqL in the ST and

TT models. We note that the ouplings κt2χ1W are large sine it is given by the t′χW

or t′′χ′′W ouplings, and is not proportional to any small o�-diagonal mixing-matrix

elements. We also note that both left and right κt2χ1W ouplings are almost equal due

to the vetorlike nature of t2 and χ1. In Table 3.3 we display the benhmark parameters

and ouplings in the ST model for the t2 phenomenology that are used for our numerial

omputations.
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T cqL ctR cbR sin θL sin θR
T1 -0.471 0.196 0.586 -0.167 -0.442

T2 -0.419 0.216 0.585 -0.062 -0.262

T3 -0.356 0.204 0.584 -0.034 -0.195

T4 -0.279 0.179 0.583 -0.022 -0.161

T5 -0.191 0.140 0.581 -0.016 -0.141

T6 -0.094 0.082 0.578 -0.013 -0.130

T Mt2 κt2Lt1Rh κt1Lt2Rh κt2Rt1RZ κt2Lt1LZ
T1 500 0.806 0.277 0.148 0.123

T2 750 0.769 0.176 0.094 0.046

T3 1000 0.778 0.134 0.071 0.026

T4 1250 0.807 0.111 0.059 0.017

T5 1500 0.851 0.098 0.052 0.012

T6 1750 0.915 0.090 0.048 0.010

Table 3.3: Benhmark parameters (parameter set denoted by T ) and ouplings obtained

using λ̃t = 1, λ̃b = 1 and MKK = 3 TeV in the ST model for t2 phenomenology.
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Figure 3.5: Mχn
(where n = 2, 3) as funtions of cqL in the ST and TT models, with

λ̃t = 1, λ̃b = 1 and MKK = 3 TeV.

3.3 χ Parameters and Couplings

New harge 5/3 quarks appear in the ST (one new state χ) and TT (three new states χ, χ′

and χ′′
) models. In Fig. 3.5 we display the mass eigenvalues Mχn

as funtions of cqL. We

�nd that cqL . 0 region might be phenomenologially interesting for the ST model sine

in this regionMχ2
. 2 TeV that an be probed at the LHC. Similar to the Mt2 in the TT

model, Mχ1
as a funtion of cqL shows an unusual behavior � with inreasing cqL, it �rst

inreases and then dereases. This an be understood from the diagonalization of the χ
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Figure 3.6: The ouplings as funtions of cqL in the ST and TT models, with λ̃t = 1,
λ̃b = 1 and MKK = 3 TeV.

mass matrix. In the TT model, after χ-χ′
-χ′′

mixing, the χ2, χ3 beomes muh heavier

than χ1 beause the appearane of the large o�-diagonal term in the χmass matrix auses

a large split between Mχ1
and Mχ2,χ3

. In the range −0.5 ≤ cqL ≤ 0.25, Mχ3
is around

2.7 TeV and Mχ2
& 1.5 TeV in cqL . 0.1 region (whih is almost the entire cqL region

we have onsidered) whereas Mχ1
< 1.3 TeV in the entire cqL region of onsideration.

Therefore, for both the ST and TT models, we fous only on the phenomenology of χ1.

In Table 3.4 we expliitly display the benhmark parameters and ouplings in the ST

X cqL ctR cbR sin θL sin θR
X1 -0.463 0.206 0.586 -0.136 -0.394

X2 -0.414 0.216 0.585 -0.058 -0.253

X3 -0.350 0.202 0.584 -0.033 -0.192

X4 -0.274 0.177 0.583 -0.022 -0.159

X5 -0.186 0.137 0.581 -0.016 -0.140

X6 -0.088 0.078 0.578 -0.013 -0.129

X Mχ κχ1Rt1RW κχ1Lt1LW κχ1Rt2RW κχ1Lt2LW

X1 500 0.182 0.063 0.424 0.458

X2 750 0.117 0.027 0.447 0.461

X3 1000 0.089 0.015 0.453 0.462

X4 1250 0.074 0.010 0.456 0.462

X5 1500 0.065 0.007 0.457 0.462

X6 1750 0.060 0.006 0.458 0.462

Table 3.4: Benhmark parameters (parameter set denoted by X ) and ouplings obtained

using λ̃t = 1, λ̃b = 1 and MKK = 3 TeV in the ST model for χ phenomenology.
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model that we use for our numerial omputations for χ1 phenomenology. In the ST

model, we restrit ourselves to cqL < 0, i.e. with the qL partners peaked towards the

IR brane, sine otherwise the partners beome very heavy and this may be out of reah

at the LHC. In the TT model we have Mχ′ = Mχ′′
due to the PLR symmetry of the

theory and we �nd the κχ1Lχ2Rh and κχ1Rχ2Lh ouplings to be zero as a onsequene of

this. The χ2χ3h ouplings are also zero. Furthermore, the PLR symmetry also onstrains

Mχχ′ =Mχχ′′
and as a result we �nd χ3χ1Z (both L and R) ouplings to be zero.

3.4 Deay widths and branhing ratios

In this setion we present the total deay widths (TDWs) and branhing ratios (BRs)

of vetorlike quarks arising in di�erent warped models disussed in Chapter 2. The

o�-diagonal Lagrangian terms whih lead to q2 → q1V, q1h deays are parametrized as

L ⊃ κLV q̄1Lγ
µq2LVµ + κRV q̄1Rγ

µq2RVµ + κLh q̄1Rq2Lh+ κRh q̄1Lq2Rh+ H.c. . (3.1)

From the above Lagrangian terms we ompute the analytial expressions of partial deay

widths (PDWs) for the vetorlike quarks and the expressions are as follows,

Γq2→q1V =
1

32π

M3
q2

M2
V

[

{

(κVL )
2 + (κVR)

2
}

{

(

1− x2q1
)2

+ x2V
(

1 + x2q1
)

− 2x4V

}

− 12κVLκ
V
Rxq1x

2
V

]

×
(

1 + x4q1 + x4V − 2x2q1 − 2x2V − 2x2q1x
2
V

) 1

2
(3.2)

Γq2→q1h =
1

32π
Mq2

[

{

(κhL)
2 + (κhR)

2
}

{

(

1− x2q1 − x2h
)2
}

+ 4κhLκ
h
Rxq1

]

×
(

1 + x4q1 + x4h − 2x2q1 − 2x2h − 2x2q1x
2
h

)
1

2 , (3.3)

where xq1 ≡ Mq1/Mq2, xV ≡ MV /Mq2 and xh ≡ Mh/Mq2. In any model we an obtain

the TDWs and BRs of vetorlike fermions using the above equations of PDWs. In the
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large Mq2 limit (i.e. Mq2 ≫Mq1,MV ,Mh), the PDWs shown above behave as

Γq2→q1V ∼ 1

32π

M3
q2

M2
V

{

(κVL )
2 + (κVR)

2
}

; Γq2→q1h ∼
1

32π
Mq2

{

(κhL)
2 + (κhR)

2
}

(3.4)
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Figure 3.7: Mass di�erenes of vetorlike quarks in the TT model as funtions of cqL.

Next, we present some results for the DT, ST and TT models. In the DT model we

have only one b2 and the allowed two-body deay modes are b2 → b1Z, b1h, t1W . On the

other hand, a hiral b2 has only one deay mode i.e. b2 → t1W . Therefore, b1Z and b1h

modes are harateristi signatures of a vetorlike b2. Similarly, a vetorlike t2 deays

to t1Z, t1h and b1W modes as an be seen in the ST model. In the ST model we �nd

(Mt2 −Mχ1
) < MW in the entire cqL range we have onsidered. Thus, t2 → χ1W deay

is not allowed in this ase. Whereas, in the TT model many new two-body deay modes

are allowed kinematially. For example, in Fig. 3.7(a) (Mb2,b3 −Mt2) > MW almost in the
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entire cqL range. Therefore, b2, b3 an deay to t2W in addition to b1Z, b1h, t1W modes.

From Fig. 3.7(b) we onlude that the b3 → b2Z, b2h deay modes are not possible sine

(Mb3 −Mb2) < MZ . Similarly, from Fig. 3.7() we see t2 → χ1W and χ2 → t2W deays

are allowed. In the ST and TT models χ1 has only one deay mode, χ1 → t1W . Whereas,

χ2 in the TT model an have many deay modes. From Fig. 3.7(d) we infer that χ2 an

deay to χ1Z and χ1h in addition to t1W, t2W modes. In various warped models, we

list possible kinematially allowed two-body deay modes of the vetorlike quarks whose

phenomenology ould be interesting at the LHC,

• DT model

� b2 → b1Z, b1h, t1W

• ST model

� t2 → t1Z, t1h, b1W

� χ1 → t1W

• TT model

� b2 → b1Z, b1h, t1W, t2W

� b3 → b1Z, b1h, t1W, t2W

� t2 → t1Z, t1h, b1W,χ1W

� χ1 → t1W

� χ2 → χ1Z, χ1h, t1W, t2W

In Fig. 3.8 we show the TDW and BRs of the b2 as funtions of Mb2 in the DT model.

We observe that the TDW is a few perent of the mass and behaves almost linearly as

a funtion of Mb2 . Its roughly linear dependene an be understood by noting that for

the deay of b2 the dominant ouplings κb1Lb2LV ∝ sL ≈Mbb′/Mb2 (in Eqs. 2.54 and 2.55)

and κb1Lb2Rh ∝ cL ≈ 1 (in Eq. 2.56) in the largeMb2 limit. This largeMb2 behavior of the
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Figure 3.8: Total deay width and branhing ratios of b2 in the DT model.

ouplings leaves Γi ∼ Mb2 for all the PDWs. We also observe that all three deay modes

have omparable BRs. Interestingly we observe that in the large Mb2 limit BRs of the b2

in bW , bZ and bh deay modes are in 2 : 1 : 1 proportion. This an be understood by

looking at the ouplings behavior in the large mass limit

• κt1Lb2LW =
gW√
2
sL

Large−−−→
Mb2

gW√
2

Mbb′

Mb2

=
1√
2

(

2MW

v

)

Mbb′

Mb2

• κb1Lb2LZ =
gZ
2
cLsL

Large−−−→
Mb2

gZ
2

Mbb′

Mb2

=
1

2

(

2MZ

v

)

Mbb′

Mb2

• κb1Lb2Rh =
1

v
(−Mb cLsR +Mbb′ cLcR)

Large−−−→
Mb2

Mbb′

v

Putting this behavior in Eq. (3.4) we an see the BRs are indeed in 2 : 1 : 1 ratio as

mentioned.
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Figure 3.9: Total deay widths of bn as funtions of Mbn (where n = 2, 3) in the TT

model.
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Figure 3.10: Branhing ratios of b2 and b3 as funtions of Mb2 and Mb3 respetively in

the TT model.

In Fig. 3.9 we show TDWs of bn as funtions of Mbn in the TT model. The TDWs

of b2 and b3 in the TT model is somewhat larger than the TDW of b2 in the DT model.

This is beause in the TT model the o�-diagonal mass terms in the mass matrix is

√
2

times bigger than that in the DT model leads to larger mixing.

Although kinematially allowed, b2 → b1h and b3 → b1Z deay modes are not present

in the BR plots of b2 and b3 in the TT model as shown in Fig. 3.10. As mentioned

earlier as a onsequene of the PLR symmetry b1b2h ouplings are zero whih makes

BR(b2 → b1h) = 0. On the other hand, b1b3Z ouplings beome zero after mixing and

leads to BR(b3 → b1Z) = 0. An additional deay mode b2 → t2W opens up at large

Mb2 . Sine this BR is not too big for the masses of interest, we do not onsider this mode

further.
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Figure 3.11: Total deay width and branhing ratios of t2 in the ST model.
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In Fig. 3.11 we show TDW and BR of t2 as funtions of Mt2 in the ST model. We

notie that the t2 → bW deay width beomes small at large Mt2 . The reason for this

is that there is no t′bφ+
oupling in Eq. (2.63) and it will be generated after mixing as

a t2bφ
+
term. This is of O(xtt′) and is negligible in the large Mt2 limit. We also observe

BR(t2 → th) ≈ BR(t2 → tZ) in the large Mt2 limit. This is similar to the ase of b2 BRs

in the DT model and an be understood looking at the ouplings behavior in the large

mass limit.

In Fig. 3.12 we show the TDW of t2 as a funtion of Mt2 in the TT model. We notie

that for a partiular Mt2 TDW has two values one for cqL < 0 and the other for cqL > 0.

This is beause in the TT model a partiular Mt2 value an be obtained for two di�erent

cqL hoies as shown in Fig. 3.3. We also observe that for cqL < 0 the TDW is larger that

for the cqL > 0 situation. This is beause the main BR of t2 i.e. t2 → χ1W governed by

the ouplings κt2χ1W (left and right both) are larger for cqL < 0 as shown in Fig. 3.4.
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Figure 3.12: Total deay width of t2 as a funtions of Mt2 in the TT model for cqL < 0
and cqL > 0.

In Fig. 3.12 we show BRs of t2 as funtions of Mt2 in the TT model for cqL < 0 and

cqL > 0. In the TT model, the additional deay mode t2 → χ1W is present, and ends

up being the dominant deay mode. The reason for this is the large oupling involved

here as shown in Fig. 3.4. For cqL < 0 the t2 → tZ BR is quite small while for cqL > 0 it

inreases to about 0.2. Therefore, t2 → tZ mode is also important in addition to t2 → th

mode.
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Figure 3.13: Branhing ratios of t2 as funtions of Mt2 in the TT model for cqL < 0 and

cqL > 0.

TT model

cqL < 0

cqL > 0

400 600 800 1000 1200
0

2

4

6

8

MΧ1HGeVL

G
Χ

1
HG

eV
L

Figure 3.14: Total deay width of χ1 as a funtion of Mχ1
in the TT model for cqL < 0

and cqL > 0.

In Fig. 3.14 we show TDW of χ1 as a funtion ofMχ1
in the TT model for cqL < 0 and

cqL > 0. The χ1 BR is 100 % into the tW mode as this is the only hannel aessible. The

double-valued behavior of TDW as a funtion ofMχ1
in the TT model an be understood

looking at the unusual behavior of Mχ1
in the TT model as shown in Fig. 3.5.

In the TT model, the additional deay mode χ2 → χ1Z is present, and ends up being

the dominant deay mode with BR about 0.8. The reason for this is the large oupling

involved in this deay. Although kinematially allowed, we observe that χ2 → χ1h is not

present. This is beause χ2χ1h ouplings are zero as a onsequene of PLR symmetry.

We do not onsider the χ2 signatures later as we expet its prodution ross-setion to

be smaller owing to its larger mass.
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Figure 3.15: Total deay width and branhing ratios of χ2 as funtions of Mχ2
in the TT

model.
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Chapter 4

LHC signatures of vetorlike quarks

In this hapter we present the LHC signatures of VLQs arising in various warped-spae

models disussed in Chapter 2. We study the LHC signatures of EM harge -1/3, 2/3 and

5/3 VLQs, whih we generally denote as b′, t′ and χ respetively, arising in those models.

We present many signatures model-independently, and also display many results for the

DT, ST and TT models for the benhmark parameter hoies as given in Chapter 3.

These results have been presented in Refs. [114℄ and [112℄.

At a hadron ollider suh as the LHC, the resonant prodution of VLQs (ψ) an

our via the gg, gq and qq initiated proesses where q an either be a light quark

or a bottom quark. VLQs an be produed in pair or single in assoiation with the

other SM partiles. The pair prodution of VLQs ours through the strong interation

(gg/qq → ψψ). On the other hand, single prodution of VLQs an our via eletroweak

interation (gq/qq → ψX , hereX denotes the other SM partiles). Generally, at the LHC,

the dominant prodution hannel of vetorlike quarks is their pair prodution for the

quark masses in the sub-TeV region. This is beause the gluon PDF (parton distribution

funtion) dominates at low x (where x is the momentum fration of proton arried by a

parton) region whereas the quark PDFs take over at high x region. In Fig. 4.1 we show

various CTEQ6L PDFs [115℄ for proton at a sale Q = 1 TeV. We an see in Fig. 4.1 that

for Mψ = 500 GeV whih orresponds to x ∼ 0.07 at the 14 TeV LHC, the gluon PDF
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is muh bigger than the quark PDFs. Thus, depending on Mψ, all of the gg, gq and qq

initiated proesses an ontribute signi�antly to the prodution of ψ at the LHC. For

sub-TeV ψ mass, the gluon PDF to be bigger than the quark PDFs, and therefore we

expet the gg, gq and qq signal (and bakground) rates to be in dereasing order.
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Figure 4.1: The CTEC6L parton distribution funtions f(x,Q2) (here we show xf(x,Q2)
vs. x plot) inside a proton for g, u, ū, d, d̄ as funtions of x at a sale Q = 1 TeV.

In this thesis, in addition to the pair prodution hannels, we also look into some

of their important single prodution hannels. The single prodution hannels an give

useful information about model-dependent weak oupling parameters and thus, help us

to identify the underlying model at olliders. In general, single prodution hannels have

less ompliated �nal state ompared to the pair prodution hannels and hene, mass

reonstrution is easier. Moreover, in general, for a �xed mass of the heavy quark single

prodution is less phase spae suppressed than pair prodution. Thus, depending on the

ouplings, some single prodution hannels an even be the dominant prodution hannels

if the VLQ is heavy enough. For instane, for eletroweak size ouplings (i.e. gW , gZ

order), the single prodution starts to dominate for VLQ masses roughly about 700 GeV.

For eah of the b′, t′ and χ we identify promising pair and single prodution han-

nels, ompute the signal (S) ross setion (.s.) and dominant SM bakgrounds (B).
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Using signal and bakground .s. we ompute the luminosity required (L5) for 5σ signif-

iane (onventionally observing the signal with 5σ on�dene level over the bakground

is onsidered as disovery), i.e. S/
√
B = 5, and luminosity (L10) for obtaining 10 signal

events. When a fully realisti experimental analysis is performed, we expet the e�ien-

ies involved in a searh hannel to be smaller than what we have taken. Hene to be

onservative, we demand that at least 10 events be observed so that after taking these

realisti e�ienies into aount we have at least a few events observed. Thus, we de�ne

the luminosity for disovery, LD = Max{L5,L10}.

We ompute the signal .s. for various masses and ompute the main irreduible SM

bakgrounds for these hannels using Monte Carlo event generators. We have de�ned

the warped-spae model with the VLQs in the matrix-element and event generators Mad-

Graph 5 [116℄ and CalHEP Version 2.5.6 [117,118℄, and all our results in this setion are

obtained using these event generators. We use CTEQ6L [115℄ PDFs for all our numerial

omputations. If the �nal state involves too many partiles the simulation of the full de-

ay hain may be impratial and to redue time for event generation, wherever possible,

we use the narrow-width approximation and multiply by the appropriate BRs in order

to obtain the required .s. This will mean that the aeptane in transverse momentum

(pT ) and rapidity (y) for the �nal state partiles will not be taken into aount exatly,

but sine we mostly deal with high-pT partiles, the inauraies should be small.

4.1 b′ LHC signatures

If the mass of the b2 (mass eigenstate) is in the sub-TeV region, the pp → b2b2 pair pro-

dution is expeted to have the largest prodution rate ompared to the single prodution

due to the larger gluon PDF as ompared to the quark PDFs and also the bigger value

of αS ompared to the eletroweak ouplings. Generally, the huge SM bakgrounds an

overwhelm the signatures of VLQs. A general pratie to observe tiny signals over the

bakground events is to apply kinematial uts whih keep most of the signal events but
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redue the bakground events drastially. We have to hoose those uts properly in order

to get good signi�ane. For proesses for whih QCD indued bakground is not present,

the single prodution hannel an lead to a good reah at the LHC. Single prodution

of vetorlike b2 proeeds via the o�diagonal b2b1Z, b2b1h and b2tW ouplings. For the

disovery of b2 at the LHC, we fous on the pair prodution hannel. To learn about the

ouplings we also study some important single prodution hannels of b2.

In this study, we onsider pp → b2b2, b2Z, b2h and b2bZ proesses as the disovery

hannel of the b2 and to show its vetor-like harater. The b2, one produed, deays

to bZ, bh and tW tree level deay modes. Thus, depending on whih modes we are

onsidering, pair and single prodution of b2 will lead to various �nal states. Here we fous

on some of the interesting prodution hannels of b2 at the LHC that are harateristi

of a vetorlike b′.

4.1.1 pp→ b2b2 proess

Following Ref. [114℄, we analyze the b2 pair prodution whih is initiated by the gg and

qq initial states as shown in Fig. 4.2.

g b2

g

g

b2

g b2

b2
g

b2

b2

g

b2

q

q

Figure 4.2: Sample partoni Feynman diagrams for pp→ b2b2 proess at the LHC.

Sine the prodution .s. is mostly dominated by the b2 oupling to the gluon (i.e.

gs), our results are largely model-independent

1

. In Fig. 4.3 we show the pp→ b2b2 .s. as

a funtion of Mb2 at the 14 TeV LHC. We see that for sub-TeV Mb2 the pair prodution

.s. is large, but dereases rapidly with inreasing Mb2 .

1

We have roughly estimated the Higgs mediated ontribution via the e�etive ggh (top triangle

diagram) vertex to b2 pair prodution and �nd this to be muh smaller than the ontribution shown in

Fig. 4.2.
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Figure 4.3: The pp→ b2b2 .s. as a funtion of Mb2 at the 14 TeV LHC.

b2b2 → bZbZ deay mode:

Here we onsider both the b2's, produed in pair prodution proess, deaying into the

bZ mode resulting in the bZbZ �nal state. From bZbZ level one an have three possible

deay patterns of Z namely,

1. Fully hadroni: both the Z's deay hadronially.

2. Dileptoni (DL): both the Z's deay leptonially.

3. Semileptoni (SL): one Z deays hadronially and the other deays leptonially.

Here we mainly fous on the semileptoni deay hannel of the Z's. Although the

fully hadroni deay hannel has the largest rate, it is very di�ult to reonstrut two

Z's from the bbjjjj �nal state and the QCD bakground is also huge for this hannel. On

the other hand, the dileptoni hannel, although very lean and an be reonstruted with

good e�ieny, su�ers from low rate due to small Z → ℓℓ BR. Therefore, we onsider the

semileptoni hannel taking one of the Z's to deay hadronially (inluding only u, d, c, s,

but not the b) and the other Z deaying leptonially (ℓ = e, µ with BR(Z → ℓℓ) = 0.066),

resulting in the hannel pp→ b2b2 → bZbZ → bℓℓbjj. Here we demand two b-tagged jets

in the �nal state. To avoid ombinatoris issues with the four b's that will be present if
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the Z deays to bb, we ask that this will not happen by demanding that the tagged-b is

not among the two jets that reonstrut to the Z. We obtain the signal and eletroweak

bakground .s. at the bZbZ level and multiply the σ(pp→ bZbZ) .s. by the fator

2η2b × BRZ→ℓℓ

[

BRZ→jj + (1− ηb)
2
BRZ→bb

]

≈ 0.019 , (4.1)

with j = {u, d, c, s}, where, ηb is the b-tagging e�ieny, the (1−ηb)2 BRZ→bb term ounts

the Z → bb deays that fail the b-tag, and a fator of 2 is beause the hadroni-Z and

the leptoni-Z an be exhanged resulting in the same �nal state. We take the b-tagging

e�ieny ηb = 0.5 [119, 120℄. We obtain the QCD bakground at the bjjbZ level as we

explain in more detail below. In Fig. 4.4(a) we show the pp → b2b2 → bZbZ .s. as a
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Figure 4.4: (a) The pp → b2b2 → bZbZ .s. after y, pT uts and, (b) the luminosity for

disovery LD required in the pp → b2b2 → bZbZ → bℓℓbjj hannel after �All uts� with
BR(b2 → bZ) = 1/3 assumed at the 14 TeV LHC. See text for the details of the uts

used.

funtion of Mb2 at the 14 TeV LHC after the following pT and y uts at the bZbZ level,

pT (b, Z) > 25 GeV , |y(b, Z)| < 2.5 . (4.2)

To redue the bakground keeping most of the signal events, we apply the following

kinematial uts at the bjjbZ level:

• y and pT uts: (a) |y(b, j, Z)| < 2.5; (b) pT (b, j, Z) > 25 GeV
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• Invariant mass uts: |Mjj −MZ | < 10 GeV; |Mb2 −M(bZ)| < 0.05Mb2

where, in the last invariant-mass ut, we aept the event if the invariant mass of a b with

either Z lies within the invariant mass window, and, the invariant mass of the other b

with either Z also lies within the window. We de�ne �All uts� as the y, pT uts together

with the invariant mass uts shown above.

In Table 4.1 we show the signal and bakground .s. after only y, pT and �All uts�

for di�erent values of Mb2 with the orresponding κ as shown in Table 3.1, and show

the luminosity required for disovery (LD) at the 14 TeV LHC. The (bjjbZ)tot olumn

Signal σs (in fb) Bakground σb (in fb)
Mb2 bZbZ bZbZ (bjjbZ)tot LD

(GeV ) y, pT All y, pT All y, pT All (fb−1
)

uts uts uts uts uts uts

250 25253 25082 21.804 0.3797 16938 29.52 0.021

500 171.34 148.69 21.804 0.047 16938 3.74 3.514

750 14.508 12.221 21.804 0.0097 16938 0.997 42.752

1000 2.314 1.9214 21.804 0.0027 16938 0.259 271.92

1250 0.484 0.399 21.804 0.0011 16938 0.048 1310

QCD bakground (in fb)
Mb2 bjjbZ bbjbZ bbbbZ

(GeV ) y, pT All y, pT All y, pT All

uts uts uts uts uts uts

250 16790 27.304 255.41 2.7 81.01 1.92

500 16790 3.513 255.41 0.256 81.01 0.194

750 16790 0.958 255.41 0.031 81.01 0.057

1000 16790 0.2514 255.41 0.0052 81.01 0.008

Table 4.1: Signal and bakground .s. at the 14 TeV LHC for the proess pp → b2b2 →
bZbZ, and the required LD in the semileptoni deay mode, for the benhmark masses

and ouplings shown in Table 3.1. The bZbZ olumns do not inlude the fator de�ned

in Eq. 4.1, while LD inludes all these fators. The (bjjbZ)tot olumn shows the total

bakground (inluding EW and QCD) where the QCD bakground is omputed using

the hannels detailed in the seond table weighted by appropriate fators as shown in

Eq. 4.3.

in Table 4.1 shows the total bakground whih is the sum of the QCD and eletroweak

bakgrounds, where the QCD bakground is got from the omponents shown in the seond
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table as

(bjjbZ)QCD = (bjjbZ) + (1− ηb)(bbjbZ) + (1− ηb)
2(bbbbZ) , (4.3)

where b inludes both b and b̄, and the (1 − ηb) fator take into aount a b-quark that

has failed the b-tag, i.e. we assume here that a b-quark that fails the b-tag will be taken

to be a light-jet. We �nd that the luminosity required is signal-rate limited for all the

Mb2 values we have onsidered.

The results shown here are largely model-independent sine the prodution .s. mostly

relies on the olor quantum number of the b2 sine the .s. is dominated by the gluon

exhange ontribution, with a oupling gs. But the model dependeny enters in the as-

sumption BR(b2 → bZ) = 1/3. One an use these analysis for any other BRs by properly

saling the .s., and in that sense our results are model independent. In Fig. 4.4(b) we

show the disovery luminosity LD at the 14 TeV LHC, in the pp→ b2b2 → bZbZ → bℓℓbjj

hannel after �All uts�, with BR(b2 → bZ) = 1/3 assumed.

The dileptoni mode, i.e. when both Z's deay leptonially, is muh leaner sine the

QCD bakground is very small in this ase, but the BR is smaller. Sine we are limited by

signal rate, we expet the luminosity required to be muh bigger than for the semileptoni

mode we have foused on. The luminosity required for the dileptoni mode an easily

be omputed from the signal and bakground .s. at the bZbZ level given in Table 4.1

after multiplying the fator η2b × (BRZ→ℓℓ)
2 ≈ 0.0011. In Chapter 1 we have disussed

the urrent LHC bounds on vetorlike b′ mass (upto around 650 GeV b′ is exluded). For

higher values ofMb′ whih are still allowed, the rates in the dileptoni mode are too small

to detet a few events at the LHC. One an also onsider demanding only one b-tag rather

than the two that we have, whih will inrease the signal rate, but so will the bakground.

For this ase the main QCD bakground will ome from pp→ bjjjZ proess and we need

speial are to redue this huge bakground. We have not explored this possibility in this

thesis.
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b2b2 → bZbh and other deay modes:

Here we onsider the hannel pp → b2b2 → bZbh → bℓℓbbb where a light Higgs (we

have taken Mh = 120 GeV) dominantly deaying to bb pair with BR ≈ 1. When only

2 body modes are inluded BR(h → bb) is 1 for a 120 GeV Higgs. However, the 3-

body modes lead to a signi�ant redution in this, and for a 120 GeV Higgs we have

BR(h → bb) = 0.65. Therefore, the numbers we quote are to be saled by this BR. We

demand four b-tagged jets in the �nal state. For this, the .s. multiplied by the branhing

frations and b-tagging e�ieny, will be about half the bZbZ ase shown in Table 4.1

and in Fig. 4.4(a). The dominant SM bakgrounds will then be bbbbZ, whih we have

already omputed for the bZbZ hannel and shown in Table 4.1. As we an see from this,

for largeMb2 , the required luminosity will be signal-rate limited as it was in the previous

ase, and therefore the luminosity required will be about twie that needed for the bZbZ

ase shown in Table 4.1 and in Fig. 4.4(b).

One ould also onsider the bZtW or other ombinations of deay modes of the b2

pair, but we do not onsider these here, as our main motivation is to fous on those

deay-modes whih help in revealing aspets of the vetor-like nature of the b2. Apart

from the usual pair prodution of hannel, a vetorlike b2 an be produed through the

two-body and three-body single prodution hannels via the o�-diagonal ouplings b2tW ,

b2bZ and b2bh. An exhaustive list of b2 single prodution hannels is given in Ref. [63℄.

Here we onsider some of the important single prodution hannels relevant at the LHC.

4.1.2 pp→ b2Z, b2h proesses

Following Ref. [114℄, we analyze here the pp → b2Z and pp → b2h single prodution

proesses whih are initiated by the bg initial state as shown in Fig. 4.5. In Fig. 4.6(a) we

show ontours of the pp → b2Z .s., after y and pT uts, in the κb1Lb2LZ vs Mb2 plane at

the 14 TeV LHC. These uts are applied after the b2 → bZ deay, requiring |y(b, Z)| < 2.5

and pT (b, Z) > 0.1Mb2 . The blue squares show theMb2 and κb1Lb2LZ as given in Table 3.1.
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Figure 4.5: Sample partoni Feynman diagrams for pp→ b2Z, b2h at the LHC.
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Figure 4.6: (a) Model-independent ontours of the pp→ b2Z .s. in fb after y and pT uts,

and, (b) ontours of the disovery luminosity-required LD in the pp → b2Z → bZZ →
bℓℓjj hannel after �All uts�, with the region to the left of a ontour overed by that

luminosity, and BR(b2 → bZ) = 1/3 assumed. These are for the 14 TeV LHC. The blue

dots show the Mb2 and κb1Lb2LZ as given in Table 3.1.

The b2h .s. is expeted to be similar to the bg → b2Z ase above. In the following,

we onsider the b2 → bZ, tW, or bh deay modes. For the bZh �nal state both bg →

b2h→ bZh, and bg → b2Z → bhZ hannels will ontribute. We will disuss eah of these

hannels later.
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bg → b2Z → bZZ hannel:

We will onsider next, in turn, the semileptoni deay mode i.e. bZZ → bjjℓℓ, and,

dileptoni deay mode i.e. bZZ → bℓℓℓℓ hannels.

Semileptoni deay mode: For the semileptoni pp → b2Z → bZZ → bjjℓℓ hannel, we

assume that the leptonially deaying Z is fully reonstruted, and perform our analysis

at the bjjZ level. We multiply the .s. at the bjjZ level by BR(Z → ℓℓ) ≈ 0.066. We

demand one tagged b-jet, and apply the following uts:

• y and pT uts: (a) |y(b, j, Z)| < 2.5; (b) pT (b, j, Z) > 0.1Mb2

• Invariant mass uts: |M(jj)−MZ | < 10GeV; |M(bZ) ORM(bjj)−Mb2 | < 0.05Mb2

where Z means the leptonially deaying Z, and in the last invariant mass ut we aept

the event if either of M(bZ) OR M(bjj) lies within the window. Here, j will exlude the

b to avoid ombinatoris issues with the three b's that will be present if the Z deays to

bb. We ask that this not happen by demanding that the tagged-b is not among the two

jets that reonstrut to the Z. We therefore multiply the signal bjjZ and the eletroweak

bakground (bjjZ)
EW

.s. by ηb×BRZ→ℓℓ = 0.033 with j = {u, d, c, s}, where, we inlude

the Z → bb deays that fail the b-tag. Sine experimentally light-quark jets and gluon jets

annot be di�erentiated e�etively, for the bakground, we take j = {g, u, d, c, s}, and

in addition to the bZZ SM bakground for whih the multipliative fator is as shown

above, we inlude the QCD bakgrounds, namely,

(bjjZ)
QCD

= (bjjZ) + (1− ηb)(bjbZ) + (1− ηb)
2 (bbbZ) , (4.4)

where a (1− ηb) fator is inluded for a b-quark that fails to be tagged, and, we multiply

these with an overall multipliative fator of ηb×BRZ→ℓℓ. The signal and the bakground

.s. along with the disovery luminosity required for the semileptoni deay mode for

various values of Mb2 and κ given in Table 3.1 are shown in Table 4.2. In the table, �All
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uts� inludes y, pT uts together with M(bZ) OR (bjj) invariant mass ut. The required

luminosity for disovery for the semileptoni ase is denoted as LSL

D whih is always

bakground limited.

In Fig. 4.6(b) we show the model-independent ontours of the 14 TeV LHC luminosity-

required for 5 σ signi�ane with at least 10 signal events in the κb1Lb2LZ � Mb2 plane.

The region to the left of a ontour is overed by that luminosity. BR(b2 → bZ) = 1/3 is

assumed. The kinks seen is the ross-over from being bakground-limited at lower masses

to signal-rate-limited at higher masses. The blue dots show the Mb2 and κb1Lb2LZ given

in Table 3.1 for whih Table 4.2 applies.

signal σs (in fb) bakground σb (in fb)

Mb2 bjjZ (bjjZ)EW (bjjZ)QCD LSL

D

(GeV) y, pT all y, pT all y, pT all (fb−1)
uts uts uts uts uts uts

250 1017.66 995.86 77.03 10.33 7853.02 867.82 0.66

500 16.84 15.50 8.81 0.68 419.75 14.11 45.94

750 1.26 1.14 1.85 0.10 56.26 0.86 551.26

1000 0.14 0.12 0.47 0.01 12.38 0.05 3399.67

Mb2 QCD bakground (in fb)

(GeV) bjjZ bjbZ bbbZ
250 546.36 634.32 17.19

500 10.14 7.76 0.35

750 0.52 0.66 0.03

1000 0.02 0.06 0.002

Table 4.2: Signal and bakground .s. at the 14 TeV LHC for the pp → b2Z → bZZ →
bjjZ hannel with its harge-onjugate proess also inluded. The disovery luminosity

LSL

D is shown for the semileptoni deay modes orresponding to the benhmark masses

and ouplings shown in Table 3.1. The bjjZ olumns neither inlude b-tagging fators

nor BR(Z → ℓℓ), while LSL

D is shown after all these fators are inluded. (bjjZ)
QCD

shows

the total QCD bakground omputed using the di�erent hannels detailed in the seond

table weighted by appropriate fators as explained in the text.

Dileptoni deay mode: For the hannel pp → b2Z → bZZ → bℓℓℓℓ, we perform the

analysis at the bZZ level and multiply the .s. by ηb × BR(Z → ℓℓ)2 ≈ 0.002. We apply

the following uts on the bZZ events:

• y and pT uts: (a) |y(b, Z)| < 2.5; (b) pT (b, Z) > 25 GeV
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• Invariant mass ut : |M(bZ)−Mb2 | < 0.05Mb2

where Z means either of the leptonially deaying Z, and in the invariant mass ut, MbZ

is evaluated for both the Z's with the event kept if either one of them falls within the

window. We have relaxed the pT ut here sine we do not have to suppress the larger

QCD bakground that we had to ontend with in the semileptoni ase. The signal and

bakground .s. along with the luminosity required for the dileptoni deay mode for

various values of Mb2 and κ given in Table 3.1 are shown in Table 4.3. As before, in the

table, �All uts� inludes basi y, pT uts together with theM(bZ) invariant mass ut. The

signal σs (in fb) bkgrnd σb (in fb)

Mb2 bZZ bZZ LDL
D

(GeV) y, pT All y, pT All (fb−1)
uts uts uts uts

250 1119.42 1088.84 77 10.54 2.1

500 25.15 22.80 77 2.16 97.6

750 2.32 2.04 77 0.52 1091.9

1000 0.36 0.32 77 0.15 6962.4

Table 4.3: Signal and bakground .s. at the 14TeV LHC for the pp→ b2Z → bZZ with

its harge-onjugate proess also inluded, and the luminosity required for the dileptoni

deay mode orresponding to the benhmark masses and ouplings shown in Table 3.1.

The bZZ olumns neither inlude b-tagging fators nor BR(Z → ℓℓ), while LDL
D inludes

all these fators.

required luminosity for the dileptoni ase is always signal limited.

bg → b2Z → tWZ hannel:

In this ase, at the tWZ level, the three partiles in the �nal state are di�erent, and

therefore there is no ombinatorial issue. For the semileptoni deay mode we have two

possibilities, namely, when the Z deays leptonially and the W hadronially, and vie-

versa. If the Z deays hadronially and the W leptonially, we have a neutrino in the

�nal state, leading to missing energy. At a hadron ollider, sine the inoming parton

energies are not known, this missing energy will prevent the full reonstrution of the

event, but an only be done in the transverse plane. However, one an apply the W mass
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Mb2 signal σs (in fb) bkgrnd σb (in fb)

(GeV) y, pT uts All uts y, pT uts All uts

300 307.92 288.04 72.78 9.10

500 40.02 35.88 72.78 5.72

750 4.20 3.74 72.78 1.84

1000 0.70 0.62 72.78 0.64

Table 4.4: Signal and bakground .s. for the pp → b2Z → tWZ hannel with the

harge-onjugate proess also inluded at the 14 TeV LHC. The κ are taken to be as

given in Table 3.1.

onstraint in order to infer pνz (upto a two-fold ambiguity) as explained in Ref. [121℄.

The signal and SM bakground at the tWZ level are shown in Table 4.4. The hoie for

all the uts here is similar to the ones for the dileptoni bZZ ase above. Sine the tW

deay mode is present for a hiral b2 also, and our main motivation in this study is to

expose the vetor-like nature of the b2 and have not determined the luminosity required.

bg → b2Z, b2h→ bZh hannel:

We assume a light Higgs that dominantly deays to bb with BR ≈ 1, and the Z deaying

leptonially, resulting in the bℓℓbb hannel. We demand three b-tagged jets in the �nal

state. We perform the analysis at the bZh level and multiply the .s. by η3b×BR(Z → ℓℓ),

but for the QCD bakground whih we take at the bZbb level multiplied by e�etively the

same fator sine we have taken h→ bb BR to be 1 (the atual BR is 0.65 for Mh = 120

GeV). The bZbb bakground is the same as in the previous ase given in Table 4.2. We

show in Table 4.5 the signal and bakground .s. and the luminosity required for disovery.

We �nd that the disovery luminosity is signal-rate limited for the benhmark masses we

have onsidered.

4.1.3 pp→ b2bZ proess

We onsider pp→ b2bZ hannel as a probe of the new physis oupling κb2bZ involved in

this proess whih inludes two types of resonant prodution of the b2 as desribed below
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signal σs (in fb) bakground σb (in fb)

Mb2 bZh→ bZbb bZh→ bZbb bbbZ LD
(GeV) y, pT All y, pT All y, pT All (fb−1)

uts uts uts uts uts uts

250 1093.10 1056.96 4.68 0.74 569.35 18.01 1.13

500 44.30 34.70 4.68 0.14 569.35 2.22 34.41

750 5.94 3.54 4.68 0.03 569.35 0.37 337.30

1000 1.44 0.58 4.68 0.01 569.35 0.03 2058.67

Table 4.5: Signal and bakground .s. for the leptoni pp → b2Z + b2h → bZh → bZbb
hannel. The bZh and bbbZ olumns neither inlude b-tagging fators nor BR(Z → ℓℓ),
while LD inludes all these fators. The κ are taken to be as given in Table 3.1.

and shown in Fig. 4.7.
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Figure 4.7: Sample partoni Feynman diagrams for pp→ b2bZ proess at the LHC. In (a)

when both the b2's are on-shell, we have a double resonant (DR) ontribution, while when
one of them is o�-shell we have the single resonant (SR) proess. The other ontribution

to the SR prodution oming from the strit single prodution diagram shown in (b).

• Double resonant (DR) prodution: pair prodution of b2 where both b2's are onshell

followed by the deay of one b2 to bZ leads to b2bZ �nal state.

• single resonant (SR) prodution: this inludes b2b
∗
2 → b2bZ (one of the b2 is o�-shell)

and the strit single prodution of b2 shown in Fig. 4.7(b).

The oupling κb2bZ an be probed by isolating the SR ontribution from the total

pp → b2bZ events whih inludes DR and SR ontributions. At the b2bZ level to get

sensitivity to ouplings we isolate the SR ontribution by applying only the following

kinematial ut on the invariant mass M(bZ),

|M(bZ)−Mb2 | ≥ αcutMb2 (with αcut = 0.05) , (4.5)
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whih ensures that the b quark and the Z do not reonstrut to an on-shell b2, i.e. this ut

removes the DR ontribution. To obtain the SR .s., σSR, the hoie of αcut is ruial [122℄.

It is ditated by the fat that we expet σSR to sale as κ2b2bZ whereas σDR is governed

by gs. Taking αcut too small will spoil the saling beause of the ontamination from the

pair prodution, but it annot be too large either as that will make the .s. very small. In

Table 4.6 we expliitly demonstrate that our hoie of αcut retains the κ
2
b2bZ

saling. We

observe that before ut .s. dereases with inreasing κb2bZ due to destrutive interferene.

κb2Lb1LZ σb2bZ (fb) σb2bZ (fb)

before ut after ut

0.05 239.37 2.613

0.10 238.91 11.10

0.15 236.31 24.17

0.20 233.52 41.95

0.25 229.40 62.48

Table 4.6: Saling behavior of pp→ b2bZ single prodution .s. at the 14 TeV LHC after

the invariant mass ut de�ned in Eq. (4.9), forMb2 = 750 GeV. Here we take κb2Rb1RZ = 0.

Here we have in mind the bbℓℓJJ hannel (where J stands for either a light-jet or

an untagged b-jet). To obtain the luminosity requirements, we multiply the ross-setion

obtained at the bZbZ level by the fator

ηb2 = 2× η2b × ǫ(ℓℓ→Z)
rec × ǫ(JJ→Z)

rec × (BRZ→JJ)× (BRZ→ℓℓ) ≈ 0.023 , (4.6)

to take into aount the various BRs and e�ienies. Here ǫ
(ℓℓ→Z)
rec and ǫ

(JJ→Z)
rec stand for

reonstrution e�ieny of Z from ℓℓ and JJ respetively. We take ηb = 0.5, ǫ
(ℓℓ→Z)
rec = 1

and ǫ
(JJ→Z)
rec = 1. The fator of two appears beause either of the Z an deay to the ℓℓ

pair. In Fig. 4.8 we present the luminosity requirement for pp → b2bZ SR prodution

hannel in a model-independent manner assuming BRb2→bZ to be 100%. The kinks in

the graphs appear beause of the transition from L5 to L10 along the inreasing values of

the oupling parameter. We vary κb2Lb1LZ keeping the other oupling κb2Rb1RZ zero while
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Figure 4.8: Disovery luminosity (LD) for observing the pp → b2bZ single prodution

hannel as funtions of κb2Lb1LZ for di�erent Mb2 at the 14 TeV LHC. Luminosity is

omputed after inluding all BR's and b-tagging e�ieny. The brown triangles and

green dots orrespond to the DT and TT models respetively.

omputing model-independent SR ontribution. This assumption is indeed a valid for the

DT and TT models where κb2Lb1LZ dominates over κb2Rb1RZ . The bakground is omputed

at the bZbZ level. We demand that any one of the bZ pairs satis�es the invariant mass

ut of Eq. (4.5). The brown triangles and green dots in Fig. 4.8 orrespond to the DT

and TT warped models respetively for the SR proess.

Mb2 (GeV) σpp→b2Z (fb) σpp→b2b (fb) σpp→b2bZ (fb)

500 81.50 15.86 47.12

750 16.67 3.910 11.10

1000 4.630 1.256 3.933

1250 1.534 0.472 1.722

1500 0.565 0.193 0.804

Table 4.7: SR prodution .s. of b2 for di�erent Mb2 with κb2Lb1LZ = 0.1 and κb2Rb1RZ = 0
at the 14 TeV LHC. The b2bZ .s. is after applying the invariant mass ut of Eq. (4.5),

while the others are without any uts.

In Table 4.7 we ompare the .s. of various SR hannels model-independently. The

b2bZ ross-setion is after applying the invariant mass ut of Eq. (4.5), while the others

are without any uts. We see that the b2Z hannel studied earlier and the b2bZ SR
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DT model

Mb2 (GeV) κb1Lb2LZ σb2bZ (fb)

500 0.122 70.49

750 0.087 8.341

1000 0.068 1.829

1250 0.057 0.569

TT model

B Mb2 (GeV) σb2bZ (fb)

B1 500 210.05

B2 750 27.56

B3 1000 6.394

B4 1250 2.054

Table 4.8: Cross-setions for the proess pp→ b2bZ in the DT and TT models for di�erent

hoies of Mb2 at the 14 TeV LHC. The ross-setions are obtained after applying the

invariant mass ut of Eq. (4.5). The ouplings for the TT model orresponding to the

parameter sets labeled by Bi are shown in Table 3.2.

proess studied here are omparable in signal .s..

In the warped models, vetorlike b′'s are present in the DT and TT models, and the

κ's are shown in hapter 2. For the DT model in the pp→ b′b′ → bZbZ → bℓℓbjj hannel,

the 14 TeV LHC reah is about 1250 GeV with about 500 fb−1
. For the TT model, the

BR(b′ → bZ) is about a fator of two bigger ompared to the DT model; hene the

luminosity being signal-rate limited, is about 250 fb−1
. Turning next to the SR proess,

the brown triangles and green dots in Fig. 4.8 are for the DT and TT warped models

respetively. The orresponding signal .s. are shown in Table 4.8. One an also look at

the bhbh hannel whih we have not explored in this work. In the TT model, for simpliity,

we have foused only on the b2 signatures, although the b3 is almost degenerate; a more

omplete analysis an inlude the b3 ontributions also. In the DT model, for the hoie

of benhmark parameters disussed in hapter 3, we have a reah ofMb2 = 1000 GeV with

about 250 fb−1
, and in the TT model it is about Mb2 = 1250 GeV with about 250 fb−1

.

4.1.4 Other Proesses

Here we ollet some proesses that we have onsidered, but have not analyzed in full

detail, sine based on rough estimates we think that they may lead to a larger luminosity

requirement ompared to the ones we have onsidered in detail above. We give below

some indiation for what .s. we expet for these proesses for the benhmark points

given in Table 3.1.
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pp → b2tW, b2bh proesses: These proesses are similar to the pp → b2bZ proess and

inlude ontributions both from the DR and SR produtions. Sine the DR .s. is muh

bigger than the SR .s., the LHC reah ofMb2 in these hannels are e�etively determined

by the DR ontributions. We have already disussed the reah in subsetion 4.1.1 using

only DR ontributions. In this thesis we have not estimated SR ontributions of these

hannels by applying invariant mass ut on tW or bh pair.

bq → b2q proess: For the proess bq → b2q, the signal is indued by the t-hannel

exhange of a Z boson. We �nd the signal .s. to be small ompared to the SM bak-

ground. For example, for Mb2 = 750 GeV with ouplings shown in table 3.1, the signal

.s. for bQ → b2q → bZq → bℓℓq is about 0.65 fb at the 14 TeV LHC, whih is about 40

times smaller than the bakground, whih we have omputed with an invariant mass ut

of |M(bZ)−Mb2 | ≤ 25 GeV.

bq → qb2W, qb2Z, qb2h and bg → gb2Z, gb2h proesses: The hannels with a q in the

�nal state proeed through bq initial state, andW and Z ome from the initial quark line.

The bakgrounds are also bq initiated, and is potentially under ontrol. But sine these

proesses are qb initiated, our preliminary investigation indiates that rates would be

muh smaller ompared to g initiated proesses. The bakground is partiularly small for

bq → qb2Z → qbhZ sine h has to attah to a b line whih is suppressed by λb, the b-quark

Yukawa oupling. Similar situation should also apply for the hannel bq → qb2h→ qbhh.

Sine experimentally we annot easily tell the di�erene between a light q and g, we

should inlude bg → gb2Z, gb2h here, whih will result in the same �nal state as the

above proesses.

We expet these 3-body �nal state proesses in general to have smaller .s. ompared

to the 2-body single produtions or the SR (o�shell) ontributions onsidered earlier. For

Mb2 = 750GeV and b2 deaying as b2 → bZ the total signal strength is about 0.08 fb

at the 14 TeV LHC (whih inludes the harge onjugate proess), with one of the Z

deaying leptonially and the other deaying into light jets.
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qg → qb2b, qb2t proesses: These proeed via gZ and gW fusion respetively. Comparing

to the bg → b2Z proess, we see that this is a 3-body �nal state whih would suppress the

.s.. For b2 → bh, the qbhb irreduible bakground should be small sine it is suppressed

by λ2b . But, the SM bakground will inlude proesses in whih the q is replaed by a g,

whih will mean that the bakground is gg initiated, and would be muh larger as our

preliminary analysis indiates.

qq → b2b, b2t proesses: The signal for the b2b �nal state is small as this is a qq initiated

proess. For example, if we onsider the b2 deaying into a b and a Z with the Z deaying

leptonially, the signal turns about 0.009 fb for Mb2 = 750 GeV at the 14 TeV LHC.

It is very hallenging to observe 10 signal events at the 14 TeV LHC and requires upto

1000 fb

−1
of integrated luminosity. Moreover, the bakground, whih has gg initiated

ontributions, is expeted to be muh bigger than the signal.

gg → b2b and gb → b2g proess: These proeed via s-hannel and t-hannel Higgs

exhange respetively, with an e�etive ggh vertex (top triangle diagram). We roughly

estimate this ontribution to be potentially bigger than the σ(bg → b2Z) we have onsid-

ered earlier; however these hannels are suseptible to the gg initiated SM bakground

whih is large, and therefore need speial are to isolate signal from huge bakground.

We have not explored this possibility in this thesis.

4.2 χ LHC Signatures

If we onsider only the two body deay of χ into the SM �nal state, it an only deay

to tW . At the LHC, we onsider the χtW prodution proess as we �nd this to be the

dominant χ prodution hannel. As shown in Fig. 4.9, this inludes (i) the DR pair-

prodution χ1χ1 (both on-shell) followed by the deay of one of the on-shell χ to tW ,

and, (ii) the SR hannel inluding χ1χ
∗
1 (one of the χ o�-shell), and in addition, the strit

single-prodution of χ1 shown in (b). We inlude both DR and SR and fous on the
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Figure 4.9: Sample partoni Feynman diagrams for χ1tW proess at the LHC. In (a)

when both the χ are on-shell, we have a DR ontribution, while when one of them is

o�-shell we have the SR proess; the other ontribution to SR oming from the single

prodution diagram shown in (b).

hannel

pp→ χ1tW → tWtW → tWtℓν . (4.7)

We obtain the signal and bakground ross-setions at the ttWℓν level i.e., only one

W deays leptonially. We perform our analysis at this level beause for the signal we

expet the lepton oming from the W to have large pT , whereas it is less probable for the

bakground to have a high pT lepton. This feature of the lepton an be used to isolate

the signal from the bakground. The lepton an be used as a trigger. We onsider the

2b 6j ℓE/T �nal state where j inludes only �light� jets (u, d, , s) and ℓ inludes e and µ.

From the tWtℓν level ross-setion, we ompute the rate for the �nal-state of interest by

multiplying with appropriate branhing ratios.

In order to selet the signal while suppressing the bakground, we apply the following

�basi� and �disovery� uts and present the signal and the bakground ross setions in

Table 4.10 (Table 4.11) for the 14 TeV (8 TeV) LHC:

1. Basi: |y(ℓ)| ≤ 2.5; pT (ℓ) ≥ 10 GeV.

2. Disovery: |y(ℓ)| ≤ 2.5; pT (ℓ) ≥ 125 GeV; pT (W ) ≥ 250 GeV.

The seond set of uts is hosen to optimize the signal over bakground ratio. It is our

�disovery� ut motivated by the fat that in the signal, there are two high-pT W 's present

at the ttWW level and one of them deays to a high-pT lepton. To aount for the various
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e�ienies we multiply both signal and bakground ross setions with a fator

ηχ1
= η2b × (ǫWrec)

3 × (ǫtrec)
2 × (BRW→jj)

3 ≈ 0.082 , (4.8)

where ηb is the b-tagging e�ieny, ǫWrec is the W reonstrution e�ieny from jj, ǫtrec is

the t reonstrution e�ieny from bW . Combinatoris might be an important issue for

reonstrution but at our level of analysis we ignore this ompliation. The BR of W in

the hadroni deay modes is BRW→jj = 0.69. We take ǫtrec = 1 and ǫWrec = 1. At the end

of this setion, we justify that with this hoies of very optimisti t and W reonstrution

e�ienies, the omputed disovery luminosity is not very far from reality.

The κ an be probed by isolating the SR ontribution. At the χ1tW level we isolate

the SR ontribution by applying only the kinematial ut on the invariant mass M(tW ),

|M(tW )−Mχ1
| ≥ αcutMχ1

; αcut = 0.05, (4.9)

whih ensures that the t quark and the W do not reonstrut to an on-shell χ1, i.e. this

ut removes the DR ontribution. To obtain the ross setion, σSR, the hoie of αcut is

ruial [122℄. It is ditated by the fat that we expet σSR to sale as κ2χ1tW
whereas σDR

is ditated by gs. Taking αcut too small will spoil the saling beause of the ontamination

from the pair prodution (but it annot be too large either as that will make the ross

setion very small). In Table 4.9 we expliitly demonstrate that our hoie of αcut retains

the κ2χ1tW
saling.

κχ1Rt1RW σpp→χ1tW (fb) σpp→χ1tW (fb)

before ut after ut

0.05 239.37 4.945

0.10 238.91 21.09

0.15 236.31 45.92

0.20 233.52 79.71

0.25 229.40 118.71

Table 4.9: Saling behavior of pp → χ1tW single prodution ross setions after the

invariant mass ut de�ned in Eq. (4.9), for Mχ = 750 GeV.
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X Mχ σtot σSR uts S BG L
(GeV) (fb) (fb) (fb) (fb) (fb−1)

X1 500 2566 261.5 Basi 977.5 3.257 -

Dis. 146.1 0.115 0.826

X2 750 260.0 29.31 Basi 99.99 3.257 -

Dis. 42.74 0.115 2.824

X3 1000 46.47 5.198 Basi 17.92 3.257 -

Dis. 11.36 0.115 10.63

X4 1250 11.22 1.231 Basi 4.305 3.257 -

Dis. 3.226 0.115 37.42

X5 1500 3.242 0.364 Basi 1.235 3.257 -

Dis. 1.010 0.115 119.5

X6 1750 1.040 0.121 Basi 0.393 3.257 -

Dis. 0.339 0.115 355.8

Table 4.10: Signal (S) and bakground (BG) ross setions (in fb) for pp → χtW →
ttWℓν hannel at the 14 TeV LHC for the ST model. The Xi's orrespond to the param-

eter sets detailed in Table 3.4. The luminosity requirement (L) is omputed using σtot
after inluding the fator ηχ1

de�ned in Eq. (4.8). The σtot is omputed at the χ1tW level

with no ut applied. σSR is omputed at the χtW level with only an invariant mass ut

applied on tW as de�ned in Eq. (4.9).

X Mχ σtot σSR uts S BG L
(GeV) (fb) (fb) (fb) (fb) (fb−1)

X1 500 374.2 36.63 Basi 144.0 0.622 -

Dis. 18.40 0.011 6.560

X2 750 25.61 2.741 Basi 9.927 0.622 -

Dis. 4.103 0.011 29.42

X3 1000 2.817 0.315 Basi 1.092 0.622 -

Dis. 0.680 0.011 177.5

X4 1250 0.381 0.042 Basi 0.147 0.622 -

Dis. 0.109 0.011 1105

Table 4.11: Same as in Table 4.10 for the 8 TeV LHC.

For all Mχ onsidered here, we �nd L5 < L10, and therefore in Table 4.10 we present

only L10. From Table 4.10 we �nd that using σtot, i.e. inluding both SR and DR, the 14

TeV LHC an probeMχ1
up to 1.5 TeV (1.75 TeV) with 100 fb−1

(300 fb−1
) of integrated

luminosity for the ST model. The numbers in Table 4.10 show that for the parameter

ranges we are interested in, the pp→ χ1tW proess is dominated by the DR prodution.

Hene, we do not display the ross setions and disovery luminosity separately for the

TT model as the di�erene between them is only due the SR prodution (whih depends
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on the κχ1tW oupling).
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Figure 4.10: Luminosity requirements (LD, in fb−1
) for observing the pp → χ1tW SR

hannel as funtions of κχ1Rt1RW for di�erent Mχ1
(in GeV) at the 14 TeV LHC. LD is

omputed after inluding all BRs and b-tagging e�ieny. The blue squares and green

dots orrespond to the ST and TT models respetively.

As mentioned, the κ an be probed by isolating the SR ontribution. To present our

results model-independently suh that it is useful for other models with a χtW oupling,

we show in Fig. 4.10 the luminosity requirement (LD) to observe the pp → χ1tW SR

prodution proess assuming the χ1 → tW BR to be 100%. The blue squares and green

dots show the reah for the SR proess for the warped ST and TT models respetively.

Although we ompute LD at the χtW level multiplied by the appropriate BRs, with only

the invariant mass ut of Eq. (4.9), we expet that the inlusion of the full deays and

the basi and disovery uts should hange LD only by a small amount. Here we vary

κχ1Rt1RW keeping the other oupling κχ1Lt1LW zero (sine this is the ase in the ST and TT

models). The plot will look idential if we instead vary κχ1Lt1LW keeping κχ1Rt1RW = 0.

The bakground is omputed at the tWtW level after demanding that any one of the tW

pair satis�es the ut de�ned in Eq. (4.9). The kinks in the graphs appear beause of the

transition from L5 to L10 along the inreasing values of the oupling. For getting the SR

reah in the warped model, Tables 4.10 and 4.11 give the SR ross-setion σSR for the

ST model.
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Finally, we note that there is another single prodution hannel for χ1 at the LHC,

namely, the W±
mediated pp → χ1t. However, unlike the pp → χ1tW proess this is an

eletroweak proess due to whih we �nd its ross-setion to be muh smaller. Also, we

expet σ(χ2χ2) < σ(χ1χ1) due to the largerMχ2
, and sine already the χ1 pair-prodution

is signal rate limited, we do not explore the χ2 prodution and the subsequent χ2 → χ1h

or χ2 → χ1Z hannels.

We perform slightly more detailed analysis of the pp→ χ1tW → tWtW hannel that

we disussed earlier in this setion. Our aim is to show that the disovery luminosity

estimates that we obtained for χ stand up to a more detailed analysis. To estimate the

LHC disovery reah of χ, we ompute the pp→ ttWW → ttWℓν as the SM bakground

for pp→ χ1tW → tWtℓν. For Mχ & 750 GeV, the top quarks will be quite boosted and

so, instead of using onventional top reonstrution algorithm with b-tagging, one ould

use modern top-tagging algorithms [123�125℄ like HEPTopTagger [123℄ whih has muh

higher top-tagging e�ieny. These advaned algorithms an ahieve a reonstrution

e�ieny ǫt ∼ 40 − 50% (mistag rate is only a few perent and an even be redued

further) in the top-pT ranging from 200 GeV to 600 GeV. With HEPTopTagger, b-tagging

is not neessary and ombinatoris issues are automatially resolved by the algorithm. We

note that the hadroni W -tagging e�ieny is also quite high. It is around 70-80% for

moderately boosted W [126, 127℄.

With these in mind, after reonstrution of the two high pT tops (pT ≥ 200 GeV),

for the pp → χ1tW → ttWℓν signal proess, a problemati bakground an be the SM

pp → ttjjℓν. The main ontribution for this bakground will ome from the proesses

where the jets are from the deay of Z or W , or two QCD jets. We demonstrate here

that these extra bakgrounds an be brought under ontrol, for example by using the

following set of uts on the ttjjℓν �nal state,

• Cut-I:

1. |y(l)|, |y(j)| ≤ 2.5, pT (l), pT (j) ≥ 25 GeV
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Mχ σ (fb) after Cut-I LD
(GeV) Signal ttjjℓν (EW BG) ttjjℓν (QCD BG) fb

−1

500 136.33 0.18 0.41 0.654

750 33.66 0.16 0.29 2.647

1000 8.006 0.09 0.18 11.13

1250 2.173 0.05 0.10 41.01

1500 0.660 0.03 0.05 135.0

1750 0.217 0.02 0.03 410.6

Table 4.12: We display the signal and bakground (EW and QCD) .s. at the ttjjℓν level
at the 14 TeV LHC after Cut-I as de�ned in the text. While omputing LD we multiply

both signal and bakground by a fator η = (ǫt)
2 × (BRW→jj)

2
. We use BRW→jj = 0.67

and, take ǫt = 0.5.

2. pT (t) ≥ 200 GeV,

3. |M(jj)−MW | ≤ 15 GeV,

4.

(

|M(t1jj)−Mχ1
| or |M(t2jj)−Mχ1

|
)

≤ 0.2Mχ1

where t1 and t2 are the two pT -ordered tops.

In Table 4.12 we display the signal and total bakground ross-setions with Cut-I for

the χ benhmark points. Here the bakground inludes all the proesses where the jets

are oming as a result of EW interations or are QCD jets. From the Table 4.12 we

an see that Cut-I is very e�etive to redue bakground for higher Mχ values and thus,

making the χ disovery hannel signal rate limited for all benhmark Mχ values we have

onsidered. The luminosity requirements obtained here di�er from the ones shown in

Table 4.10 by about 10-15% only.

4.3 t′ LHC Signatures

At the LHC, apart from the usual pair prodution hannel, a harge 2/3 vetorlike t2

(mass eigenstate) an be produed through the following single prodution hannels via

the o�-diagonal ouplings t2bW , t2tZ and t2th:

pp→ t2W, t2b, t2t, t2bW, t2tZ, t2th . (4.10)
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One produed the t2 an deay to th, tZ and bW deay modes leads to various

possible �nal states. Here we onsider those hannels whih are dominant prodution

hannels of t2 in the warped models disussed in hapter 2. In models where the t2bW

ouplings is muh smaller than the others (as for instane in the warped ST and TT

models), we an ignore the single prodution of t2 involving κt2bW ouplings, i.e. t2W ,

t2b and t2bW hannels. We will mainly disuss t2th proess but omment on the other

proesses brie�y.

4.3.1 pp→ t2th proess

Similar to the disussion for the b2bZ or χtW proesses, here too we identify the DR and

SR hannels, and onsider the thth �nal state. As shown in Fig. 4.11, this inludes (i)

the DR pair-prodution t2t2 (both on-shell) followed by the deay of one of the on-shell

t2 → th, and, (ii) the SR hannel inluding t2t
∗
2 (one of the t2 o�-shell), and in addition,

the strit single-prodution of t2 shown in Fig. 4.11(b). We therefore inlude DR and SR

and onsider the proess

pp→ t2th→ thth → tbbtbb , (4.11)

g t

g

g

t2

t

h

*

(a) (b)

Figure 4.11: Sample partoni Feynman diagrams for pp → t2th proess at the LHC. In

(a) when both the t2 are on-shell, we have a DR ontribution, while when one of them is

o�-shell we have the SR proess. The other ontribution to the SR prodution oming

from the single prodution diagram shown in (b).

and fous on the 6 b+ 4 j �nal-state, where j inludes only light jets. We obtain the
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ross-setions at the tbbtbb level and multiply by appropriate BRs relevant to the above

�nal state. We take the Higgs boson mass to be 125 GeV in all our omputations. We

assume b-tagging e�ieny ηb = 0.5, and demand only four of the six b-jets to be b-tagged

(Ref. [128℄ also follows a similar approah) to get a better signal rate. We require the two

top-quarks to be reonstruted from two b-tagged jets and four J (where J stands for

either a light-jet or an untagged b-jet) and then the two h to be reonstruted from the

remaining two b-tagged jets and two J . Here we do not deal with any ompliations of

ombinatoris. We ompute the signal and the bakground ross-setions at the ttbbJJ

level sine there ould be potentially other soures of bakground. However, due to

requiring the four jets to reonstrut to the two h by applying the invariant mass uts, the

SM QCD ontribution to the pp→ ttbbJJ proess beomes negligible and the dominant

SM bakground ontribution omes from the pp→ tthh proess. We require a minimum

angular separation between any two jets

∆R(ij) =
√

∆φ2
ij +∆η2ij , (4.12)

where φ is the azimuthal angle and η is the pseudo-rapidity. To optimize the signal and

get rid of the bakground, we identify the following uts:

1. Basi

(a) |y(J)| ≤ 2.5

(b) ∆R(JJ) ≥ 0.4

() pT (J) ≥ 25 GeV

2. Disovery

(a) |y(J)| ≤ 2.5

(b) ∆R(JJ) ≥ 0.4

() For pT ordered jets:

p1stT (J), p2ndT (J) ≥ 175 GeV and p3rdT (J), p4thT (J) ≥ 25 GeV

82



(d) |M(Ji, Jj)−mh| ≤ 10GeV and |M(Jk, Jl)−mh| ≤ 10 GeV where i 6= j 6= k 6= l.

The seond set of uts is our �disovery ut� motivated by the fat that for the signal,

there is at least one high-pT Higgs oming from the heavy t2 deay, and we expet the

b-quarks oming from the Higgs deay to have a large pT . We multiply both signal and

bakground ross setions with a fator

ηt2 = η4b × (ǫWrec)
2 × (ǫtrec)

2 × (BRW→jj)
2 ≈ 0.0299 . (4.13)

In the warped models detailed in hapter 2, the t2bW ouplings (i.e. κt2bW ) beome

very small for heavy t2 as explained in hapter 3. As a result, the prodution .s. for

the pp→ t2W, t2b, t2bW hannels are small ompared to the rest of the single prodution

hannels. Among the other hannels, the pp→ t2t hannel is weak interation mediated

2

(the t2t pair atually omes from an o�-shell Z or h) and so is less signi�ant than the

pp → t2tZ or pp → t2th hannels, and we do not onsider the former due to the small

BRZ→ℓℓ. Thus in the warped models, the pp → t2th hannel that we have foused on is

a promising hannel. As already mentioned, the t2 in the warped model without ZbLb̄L

protetion (DT model) is very heavy making its disovery very hallenging. We, therefore,

do not onsider further the t′ in the DT model. The κ's in the warped models with Zbb̄

protetion (ST and TT models) are given in hapter 2. We present our results for the

ST model at the 14 TeV (8 TeV) LHC in Table 4.13 (Table 4.14) after the uts shown

above. We �nd that L5σ < L10 in most of parameter-spae, exept for Mt2 = 1250 GeV

for 14 TeV LHC, and we present the maximum of L5σ and L10 in Table 4.13. From

σtot = σDR+σSR, we �nd that the 14 TeV LHC an probe Mt2 of the order of 1 TeV with

100 fb−1
of integrated luminosity in the ST model.

As mentioned earlier, the SR proess an give important information on the ele-

troweak ouplings κ (while the DR depends dominantly on gS). To explore this aspet,

we ompute the pp→ t2th SR prodution ross-setions from the pp→ t2th signal events

2

However, this ould also arise from the deay of the KK Gluon; see Ref. [56℄.
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T Mt2 σtot σSR uts S BG L
(GeV) (fb) (fb) (fb) (fb) (fb−1)

T1 500 1247 223.0 Basi 237.4 102.7 -

Dis. 52.38 0.389 6.379

T2 750 122.3 18.30 Basi 22.67 102.7 -

Dis. 13.25 0.389 25.22

T3 1000 20.33 2.715 Basi 3.088 102.7 -

Dis. 2.421 0.389 138.0

T4 1250 4.444 0.590 Basi 0.477 102.7 -

Dis. 0.415 0.389 1889.2

Table 4.13: Signal (S) and bakground (BG) ross setions (in fb) for pp→ t2th→ ttbbbb
hannel at the 14 TeV LHC for the ST model. The Ti's orrespond to the parameter sets

detailed in Table 3.3. The luminosity requirement L is omputed using σtot after inluding
the fator ηt2 de�ned in Eq. (4.13). These numbers are obtained using BRh→bb = 0.8.
The σtot = σDR + σSR is omputed at the t2th level with no ut applied, whereas σSR is

omputed at the t2th level with only the tW invariant mass ut of Eq. (4.14) applied.

T Mt2 σtot σSR uts S BG L
(GeV) (fb) (fb) (fb) (fb) (fb−1)

T1 500 181.3 32.48 Basi 35.83 16.43 -

Dis. 6.702 0.035 49.85

T2 750 11.96 1.690 Basi 2.353 16.43 -

Dis. 1.325 0.035 252.3

T3 1000 1.222 0.168 Basi 0.206 16.43 -

Dis. 0.162 0.035 2056.8

Table 4.14: Same as in Table 4.13 for the 8 TeV LHC.

by applying the kinematial ut

|M(th)−Mt2 | ≥ αcutMt2 ; αcut = 0.05 . (4.14)

Just as in the ase of b2 prodution, for the parameter ranges we are interested in,

pp → t2th proess is dominated by the DR prodution. We have also veri�ed that

with our hoie of αcut the σSR sales as κ2t2th. Sine the SR prodution an give us infor-

mation about the o�-diagonal t2th oupling, in Fig. 4.12 we present model-independently

the luminosity required for pp → t2th SR prodution hannel assuming BRt2→th to be

100%. In doing this we vary κt2Lt1Rh keeping the other oupling κt1Lt2Rh to zero (as is the

ase for instane in the warped-model). The bakground is omputed at the thth level
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after demanding that any one of the th pairs satis�es the invariant mass ut de�ned in

Eq. (4.14). We �nd that pp → t2th events are signal rate limited (i.e., L10 > L5) in the

parameter range we have onsidered. In Fig. 4.12 we show the luminosity required for

the warped ST model as blue squares and the TT model as green dots.
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Figure 4.12: Luminosity requirements (LD, in fb−1
) for observing the pp → t2th SR

proess as funtions of κt2Lt1Rh for di�erent Mt2 (in GeV) at the 14 TeV LHC. The

luminosity is omputed after inluding all BRs and b-tagging e�ieny. The blue squares

and green dots orrespond to the ST and TT models respetively.

In the ST or TT models, for heavy t2, the branhing ratios for t2 → th and t2 → tZ

are omparable, i.e.,

BRt2→th ≈ BRt2→tZ . (4.15)

Hene, one ould as well study the following proesses:

pp→ t2th→ (tZ)th→ bWZbWh , (4.16)

pp→ t2tZ → (th)tZ → bWhbWZ , (4.17)

pp→ t2tZ → (tZ)tZ → bWZbWZ . (4.18)

Of these the �rst two an even lead to 4b+ 6j �nal states whih is exatly what we have

used for our analysis by demanding only 4 b-tagged jets. We do not expet the LHC reah
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to be very di�erent for these two hannels from what we have estimated. This is beause,

the main di�erene between these two hannels and what we have onsidered omes

from the fats that the Higgs boson is a bit heavier than the Z and BRh→bb > BRZ→JJ .

However for the last proess, i.e. pp → t2tZ → (tZ)tZ, we annot demand 4 b-tagged

jets anymore and as a result we onsider one of the Z deaying leptonially to at as the

trigger. Sine BRZ→ℓℓ < BRZ→JJ , in this ase the signal rate will be quite small.
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Chapter 5

Color Otet Eletrons at the LHC

In this hapter we study the LHC disovery potential for a generi olor otet partner

of harged lepton, namely the olor otet eletron, e8. Although, here we onsider only

the e8, our results are appliable for the olor otet partner of muon, i.e., µ8 also. In

Se. 5.1 we brie�y disuss some preoni models of quark-lepton ompositeness in whih

e8's are present. In Se. 5.2 we display the interation Lagrangian of a generi e8 and

ompute its deay width. In Se. 5.3 we explore di�erent prodution (inluding pair and

single) hannels of e8's in the ontext of the LHC. We have identi�ed a new set of single

prodution diagrams whose ontribution is omparable to other dominant prodution

hannels of the e8. A ommon feature in all the resonant prodution hannels of the e8

is the presene of two high-pT eletrons and at least one high-pT jet in the �nal state.

Using this feature, we implement a searh method where the signal is a ombination of

pair and single prodution events. In Se. 5.4 we ompute the LHC reah for e8 using

this ombined events. We show that this method has potential to inrease the LHC reah

signi�antly. We have also used our method to set limit on the ompositeness sale.

87



5.1 Preon models of ompositeness

In this setion we present some motivating examples of preon models of omposite lep-

tons in whih olor otet leptons are present. These models assume that the SM partiles

may not be fundamental, and just as the proton has onstituent quarks, they are atu-

ally bound states of substrutural onstituents alled preons [70℄. These onstituents are

visible only beyond a ertain energy sale known as the ompositeness sale. A typial

onsequene of quark-lepton ompositeness is the appearane of olored partiles with

nonzero lepton numbers (leptogluons, leptoquarks) and exited leptons et. Some om-

posite models naturally predit the existene of olor otet fermions with nonzero lepton

numbers [70�76℄. It is assumed that preons are either fermion or salar and they are olor

triplet under SU(3)c. Here we desribe two preoni models just to show how olor otet

lepton arises in ompositeness models of leptons.

Fermion-salar model: In the fermion-salar models [75, 129�131℄, leptons are bound

states of one fermioni preon (F ) and one salar anti-preon (S̄), and quarks are bound

states of one fermioni anti-preon (F̄ ) and one salar anti-preon. In group theoreti

language, olor deomposition of the tensor produt of one olor triplet and one olor

anti-triplet an be written as

ℓ = (FS̄) ≡ 3⊗ 3̄ ≡ 1⊕ 8

q = (F̄ S̄) ≡ 3̄⊗ 3̄ ≡ 3⊕ 6̄ . (5.1)

Three-Fermion model: In the three fermion models [73, 74℄, leptons are assumed to

be a bound state of three fermioni preons, and quarks are bound states of two fermioni

preons and one fermioni anti-preon . The olor deomposition of the tensor produts of
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three olor triplets an be written as

ℓ = (FFF ) ≡ 3⊗ 3⊗ 3 ≡ 1⊕ 8⊕ 8⊕ 10

q = (FF̄F ) ≡ 3⊗ 3̄⊗ 3 ≡ 3⊕ 3̄⊕ 6̄⊕ 15 . (5.2)

In the above two deompositions of lepton, we identify �1� as the SM lepton and the �8�

as the olor otet partner of the SM lepton. In the �three-fermion� model �10� is the

deouplet partner of the SM lepton. Similarly, we identify �3� as the SM quark and � 3̄�,

� 6̄� and �15� as the exoti partners of the SM quarks. The full SU(2)L⊗U(1)Y struture

of the preoni models an be found in Refs. [73�75, 129�131℄. In this thesis we restrit

ourselves in the lepton setor, in partiular we fous on the LHC phenomenology of e8 in

a model independent fashion.

5.2 The Lagrangian of e8

We write the Lagrangian of e8 in a model independent manner. Assuming lepton �avor

onservation, we onsider a general Lagrangian for the e8 inluding terms allowed by the

gauge symmetries of the SM,

L = ēa8iγ
µ
(

∂µδ
ac + gsf

abcGb
µ

)

ec8 −Me8 ē
a
8e
a
8 + Lint . (5.3)

In this thesis, we have ignored the interation terms of the olor otet partners of neutrinos

and also all the terms involving eletroweak interations. Presene of these interations

ould potentially a�et the EWPT observables and experimental limits on those observ-

ables an be used to indiretly onstraint the theory. But, in this thesis we are more

interested to probe e8 diretly at the LHC in a model independent way. Therefore, we

fous on the dominant lowest dimensional interations whih are relevant for the pro-

dution of e8 at the LHC. The interation part (Lint) ontains all the higher-dimensional

operators. We onsider only the following dominant mass dimension-5 terms that ontain
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the interations between the SM eletrons and the olor otet ones [88℄ and neglet all

the higher dimensional (dimension-6 and above) interations

1

,

Lint =
gs
2Λ
Ga
µν [ē

a
8σ

µν (ηLeL + ηReR)] + H.c. . (5.4)

Here Ga
µν is the gluon �eld strength tensor, Λ is the sale below whih this e�etive theory

is valid and ηL/R are the left/right ouplings. Chirality onservation implies the produt

of ηL and ηR should be zero [88℄, and therefore we assume ηL = 1 and ηR = 0 in our

analysis.
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Figure 5.1: Deay width of e8 as funtions of Me8 for Λ =Me8 and Λ = 5 TeV.

From the interation Lagrangian given in Eq. (5.4) we see that an e8 an deay to a

gluon and an eletron (two-body deay mode), i.e., e8 → eg. With ηL = 1 and ηR = 0,

the deay width of e8 an be written as,

Γe8 =
αs(Me8)M

3
e8

4Λ2
, (5.5)

In Fig. 5.1 we show the deay width of e8 as funtions of Me8 with Λ = Me8 and Λ = 5

1

There are atually more dimension �ve operators allowed by the gauge symmetries and lepton number

onservation like,

C8
Λ
ifabcēa8G

b
µνσ

µνec8 +
C1
Λ
ēa8Bµνσ

µνea8 .

These terms lead to momentum dependent e8e8V verties (form fators). Moreover, the otet term

an lead to a e8e8gg vertex whih an a�et the prodution .s. We assume the unknown oe�ients

assoiated with these terms are negligible.
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TeV. We use NLO αs to ompute the deay width.

5.3 Prodution at the LHC

In this setion we disuss various prodution mehanisms of e8's at the LHC and present

the prodution .s. for di�erent hannels. To obtain the .s., we have implemented the

Lagrangian of Eq. (5.3) in FeynRules version 1.6.0 [132℄ to generate Universal FeynRules

Output (UFO) [133℄ format model �les suitable for MadGraph5 [134℄ that we have used

to ompute .s. We have used CTEQ6L PDFs [115℄ for all our numerial omputations.

At a hadron ollider like the LHC, resonant produtions of e8's an our via gg, gq

and qq initiated proesses where q an be either a light quark or a bottom quark. For the

resonant prodution e8's at olliders, two separate hannels are generally onsidered in

the literature � one is the pair prodution [84, 85℄ and the other is the single prodution

of e8 [80�83, 86℄. In general, pair prodution of a olored partile is onsidered mostly

model independent. This is beause the universal strong oupling onstant gs ontrols the

dominant pair prodution proesses unlike the single prodution proesses where the .s.

depends more on various model parameters like ouplings and sales et. However, as we

shall see, for e8's, the t-hannel eletron exhange diagrams an ontribute signi�antly

to the pair prodution making it more model dependent.

5.3.1 Pair Prodution (gg,qq → e8e8)

g e8

g

g

e8

e8

g

e8

q

q

g

g

e8

e8

e8

g

g

e8

e8

e

(a) (b) () (d)

Figure 5.2: Parton level Feynman diagrams for pp→ e8e8 proess at the LHC.

At the LHC, pair prodution of e8's is gg or qq initiated, see Fig. 5.2 where we have

shown the parton level Feynman diagrams for this hannel. Of these, only the eletron
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Figure 5.3: The .s. for pp → e8e8 as funtions of Me8 for Λ = Me8 and Λ = 5 TeV at

the 14 TeV LHC.
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Figure 5.4: Dependene of δσ/σ (de�ned in Eq. (5.6)) on Me8/Λ for Me8 = 1 TeV and 2

TeV at the 14 TeV LHC.

exhange diagram, shown in Fig. 5.2(d), ontains the Λ dependent gee8 vertex. In Fig. 5.3

we show the pp → e8e8 .s. as funtions of Me8 for two di�erent hoies of Λ, Λ = Me8

and Λ = 5 TeV, at the 14 TeV LHC. In Fig. 5.4 we have plotted δσ as funtions of Λ to

show the dependene of the pair prodution .s. on Λ for Me8 = 1 and 2 TeV, where δσ

is a measure of the ontribution of the eletron exhange diagram and is de�ned as,

δσ(Λ) = σ(Λ)− σ(Λ → ∞) . (5.6)
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As Λ inreases the ontribution oming from the eletron exhange diagrams dereases

and for Λ ≫ Me8 beomes negligible. So the pair prodution is model independent only

for very large Λ. After being pair produed at the LHC, eah e8 deays into an eletron

(or a positron) and a gluon at the parton level, i.e., gg/qq → e8e8 → eejj. For largeMe8 ,

these two jets and the lepton pair will have high-pT . This feature an be used to isolate

the e8 pair prodution events from the SM bakgrounds at the LHC.

5.3.2 Two-body Single Prodution (gg,qq → e8e)

g e8

g

g

e

e8

g

e

q

q

g

g

e8

e8

e

g

g

e8

e

(a) (b) () (d)

Figure 5.5: Parton level Feynman diagrams for pp→ e8e proess at the LHC.
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Figure 5.6: The .s. for pp→ e8e as funtions of Me8 for Λ =Me8 , 5 TeV and 10 TeV at

the 14 TeV LHC.

The two-body single prodution hannel where an e8 is produed in assoiation with

an eletron an have either gg or qq initial states as shown in Fig. 5.5. This hannel

is model dependent as eah Feynman diagram for the pp → e8e proess ontains a Λ
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dependent vertex. In Fig. 5.6 we show the pp → e8e .s. as funtions of Me8 with

Λ =Me8 and 5 TeV and 10 TeV at the 14 TeV LHC. As the e8 deays, this proess gives

rise to a eej �nal state at the parton level. The e and the j produed from the deay of

the e8, have high-pT . The other e also possesses very high-pT as it balanes against the

massive e8.

5.3.3 Three-body Single Prodution (gg, gq,qq → e8ej)

Apart from the pair and the two-body single produtions, we also onsider single produ-

tion of an e8 in assoiation with an eletron and a jet. The pp → e8ej proess inludes

three di�erent types of diagrams as follows:

1. The diagrams where the ej pair is oming from another e8. Though there are three

partiles in the �nal state, this type of diagram e�etively orresponds to two body

pair prodution proess.

2. The two body single prodution (pp→ e8e) proess with a jet radiated from initial

state (ISR) or �nal state (FSR) or intermediate virtual partiles an lead to an e8ej

�nal state.

3. A new set of diagrams that are di�erent from the two types of diagrams mentioned

above. These new hannels an proeed through gg, qq and gq initial states as

shown in Fig. 5.7.

This new set of diagrams has not been onsidered so far in the literature. It is di�ult

to ompute the total ontribution of these diagrams in a straight forward manner with

a leading order parton level matrix element alulation beause of the presene of soft

radiation jet emission diagrams. In order to get an estimation of the ontribution of these

new diagrams without getting into the ompliay of evaluating the soft jet emission

diagrams, here, in this setion, we present the .s. only for the gq initiated proesses, i.e.

gq → e8ej sine the �rst and the seond types of diagrams of pp→ e8ej proess an not

94



g

g

e8

e8

e

e g

e8 g

e8

e

g e

e8

g

g

g

e8

g

g

e

e8

g e

g

g

g

(a) (b) () (d)

g

e8

e8

g

e

g

e8

g e

q

q g

g
e

e8

q

q

q

g g

g

e8

e
q

q

q

(e) (f) (g) (h)

g
e8

e

q q

g

g

e8

e

q q

e8

g

g
e8

e

q q

e8

g

g
g

e8

e

qq

g

(i) (j) (k) (l)

Figure 5.7: Parton level Feynman diagrams for pp → e8ej proess of third type at the

LHC.

be initiated by gq state. In Fig. 5.9 we show the .s. of the gq → e8ej proess along

with the pp → e8e8 and the pp → e8e proesses. We �nd that the .s. even for the gq

initiated subset an be omparable to the pp → e8e8/e8e proesses for large Me8 despite

the fats that these new diagrams have three-body �nal states and are suppressed by one

extra power of the oupling (either gs or gs/Λ) ompared to the two-body single and pair

prodution proesses. However, sine there is one less e8 ompared to the pair prodution

proess, depending on the oupling the three-body phase spae of the single prodution

an be omparable or even larger to the two-body phase spae of the pair prodution for

large Me8 . After the e8 deay, the three-body single prodution proess is haraterized

by an eejj �nal state like the pair prodution. However, unlike the pair prodution, here

one of the jet an have a low transverse momentum most of the time.
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Figure 5.9: .s. for pp → e8e8, pp → e8e, gq → e8ej and gg
e8−→ ee proesses for Λ = 5

TeV and 10 TeV at the 14 TeV LHC. The σ(gq → e8ej) is omputed with the following

kinematial uts: pT (j) > 25 GeV and |y(j)| < 2.5.

5.3.4 Indiret Prodution (gg → ee)

So far we have onsidered only resonant prodution of e8's. However, a t-hannel exhange

of the e8 an onvert a gluon pair to an eletron-positron pair at the LHC (Fig. 5.8).

Similar indiret produtions in the ontext of the future linear olliders suh as the ILC

and CLiC have been analyzed in [87℄. Indiret prodution is less signi�ant beause the

amplitude is proportional to 1/Λ2
. Moreover, at the LHC this is also olor suppressed

beause of the olor singlet nature of the �nal states. In Fig. 5.9 we also show the .s. of

the indiret prodution proess at the LHC.

5.4 LHC Disovery Potential

From Fig. 5.9 we see that for small Me8 , the pair prodution .s. is larger than the

other hannels. As Me8 inreases, it dereases rapidly due to phase-spae suppression
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and the single prodution hannels (both the two-body and the three-body) take over

the pair prodution (the rossover point depends on Λ). Hene, if Λ is not too high,

the single prodution hannels will have better reah than the pair prodution hannel

and so, to estimate the LHC disovery reah, we onsider both the pair and the single

prodution hannels. However, while estimating for the single prodution hannels we

have to remember that beause of the radiation jets, it will be di�ult to separate the two-

body and the three-body single produtions at the LHC. So, in this paper, we onsider a

seletion riterion that ombines events from all the prodution proesses at the LHC.

5.4.1 Combined Signal

To design the seletion riterion mentioned above we �rst note some of the harateristis

of the �nal states of the resonant prodution proesses

2

,

1. Proess pp → e8e8 → (eg)(eg) has two high-pT eletrons and two high-pT jets in

the �nal state.

2. Proess pp → e8e → (eg)e has two high-pT eletrons and one high-pT jet in the

�nal state.

3. Proess pp→ e8ej → (eg)ej has two high-pT eletrons and at least one high-pT jet

in the �nal state.

All these proesses have one ommon feature that they have two high-pT eletrons

and a high-pT jet in the �nal state. Hene, if we demand that the signal events should

have two high-pT eletrons and at least one high-pT jet, we an apture events from all

the above mentioned prodution proesses. To estimate the number of signal events that

pass the above seletion riterion we ombine the events from all the prodution hannels

mentioned in the previous setion. However, as already pointed out, it is di�ult to

estimate the number of signal events with only a matrix element (ME) level Monte Carlo

2

We fous on the resonant produtions beause as we saw the indiret prodution is less signi�ant

at the LHC.
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omputation due to the presene of soft radiation jets. Hene, we use the MadGraph ME

generator to ompute the hard part of the amplitude and Pythia6 (via the MadGraph5-

Pythia6 interfae) for parton showering. We also math the matrix element partons with

the parton showers to estimate the inlusive signal without double ounting (see the

Appendix B for more details on the mathed signal).

5.4.2 SM Bakgrounds

With the seletion riterion mentioned in the previous setion to apture all the ontribu-

tions from di�erent prodution hannels, the SM bakgrounds are haraterized by the

presene of two opposite-sign eletrons and at least one jet in the �nal state. At the LHC,

the main soure of e+e− pairs (with high-pT ) is the Z deay

3

. Hene, we ompute the

inlusive Z prodution as the main bakground. Here, too, we ompute this by mathing

of matrix element partons of Z+n jets (n = 0, 1, 2, 3) proesses4 with the parton showers

using the shower-kT sheme [135℄. For the bakground, we also onsider some potentially

signi�ant proesses to produe e+e− pairs,

pp → tt→ (bW )(bW ) → (beνe)(beνe) ,

pp → tW → bWW → (beνe)(eνe) ,

pp → WW → (eνe)(eνe) .

Note that all these proesses have missing energy beause of the νe's in the �nal state. In

Table 5.1 we show the relative ontributions of these bakgrounds generated with some

basi kinematial uts (to be desribed shortly) on the �nal states . As mentioned, we see

in Table 5.1 that the inlusive Z ontribution overwhelms the other bakground proesses.

3

Here we do not inlude e+e− pairs that ome from γ∗
. However, as we shall demand very high-pT

for both the eletrons, this bakground beomes negligible and would not a�et our results too muh.

4

Here pp → Zjj inludes the proesses where the jets are oming from a W or a Z.
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Proess Cross setion (fb)

Z + nj 2.11E4
tt 1.95E3
tW 132.15

WW 7.51

Total 2.32E4

Table 5.1: The main SM bakgrounds for the ombined prodution of e8's obtained after

applying the Basi uts (see text for de�nition) at the 14 TeV LHC.

5.4.3 Kinematial Cuts
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Figure 5.10: Comparison between various distributions for the ombined signal with

Me8 = 2 TeV (Λ = 5 TeV) and the inlusive Z bakground for the 14 TeV LHC. The

inlusive Z bakground is saled by a fator of 104.

In Fig. 5.10(a) we display the pT distributions of e's from the ombined signal and the

inlusive Z prodution, respetively. For the signal, we have hosen Me8 = 2 TeV and

Λ = 5 TeV. As expeted, the distribution for the e oming from the bakground has a
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peak about MZ/2 but there is no suh peak for the signal. We an also see the di�erene

between the pT distributions of the leading pT jets for the signal and the bakground in

Fig. 5.10(b). We also display the distributions ofM(e+, e−) in Fig. 5.10() and M(e−, j1)

in Fig. 5.10(d) (where j1 denotes the leading pT jet) whih show very di�erent shapes

for the signal and the bakground. Motivated by these distributions we onstrut some

kinematial uts to separate the signal from the bakground.

1. Basi uts

For x, y = e+, e−, j1, j2 (j1 and j2 denote the �rst two of the pT -ordered jets respe-

tively),

(a) pT (x) > 25 GeV

(b) Rapidity, |η(x)| < 2.5

() Radial distane, ∆R(x, y)x 6=y ≥ 0.4

2. Disovery uts

(a) All the Basi uts

(b) pT (e
+/e−) > 150 GeV; pT (j1) > 100 GeV

() M(e+, e−) > 150 GeV

(d) For at least one ombination of (e, ji): |M(e, ji)−Me8 | ≤ 0.2Me8 where e = e+

or e− and ji = j1 or j2.

The invariant mass ut on M(e+, e−) an remove the Z inlusive bakground almost

ompletely. We also demand that either of the eletrons reonstrut to an e8 when

ombined with any one of j1 or j2. We �nd that the �Disovery uts� an redue the SM

bakground drastially. Espeially for higher Me8 the bakground beomes muh smaller

ompared to the signal, making it essentially bakground free. For example, taking

Me8 = 0.5 TeV (1 TeV) we estimate the total SM bakground with the �Disovery uts�

at the 14 TeV LHC to be about 4 fb (0.3 fb). Although these numbers are only rough
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estimates for the atual SM bakgrounds (as, e.g., we do not onsider the e�et of any

loop indued diagrams) they indiate the SM bakgrounds beome very small ompared

to the signal (see Table 5.2) after the �Disovery uts�. In Table 5.2 we show the signal

with the above two uts applied.

Me8 Λ = 5 TeV Λ = 10 TeV

(GeV) Basi (fb) Diso. (fb) Basi (fb) Diso. (fb)

500 2.73E4 1.31E4 2.70E4 1.27E4

750 2.63E3 1.93E3 2.59E3 1.91E3

1000 442.95 367.20 415.35 347.16

1250 105.21 90.25 91.99 80.45

1500 31.73 27.25 24.54 21.86

1750 11.53 9.76 7.52 6.71

2000 4.77 3.92 2.59 2.28

2250 2.26 1.80 0.99 0.85

2500 1.18 0.91 0.42 0.36

2750 0.65 0.49 0.20 0.16

3000 0.37 0.27 0.11 0.08

3250 0.22 0.16 0.06 0.04

3500 0.13 0.09 0.03 0.02

Table 5.2: The ombined signal after basi and �Disovery uts� (see text for the de�ni-

tions of the uts) for Λ = 5 TeV and 10 TeV for di�erent Me8 at the 14 TeV LHC.

5.4.4 LHC Reah with Combined Signal

We de�ne the luminosity requirement for the disovery of e8 as LD = Max(L5, L10), where

L5 denotes the luminosity required to attain 5σ statistial signi�ane for S/
√
B and L10

is the luminosity required to observe 10 signal events. We show LD as funtions of Me8

for the �Disovery uts� in Fig. 5.11 for Λ = 5 TeV and 10 TeV at the 14 TeV LHC. In

Fig. 5.11 we also plot the LD using only the pair prodution proess. To estimate the pair

prodution from the ombined signal we apply a set of kinematial uts almost idential

to the �Disovery uts� exept that now we demand that the two eletrons and the two

leading pT jets reonstrut to two e8's instead of one:

1. Pair prodution extration uts
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(a) All the Basi uts

(b) pT (e
+/e−) > 150 GeV; pT (j1) > 100 GeV

() M(e+, e−) > 150 GeV

(d) |M(e+, jk)−Me8| ≤ 0.2Me8 and |M(e−, jl)−Me8| ≤ 0.2Me8 with k 6= l = {1, 2}.
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Figure 5.11: The required luminosity for disovery (LD) as a funtion ofMe8 with Λ = 5
TeV and 10 TeV at the 14 TeV LHC for ombined prodution with �Disovery uts�

(see text for the de�nitions of the uts). The LD for pair prodution is omputed after

demanding two e8's are reonstruted instead of one.

In Fig. 5.11, LD goes as L10 for both pair and ombined produtions, as in these ases

the bakgrounds beome quite small ompared to the signals. With the �Disovery uts�

the reah goes up to 3.4 TeV and 2.9 TeV (4 TeV and 3.3 TeV) with 100 fb

−1
(300 fb

−1
)

integrated luminosity for Λ = 5 TeV and 10 TeV respetively at the 14 TeV LHC. This

also shows that for Λ = 5 TeV (10 TeV) with ombined signal at 14 TeV LHC with 300

fb

−1
integrated luminosity the reah goes up from the pair prodution by almost 1.2 TeV

(0.5 TeV). However, we should keep in mind that this inrease depends on Λ. As the

single prodution .s. goes like 1/Λ2
, if Λ is smaller than 5 TeV then the reah of the

ombined prodution will inrease even more but for higher Λ (like Λ = 10 TeV as shown

in Fig. 5.11) its LD plot will approah more towards the pair prodution plot.
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Chapter 6

Summary and onlusions

This thesis deals with the LHC phenomenology of vetorlike quarks that arise in various

warped extra dimensional theories and the olor otet eletrons whih appear in some

quark-lepton ompositeness models. Chapter 1 is an introdutory hapter where we

brie�y disuss some theoretial shortomings of the SM and motivate the need for BSM

physis that explains some of the unanswered questions of the SM. Many BSM extensions

predit the existene of new heavy fermions with masses near the TeV sale. In this thesis

we study the LHC phenomenology of two types of suh new heavy fermions, namely the

vetorlike quarks (VLQ) that arise for instane in various warped extra-dimensional the-

ories, and the olor otet eletrons (e8) that appear in some quark-lepton ompositeness

models. We brie�y survey some theoretial as well as reent experimental referenes that

are relevant to our study.

In Chapter 2 we review the onstrution of the RS model, inluding the derivation of

the warped metri as a solution to the Einstein's equations [93℄. We show how this model

solves the gauge hierarhy problem of the SM and present a short disussion on models

with bulk gauge and fermion �elds oupled with a Higgs peaked at the IR brane. We give

the details of some warped models both without [106℄ and with [107℄ ustodial protetion

of the Zb̄LbL oupling [112℄ that have been proposed earlier in the literature. Our work

has been presented in Refs. [112, 114℄ where we disuss the gauge setor and di�erent
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quark representations of these models. For eah of these models we arefully work out

various Lagrangian terms in the mass basis relevant to the phenomenology we disuss in

the thesis. In Chapter 3 we present the parameter hoies, whih we use for our numerial

results, for the di�erent warped-spae models disussed in Chapter 2. We onsider three

di�erent ases of warped models di�ering in the fermion representations under SU(2)L⊗

SU(2)R⊗U(1)X gauge group. We label them by the representation tR appears in, namely,

Doublet Top (DT), Singlet Top (ST) and Triplet Top (TT) models. More than one b′

(harge -1/3), t′ (harge 2/3) and χ (harge 5/3), an be present depending on the model,

and they an mix among themselves and the SM quarks. We plot mass eigenvalues

and various important ouplings for the LHC phenomenology as funtions of bulk mass

parameter cqL for di�erent warped models. We identify all kinematially allowed two-

body deay modes of b′, t′ and χ, and ompute total deay widths and branhing ratios

of them in the warped models we disussed earlier.

In Chapter 4 we study the LHC signatures of vetorlike b′, t′ and χ quarks. We imple-

ment di�erent warped models in matrix element and event generators MadGraph 5 [134℄

and CalHEP [118℄ to ompute signal and main irreduible SM bakgrounds. We explore

the pair prodution hannel for disovery of the new VLQs. However, in addition to pair

prodution, we also look into some of their important single prodution hannels sine

single prodution proesses an give useful information about the eletroweak nature of

the underlying models. There are some distint signatures of vetorlike nature of the b′,

t′ and χ. For example, a unique signature of a vetorlike b′ is that it deays to bZ and

bh modes in addition to the tW mode whih is also present for a hiral (4th generation)

b′. We study the LHC signatures of the b′ partiularly fousing on bZ and bh hannels

to expose its vetorlike nature [114℄. We explore the pp → b′b′ pair prodution and, b′Z,

b′h and b′bZ single prodution proesses at the 14 TeV LHC followed by their deays to

di�erent �nal states [114℄. Using the b′b′ → bZbZ → bjjbll hannel we �nd that the

LHC reah to be about Mb′ ≈ 1250 GeV with about 1300 fb

−1
integrated luminosity. For

pp→ b′Z hannel we also present model independent ontour plots for .s. and luminos-
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ity varying κb′bZ and Mb′ . We onsider pp → b′bZ → bZbZ hannel whih inludes the

double resonant (DR) pair prodution (b′b′) and also the single resonant (SR) prodution

of b′ inluding the ontribution from b′b′∗ where one of the b′ is o�shell. We expet that

SR ontribution sales as κ2b′bZ while DR ontribution depends on the gS. We show that

κb′bZ an be extrated by using an invariant mass ut [112℄. Isolating SR ontribution

from pp → b′bZ events by using the invariant mass ut, we expliitly demonstrate that

SR .s. indeed sales as κ2b′bZ . In general it is straightforward to measure ouplings from

single prodution hannels but these typially have smaller ross-setions. In this thesis

we outline a possible method to extrat ouplings by observing that deay of an o�-shell

partile is sensitive to the oupling of the deay vertex. A more detailed analysis is done

in Ref. [122℄.

For the t′ phenomenology we explore the pp → t′th → thth hannel whih inludes

the (DR+SR) prodution of t′ and ompute the signal .s. for di�erent t′ masses in the

warped models and main irreduible SM bakgrounds at the 8 and 14 TeV LHC. We

�nd that the 14 TeV LHC an probe the t′ mass of the order of 1 TeV with 100 fb

−1
of

integrated luminosity in the warped spae models.

For the χ we onsider pp → χtW → tWtW hannel whih inludes the (DR+SR)

prodution of χ. We �nd that using this hannel the 14 TeV LHC an probe Mχ ≈ 1.5

TeV (1.75 TeV) with 100 fb

−1
(300 fb

−1
) of integrated luminosity. Similar to the b′, we

show that the SR prodution of the t′ and χ an be used to extrat the new physis

ouplings related to those proesses.

For b′, t′ and χ we present model independent disovery luminosity plots as funtions

of ouplings for di�erent masses using SR prodution whih has the potential of giving

information on the underlying eletroweak nature of these states. Although our study is

motivated by warped spae models, we present our results in a model independent fashion

wherever possible.

Chapter 5 deals with olor otet eletrons arising in some omposite models. These

models assume that SM partiles may not be fundamental and they are atually bound
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states of substrutural onstituents alled preons [70℄. These onstituents are visible

only beyond the ompositeness sale Λ. Some omposite models naturally predit the

existene of olor otet fermions with nonzero lepton numbers.

We disuss the LHC phenomenology of e8 in an e�etive theory framework. To gener-

ate signal and bakground events, we have implemented the Lagrangian in FeynRules [132℄

to generate Universal FeynRules Output (UFO) [133℄ format model �les suitable for Mad-

Graph5 [134℄ to generate events. Although, here we onsider only the e8, our results are

appliable for the olor otet partner of muon, i.e., µ8 also. We brie�y disuss various

preoni models of quark-lepton ompositeness in whih e8 are present. We display the

interation Lagrangian of a generi e8 and deay width of e8 for di�erent hoie of Λ.

Our work has been presented in Ref. [136℄ where we explore various resonant produtions

(pair and various single prodution hannels) of e8's in the ontext of the LHC. We have

identi�ed a new set of single prodution diagrams whose ontribution is omparable to

other dominant prodution hannels of the e8. In a realisti omputation, after parton

showering and hadronization, it is very di�ult to separate di�erent prodution proesses

from eah other. A ommon feature in all the resonant prodution hannels of the e8 is

the presene of two high pT eletrons and at least one high pT jet in the �nal state. Us-

ing this feature, in our work [136℄, we implement a searh method where the signal is a

ombination of pair and single prodution events. This method has potential to inrease

the LHC reah signi�antly. To generate the ombined events we use MLM shower-kT

mathing algorithm [135℄ to math the matrix element partons with the parton showers.

The main SM bakground omes from the inlusive Z prodution and we ompute the

Z + n jets (n = 0, 1, 2, 3) bakground using the shower-kT sheme.

Assuming 100% branhing ratio for the deay, e8 → eg, we estimate the LHC disovery

potential for the e8's. We show that using only the pair prodution hannel the 14 TeV

LHC an probe e8 with mass up to 2.5 TeV (2.8 TeV) with 100 fb

−1
(300 fb

−1
) of integrated

luminosity. We demonstrate that this reah an be inreased further by ombining signal

events from di�erent prodution proesses. However, this inrement is Λ dependent as
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the single prodution .s. sales as 1/Λ2
. For Λ = 5 TeV (10 TeV) the inrement is about

0.9 TeV (0.4 TeV) with 100 fb

−1
of integrated luminosity at the 14 TeV LHC and with

300 fb

−1
of integrated luminosity it is about 1.2 TeV (0.5 TeV). We point out that our

analysis an also be used to probe Λ, the ompositeness sale, for any �xed Me8 . This

is possible beause of the saling of the single prodution .s. with Λ. We show that

for Me8 = 2 TeV the 14 TeV LHC with 100 fb

−1
(300 fb

−1
) of integrated luminosity an

probe Λ ∼ 35 TeV (55 TeV). We note that the data from the urrent leptoquark searhes

at the LHC an be used to searh for e8's also. We point out that the urrent data for

�rst generation harged leptoquark in the pair prodution hannel learly rules out a e8

of mass less than 900 GeV [77, 78℄.
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Appendix A

Model Implementation

To obtain signal .s., we have implemented various Lagrangian terms of warped model

VLQs and Lagrangian for e8 in FeynRules version 1.6.0 [132℄. The user needs to provide

FeynRules with the minimal information required to desribe the new model. The Feyn-

Rules ode then generates Universal FeynRules Output (UFO) [133℄ format model �les

suitable for Monte-Carlo generator MadGraph5 [134℄ that we have used to estimate the

signal .s. For SM bakground omputations we have used model �les whih are already

available with the MadGraph5 pakage.

A.1 DT model implementation in FeynRules

As an example, we show an implementation of the DT model in FeynRules. In the DT

model we ompute the numerial values of the terms appearing in the bottom mass matrix

in Eq. (2.48). Using these values one an ompute the mixing angles in Eq. (2.49) and

hene all the ouplings in the Lagrangian as shown in Eqs. (2.53)-(2.56). To implement

the DT model we use existing SM FeynRules �les where we add three bottom mass matrix

elements Mb (Mb), Mb′ (Mbp) and Mbb′ (Mbbp) as external parameters (notations used in

FeynRules are shown in braket). Next, we de�ne internal parameters sin θL,R (SL,SR) and

cos θL,R (CL,CR) as funtions of Mb, Mb′ and Mbb′ . We need to provide some information
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of the b′ (bp) quark in FeynRules (we refer readers to FeynRules manual to know about

the syntax) where we de�ne a new fermion lass as follows

F[5℄ == {

ClassName -> bp,

SelfConjugate -> False,

Indies -> Index[Colour℄,

Mass -> {Mbp, 1000},

Width -> {Wbp, 21.304},

QuantumNumbers -> {Q -> -1/3},

PDG -> 7,

PropagatorLabel -> {"bp"},

PropagatorType -> Straight,

PropagatorArrow -> Forward,

FullName -> {"bp-quark"}},

We assign a new Monte-Carlo PDG ode �7� for b′. FeynRules program annot ompute

the total width of a partile using the masses and ouplings information unless the analyt-

ial formula for the total width is de�ned expliitly in the ode. We have omputed the

total width using analytial formula and used that value in the blok above. We de�ne

interation terms of the DT model (Eqs. (2.53)-(2.56)) following FeynRules syntax as

• Kineti term for b′

LbpKIN := I bpbar.Ga[mu℄.del[bp, mu℄;

• QCD and QED interations

LbpQCD := gs bpbar.Ga[mu℄.T[a℄.bp G[mu,a℄;

LbpQED := -(ee/3) bpbar.Ga[mu℄.bp A[mu℄;

• harged urrent interations
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LbpCC := (gw SL/Sqrt[2℄) tbar.ProjM[mu℄.bp W[mu℄;

• Neutral urrent interations

LbpNC1 := gz ((-1/2 CL^2 + 1/3 sw2) bbar.ProjM[mu℄.b Z[mu℄ +

(1/3 sw2) bbar.ProjP[mu℄.b Z[mu℄ +

(-1/2 SL^2 + 1/3 sw2) bpbar.ProjM[mu℄.bp Z[mu℄ +

(1/3 sw2) bpbar.ProjP[mu℄.bp Z[mu℄;

LbpNC2 := gz (1/2 CL SL) bbar.ProjM[mu℄.bp Z[mu℄

• Higgs interations

LbpH := -((Mb CL CR - Mbbp CL SR) bbar.ProjP.b H +

(Mb SL SR - Mbbp SL CR) bpbar.ProjP.bp H +

(-Mb CL SR + Mbbp CL CR) bbar.ProjP.bp H +

(-Mb SL CR - Mbbp SL SR) bpbar.ProjP.b H)/v;

• Full Lagrangian for b′ in the DT model

Lbp := LbpKIN + LbpQCD + LbpQED + (LbpCC + HC[LbpCC℄) +

(LbpNC1 + LbpNC2 + HC[LbpNC2℄) + (LbpH + HC[LbpH℄);

In a similar way we have written FeynRules �les for t′, χ and e8 Lagrangian terms to

generate MadGraph5 model �les. In the future we plan to make these model �les publi.
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Appendix B

Preparation of Mathed Signal

While generating the ombined signal for e8 and inlusive Z bakground, we sometime

fae double ounting of an event. This an happen when a proess after parton showering

is atually the same proess at the partoni level. Double ounting an be avoided by

onsidering a mathing sale. This sale Qcut determines whether a jet has ome from

parton showering (if the jet-pT is below Qcut) or originated at the partoni level (if the

jet-pT is above Qcut). We math the matrix element partons with the parton showers

using the shower-kT sheme [135℄ in MadGraph5 with the mathing sale Qcut ∼ 50 GeV.

We hoose appropriate mathing sale Qcut for signal and bakground by looking at

the smoothness of their di�erential jet rate distributions as shown in Fig. B.1 and B.2

respetively. The smoothness of the transition region indiates how good the hoie of

Qcut is. After varying Qcut from 25 GeV to 100 GeV, we �nd Qcut about 50 GeV is a good

hoie of mathing sale for both the signal and bakground. We generate the ombined

signal inluding the di�erent prodution proesses as disussed in setion 5.4 as follows

pp
e8−→ ee + 0-j (inludes Pind)

pp
e8−→ ee + 1-j (inludes Pind+ 1-j, P2Bs )

pp
e8−→ ee + 2-j (inludes Pind+ 2-j, P2Bs+ 1-j, Ppair , P

3
3Bs )

pp
e8−→ ee + 3-j (inludes Pind+ 3-j, P2Bs+ 2-j, Ppair+ 1-j, P 3

3Bs+ 1-j) (B.1)
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where Ppair, P2Bs, P
3
3Bs and Pind are the pair, two body single, three body single of third

type (as de�ned in 5.3.3) and indiret prodution hannels respetively. An elaborate

disussion on mathing is beyond the sope of this thesis, and we refer the reader to

Ref. [135℄ and the referenes therein for more details on the mathing sheme and the

proedure.
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Figure B.1: Di�erential jet rate distributions for the ombined signal with Me8 = 2 TeV

and Λ = 5 TeV at the 14 TeV LHC. Here we hoose Qcut = 50 GeV.
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Figure B.2: Di�erential jet rate distributions for the inlusive Z (inludes Z + 0, 1, 2, 3
jets) bakground at the 14 TeV LHC. Here we hoose Qcut = 50 GeV.
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