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Abstract

Recent discovery of a scalar resonance of mass about 126 GeV by the LHC

has partially answered questions related to the origin of masses of elementary

particles. It is now established that the necessary electroweak symmetry breaking

(EWSB) is brought through the Higgs mechanism. Although most of the expected

SM decay modes are observed by LHC, details of the couplings are yet to be

established. Keeping in mind the issues related to the Standard Higgs mechanism,

like the hierarchy problem, make one believe that the standard Higgs mechanism

for EWSB could at the best be a method effective at the electroweak scale, which

would require further explanation of the details through more fundamental models.

In the light of present observation, which indicates a Higgs boson with properties

compatible with that of the Standard Higgs boson, one may argue that the non-

standard effects are sub-leading at the electroweak scale. Such effects are best

probed through an effective Lagrangian framework, in which all the new physics

effects are coded in effective interaction couplings of the standard model particles.

We take this approach to understand the mechanism of EWSB. Apart from the

Higgs self-couplings and Higgs couplings with the gauge bosons, the gauge boson

self-couplings are also relevant in EWSB, as their longitudinal degrees of freedom

arises from the scalar sector, which is responsible for the EWSB. In this work,

we focus our attention on (i) the anomalous gauge couplings and (ii) anomalous

Higgs couplings, and explore their effect in the phenomenology at the proposed

International Linear Collider (ILC). The ILC is expected to be best suited for

detailed precision studies, like the one being considered in this work, compared to

a hadronic machine like LHC. Broadly, we have divided the entire thesis work into

three projects.

In the first project, we investigate the effect of anomalous WWγ couplings

in the eγ → νW at an ILC. This process has the advantage that it is sensitive

xv
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only to the WWγ triple gauge boson couplings, as against other processes like

e+e− → WW , which is sensitive to WWZ as well as WWγ. Our study is done

within the narrow-width approximation, assuming that the W is produced on-

shell, which is valid for center of mass energies of 500 GeV and above, considered

here. Analyzing the decay of the W , a semi-analytical study of the secondary lep-

ton energy-angle double distribution is considered. Utility of observables derived

from this is demonstrated by considering the anomalous couplings, δκγ and λγ.

Results of our investigation for typical ILC machine considered at
√
s = 500−1000

GeV re-affirms potential of this collider as a precision machine. Our results show

that the limits on the anomalous couplings can be improved by an order of mag-

nitude compared to the LEP results, for moderate luminosity at ILC. Further, the

dependence of δκγ on the measurement of λγ and vice versa, are studied.

As mentioned earlier, the recent discovery of a Higgs boson at LHC, while

establishing the Higgs mechanism as the way of electroweak symmetry break-

ing, started an era of precision measurements involving the Higgs boson. Precise

knowledge of the trilinear and quartic self-couplings of the Higgs boson is an im-

portant input necessary to understand the mechanism of EWSB. In an effective

Lagrangian framework, we consider the e+e− → Zhh process, at an ILC running

at a center of mass energy of 800 GeV. This process is celebrated as the main way

to obtain information on hhh coupling. We investigate the effect of the ZZh and

ZZhh couplings on the sensitivity of hhh coupling in this process. Our results

show that the sensitivity of the trilinear Higgs self couplings on this process has

somewhat strong dependence on the Higgs-gauge boson couplings. Single and two

parameter reach of ILC with integrated luminosity of 1000 fb−1 are obtained on

the effective couplings, c̄6 and c̄H , which are related to the hhh couplings. Further,

it is shown how these limits are affected by the presence of anomalous ZZh and

ZZhh couplings. The kinematic distributions studied to understand the effect of

the anomalous couplings, again, show strong influence of Z-h couplings on the

dependence of these distributions on hhh coupling. Similar results are indicated

in the case of the process, e+e− → νeν̄ehh, considered at a center of mass en-

ergy of 2 TeV , where the cross section is large enough. The effect of WWh and

WWhh couplings on the sensitivity of hhh coupling is clearly established through

our analyses of this process.

In the third project, we extended the above study to understand the CP-

violating parameters entering in the different couplings involved. Single and two
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parameter reach of ILC with integrated luminosity of 300 fb−1 are obtained on

the effective couplings, c̄W , c̄B, c̄HB, c̄HW and c̃γ, c̃HB and c̃HW , which are related

to the CP-conserving and CP-violating couplings, respectively. Here, we consider

the e+e− → W− W+ h process at an ILC running at a center of mass energy

of 500 GeV to investigate the effect of the Higgs to gauge bosons couplings of

this process. We have also made use of the kinematic distributions to understand

the effect of the anomalous couplings on this process. Our study has established

the strong correlation between different parameters, CP-conserving as well as CP-

violating.

Precise knowledge of the Higgs self-couplings and Higgs couplings with gauge

bosons, as well as the gauge boson self interactions are necessary to understand

the mechanism of EWSB. In the thesis work, summarized above, we considered a

study of processes which are suitable to measure the relevant couplings precisely.

In case of the first project we have considered a process which is sensitive to only

WWγ coupling, which could therefore give more precise information regarding this

coupling. In the latter two projects, we focused our attention on the hhh coupling

and Higgs to gauge boson couplings. Our analysis has studied the correlation

between different couplings affecting the process. We conclude that a precise

knowledge knowledge of Higgs-gauge boson couplings is necessary to make precise

measurement of the Higgs self-couplings.
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Preface

This thesis describes my research activities carried out during the course of

my PhD studies. I have a general interest in the phenomenology of both the Stan-

dard Model (SM) and physics Beyond the Standard Model (BSM). My research

has been focused on Electroweak Symmetry Breaking (EWSB) through Higgs and

gauge boson couplings. Discovery of the mechanism of EWSB used in nature is

essential because it allows us to understand the origin of the masses of fundamen-

tal particles via Higgs mechanism. Since, with the recent discovery of Higgs boson

of mass about 126 GeV by the ATLAS and the CMS collaborations at the Large

Hadron Collider (LHC), the particle content of the standard model has been com-

pleted. So it is time to understand the interactions of Higgs to gauge bosons as well

as with itself very precisely. In a perspective of precision Higgs physics, we devote

this thesis to an effective Lagrangian approach to the Higgs phenomenology. We

analyze the Higgs effective Lagrangian and give an estimate of the contribution

of the dimension-six operators to the physical observables, putting in evidence

that can give some information about the nature of the EWSB dynamics and the

physics at the TeV scale. Moreover, we provide a collider analysis of the double

Higgs production in the process e−e+ → Zhh. Next we analyze the effect of CP-

violating Higgs to gauge boson couplings in the Higgs sector through the process

e−e+ → W−W+h. Apart from this, we analyze the effect of anomalous WWγ

coupling through Wν production in the eγ collisions in a model independent way

within narrow width approximation.

This thesis is organized in five chapters as discussed below:

Chapter1 provides an introduction and motivation of my thesis work and a brief

introduction of the standard model as well as its drawbacks. Thereafter, I discuss

the standard mechanism of electroweak symmetry breaking in detail. Also it

presents how the elementary particles (fermions and bosons) acquire their masses
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through this mechanism. Further, it includes all the possible interaction vertices in

the standard model. Next it concentrates on the framework of effective Lagrangian

of anomalous gauge boson couplings as well as Higgs to gauge boson couplings, and

provides constraints on various coupling parameters from different experiments.

Finally, it moves to the present status of Higgs physics. Apart from this, we

present a very brief introduction of the International Linear Collider (ILC).

Chapter2 focuses on the study of anomalous WWγ coupling in electron-photon

collisions at the ILC, where we start with detailed calculation of phase space of the

process e−γ → νeW
− → νeν̄µµ

−. We carry out our study in a model independent

framework and examine experimental observable quantities. We calculate their

dependence on anomalous coupling parameters δκγ and λγ, which are directly

connected to the WWγ coupling. We show that suitable combinations of the

kinematic distributions can be used to disentangle different scenarios of δκγ and

λγ.

Chapter3 is devoted to the study of trilinear Higgs self couplings in the Zhh

production as well as νeν̄ehh at ILC. It provides how the determination of Higgs

self-couplings are influenced by the presence of Higgs to gauge boson couplings.

This chapter presents the results of our study, carried out through single and two

parameter analyses of hhh coupling parameters, and kinematic distributions at

center of mass energy of 800 GeV along with an integrated luminosity of 1000 fb−1.

Main parameters related to other couplings influencing the process are studied.

Chapter4 begins with the brief discussion of CP-violating couplings in the Higgs

sector. The WWh production at ILC will be considered for our study. We present

the sensitivity of CP-violating coupling parameters through single and two param-

eter analyses. Apart from the total cross section against center of mass energy, we

present various kinematic distributions like transverse momentum, angular, invari-

ant mass distributions. Also we illustrate how the effect of CP-violating couplings

can be extracted, and the influence of the presence of CP-conserving couplings on

this is investigated.

Chapter5 provides the over all summary and conclusions of the thesis work.
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Origin and Development of

Particle Physics

A great Hindu sage and philosopher, Kashyapa (also called “Kanada”), is

credited with having propounded the concept of an atom for the first time. Ac-

cording to legend, Kashyapa lived in the 6th century B.C. near Dwaraka in Gujarat,

India. It was Kanada who believed that the “Kana” (“parmanu”, atom) was an

indestructible particle of matter. According to him the material universe is made

up of “Kana”. When matter is divided and subdivided, we reach a stage beyond

which no division is possible, the non divisible element of matter is Parmanu.

Kanada explained that this indivisible, indestructibility cannot be sensed through

any human organ. [source: en.wikipedia.org/wiki/kanada]

In the 5th century B.C., Greek philosopher Democritus, introduced the idea

that matter consisted of an infinite number of small, indivisible particles. He called

these particles “atoms”, which meant “unable to be divided”.

The idea of the atom as indivisible persisted for centuries, until 1897, when

J. J. Thomson discovered that the “cathode rays” emitted from hot filaments of

wire were actually negatively charged particles with an extremely large charge-to-

mass ratio. In fact, particles with the same charge-to-mass ratio were ejected from

different atoms, leading Thomson to hypothesize these particles were of a single

type. Today, we know this subatomic particle as the electron. Since atoms as a

whole were known to be electrically neutral, the discovery of negatively charged

components to the atom implied there must also be positively charged components

to compensate. Since the negatively charged particles are so light, the positively

charged component must carry most of the atom’s mass.

Early in the 20th century, Ernest Rutherford performed a scattering exper-

iment where a beam of α-particles (ionized helium atoms) were fired at a thin

3
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sheet of gold foil. Some of these α-particles scattered at large angles while most

went through the foil without scattering at all. From this, Rutherford concluded

that the positive charge and mass of an atom were concentrated at the atom’s

center and occupied very little of the atom’s total volume – a nucleus. He named

the nucleus of hydrogen, the lightest element, the proton, and in 1914 Niels Bohr

proposed a hydrogen model, which consisted of a single electron orbiting this pro-

ton. However, the next heaviest atom, helium, weighed four times the mass of

the hydrogen atom although it contains only two electrons and thus can have only

two protons for the charge to balance. This mystery was solved in 1932, when

Chadwick discovered the neutron, a heavy electrically neutral particle which also

resides inside the nucleus.

Around the same time, other phenomena led to revolutions in the theory

of light. Isaac Newton assumed light was a corpuscular object, but 19th century

physics had shown instead the wave-like nature of light. In 1900, Max Planck

found a mathematical model for the black body radiation spectrum emitted by

a hot object. He could only explain this spectrum by assuming that the radia-

tion emitted by a black body was quantized, meaning the energy was always an

integer multiple of some quantity. In 1905, Albert Einstein proposed the much

more radical idea that this quantization was a property of light itself, returning

to the classification of light as a particle. This particle, the quanta of light, is

called the photon. The quantization of light led to an entirely new description of

electromagnetism; classical electrodynamics described the interaction between two

electrons, for example, as a consequence of the electric field around each electron.

But in a quantum field theory, that interaction is a consequence of the exchange

of particles, the field quanta, which is photons in the case of electromagnetic in-

teractions. This realization paved the way for future descriptions of the subatomic

world. One milestone of this description was its use by P. A. M. Dirac in 1930

to predict the existence of anti-matter, an opposite-charge counterpart to every

matter particle. His theory was verified less than two years later when Ander-

son discovered a positively charged twin to the electron, dubbed the positron, in

his study of cosmic rays. The simple view of the world as composed entirely of

protons, neutrons, and electrons did not last long. In the 1930s, there was no

answer to the question of what held the positively charged protons in the nucleus

together, gravity being too weak to overcome the electric repulsion. Initially, this

force was simply called the “strong force.” In 1934, Yukawa attempted to explain

this strong force as a field between the proton and neutron in the nucleus; this field
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must also be properly quantized, and Yukawa calculated the mass of this quanta

to be about one-sixth the mass of the proton. In 1937, two independent groups

studying the interactions of cosmic rays discovered a particle matching Yukawa’s

description. However, more detailed analysis of cosmic ray data showed this par-

ticle (later identified as the muon, a heavy version of the electron) interacted only

very weakly with atomic nuclei. In 1947, another heavier particle (the pion) was

discovered in the cosmic rays, and this proved to be the true Yukawa particle.

Also in the early 1930s, another puzzle presented itself in the form of nuclear

beta decay. In beta decay, the radioactive nucleus transforms into a slightly lighter

nucleus by emission of an electron. This seemed to be a straight-forward two-body

decay; as such, the energies of the outgoing particles are kinematically determined

in the center-of-mass frame. However, the energy spectrum of electrons in beta

decay was found to be continuous, with the predicted energy serving as the upper

limit to the spectrum. At first this anomaly appeared to be a non-conservation

of energy. Wolfgang Pauli, however, postulated that the seeming two-body decay

was really a three-body decay, and the third particle was a massless, electrically

neutral, virtually undetectable new particle. This suggestion worked so well that

it was generally accepted, even though the first neutrino, as this particle came to

be called, was not experimentally observed until the mid-1950s.

As the study of cosmic rays continued, and were soon joined by the stud-

ies of particles produced by man-made nuclear reactors and particle accelerators,

more and more new particles were discovered. By the 1960s, more than a hun-

dred different particles had been identified, although some were later shown to

be spurious. This proliferation led many physicists to wonder – could all of these

particles truly be fundamental? In 1961, Murray Gell-Mann managed to organize

many of these particles into geometrical patterns by their properties, similar to

Mendeleev’s ordering of chemical elements. Gell-Mann’s patterns predicted one

particle with specific properties which had not yet been observed, and in 1964,

this missing particle (Ω−) was indeed discovered. Starting from these patterns,

Gell-Mann and Zweig were able to describe many of these particles as composed

of more fundamental building blocks known as “quarks.” Particles made of quarks

were referred to as hadrons. There are two types of hadrons: mesons, which con-

tain one quark and one anti–quark, and baryons, which contain three quarks or

three anti–quarks. Gell-Mann and Zweig required three quarks to explain all the

known hadrons. A fourth quark was predicted as early as 1964 to explain some
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experimental observations, and a meson made of this fourth quark was finally seen

in 1974. Since that time, two more quarks have also been discovered, the last one

i.e. top quark found recently in 1995. On the other hand, the electron and the

muon, along with neutrinos, are not made of quarks, but are fundamental particles

called leptons. There is another lepton, called the tau, which was discovered in

1975. Experiments have shown that there are separate neutrinos corresponding

to electrons, muons, and taus. These particles, and the forces that govern their

interactions, make up the Standard Model of particle physics, which we use today

to understand the dynamics of elementary particles.

High Energy Physics in the 21st Century

Particle physicists study the fundamental building blocks of matter, seeking

to understand their origins and interactions. These particles exist on the smallest

scales of time and length, making them impossible to “see” with any traditional

microscope. Instead, we use high energy colliders as our microscopes for the sub-

atomic world. In a collider, particles such as electrons or protons are accelerated

to near the speed of light, and then made to collided with each other. The energy

we give these particles by accelerating them, using Einstein’s famous relation of

E2 = m2c4 + p2c2, allows us to probe their interactions at shorter distance scales;

the higher the energy, the shorter the distance scale we can probe with these

particle microscopes. Thus, this field of physics is known as high energy physics.

The Large Hadron Collider (LHC) is currently the world’s highest energy

hadron collider. It accelerates protons to 3 to 4 TeV and collides them to create

a shower of particles. The electronvolt (eV ) is a unit of energy commonly used

in particle physics, and is equivalent to approximately 1.602× 10−19 Joules. The

particle collisions occur in the center of large detector complex which measure the

properties of the particles created in the collisions. The data collected by these

detectors is then used by physicists to reconstruct the collisions and understand

the dynamics.

By studying particle collisions at higher and higher energies, physicists con-

tinue to test how particles interact and gain a better understanding of particle

interactions at higher energies. The main attention of today’s particle physics is

to understand the new physics beyond the Standard Model.
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Gauge Theories and Particle Interactions

The gauge theory is a special class of quantum field theory that introduces

an invariance principle used to describe the interactions among all the fundamen-

tal constituents of matter. The interactions between the fundamental particles

are dictated by symmetry principles, which are intimately connected with the

ideas of conserved physical quantities. The connection between symmetries and

conservation laws is described in the framework of Lagrangian field theory. The

gauge symmetry of a physical system is realized through the invariance of the

Lagrangian under gauge transformations, which are characterized by Lie group.

Global-invariance (phase invariance) under gauge transformation leads to a con-

served charge. The local gauge invariance (space-time dependence of parameter of

the system) of the Lagrangian introduces a vector field, called gauge field, which

governs the interaction. The quanta of the gauge fields are the gauge bosons,

which mediate the particle interactions.

The Standard Model of Particle Physics

The Standard Model of particle physics is the most successful theory so far,

it is based on quantum field theory of group SU(3)C × SU(2)L × U(1)Y . This

model summarizes the current knowledge in particle physics and describes the

universe in terms of elementary particles and their interactions. In this model,

all the matter and its interactions are characterized by three kinds of elementary

particles: quarks, leptons, and the force mediators. The quarks and leptons are

fermions having spin values, S = ~
2
. These fermions interact with each other

by exchange of the force mediators, which are called “gauge bosons” having spin

values S = ~. All charge leptons carry one electronic charge, and are arranged in

three families which are called electron (e), muon (µ) and tau (τ). The muons (µ)

and taus (τ) are heavier versions of the electron (e), they have the same spin and

electric charge as electron. Apart from these, there are neutral leptons so called

neutrinos, and there is one associated with each lepton family. In the Model, lepton

flavor is conserved by all interactions. The leptons are assigned a lepton number of

+1, while the anti-matter leptons have a lepton number of−1. Recent observations

have shown that neutrinos can oscillate from one lepton flavor to another. So far

this is the only observed violation of lepton number conservation. The quarks

also comes in six different flavors: up (u), down (d), charm (c), strange (s), top

(t) and bottom (b) and have fractional charges Q = +2
3
,−1

3
,+2

3
,−1

3
,+2

3
and −1

3

respectively. The gauge fields in the SM describe the three interactions: the

electromagnetic interaction, the strong interaction and the weak interaction. The
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electromagnetic interaction is mediated by the photon (γ), the weak interaction

is mediated by the weak vector bosons W± and Z0 and strong interaction is

mediated by the eight gluons (gi). The gravitational interaction is supposed to

be mediated by the graviton (spin 2 particle), still living away from the SM. This

gravitational interaction is very weak compared to interactions at the energy scale

being explored.

The fermions and the gauge bosons acquire masses via Higgs mechanism

through spontaneous breaking of electroweak symmetry, SU(3)C × SU(2)L ×
U(1)Y → SU(3)C × U(1)EM . In addition to providing the masses to the fermions

and the W± and Z0 gauge bosons, the Higgs mechanism predicts an additional

electrically neutral scalar particle, called Higgs boson. A Higgs like state has re-

cently been discovered at the LHC and its mass is measured to be about 126 GeV .

Furthermore, the idea of unification came into light in the 18th century. It was be-

lieved that the electricity and the magnetism are two different physical entities. In

1861s, the Scottish physicist and mathematician James Clerk Maxwell came with

his beautiful equations to describe how electric and magnetic fields are generated

and altered by each other (by charges and currents). Later on these equations

famous by his name as “Maxwell Equations”. Today, we have a branch of physics

as “Electromagnetism”. It was a first step towards the unification. The next uni-

fication was carried out in the Standard Model by Sheldon Glashow’s discovery in

1960 of a way to combine the electromagnetic and weak interactions.

Gauge theory of Electromagnetic Interaction

The electromagnetic interaction of particles is described by the Quantum

ElectroDynamics (QED), where the global invariance of U(1) in the QED intro-

duces the conservation of the electric charge (Q) and the local gauge invariance

of the gauge theory provides rise to the gauge field corresponding to a mass-

less gauge boson, so called photon. This photon describes the interaction among

all the fundamental electrically charged particles and also known as a quanta

of electromagnetic interaction. The strength of the interaction between photon

and the electrically charged matter constituents is characterized by coupling con-

stant (α). At low energy, this constant is given by the fine structure constant ,

α = e2

4π~c = 1
137

. Due to the abelian nature of the U(1) symmetry group, photon

do not exhibit charge and consequently does not interact with itself. The range of

electromagnetic interaction is infinite.

TH-1389_09612116
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Gauge theory of Electroweak Interaction

The unified description of electromagnetic and weak interaction was carried

out in the Standard Model by Sheldon Glashow’s discovery in 1960 of a way to com-

bine the electromagnetic and weak interactions as electroweak interaction. Math-

ematically, it is described by gauge theory of the group SU(2)L × U(1)Y , where

the gauge field Bµ corresponds to the generator Y (also called weak hypercharge)

of U(1)Y symmetry group and the three field W k
µ , k = 1, 2, 3 which corresponds

to the generators Ta(also called weak − isospin), a = 1, 2, 3 of the SU(2)L group.

Furthermore the fermions appear as left-handed doublet and right-handed singlets

under the SU(2)L, where the global gauge invariance leads to the conservation of

the weak-isospin, Ta and the local gauge invariance of the Lagrangian of the system

produces a weak-isospin triplet of the gauge fields, W k
µ . The SU(2)L symmetry

group is a non-abelian group which leads to the self-interactions of the gauge

fields, where the global gauge invariance under the U(1)Y transformation leads to

the conservation of weak hypercharge, Y and the local gauge invariance of U(1)Y

exhibits a vector gauge field, Bµ. The weak-hypercharge, Y , third component of

weak-isospin, T3, and electric charge, Q are related by the Gell-Mann-Nishijima

relation:

Q = T3 +
Y

2
(1)

These generators (Ta) of weak-isospin are in fact equivalent to the half of the non-

commuting 2 × 2 Pauli matrices (σk) with the following commutation relations

between these generators.

[Ta, Tb] = ifabcTc (2)

where fabc is anti-symmetric Levi-Civita tensor.

Gauge theory of Strong Interaction

The strong interaction in SM, described by Quantum ChromoDynamics

(QCD) which is basically a group theory of SU(3)C , where C refers to color and

the digit of three represents the three possible color state of the quarks, namely

red, green and blue. The color symmetry is exact so the QCD calculations are

independent of the color of the quarks. In this theory the local invariance of the

QCD Lagrangian introduces eight types the gluonic fields. These eight gluonic

fields lead to the quanta of strong interaction, so called “gluon”. QCD is a non-

abelian theory, where the gluons carry both color and anti–color, in contrast to

the photon in QED which does not carry the electric charge. Gluons interact with
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each other directly and as strongly as they do with quarks. Due to this gluon-

gluon interaction, the strong force increases with distance resulting in confinement

of quarks. This means, the quarks do not exist freely in nature, but bind together

by the strong force and form the mesons (qq̄), which are composition of one quark

and anti-quark, and the baryons (qqq), which are composition of three quarks such

a way that the state remains colorless.

Sources: Introduction to Particle Physics by David J. Griffith, Wiley; Quraks & Leptons:

An Introduction Course in Modern Particle Physics, by Francis Halzen and Alan D.

Martin; An Introduction to Quantum Field Theory by Michael E. Peskin, Daniel V.

Schroeder, Westview Press Inc; Modern Elementary Particle Physics by Gordan Kane,

Perseus Publishing.

TH-1389_09612116



Chapter 1

Introduction

Particle physics is devoted to understand the universe in terms of elemen-

tary particles (constituents of matter and radiation) and their interactions. The

framework of quantum field theory of the symmetry group SU(3)C × SU(2)L ×
U(1)Y , where C,L and Y stand for “color”, “left-handed” and “hypercharge”, re-

spectively, constructed by Sheldon Glashow, Steven Weinberg and Abdus Salam,

describes the dynamics of known elementary particles as well as their interactions,

and summarizes the current knowledge of particle physics. This description is

known as the Standard Model (SM) [1, 2] of particle physics. SU(3)C corresponds

to strong interaction, whereas SU(2)L × U(1)Y corresponds to the electroweak

interactions. In the SM, all the elementary particles acquire their masses through

the electroweak symmetry breaking (EWSB) [3, 4] via Higgs mechanism [5–7].

The particle content (see Fig.1.1) of this model has been completed with the re-

cent discovery of the Higgs boson of mass of about 126 GeV by the ATLAS and

the CMS collaborations at Large Hadron Collider (LHC) [8, 9]. So far, all the

expected SM decays of the Higgs boson are observed at LHC. Similarly, mass of

the Higgs boson and its spin-parity state [10–17] are also determined to be consis-

tent with the SM Higgs boson. But still questions like “Are there more than one

Higgs bosons ?” and “What is the exact nature of Higgs potential ?” need to be

addressed. Albeit the SM has a great story of success and is widely accepted as the

framework of contemporary high-energy physics, it suffers from several problems

like hierarchy problem associated with the Higgs sector, absence of dark matter

candidate, explanation for neutrino mass and matter-anti-matter asymmetry of

the universe.

11
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Many remedies for the above short-comings are proposed through several exten-

sions of the SM, like the Two-Higgs Doublet Model (2HDM) [18–21], Minimal

Supersymmetric Standard Model (MSSM) [22–24] and Next-to-Minimal Super-

symmetric Standard Model (NMSSM) [25, 26] and Grand Unified Theory [27–31].

On the other hand, no direct evidence of the existence of new particles or other

signatures of new physics has been observed so far. With this state of affairs,

a practical way to investigate new physics could be a description based on an

effective Lagrangian [32, 33] valid up to energy scale Λ lying around the TeV

scale. In such a model-independent approach, the effective Lagrangian encodes

new physics effects in deviations of the couplings of different particles in the SM.

The mechanism of EWSB has seen renewed interest with recent discovery of the

Higgs boson. Certainly it represents an important step forward in the exploration

of the mechanism responsible for the EWSB. The properties of the Higgs boson,

like its mass, spin and parity, couplings with other SM particles, self-couplings,

etc. are important to establish the exact nature of EWSB mechanism. The as-

sociated couplings of gauge bosons are capable of throwing light on the EWSB.

This arises from the fact that the longitudinal components of the gauge boson are

basically the degrees of freedom of the Higgs gauge field. The study of trilinear

gauge boson couplings (TGC) would, therefore, eventually tell us what the nature

of Higgs potential and the mechanism of EWSB is. Further, precise knowledge of

Higgs boson self couplings is very important and essential to establish the scalar

potential responsible for the EWSB. Considering that the observation made by the

LHC experiments is in remarkable agreement with the SM prediction, although

within the current limited experimental precision, it is reasonable to assume that

the Higgs is a CP-even scalar that forms an SU(2)L doublet together with the lon-

gitudinal polarizations of the W and Z, so that the SU(2)L × U(1)Y electroweak

(EW) symmetry is linearly realized at high energies. Under these assumptions

the effective Lagrangian can be expanded into a sum of operators with increasing

dimensionality, where the leading new physics effects are given by dimension-six

operators. The parametrization of the deviations of the Higgs couplings in terms

of higher-dimensional operators started more than two decades ago. From a more

detailed inspection of the effective Lagrangian, one can see that some operators

are explicitly sensitive to the coupling strength of the new dynamics, and not sim-

ply on the energy scale of new physics. Hence, measuring the coefficient of the

effective operators can shed light on the dynamics that controls the mechanism

behind EWSB. In a perspective of precision Higgs physics, we devote this thesis to
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the Higgs phenomenology through an effective Lagrangian approach, performed in

the context of an International Linear Collider (ILC) [34–36]. Through suitably

chose processes involving Higgs production associated with the gauge bosons, we

investigate the Higgs effective Lagrangian and give an estimate of the sensitivity of

the dimension-6 operators to the physical observables. In particular we shall focus

on effective parameters affecting the Higgs self-couplings, Higgs boson couplings

with the gauge bosons [37] as well as gauge boson self couplings. Undoubtedly

photon collider options of ILC, like the eγ and γγ collisions [38, 39] are well suited

to the study of photon couplings with the other gauge bosons like γWW , γγWW ,

γZZ and γγZ [40–44]. In the first work we shall take up a study of the process

e−γ → νeW
−. This process is sensitive to γWW coupling, anomalous nature of

which will be probed through various suitably chosen observables. In the second

work we consider the interplay of Higgs self-coupling and Higgs-gauge boson cou-

plings [45]. For this we selected e−e+ → Zhh and e−e+ → νeν̄ehh processes. The

first process is sensitive to Zhh and ZZhh couplings, while the second one is sen-

sitive to WWh and WWhh, apart from hhh coupling [46, 47]. The main interest

here is to understand how the Higgs-gauge boson couplings affect the measure-

ment of hhh couplings, one of the essential information necessary to establish the

Higgs potential. In the third work, we will deal with e−e+ → W−W+h, which

is sensitive to WWh, WWγ, WWZ and ZZh. Here we try to understand the

interplay of the various couplings including their correlations obtained from var-

ious observables. We have included the possibility of CP-violation, and tried to

understand the extend to which the relevant couplings can be probed.

In the next section, we will explain the standard mechanism of electroweak sym-

metry breaking.

1.1 The Standard Higgs Mechanism

All the fundamental particles in the SM acquire their masses through the Higgs

mechanism of electroweak symmetry breaking, which was introduced by three in-

dependent groups: by Robert Brout and François Englert [7]; by Peter Higgs

[5, 6]; and by Gerald Guralnik, C. R. Hagen, and Tom Kibble [48]. After the

experimental confirmation of scalar particle by the ATLAS and the CMS collabo-

rations [8, 9, 49–52] at the LHC, Peter Higgs and François Englert were awarded

the 2013 Nobel Prize in Physics for the theoretical development of the mechanism.
TH-1389_09612116
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Figure 1.1: Chart showing the particle content of the standard model.

In the following we shall briefly describe how the Higgs mechanism is employed to

generate masses for elementary particles.

In the SM, we need to generate masses for the three gauge bosons, two of them

charged gauge bosons W± and third one is electrically neutral Z boson. But at

the same time photon should remains massless, so that QED must stay an exact

symmetry. Therefore, we need at least three degrees of freedom for the scalar

fields. The simplest choice must be a complex SU(2)L doublet of scalar field Φ.

Φ =

(
φ+

φ0

)
with hypercharge YΦ = +1 (1.1)

In the Standard Model, the part of the Lagrangian involving the scalar field rele-

vant to the present discussion is given by

LScalar = (DµΦ)†(DµΦ)− µ2|Φ†Φ| − λ|Φ†Φ|2, (1.2)
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where the covariant derivative

Dµ = ∂µ + ig
τ k

2
W k
µ + ig′

Y

2
Bµ

with W k
µ (k = 1, 2, 3) denoting the three massless SU(2)L gauge bosons, Bµ the

massless U(1)Y gauge boson while g and g′ are the respective gauge coupling

constant. For a choice of µ2 < 0 and λ > 0, the minimum energy configuration

of Φ, obtained by minimizing the potential, is given by |Φ†Φ| = −µ2

2λ
≡ v2

2
(see

Fig.1.2). The scalar field thus develops a non-vanishing vacuum expectation value

(VEV), which is degenerate. A single value of the VEV can be chosen, which

is essentially a choice of a preferred “direction” in the Higgs-doublet space. The

VEV should be chosen so that it preserves U(1)QED. The usual choice is

Φ(x) =
1√
2

[
0

v + h(x)

]
, (1.3)

where h(x) is a physical scalar field. The choice of this new ground state “spon-

����

�

����

�
�

�

�

�

Im���

Re���

��

��

�
� ��� ���

Figure 1.2: An illustration of the Higgs potential (Eq. 1.2) : (a) case of

µ2 > 0, while (b) case of µ2 < 0, the minimum is at |Φ|2 = −µ2

2λ , where figure
(c) shows the top view of figure (b).

taneously” breaks the SU(2)L×U(1)Y symmetries to U(1)QED, while maintaining

the renormalizability and unitarity of the theory. As the U(1)Y gauge symmetry

remains unbroken in this transformation, the associated gauge boson, the photon,

remains massless. However, three of the degrees of freedom of the scalar doublet

(corresponding to the would be Goldstone bosons) are “eaten by” or transformed

into the longitudinal polarization components of the weak-isospin triplet of W∓
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and Z0 bosons, giving them masses of mW = vg
2

and mZ0 = v
2

√
g2 + g′2, respec-

tively [53]. The mass eigenstates are expressed in terms of the gauge eigenstates

as bellow:

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ)

Z0
µ = W 3

µ cos θW −Bµ sin θW

Aµ = W 3
µ sin θW −Bµ cos θW , (1.4)

where Aµ is the gauge field of the electromagnetic interaction, and θW is the

Weinberg mixing angle. The remaining degree of freedom of the scalar field Φ

corresponds to a massive neutral scalar particle, the Higgs boson, h. The mass of

this scalar is given by m2
h = 2v2λ.

The Higgs mechanism also provides masses to the fermions (leptons and quarks,

except neutrinos) through Yukawa interaction terms in the Lagrangian. The

SU(2)L × U(1)Y gauge invariant terms in the Lagrangian for the first generation

leptons and quarks is given by

LLepton = −ge

[(
ν̄e ē

)
L

(
φ+

φ0

)
eR + ēR

(
φ̄− φ̄0

)
L

(
νe

e

)]

LQuark = −gd
(
ū d̄

)
L

(
φ+

φ0

)
dR − gu

(
ū d̄

)
L

(
−φ0

φ−

)
uR + h.c., (1.5)

where ge, gu, gd are the corresponding Yukawa coupling constants. After the Spon-

taneous Symmetry Breaking (SSB) as discussed above, the Higgs field picks up a

VEV generating the mass term, and an interaction term (with the Higgs boson)

of the fermions .

LLepton = −meēe−
me

v
ēeh0

LQuarks = −mdd̄d−muūu−
md

v
d̄dh0 − mu

v
ūuh0, (1.6)

where

me =
gev√

2
, mu =

guv√
2
, md =

gdv√
2
. (1.7)

Similarly the other generations of fermions receive their masses through Yukawa

interactions, which can be expressed as

mµ =
gµv√

2
, mc =

gcv√
2
, ms =

gsv√
2
,
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mτ =
gτv√

2
, mt =

gtv√
2
, mb =

gbv√
2
. (1.8)

The couplings of the Higgs boson with the fermions is now fixed in terms of the

mass of the fermion and the VEV, as

gēeh = i
me

v
, gūuh = i

mu

v
, gd̄dh = i

md

v
, (1.9)

gµ̄µh = i
mµ

v
, gc̄ch = i

mc

v
, gs̄sh = i

ms

v
,

gτ̄ τh = i
mτ

v
, gt̄th = i

mt

v
, gb̄bh = i

mb

v
. (1.10)

Coming to the Higgs mass term and the self-interaction terms, the scalar potential

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2 when written in terms of the physical fields is given by

V (Φ) =
µ2

2

(
0 v + h(x)

)( 0

v + h(x)

)
+
λ

4

[(
0 v + h(x)

)( 0

v + h(x)

)]2

(1.11)

This leads to the the Lagrangian of the Higgs sector as

Lh =
1

2
(∂µh)2 − λv2h2 − λvh3 − λ

4
h4. (1.12)

The mass and the self-couplings of the Higgs boson derived from the above scalar

part of the Lagrangian are

m2
h = 2λv2 = −2µ2, ghhh = i

m2
h

2v
, ghhhh = i

m2
h

8v2
(1.13)

The Higgs couplings with the gauge bosons arises through the covariant kinetic

term of the scalar field (DµΦ)† (DµΦ), which are given by

ghWW = 2i
m2
W

v
, ghZZ = i

m2
Z

v

ghhWW = i
m2
Z

v2
, ghhZZ = i

m2
Z

2v2
(1.14)

The Feynman rules for the couplings in the SM are given in figures 1.3 and 1.4.
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1.2 Drawbacks of the SM

While highly successful, surviving very stringent experimental tests, the SM has

left many things unexplained, giving reasons to believe that it needs to be modified

at higher energies. This section briefly provides some of the main drawbacks of

the SM.

1.2.1 Hierarchy problem

The fact that gravity is much weaker than all other forces implies the existence

of two vastly different scales of energy: ΛPlanck ∼ 1019 GeV where gravity gets

strong, and the electroweak scale: ΛEW ∼ O(100 GeV ). If the SM is a complete

theory and holds all the way up to the Planck scale, then this leads to a difficult

situation in the computation of mass of the Higgs boson. It has recently been

measured that the Higgs boson has a mass of about 126 GeV . On the other

hand, unlike gauge boson mass, the scalar particle mass is not protected by any

symmetry consideration. Thus, it is seen that the quantum corrections involving

higher-order fermionic loops are quadratically divergent. The physical Higgs mass

mh can be defined as

m2
h = m2

0 + ∆m2
rad (1.15)

where m0 denotes bare mass (parameter appearing the Lagrangian) and ∆m2
rad is

� �

�

�

����

Figure 1.5: One loop correction to the Higgs squared mass m2
h, where f and

gf denote the fermionic field and the Yukawa coupling constant respectively.

the radiative correction to the Higgs mass squre. Fig. 1.5 alone gives the largest

correction to the Higgs mass,

∆m2
rad = −

g2
f

8π2

[
Λ2
UV − 3m2

f ln(ΛUV
mf

)
]

(1.16)
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which is quadratically divergent to the scale where new physics is believed to occur

(ΛUV ). The dominant contribution comes from the top quark in the loop since

it has the largest Yukawa coupling to the Higgs boson. If the SM is a complete

theory that is valid all the way up to the Planck scale (ΛUV = ΛPlanck), then it

implies that in order to obtain a physical Higgs mass mh ' ΛEW , m0 must be of

the order ΛPlanck. Since the ratio of square of electroweak scale to the square of

Planck scale (10−34), is so small the cancellation must be extremely precise.

1.2.2 Dark Matter

There is ample evidence from observations like the rotation curve of galaxies, that

luminous matter in the universe accounts for only a small fraction of the total

matter-energy density. The unknown matter content of the universe is called

DARK ENERGY

DARK MATTER

VISIBLE MATTER

:   68.3%

:     4.9%

:   26.8%

Figure 1.6: The composition of visible matter, dark matter and dark energy
of the present universe.

the dark matter (DM) [54–57]. It accounts for about 26.8% of the total energy

density of the observable universe, while the ordinary matter accounts for only

4.9%, with the remainder being attributed to dark energy. The SM does not have

a viable candidate for DM particles. However, there are extension of SM including

supersymmetric models, which contain viable candidates for DM. The Fig. 1.6

indicates this classification of the content of the universe.

1.2.3 Matter and Anti-Matter Asymmetry

It is well observed that the universe made up of protons, neutrons and electrons.

According to astrophysical observations, the density of protons and neutrons, con-

stitute the bulk of the mass of visible matter, as the baryon content of the universe.
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There is enough evidence to show that there are no large regions of anti-matter at

any distance scales observed so far [58], albeit some small domains of anti-matter

in the matter-dominated universe are not ruled out by observations [59–61]. At

the same time, according to the SM, matter is created in particle-anti-particle

pairs during the very early times of the universe. The SM does not propose a way

to reach the presently observed baryon asymmetric universe starting from such a

symmetric situation.

1.2.4 Neutrino’s Mass

Neutrinos, initially thought to be massless is now proved to have small mass. The

SM cannot construct a renormalizable mass term for the neutrinos. So in order

to introduce a neutrino mass one must either extend the particle content of the

model or abandon gauge invariance and/or renormalizability [62, 63].

So far, we have described the problems in the SM, and the standard mechanism

of EWSB. Now it is very obvious how the couplings of the Higgs to gauge bosons

as well as with itself can be useful in order to understand the nature of EWSB

potential. In the next section, we will discuss current status of Higgs physics and

some details of effective theories.
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1.3 Theoretical Framework and Motivation

With the recent LHC discovery of the Higgs boson and associated measurements,

the details of Electroweak Symmetry Breaking is expected to be explored in detail

in the near future experiments. In the absence of any direct observation of new

physics effects in the form of new particles, and with the measurements so far

indicating a picture very close to that of the SM case, it is natural to consider the

detailed study of various couplings involved in a model independent framework

under effective field theories [64–67]. In the rest of this section we shall first briefly

discuss the status of Higgs boson discovery and related measurements, followed by

a detailed description of the effective Lagrangian employed in the thesis work.

1.3.1 Production mechanisms at hadron colliders

The main production mechanisms at the Tevatron and the LHC are gluon fusion,

weak-boson fusion, associated production with a gauge boson and associated pro-

duction with top quarks. Here Fig. 1.7 depicts representative diagrams for these

dominant Higgs production processes.

�/�

�

�
�

Gluon Fusion (���)

�

��

�

�

��

�

��

�

�

�

	̅

	

�

Higgs Strahlung (��,��)

Vector Boson Fusion (�
�)

Top Fusion (���̅)

�

�

Figure 1.7: Generic Feynman diagrams contributing to the Higgs production.
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Table 1.1 showing the cross sections for the production of a SM Higgs boson at

the center of mass energy (
√
s) of 7 TeV and 8 TeV respectively, in pp collisions

as given Ref. [68].

√
s mh ggF V BF Wh Zh tth Total

[TeV ] [GeV ] [pb] [pb] [pb] [pb] [pb] [pb]

7 125 15.13 12.22 0.5785 0.3351 0.0863 17.35
126 14.89 12.11 0.5629 0.3267 0.0843 17.08

8 125 19.27 1.578 0.7046 0.4153 0.1293 22.10
126 18.97 1.568 0.6860 0.4050 0.1262 21.76

Table 1.1: The SM Higgs boson production cross section in pp collisions at
the center of mass energy (

√
s) of 7 TeV and 8 TeV .

1.3.2 Status of the Higgs Boson

The ATLAS and the CMS presented the results on five main decay modes1: h→
γγ, h → ZZ → 4l, h → WW → lνlν, h → ττ and h → bb channels, with

an integrated luminosities of up to 5 fb−1 at
√
s = 7 TeV and up to 21 fb−1

at
√
s = 8 TeV . The h → γγ and h → ZZ → 4l channels allow to measure

the mass of the boson with very high precision. ATLAS measures a mass of

125.5±0.2(stat.)+0.5
−0.6(syst.) GeV [69], CMS measures a mass of 125.7±0.3 (stat.)±

0.3 (syst.) GeV [70]. Figures 1.8 and 1.9 are showing the signal strength µ (ratio

of the measured value divided by the SM value) for the various decay channels for

ATLAS and CMS. For ATLAS the combined signal strength is determined to be

µ = 1.17 ± 0.27 at the measured mass value [52]. For CMS the combined signal

strength is determined to be µ = 1.14+0.26
−0.23 at the measured mass value [51].

1.3.3 Effective Lagrangian: For two Charged and a Neu-

tral Vector Gauge Bosons

In the CP conserving case WWγ anomalous coupling is commonly parametrized

in terms of two parameters, δκγ and λγ [65]. Although bounds on these parameters

can be extracted from high precision low energy measurements and measurements

at the Z0 pole [71], there are some ambiguities and model dependencies in the

1In Fig. 1.8, 1.9 and 1.10, H is used instead of h to denote the SM Higgs boson.
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Figure 1.8: The signal strength for the individual channel and their combi-
nation. The values of µ are given for Mh = 125.5 GeV for ATLAS. The plot is

adopted from Ref. [52].

Figure 1.9: Showing the signal strength for the individual channel and their
combination. The value of µ is given for Mh = 125.5 GeV for CMS. The plot

is adopted from Ref. [51].

results [72]. So far the direct measurement of these parameters come from the

CDF and D0 collaborations at the Fermilab pp̄ [73–75] and the LEP experiment

[76].
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Figure 1.10: Showing the Higgs branching ratios and their uncertainties for
the low mass range (left) and for the full mass range (right). These plots adopted

from Ref. [68]

The most general coupling of two charged vector bosons with a neutral vector

bosons can be derived from the following effective Lagrangian [65]:

LVWW = igV

[
gV1

(
[W †

µνW
µV ν −W †

µVνW
µν
)

+ κVW
†
µWνV

µν

+
λV
m2
W

W †
λµW

µ
ν V

νλ − gV4 W †
µWν

(
∂µV ν + ∂νV µ

)
−igV5 εµνρσ

(
W †
µ

←→
∂ ρWνVσ

)
+ κ̃VW

†
µWνṼ

µν

+
λ̃V
m2
W

W †
λµW

µ
ν Ṽ

νλ

]
, (1.17)

where V stands for neutral gauge bosons, either Z or γ, Ṽµν = 1
2
εµνρσV

ρσ and(
A
←→
∂ µB

)
= A(∂µB) − (∂µA)B. The effective WWγ vertex pictured in Fig.1.11

��

��

�
��

��	
�

Figure 1.11: The general WWV vertex, where V ≡ Z or γ.

can be written considering most general Lorentz structure for the W satisfying
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∂µW
µ = 0, as

iΓαβµV (Q, Q̄, P ) = igV

[
fV1
(
Q− Q̄

)µ
gαβ − fV2

m2
W

(
Q− Q̄

)µ
PαP β

+fV3

(
Pαgµβ − P βgµα

)
+ ifV4

(
Pαgµβ + P βgµα

)
+ifV5 ε

µαβρ
(
Q− Q̄

)
ρ
− fV6 εµαβρPρ

− fV7
m2
W

(
Q− Q̄

)µ
εαβρσPρ

(
Q− Q̄

)
σ

]
. (1.18)

The condition of ∂µW
µ = 0 is automatically satisfied by on-shell W∓ for both

real and virtual photons. All the form factors fVi are dimensionless functions of

P 2, Q2 and Q̄2. To lowest order, the form factors are related to the Lagrangian

parameters via

fV1 = gV1 +
P 2

2m2
W

λV , fV2 = λV ,

fV3 = gV1 + κV +
Q2 + Q̄2

2m2
W

λV ,

fV4 = gV4 −
Q2 − Q̄2

2m2
W

iλV , fV5 = gV5 +
Q2 − Q̄2

2m2
W

iλ̃V ,

fV6 = κ̃V −
Q2 + Q̄2

2m2
W

λ̃V , fV7 = −1

2
λ̃V . (1.19)

Contribution from the higher dimensional operators in the Lagrangian give P 2, Q2

and Q̄2 dependence to the form factor. Now without lose of generality, the overall

coupling constants could be taken as

gγ = −e, gZ = −e cot θW , (1.20)

where −e is the charge of the electron and θW is the weak mixing angle. The

electric charge of the W boson determines gγ1 = 1. The coupling parameters κV

and λV are connected to the magnetic dipole moment µW and electric quadrupole

moment QW of the W+ as

µW =
e

2mW

(
1 + κV + λV

)
, QW = − e

m2
W

(
κV − λV

)
. (1.21)

These three coupling parameters gV1 , κV and λV are invariant under both C and

P transformation.
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Parameter ALEPH DELPHI L3 OPAL Combined SM
95% CL

gZ1 0.996+0.030
−0.028 0.975+0.035

−0.032 0.965+0.038
−0.037 0.985+0.035

−0.034 [0.946, 1.021] 1

κγ 0.983+0.060
−0.060 1.022+0.082

−0.084 1.020+0.075
−0.069 0.899+0.090

−0.084 [0.901, 1.066] 1

λγ −0.014+0.029
−0.029 0.001+0.036

−0.035 −0.023+0.042
−0.039 −0.061+0.037

−0.036 [−0.059, 0.017] 0

Table 1.2: The measured central value and one standard deviation errors
obtained by the four LEP experiments for the charged TGC parameters.

The parameters, κ̃V and λ̃V , conserve C but violate P . These parameters are

related to the electric dipole moment dW and the magnetic quadrupole moment

Q̃W of the W+ as

dW =
e

2mW

(
κ̃V + λ̃V

)
, Q̃W = − e

m2
W

(
κ̃V − λ̃V

)
(1.22)

The remaining two couplings of Eq.2.1, g4 and g5 violating the charge conjugation

C, while g4 respects P whereas g5 violates P .

The individual analysis and experimental results for the charged gauge bosons

couplings are described in Refs. [77–81]. The results of single parameter fits from

each experiment are shown in Table 1.2, where the errors including both statistical

and systematic effects. Apart from this, the results form the combination are

given in the same table. In each case the TGC parameter listed is varied while the

remaining two are fixed to their SM values. The experimental bounds on other

parameters can be found in Ref. [76].

1.3.4 Effective Lagrangian for a Light Higgs Doublet

The ignorance of the EWSB sector can be parametrized in terms of an effective

Lagrangian for the gauge bosons as well as the Higgs boson. The most gen-

eral SU(3)C × SU(2)L × U(1)Y invariant Lagrangian for a weak Higgs doublet

at the level of dimension-6 operators was first classified in a systematic way in

Refs. [82–85]. Generally, in the effective field theory based approach an effec-

tive Lagrangian is constructed including higher-dimensional operators to the SM

Lagrangian (LSM), that parametrize the possible effects of non-observed states

expected to appear in the spectrum at higher energies compared to the energies
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being explored. This low energy effective scale is identified with the W -boson mass

mW or equivalently with the VEV of the Higgs field v. The effective Lagrangian

including upto dimension six operators is given by [32, 82–84, 86, 87]

L = LSM +
∑
i

c̄iOi = LSILH + LCP + LF1 + LF2 + LG, (1.23)

where Oi are the effective operators, and c̄i are the corresponding coefficients. The

above Lagrangian assumes baryon and lepton number conservation. Following the

Refs. [85, 85, 87] the effective Lagrangian involving the Higgs doublet (Φ) is

presented below.

LSILH =
c̄H
2v2

∂µ
(
Φ†Φ

)
∂µ
(
Φ†Φ

)
+

c̄T
2v2

(
Φ†
←→
D µΦ

)(
Φ†
←→
D µΦ

)
− c̄6λ

v2

(
Φ†Φ

)3

−

[
c̄u
v2
yuΦ

†Φ Φ† · Q̄LuR +
c̄d
v2
ydΦ

†Φ ΦQ̄LdR +
c̄l
v2
ylΦ

†Φ ΦL̄LeR

]

+
igc̄W
m2
W

(
Φ†T2k

←→
D µΦ

)
DνW k

µν +
ig′c̄B
2m2

W

(
Φ†
←→
D µΦ

)
∂νBµν

+
2igc̄HW
m2
W

(
DµΦ†T2kD

νΦ
)
W k
µν +

ig′c̄HB
m2
W

(
DµΦ†DνΦ

)
Bµν

+
g′2c̄γ
m2
W

Φ†ΦBµνB
µν +

g2
s c̄g
m2
W

Φ†ΦGa
µνG

µν
a (1.24)

where λ is the Higgs quartic coupling, yu, yd and yl are the 3× 3 Yukawa coupling

matrices in flavor space, and gs, g and g′ are coupling constants corresponding to

SU(3)C , SU(2)L and U(1)Y , respectively. The SU(2)L generators are taken to be

T2k = σk
2

, where σk are Pauli matrices. In the above expression,
←→
D µ is defined as

Φ†
←→
D µΦ = Φ†(DµΦ)− (DµΦ†)Φ, (1.25)

The SU(2)L doublets are explicitly given as

QL =

(
uL

dL

)
, LL =

(
νL

lL

)
, Φ =

(
−iG+

1√
2

[
v + h+ iG0

] ) (1.26)

where, l = e, µ, τ and ν represent the corresponding neutrino. The SU(2)L

invariant products written with the help of the rank two anti-symmetric tensor

εij, with ε12 = 1 and ε12 = −1, is given as

QL · Φ = εijQ
i
LΦj and Φ† · Q̄L = εijΦ†iQ̄Lj, (1.27)
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The field strength tensors and the gauge covariant derivatives are given by

Bµν = ∂µBν − ∂νBν

W k
µν = ∂µW

k
ν − ∂νW k

µ + gε kijW
i
µW

j
ν

Ga
µν = ∂µG

a
ν − ∂νGa

µ + gsf
a
bc G

b
µG

c
ν

DµΦ = ∂µΦ− 1

2
ig′BµΦ− igT2kW

k
µΦ, (1.28)

where ε kij and f a
bc are the structure constants of SU(2)L and SU(3)C , respectively.

The second piece in Eq. 1.23 involving CP -violating operators is given by

LCP =
igc̃HW
m2
W

DµΦ†T2kD
νΦW̃ k

µν +
ig′c̃HB
m2
W

DµΦ†DνΦB̃µν +
g′2c̃γ
m2
W

Φ†ΦBµνB̃µν

+
g2
s c̃g
m2
W

Φ†ΦGa
µνG̃

a
µν +

g3c̃3W

m2
W

εijkW
i
µνW

νj
ρ W̃

ρµk

+
g3
s c̃3G

m2
W

fabcG
a
µνG

νb
ρ G̃

ρµc (1.29)

where the dual field strength tensors are defined as

B̃µν =
1

2
εµνρσB

ρσ, W̃ k
µν =

1

2
εµνρσW

ρσk, G̃a
µν =

1

2
εµνρσG

ρσa (1.30)

The fermionic interaction part of the Lagrangian, with two Higgs bosons (LF1),

and one Higgs boson and gauge boson (LF2) are given by

LF1 =
ic̄HQ
v2

(
Q̄Lγ

µQL

)(
Φ†
←→
D µΦ

)
+

4ic̄′HQ
v2

(
Q̄Lγ

µT2kQL

)(
Φ†T k2

←→
D µΦ

)
+
ic̄Hu
v2

(
ūRγ

µuR
)(

Φ†
←→
D µΦ

)
+
ic̄Hd
v2

[
d̄Rγ

µdR
](

Φ†
←→
D µΦ

)
−

[
ic̄Hud
v2

(
ūRγ

µdR
)(

Φ† ·
←→
D µΦ

)
+ h.c.

]

+
ic̄HL
v2

(
L̄Lγ

µLL
)(

Φ†
←→
D µΦ

)
+

4ic̄′HL
v2

(
L̄Lγ

µT2kLL
)(

Φ†T k2
←→
D µΦ

)
+
ic̄He
v2

(
ēRγ

µeR
)(

Φ†
←→
D µΦ

)
, (1.31)
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LF2 =

[
−2g′c̄uB
m2
W

yuΦ
† · Q̄Lγ

µνuRBµν −
4gc̄uW
m2
W

yuΦ
† · (Q̄LT2k)γ

µνuRW
k
µν

−4gsc̄uG
m2
W

yuΦ
† · Q̄Lγ

µνTauRG
a
µν +

2g′c̄dB
m2
W

ydΦQ̄Lγ
µνdRBµν

+
4gc̄dW
m2
W

ydΦ(Q̄LT2k)γ
µνdRW

k
µν +

4gsc̄dG
m2
W

yuΦQ̄Lγ
µνTadRG

a
µν

+
2g′c̄eB
m2
W

ylΦL̄Lγ
µνeRBµν +

4gc̄eW
m2
W

ylΦ(L̄LT2k)γ
µνeRW

k
µν + h.c.

]
(1.32)

where Ta are the generators of the SU(3)C symmetry group in the fundamental

representation and γµν is defined as γµν = i
4

[
γµ, γν

]
. The last term of Eq.(1.23)

involving gauge boson self-interactions refers to operators which are not directly

related to Higgs physics. We include them for completeness.

LG =
g3c̄3W

m2
W

εijkW
i
µνW

νj
ρ W

ρµk +
g3
s c̄3G

m2
W

fabcG
a
µνG

νb
ρ G

ρµc +
c̄2W

m2
W

DµW k
µνDρW

ρν
k

+
c̄2B

m2
W

∂µBµν∂ρB
ρν +

c̄2G

m2
W

DµGa
µνDρG

ρν
a . (1.33)

1.3.4.1 Effective Lagrangian in the Mass Eigen-Basis: For a Light

Higgs Doublet

We shall present the parts of the Lagrangian presented above, relevant to this

thesis, given in the physical basis.2 Firstly, the OH operator leads to an additional

contribution to kinetic terms of the Higgs boson (h) given as

OH =
c̄H
2v2

∂µ
(
Φ†Φ

)
∂µ
(
Φ†Φ

)
⇒ c̄H

2
∂µh ∂µh. (1.34)

The Lagrangian involving the Higgs interaction terms, split according to the num-

ber of physical states involved, are written schematically as

LHiggs = L3 + L4, (1.35)

2The Higgs mechanism in the context of dimension-six operators is described in Appendix-C.
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The three-point interaction Lagrangian is given by

L3 = −vλg1
hhhh

3 +
1

2
g2
hhhh ∂µh ∂

µh

+
1

4
ghggG

a
µνG

µν
a h−

1

4
g̃hggG

a
µνG̃

µν
a h−

1

4
ghγγFµνF

µνh− 1

4
g̃hγγF̃µνF

µνh

−1

4
g1
hZZZµνZ

µνh− g2
hZZZν∂µZ

µνh+
1

2
g3
hZZZµZ

µh− 1

4
g̃hZZZµνZ̃

µνh

−1

2
g1
hγZZµνF

µνh− 1

2
g̃hγZZµνF̃

µνh− g2
hγZZν∂µF

µνh

−1

2
g1
hWWW

µνW †
µνh−

[
g2
hWWW

ν∂µW †
µνh+ h.c.

]
+gmWW

†
µW

µh− 1

2
g̃hWWW

µνW̃ †
µνh

−

[
ỹu

1√
2

(
ūPRu

)
h+ ỹd

1√
2

(
d̄PRd

)
h+ ỹl

1√
2

(
l̄PRl

)
h+ h.c.

]
, (1.36)

where Wµν , Zµν and Fµν are field strength tensors of W -boson, Z-boson and pho-

ton, respectively. The Lagrangian with four-point interactions are split into two

sets, L(1)
4 containing interaction of the Higgs boson with the gauge bosons, and

L(2)
4 involving Higgs boson interaction with fermions and gauge bosons, as given

below.

L(1)
4 = −λ

4
g1
hhhhh

4 +
1

2
g2
hhhhh

2∂µh∂
µh− 1

8
ghhggG

a
µνG

µν
a h

2 − 1

8
g̃hhggG

a
µνG̃

µν
a h

2

−1

8
g2
hhγγFµνF

µνh2 − 1

8
g̃2
hhγγFµνF̃

µνh2

−1

8
g1
hhZZZµνZ

µνh2 − 1

8
g̃hhZZZµνZ̃

µνh2

−1

2
g2
hhZZZν∂µZ

µνh2 +
1

4
g3
hhZZZµZ

µh2

−1

4
g1
hhγZZµνF

µνh2 − 1

4
g̃hhγZZµνF̃

µνh2

−1

2
g2
hhγZZν∂µF

µνh2 − 1

4
g1
hhWWWµνW

†
µνh

2 − 1

4
g̃hhWWWµνW̃

†
µνh

2

−1

2

[
g2
hhWWWν∂

µW †
µνh

2 + h.c.
]

+
1

4
g2W †

µW
µh2 − ig1

hγWWF
µνWµW

†
νh

+
[
ig2
hγWWWµνA

µW †
νh+ h.c.

]
+ ig3

hγWWAµWνW
†
ρ

[
ηµρ∂νh− ηµν∂ρh

]
+ig̃1

hγWW F̃
µνWµW

†
νh+

[
ig̃2
hγWW W̃

µνAµW
†
νh+ h.c.

]
−ig1

hZWWZ
µνWµW

†
νh+

[
ig2
hZWWW

µνZµW
†
νh+ h.c.

]
+ig̃1

hZWW Z̃
µνWµW

†
νh−

[
ig̃2
hZWW W̃

µνZµW
†
νh+ h.c.

]
−ig3

hZWWZµWνW
†
ρ

[
ηµρ∂νh− ηµν∂ρh

]
(1.37)
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L(2)
4 = −

[
ȳu

1√
2

(ūPRu)h2 + ȳd
1√
2

(d̄PRd)h2 +
[
ȳl

1√
2

(l̄PRl)h
2 + h.c.

]
−ūγµ

[
gLhZuuPL + gRhZuuPR

]
uZµh− d̄γµ

[
gLhZddPL + gRhZddPR

]
d Zµh

−l̄γµ
(
gLhZllPL + gRhZllPR

)
lZµh− ν̄γµ

(
gLhZννPL

)
ν Zµh

−
[
ūγµ

(
gLhWudPL + gRhWudPR

)
d Wµh+ ν̄γµ

(
ghWνlPL

)
lWµh+ h.c.

]
−
[
g

(∂)
hγuu

(
ūγµνPRu

)
+ g

(∂)
hγdd

(
d̄γµνPRd

)
+ g

(∂)
hγll

(
l̄γµνPRl

)
+ h.c.

]
Fµνh

−
[
g

(∂)
hZuu

(
ūγµνPRu

)
+ g

(∂)
hZdd

(
d̄γµνPRd

)
+ g

(∂)
hZll

(
l̄γµνPRl

)
+ h.c.

]
Zµνh

−
[
ūγµν

(
g∂LhWudPL + g∂RhWudPR

)
dWµν + g∂hWνlν̄γ

µνPRlWµν + h.c.
]
h

−
[
g

(∂)
hguu

(
ūTaγ

µνPRu
)

+ g
(∂)
hgdd

(
d̄Taγ

µνPRd
)

+ h.c.
]
Ga
µνh, (1.38)

The part of the Lagrangian involving only the gauge bosons is given below in L3V

(trilinear couplings) and L4V (quartic couplings).

L3V =
[
ig1
γwwW

†
µνA

µW ν + h.c.
]

+ ig2
γwwFµνW

µW ν†

+
[
ig1
zwwW

†
µνZ

µW ν + h.c.
]

+ ig2
zwwZµνW

µW ν† (1.39)

L4V = gwwww

[
WµW

µW †
νW

ν† −WµW
νW †

νW
µ†
]

+ gγγww

[
AµA

µW †
νW

ν − AµAνW †
νW

µ
]

+ gzzww

[
ZµZ

µW †
νW

ν − ZµZνW †
νW

µ
]

+ gγzww

[
AµZ

µW †
νW

ν − AµZνW †
νW

µ
]

(1.40)

The physical coupling expressed in terms of the coefficients of the effective opera-

tors in Eq. 1.23 are given in Tables (1.3, 1.4, 1.5 and 1.6).
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Coupling Parametrization

g1
hhh 1 + 5

2
c̄6

g2
hhh

g
mW

c̄H

g1
hhhh 1 + 15

2
c̄6

g2
hhhh

g2

4m2
W
c̄H

Table 1.3: CP -conserving trilinear and quartic couplings strength of the in-
teractions of a Higgs boson with itself.

1.3.4.2 Experimental Constraints on Dimension-6 Effective Operators

An impact of the coefficient associated with the dimension-six operators on the

physical observables can be naively computed by a simple power counting. In this

way, each power of Φ leads to a gNP/M ≡ 1/f suppression factor, where M is the

typical mass scale of the new physics sector and gNP the coupling strength of the

new states to the Higgs field. This means that, for strongly coupled systems with

gNP � 1, the scale at which the new physics effects will be seen (f) can be much

smaller than M . This power counting leads to the constraints [32]

c̄H , c̄T , c̄6, c̄ψ ∼ O
(
g2NP v

2

M2

)
, c̄W , c̄B ∼ O

(
m2
W

M2

)
c̄HW , c̄HB, c̄γ, c̄g ∼ O

(
m2
W

16π2f2

)
(1.41)

Experimental constraints on the coefficients arising from measurements including

electroweak precision data are presented in [85, 88]. Constraints on couplings

relevant to this thesis, arising from electroweak precision measurements are

c̄T (mZ) ∈
[
−1.5, 2.2

]
×10−3,

[
c̄W (mZ)+ c̄B(mZ)

]
∈
[
−1.4, 1.9

]
×10−3 (1.42)

Here c̄T can be neglected, and will not be considered in our further analyses. Note

that, c̄W and c̄B are not independently constrained, leaving possibility of having

large values with cancellation between them as per the above constraint. c̄W it-

self, along with c̄HW and c̄HB is constrained from LHC observations on associated
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Coupling Parametrization

g1
hgg gH − 4c̄gg2sv

m2
W

g1
hγγ aH −

8gc̄γs2W v

mW

g1
hZZ

2g
c2WmW

[
c̄HBs

2
W − 4c̄γs

4
W + c2

W c̄HW

]
g2
hZZ

g
c2WmW

[
(c̄HW + c̄W )c2

W + (c̄B + c̄HB)s2
W

]
g3
hZZ

gmZ
cW

[
1− 2c̄T

]
g1
hγZ

gsW
cWmW

[
c̄HW − c̄HB + 8c̄γs

2
W

]
g2
hγZ

gsW
cWmW

[
c̄HW − c̄HB − c̄B + c̄W

]
g1
hWW

2g
mW

c̄HW

g2
hWW

g
2mW

[
c̄W + c̄HW

]
(
g1
hhZZ , g

2
hhZZ , g

2
hhγZ , g

1
hhWW , g

2
hhWW

)
g

2mW

(
g1
hZZ , g

2
hZZ , g

2
hγZ , g

1
hWW , g

2
hWW

)
g3
hhZZ

g2

2c2W

[
1− 6c̄T

]
g1
hγWW

g2sW
mW

[
2c̄W + c̄HB + c̄HW

]
g2
hγWW

2g2sW
mW

c̄W

g3
hγWW

g2sW
mW

[
c̄W + c̄HW

]
g1
hZWW

g2

cWmW

[
c̄HW c

2
W − c̄HBs2

W + c̄W (3− 2s2
W )
]

g2
hZWW

g2

cWmW

[
c̄HW + c̄W (3− 2s2

W )
]

g3
hZWW

g2

cWmW

[
c̄HW + c̄W

]
s2
W

ghhγγ −4c̃γg2s2W
m2
W

ghhgg −4c̃gg2s
m2
W

Table 1.4: CP-conserving trilinear and quartic couplings strength of the inter-
actions of a Higgs boson with vector bosons. aH and gH are the effective photon
and gluon couplings to the Higgs boson in the SM, respectively. sW = sin θW

and cW = cos θW , where θW is the weak mixing angle.
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Coupling Parametrization

g̃hgg −4 c̃g g2s
m2
W

g̃hγγ −8 g c̃γ s2W
mW

g̃hZZ
2g

c2WmW

[
c̃HBs

2
W − 4c̃γs

4
W + c2

W c̃HW

]
g̃hγZ

gsW
cWmW

[
c̃HW − c̃HB + 8c̃γs

2
W

]
g̃hWW

2 g
mW

c̃HW

g̃1
hγWW

g2 sW
mW

[
c̃HW − c̃HB

]
g̃2
hγWW

g2 sW
mW

c̃HW

g̃hhgg
−4c̃g g2s
m2
W

g̃1
hzWW

g2

cWmW

[
c̃HW (2− s2

W ) + c̃HBs
2
W

]
g̃2
hzWW

2 g2 cW
mW

c̃HW

Table 1.5: CP -violating trilinear and quartic couplings strength of the inter-
actions of a Higgs boson with vector bosons.

production of Higgs along with W in Ref. [89]. Consideration of the Higgs asso-

ciated production along with W, ATLAS and CMS along with D0 put a limit of

c̄W ∈
[
− 0.05, 0.04

]
, when all other parameters are set to zero. A global fit using

various information from ATLAS and CMS, including signal-srength information

constrains the region in c̄W − c̄HW plane, leading to a slightly more relaxed limit

on c̄W , and a limit of about c̄HW ∈
[
− 0.1, 0.06

]
. The limit on c̄HB estimated

using a global fit in Ref. [89] is about c̄HB ∈ [−0.05, 0.05] with a one parameter

fit.
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Coupling Parametrization

g1
γww e

[
1− 2c̄W

]
g2
γww e

[
1− 2c̄W − c̄HB − c̄HW

]
g1
zww

g
cW

[
c2
W − c̄HW + (2s2

W − 3)c̄W
]

g2
zww

g
cW

[
c2
W (1− c̄HW ) + s2

W c̄HB + (2s2
W − 3)c̄W

]

gwwww
g2

2

[
1− 2c̄HW − 4c̄W

]
gγγww e2

[
2c̄W − 1

]
gzzww g2

[
2(2− s2

W )c̄W + 2c̄HW − c2
W

]
gγzww

2ge
cW

[
(3− 2s2

W )c̄W + c̄HW − c2
W

]

Table 1.6: Trilinear and quartic gauge boson couplings in terms of the coeffi-
cients of effective operators.

1.3.5 Production mechanisms at e−e+ colliders

The main Higgs boson production cross-sections at an e−e+ collider are the Higgs-

strahlung process e−e+ → Zh [90, 91], and the WW fusion process [92–94] e−e+ →
ν̄eνeW

∗W ∗ → ν̄eνeh. As the center-of-mass energy (
√
s) is increased, the cross-

section for the Higgs-strahlung process decreases as 1
s

and is dominant at low

energies, while the cross-section for the WW fusion process grows as ln( s
m2
h
) and

dominates at high energies. The ZZ fusion mechanism, e−e+ → e−e+Z∗Z∗ →
e−e+h, also contributes to Higgs boson production, with a cross-section suppressed

by an order of magnitude with respect to that of WW fusion. The process e−e+ →
tt̄h [66, 67, 95] becomes relevant for large

√
s ≥ 500 GeV . For more detail see

Refs. [35, 96–98].
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1.4 The International Linear Collider (ILC)

The ILC [99–103] is a proposed linear particle accelerator, which would be

the largest linear collider across the globe, and is intended as a precision machine.

It is planned to have a collision energy of 500 GeV initially, with the possibility

for a later upgrade to 1000 GeV. Further, its potential can be enhanced by consid-

ering options for high energy photon-photon collisions as well as electron-photon

collisions. The ILC in principle could be upgraded to very high energies of a few

TeV’s. The details of such possibility is especially studied in the context of a Com-

pact Linear Collider (CLIC) [104]. Following graphic is showing the dimensions of

the ILC machine along with the some detail.

Electron Bunch

Compressor

Positron Bunch

Compressor

Electron Source

Positron Source

IR & Detector

Damping Ring

Figure 1.12: An overview graphic of the planned ILC based on the accelerator
design of the Technical Design Report.

There are many advantages that leptonic colliders have over the hadronic colliders.

Having elementary initial states, the energy of the initial state can be controlled

precisely, unlike the case of hadron colliders, where the actual initial state for any

interaction consists of partons of varying energies. Apart from this, additional

features like beam polarization are of great advantage in exploring physics in many

cases. Leptonic colliders are expected to be much cleaner machines compared

to the hadronic machines. The environment for electron-positron collisions is

much more benign. At LHC energies, the proton-proton total cross section is
TH-1389_09612116
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roughly 100 mb. In the current scheme for running the LHC, proton-proton bunch

collisions occur every 50 nsec, each bunch crossing leads to about 30 proton-proton

collisions, and each of these produces hundreds of energetic particles. At the

ILC, the most important chronic background source comes from photon-photon

collisions, for which the cross section is hundreds of nb. The difference between

hadron-hadron and e+e− collisions has profound implications for the detectors and

for experimentation.

At a proton-proton collider, one creates collisions at a fixed center of mass energy,

relying on the energy distribution of partons in the proton to sample a range

of collisions energies for elementary processes. At a circular e+e− collider, the

maximum energy is preset by the size of the ring, and typically the performance of

the accelerator is best just near this maximum energy. An e+e− linear collider is

more forgiving in terms of operating at different energies and in different running

conditions. In principle, it is possible to run at any energy up to the energy set

by the length of the machine, with a penalty in luminosity roughly proportional

to the reduction in the energy. This flexibility has let the designers of the ILC to

envision an experimental programs at series of energies well adapted to individual

physics goals.

The ILC machine offers many opportunities for measurements that will address

the most important current problems of particle physics. It will give unique views

of the Higgs boson, the top quark, and possible new particles relevant to the

mysteries of the matter content of the universe. The collider enables measurements

of very high precision. The ILC is thus an essential tool that will advance our

understanding of the basic laws of nature. On the other hand, extended Higgs

bosons have pair-production cross sections that are as substantial as those for

other particles with electroweak charges. The comprehensive search for extended

Higgs bosons and the precision measurement of the properties of all accessible

Higgs particles is thus an important goal for the ILC.

So far, we have discussed the standard mechanism of electroweak symmetry break-

ing, drawbacks of the SM, the importance of effective Lagrangian theories, ob-

tained constraints on anomalous couplings parameters form various experiments

and the current status of Higgs boson. Apart from this, also we have talked about

the functioning and the mission of international linear collider (ILC) machine.

Next move to the outline of working chapters.
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1.4.1 Outline

The thesis is organized into five chapters. The first chapter deals with introduction.

The brief description of working chapters are the following.

1.4.1.1 Chapter 2

This chapter concentrates on the study of anomalous WWγ coupling in electron-

photon collisions at the ILC, where we start with detailed calculation of phase

space of considered process e−γ → νeW
− → νeν̄µµ

−. We carry out our study

in a model independent framework under the consideration of narrow width ap-

proximation (NWA). Moreover we show how the suitably chosen observables in

the center of mass frame connected with the laboratory frame. Next we examine

which quantities are experimentally observable, estimate the accuracy with which

they can be measured, and calculate their dependence on anomalous coupling pa-

rameters δκγ and λγ which are directly connected to the WWγ coupling. Finally,

we present the effect of angular and muon energy cuts on chosen observables and

their deviations from the SM for all the possible combinations of anomalous cou-

pling parameter. Apart from all these, we present forward-backward asymmetry

in the angular distributions and its deviation from the SM.

1.4.1.2 Chapter 3

This chapter starts with the discussion of trilinear Higgs self coupling in the Zhh

production as well as νeν̄ehh at ILC, and its role, in order to understand the

mechanism of electroweak symmetry breaking. Next we move to the framework of

Higgs effective Lagrangian which involves dimension-six operators. After that we

discuss the obtained bounds from various experiments, on CP-conserving couplings

parameters. Finally we present the influence of Higgs to gauge bosons couplings

on determination of hhh coupling through the single parameter analyses as well as

kinematic distributions like angular, transverse momentum, energy, and invariant

mass distributions. Also we present the correlation between parameters which are

directly connected to the Higgs self coupling.
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1.4.1.3 Chapter 4

This begins with the brief discussion of CP-violating couplings in the Higgs sector.

The WWh production at ILC will be considered for our study. We present the

sensitivity of CP-violating couplings parameters trough single and two parameter

analyses. Apart from the total cross section against center of mass energy (
√
s),

we present various kinematic distributions like transverse momentum, angular,

invariant mass distributions. Also we illustrate how the effect of CP-violating

couplings influenced in the presence of CP-conserving couplings. Next we deals

with forward-backward asymmetry in the angular distribution and a table sum-

marizes its deviation from the SM.

1.4.1.4 Chapter 5

This chapter provides the over all summary and conclusions.
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Chapter 2

Anomalous WWγ Coupling

This chapter is devoted to the study of anomalous WWγ coupling in e−γ

collisions at the ILC. It starts with introduction of problem and its formulation

in effective Lagrangian framework, and then moves to the general set-up and

analysis of the process being considered. This will be followed by a discussion

of the numerical results of the study, and finally summary and conclusion of the

work.

2.1 Introduction

With the recent discovery of the Higgs boson by the LHC [8, 9, 49, 50], the Stan-

dard Model (SM) has reaffirmed itself as the theoretical explanation of elementary

particle dynamics, including presenting a plausible picture of Electroweak Symme-

try Breaking (EWSB) [3, 4] through the Higgs mechanism. While this is so, and

not withstanding the fact that SM has been extensively tested very successfully

by many different experiments [1], it is widely believed that the SM is an effective

theory, which needs to incorporate suitable modifications at large energies. Many

expect that this large energy scale could be as small as a few TeV, which is being

explored at the LHC. Apart from direct measurements of the properties of the

Higgs boson, like its interaction couplings with itself, as well as with gauge bosons

and fermions, signature of EWSB could be probed by understanding the structure

and values of gauge-boson self interactions. This is so, because the longitudinal

degrees of freedom of the gauge bosons arise from the Higgs sector. The discovery

of Higgs boson of about 126 GeV mass, while establishing the Higgs mechanism

41
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as the method of EWSB, has opened an era of Higgs precision studies. Being a

hadronic machine, LHC has limitations to undertake precision studies. The ILC

proposed to collide high energy, high luminosity electrons and positrons has the

mission of studying the SM at high precision and to look for signals beyond the

standard model [34, 35]. Such a machine is well suited to an in-depth analysis

of the gauge boson interactions, within and beyond the SM. A large number of

physics studies establish the fact that the potential of ILC is further enhanced

by considering high energy photon-photon collisions as well as electron-photon

collisions, apart from the electron-positron collisions.

It is obvious that, the eγ and γγ colliders are better suited to study the photon

couplings with other gauge bosons like the γWW , γγWW , γZZ and γγZ [105].

In this chapter, we will focus on eγ → νW with W → lν̄. Signature of such

an event is a single lepton with large missing energy. This process is sensitive

to new physics effects including anomalous γWW [106–108], composite fermion

models [37], etc. In the case of anomalous γWW couplings, this process has the

advantage over e+e− → W+W− [109], which is sensitive to both γWW and WWZ

couplings. Again, γγ → W+W− [40, 110] is sensitive to γWW , γγWW and γγZ

couplings, revealing the edge of eγ collider to study γWW . In most of the previous

studies, observables at the production level of the single W are investigated, with

the exception of Ref. [107, 108], where the authors considered angular spectrum of

the secondary leptons, also including the effect of off-shell W . Our main aim of this

work is to study the possibility to exploit the secondary lepton spectrum including

the energy and angular distributions to probe relevant new physics signals arising

in anomalous γWW coupling.

In many models beyond the SM the quartic and triple-gauge boson couplings in-

cluding γWWare altered from their SM values. In a model independent approach,

an effective Lagrangian with terms additional to the SM Lagrangian is considered

in phenomenological and experimental studies [65]. Relevant to the process con-

sidered here, the effective γWW vertex is commonly parametrized in terms of

δκγ and λγ, in the absence of CP-violation (with vanishing SM values). LEP

constraints in single-parameter analysis (taking one parameter at a time, keep-

ing the others at their SM values) gives bounds of −0.099 < δκγ < +0.066 and

−0.059 < λγ < +0.017 and two-parameter analysis limits their values to −0.072 <

δκγ < +0.127 and −0.068 < λγ < +0.023 [76, 111] at 95% C.L. Tevatron con-

straints from Wγ process are not contaminated by other couplings, but are more
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Process Advantages Disadvantages
1- The interference terms are more

significant and therefore more 1- Relatively smaller cross-section.
e−e+ → W−W+ sensitive to the couplings.

2- Well defined initial polarization 2- Both WWγ and WWZ are involved.
state could be made use of.

1- Large cross-section which does
not fall with

√
s. 1- W can not be reconstructed in case

e−γ → W−νe 2- Relatively simple final states, of leptonic decays.
without much background.

3- Involve only WWγ couplings. 2- Requires photon beam option at ILC.

1- Larger cross-section which
saturates with

√
s. 1- Sensitive to Zγγ and WWγγcoupling.

γγ → W−W+ 2- Couplings enter twice in the 2- Requires photon beam option at ILC.
amplitude, making it more sensitive.

Table 2.1: Advantages and disadvantages of chosen process of eγ collisions
over e−e+ and γγ collisions.

relaxed compared to the LEP constraints giving limits of −0.51 < δκγ < +0.51

and −0.12 < λγ < +0.13 [112]. The CMS constraints [9] from Wγ process are

also more relaxed compared to the LEP constraints.

Phenomenology of anomalous γWW coupling in the context of LHC as well as ILC

has been carried out in a number of recent publications [64, 106–108, 110, 113–

116]. In particular, [107, 108] has analyzed single W production with its leptonic

decay to probe the effect of anomalous couplings in eγ collision. In this work we

exploit the full potential of the secondary lepton spectrum to study the effect of

γWW coupling in eγ → νW → ν(lν̄) with δκγ and λγ deviating from its SM

value.

The main reason to choose the process e−γ → νeW
− instead of e−e+ → W−W+,

γγ → W−W+ for the study of WWγ processes is summarized in Table 2.1. In the

next section we provide some details of the process and the observables used. In

Section 3 we present our numerical results, and finally summarize the study and

present our conclusions in the last section.
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2.2 General Setup and Analysis

The most general CP-conserving γWW coupling within a Lorentz invariant effec-

tive Lagrangian can be written in the following form [65].

LγWW = −ie
[
W †
µνW

µAν −W †
µAνW

µν + (1 + δκγ) W
†
µWνF

µν

+
λγ
m2
W

W †
λµW

µ
ν F

λν
]

(2.1)

Here we have assumed an on-shell W boson. In the SM, the gauge structure

SU(2)L × U(1)Y dictates the γWW couplings, with vanishing δκγ and λγ at tree

level. Therefore, precise measurements of these couplings will test the gauge sec-

tor of the electroweak interactions. Fig. 2.1 shows the Feynman diagrams for the

process along with the momentum labels.

Figure 2.1: Feynman diagrams for the process eγ → νW → ν(µν̄). First
diagram shows the momenta used and second diagram shows the indices used

in the vertex in Eq. 2.2

With the effective Lagrangian given by Eq. 2.1, the γWW vertex for the process

under study (Fig. 2.1) takes the form:

Γµνλ = ie
[
2kµw g

νλ + 2kνγ g
µλ − (kγ + kw)λ gµν

+(δκγ − λγ) (kνγ g
µλ − kλγ gµν)

+
λγ
m2
W

(kγ + kw)λ(kµwk
ν
γ − (kγ · kw)gµν)

]
(2.2)

The effective Lagrangian in Eq. 2.1 should be considered as a low energy ap-

proximation of some fundamental theory, which is expected to emerge at some

high energy scale, Λ. To control unitarity violation at high energy, when this La-

grangian is used, we consider the anomalous couplings as form factors according
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to the following [107]

A =
A0[(

1 + |k2w|
Λ2

)(
1 + |(kγ−kw)2|

Λ2

)] , (2.3)

where A0 ≡ δκγ, λγ.

2.2.1 Phase Space

The differential cross-section is written in terms of the phase space factor (dQ’)

and the Lorentz invariant amplitude (M) as,

dσ =
dQ′

F
|M |2 (2.4)

where F is the flux factor, which is equal to 2
√
ŝ in center of mass frame. We

perform our computation in the Narrow-Width Approximation (NWA) in which

the W -propagator is approximated to get

1

|k2
w −m2

W |2
=

π

mWΓW
δ(k2

w −m2
W ), (2.5)

where mW is the mass and ΓW is the total width of the W boson. Thus the

propagator factor, 1
|k2w−m2

W |2
is removed from the invariant amplitude, and joined

with the phase space factor, dQ′ so that,

dσ =
dQ

F
|Mr|2 (2.6)

where dQ = 1
(k2w−m2

W )2
dQ′ and |M |2 = 1

(k2w−m2
W )2
|Mr|2.
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Figure 2.2: Reference frame defining different angles used in Eq. 2.7.

To perform phase space integrations we fix our reference frame as the center of

mass frame (CMF) of the colliding electron and photon system. z-axis is taken

along ~kµ, which is the momentum of the outgoing lepton (considered as muon in

the further discussion) as pictured in Fig. 2.2. y-axis is defined as ~kµ× ~ke, where ~ke

is the momentum of the colliding electron. The ν̄µ comes out at a polar angle θν̄µ

and azimuthal angle φν̄µ . Explicitly, the momenta of initial and final particles in

the process being considered, e−(ke) γ(kγ)→ νe W
−(kw)→ νe(kνe) ν̄µ(kν̄µ) µ−(kµ)

are given as

ke =

√
ŝ

2

(
1, sin θµ, 0, cos θµ

)
kγ =

√
ŝ

2

(
1, − sin θµ, 0, − cos θµ

)
kµ = Eµ

(
1, 0, 0, 1

)
kν̄µ = Eν̄µ

(
1, sin θν̄µ cosφν̄µ , sin θν̄µ sinφν̄µ , cos θν̄µ

)
kw = kµ + kν̄µ (2.7)

where
√
ŝ is the center of mass energy of e−γ system. The phase space factor is

then,

dQ =
d3~kνe

(2π)3 2Eνe

d3~kµ
(2π)3 2Eµ

d3~kν̄µ
(2π)3 2Eν̄µ

(2π)4 δ4(ke + kγ − kνe − kµ − kν̄µ)

× 1

|k2
w −m2

W |2
, (2.8)
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Applying the NWA, and using the integral identity,

∫
d3~kνe
(2π)3

=

∫
d4kνeΘ(Eνe)δ(k

2
νe) (2.9)

Eq. 2.8 takes the form

dQ =
d3~kµ d

3~kν̄µ
(2π)5 4 EµEν̄µ

π

mWΓW
δ(k2

w −m2
W )

×δ4(ke + kγ − kνe − kµ − kν̄µ) d4kνe Θ(Eνe) δ(k
2
νe)

=
π d3~kµ E

2
ν̄µ d cos θν̄µ

(2π)5 4 EµEν̄µ mWΓW
dφν̄µ Θ(Eνe) δ(k

2
νe) δ(k

2
w −m2

W ), (2.10)

where the second line is obtained after performing the kνe integration, resulting in

the relation kνe = ke + kγ − kµ − kν̄µ . This also leads to the relations,

k2
νe = ŝ− 2

√
ŝ(Eµ + Eν̄µ) +m2

W (2.11)

and (
k2
w = m2

W

)
=
(
kµ + kν̄µ

)2
= 2 EµEν̄µ(1− cos θν̄µ). (2.12)

After using Eq. 2.7, 2.11 and 2.12, phase space factor takes the following form,

dQ =
π d3~kµ dφν̄µ dEν̄µ

(2π)5 16
√
ŝ E2

µ ΓW mW

δ

(
ŝ− 2

√
ŝ Eµ +m2

W

2
√
ŝ

− Eν̄µ
)

Θ(Eνe)

along with the relation

cos θν̄µ =
2EµEν̄µ −m2

W

2EµEν̄µ
(2.13)

Now after integrating over dEν̄µ , we are left with,

dQ =
π d3~kµ dφν̄µ

(2π)5 16
√
ŝ E2

µ ΓW mW

Θ(Eνe)

along with the relation

Eν̄µ =
(ŝ− 2

√
ŝ Eµ +m2

W )

2
√
ŝ

. (2.14)

In order to identify with the experimental set up, we shall now rotate the ref-

erence frame so as to coincide the z-axis with the direction of electron beam,

by a rotation about the y-axis. This leads to d3 ~kµ = | ~kµ|2 d| ~kµ| d cos θµ dφµ =
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E2
µ dEµ d cos θµ dφµ, and the Eq. 2.14 becomes,

dQ =
π E2

µ dEµ d cos θµ dφµ dφ
′
ν̄µ

(2π)5 16 mW ΓW E2
µ

√
ŝ

Θ(Eνe). (2.15)

Since, in the present case, the invariant amplitude does not depend on the az-

imuthal angle of muon, the φµ integration becomes trivial to give a factor of 2π.

Defining the dimensionless parameter xµ = 2Eµ√
ŝ

, the Eq. 2.15 now takes the form

dQ =
dxµ d cos θµ dφ

′
ν̄µ

(2π)3 64 mW ΓW
.

The step function Θ(Eνe) is removed, with the understanding that the condition

Eνe > 0 is imposed in the computations. With this phase space factor one obtains

the differential cross-section

dσ

dxµ d cos θµ dφ′ν̄µ
=

xµ
(2π)3 128 mW ΓW

|Mr|2. (2.16)

|Mr|2 is obtained using FORM computational package [117]. After integrating the

unobservable φ′ν̄µ , we get the double distribution of energy and polar angle of the

secondary muon in the center of mass frame of the colliding particles with the

electron momentum now taken along the redefined z-axis. Notice that the muon

energy in the CMF is bounded by
m2
W

2
√
ŝ
≤ Eµ ≤

√
ŝ

2
. To obtain the distribution in

the lab frame, we need to boost the above differential cross-section appropriately.

For an electron beam energy of Ee and photon energy of ωγ = x Ee, we have the

following relation between the variables in the CMF and the laboratory frame.

ŝ = x 4E2
e , Eµ = Elab

µ γ
(
1− β cos θlabµ

)
, cos θµ =

cos θlabµ − β
1− β cos θlabµ

(2.17)

where β is the speed of the CMF compared to the lab frame, and γ = 1√
1−β2

.

Notice that the limits of Elab
µ integration depends on cos θlabµ , keeping it within the

bound
m2
W

4
√
xEe

1

γ
(
1− β cos θlabµ

) ≤ Elab
µ ≤

√
xEe

γ
(
1− β cos θlabµ

) . (2.18)

Finally we need to fold the cross-section with the appropriate photon distribution

function, fγ/e(x), an expression for which is provided in the Appendix-A, so that

TH-1389_09612116



Chapter 2. Study of Anomalous WWγ Gauge Boson Coupling 49

the total cross-section in the lab frame is given by

σ =

∫
fγ/e(x) σ(ŝ) dx. (2.19)

The photon beam polarization effects are neglected as described in Appendix-A.2.

We use Eqs. 2.16, 2.17, 2.19 to obtain the total cross-section, the muon angular

distribution dσ
d cos θlabµ

, the scaled muon energy distribution dσ
dxlabµ

, and the energy-

angle distribution of the muons dσ
dxlabµ d cos θlabµ

in the lab frame. Integrations over the

photon distribution variable x, the scaled muon energy xlabµ and the muon angular

variable cos θlabµ in appropriate cases are performed numerically using the Cuhre

routines under the CUBA package [118]. From now on we will drop the superscript

lab from the variables, and use xµ and cos θµ to denote the corresponding quantities

in the lab frame.

Phenomenological analysis of eγ → νW is considered in the literature in the past

[106–108]. Most of the studies limit their analysis at the production level. Ex-

perimentally it is more useful to understand the effect on the final state particles

arising from W decay. This is all the more important in the case of leptonic decay,

as it is not possible to reconstruct the W in such case. In Ref. [107], analysis

including decay spectrum is presented, where detailed study of the secondary lep-

ton angular distribution is considered along with other reconstructed observables

concerning the W production. In the analysis presented here, we demonstrate the

usefulness of the combined energy-angle distribution of the secondary leptons in

extracting information on the anomalous γWW couplings. While Ref. [107] takes

into account the contribution due to off-shell W along with the on-shell production,

our work is in the NWA assuming on-shell W production. At the same time, as

note above, the effect of off-shell contribution, mainly arising through the diagram

with muon propagator, is negligible, while our analysis with energy-angle double

distributions, along with combinations of the angular and energy distributions give

a handle on disentangling the effect of δκγ and λγ, to certain extend.

2.2.2 Calculation Scheme

We have used FORM [117] program which is widely used to simplify the algebraic

expressions. We used the FORM particularly to simplify the Dirac algebra. The

FORM code used in our study can be seen in the Appendix-B. Ultimately, it

provides simplified expression of invariant amplitude square which is used in a
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FORTRAN code incorporating the CUBA package (a library for multi-dimensional

integration) [118], in order to get the suitably chosen kinematic distributions.

Finally, the data is analyzed and the plotted using Gnuplot [119]. The flow chart

of the computation scheme can be seen in Fig. 2.3.

Phase Space Integral for the Process  
��� → �� 	�

� → ���̅
�
�

Narrow Width Approximation

(NWA)
Centre-of-Mass Frame

(CMF)

Analytical Expression for the 

Differential Cross-section
Laboratory Frame

(LF)

Fortran Code 

for the various Kinematic 

Distributions 

FORM 

(used to simplify the Dirac algebra

DataPhoton Energy  Distribution Function

Helicity Amplitude 

for the process

Expression in terms of center-of-mass 

energy, polar angle, azimuthal angle 

and muon energy

Figure 2.3: Flow chart for the calculation scheme used in the analyses of the
considered process e−γ → νeW

−.

2.3 Numerical Results and Discussion

For our numerical analysis we consider an ILC of center of mass energy of 500 GeV

and 1000 GeV , with the option of eγ collision using backscattered laser photons,

and with unpolarized electron beams. It may be noted that as the process being

considered is a purely a weak interaction process, only left-handed electrons will

take part. Therefore, the left-polarized electron beam would enhance the cross-

section, without presenting any additional advantage. We shall present all our

analysis for unpolarized beam, without losing any generality.

Firstly, we consider the total cross-section. Fig. 2.4, shows the total cross-section

against the center of mass energy of the e−e− system (denoted as
√
s), one of

which Compton-scatters on the laser beam to produce the high energy photon
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beam. In order to be more quantitative, in Table 2.2, we have presented the cross-

sections for the limiting values of the couplings for two selected center of mass

energy values,
√
s = 500 GeV and 1000 GeV . Taking individually separately,

the effect of λγ is negligible, with a maximum of about 7% for negative values at

1000 GeV center of mass energy. On the other hand, the effect of δκγ is at about

10% level at both 500 GeV as well as 1000 GeV . It may be noted that the effect

is sensitive to the sign of the parameter, indicating that the interference term is

dominant, as expected. At 500 GeV , one can ignore the effects of λγ even when

considering along with δκγ, whereas at 1000 GeV , the presence of λγ can either

nullify or enhance considerably the effect of δκγ. Largest effect is seen when δκγ

is positive and λγ is negative, with about 20% deviation in the total cross-section

at 1000 GeV .
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δκγ =−0.072, λγ =+0.017

δκγ = 0, λγ =−0.059
δκγ =+0.066, λγ =−0.059
δκγ =−0.072, λγ =−0.059

Figure 2.4: Total cross-section against
√
s = 2Ee, where Ee is the electron

beam energy, for different anomalous couplings, along with the SM case.

In the surface plots shown in Fig.2.5, variation of the cross-section with δκγ and

λγ at center-of-mass energy of 500 GeV and 1000 GeV are presented. The cross-

section looks more pronounced for positive values of δκγ for any value of λγ within

its allowed domain. The two-parameter bound showing the allowed region in the

δκγ − λγ plane is presented in Fig.2.6, at center-of-mass energy of 500 GeV with

an integrated luminosity of 100 fb−1. We remind the reader that, when cross-

section is considered as a function of anomalous coupling parameters δκγ and λγ,

the result is a second order polynomial in these two parameters. With this, the

3σ limit of the cross-section with an integrated luminosity of 100 fb−1 leads to

an elliptic equation corresponding to the relation between these two parameters.
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Figure 2.5: The surface plots showing the total cross-section against δκγ and
λγ for the center-of-mass energy (

√
s) of 500 GeV (left) and 1000 GeV (right),

where cross-section in pb is along the vertical axis.

This results in an elliptic band in the δκγ−λγ plane respecting the 3σ limit of the

cross-section. Very strong bound on δκγ can be derived for any assumed value of

λγ. On the other hand, for small values of δκγ the sensitivity of cross-section on

λγ is comparatively smaller. At the same time, the relative sign of the parameters

is preferred to be opposite to each other.

δκγ, λγ σ [pb]√
s = 500 GeV 1000 GeV

SM case 4.3 4.6

+0.066, 0 4.6 5.0
-0.072, 0 3.9 4.1

0, +0.017 4.3 4.6
0, -0.059 4.2 4.9

+0.066, +0.017 4.7 5.0
+0.066, -0.059 4.6 5.4
-0.072, +0.017 4.0 4.2
-0.072, -0.059 3.9 4.5

Table 2.2: Total cross-section for different combinations of TGC parameters
at
√
s = 500 GeV and 1000 GeV .

Moving on to the single parameter, sensitivity of cross-section on one parameter,

while the other one is fixed is presented in Fig. 2.7, for center of mass energies of

500 GeV and 1000 GeV . The green band shows the 3σ region of the SM value

of the cross-section, considering an integrated luminosity of 100 fb−1. The cross-

section has a linear dependence on δκγ, showing that the contribution proportional
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Figure 2.6: The shaded region corresponds to values of δκγ−λγ with the total
cross-section within the 3σ limit, for an integrated luminosity of 100 fb−1 at a

center of mass energy of 500 GeV .

to the quadratic term is negligible. The 3σ allowed range of δκγ shifts with the

value of λγ. Although, as Table 2.2 suggests, the effect of λγ is small compared

to that of large δκγ values, the influence is significant for derivable limits as can

be read from Fig. 2.7. For example, at 500 GeV center of mass energy, assuming

λγ = 0, one obtain a 3σ limit of −0.004 ≤ δκγ ≤ +0.004, which is moved to about

−0.008 ≤ δκγ ≤ 0 for λγ = 0.01, or moved to 0 ≤ δκγ ≤ +0.008 for λγ = −0.014.

We shall see later that, a combined analysis including kinematic distributions of

the muon can remove this ambiguity to a great extend. A similar story, although

different in nature, can be seen in the case of limit derivable for λγ as well.

We next consider the angular distribution of the secondary muons plotted in

Fig. 2.8 for different combinations of δκγ and λγ, at center of mass energies of

500 GeV and 1000 GeV. As can be seen, the effect is more pronounced at smaller

cos θµ values, while most of the events are gathered in the forward direction. With

high luminosity, one can expect high statistics for single W production at eγ col-

lider. In such case the tail region could also perhaps be probed. The effect is

analyzed for all the combinations of TGC parameters. In Table 2.3 the deviation

from SM case is illustrated by considering a bin of −0.90 ≤ cos θµ ≤ −0.85 with

an integrated luminosity of 100 fb−1. Clearly the deviations are magnified when
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Figure 2.7: Cross section against δκγ (top row) and λγ (bottom row), when the
other parameter assume typical values. The center of mass energies considered
are
√
s = 500 GeV (left column) and 1000 GeV (right column). The green band

indicates the 3σ limit of the SM cross-section, with integrated luminosity of 100
fb−1.
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Sl. No. δκγ λγ
√
s = 500 GeV 1000 GeV

Nevents ∆ [%] Nevents ∆ [%]

1 SM case 2900 0 1600 0

2 0.066 0 3250 12 2100 31
3 -0.072 0 2600 −10 1100 −31
4 0 0.017 2800 −3 1250 −22
5 0 -0.059 3400 17 2850 78
6 0.066 0.017 3100 7 1700 6
7 0.066 -0.059 3750 30 3900 144
8 -0.072 0.017 2400 −17 750 −53
9 -0.072 -0.059 3050 5 2350 43

Table 2.3: The number of events within −0.90 ≤ cos θµ ≤ −0.85 for different
combinations of δκγ and λγ at

√
s = 500 GeV and 1000 GeV , along with the

corresponding deviation from the SM case. An integrated luminosity of 100 fb−1

is considered.

specific angular regions are considered, compared to the integrated total cross-

section. This is more so in the case of 1000 GeV , compared to 500 GeV . For

certain combinations of the parameter values, the forward-backward asymmetry,

defined as

AFB =

[∫ 0

−1
dσ

d cos θµ
d cos θµ −

∫ 1

0
dσ

d cos θµ
d cos θµ∫ 0

−1
dσ

d cos θµ
d cos θµ +

∫ 1

0
dσ

d cos θµ
d cos θµ

]
(2.20)

∆AFB(%) =

∣∣AAno.FB − ASMFB
∣∣

ASMFB
× 100. (2.21)

is considerably different compared to that of the SM case. In Fig. 2.9, this asymme-

try is presented for different combinations of the parameter values. The green band

shows the region falls within 10% deviation from the SM values. While the AFB

alone does not seems to be very important, a combination of the cross-section mea-

surement (total or in a particular angular bin) along with the measurements of the

asymmetry may constrain the possible δκγ-λγ combinations. For example, about

30-40 % increase in the cross-section in angular region −0.90 ≤ cos θµ ≤ −0.85

could be due to cases 2, 5, 7 or 9 shown in Table 2.3. Among these, case 2

correspond to positive δκγ, which could be ruled out in case of more than 10%

AFB. A more thorough and complete such analysis could constrain the allowed

combinations more effectively.
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Figure 2.9: The forward-backward asymmetry against δκγ (top row) and λγ
(bottom row) at

√
s = 500 GeV (left) and 1000 GeV (right). The green band

corresponds to a ±10% deviation from the SM case.

We next consider the energy distribution of the muon. In Fig.2.10, the energy

distribution against xµ = Eµ
Ee

, where Ee is the electron beam energy and Eµ is

the energy of final muon, is presented, showing the effect of anomalous couplings

for different combination of TGC parameters at
√
s of 500 GeV and 1000 GeV.

The first row presents the case integrating over the entire cos θµ region, while the

second row considers only the backward region. Once again, we emphasis that

it is only through a combination of different observables that one may be able

to disentangle information regarding the δκγ and λγ couplings. In the present

case, for example, corresponding to δκγ = −0.072 and λγ = −0.059 at
√
s =

500 GeV, the enhancement at low energy values is quite pronounced when only

the backward hemisphere is considered, compared to the full angular region. A

similar effect, but now diminishing, is seen in the case of δκγ = 0 and λγ =

+0.017 at
√
s = 1000 GeV. In Table 2.4 we illustrate this effect quantitatively,
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presenting deviations at specific xµ values. As mentioned above, at 500 GeV

collider the qualitatively different behavior of the case of δκγ = −0.072 and λγ =

−0.059 is clearly demonstrated. These examples show that close scrutiny of the

distributions could give additional handle in distinguishing the effects of different

possible parameter combinations. A more detailed picture could be made available

by exploiting the energy-angle double distribution. In Fig. 2.11 and 2.12 energy

distributions at fixed angle, corresponding to center of mass energies of 500 GeV

and 1000 GeV , respectively, are presented. Case with negative values of λγ shows

diminishing effect in the forward region, which switches to enhancing effect in

the backward region. Positive λγ shows the opposite effect. In Table 2.5 and 2.6

quantitative illustration of the above for specific xµ and cos θµ values are presented.

The large deviations seen in the case of 1000 GeV center of mass energy, at large

angles promise possibility to probe the couplings to small values. At the same time,

one must keep in mind the proper unitarization of the parameters, while deriving

such limits. As our aim is to identify observables sensitive to the anomalous

couplings, rather than deriving the quantitative estimate of the reach of the collider

in their measurements, we do not dwell on these details. In fact, any attempt of

quantitative estimate of this kind should also take into account other collider and

detector effects in a proper fashion, which is somewhat premature at this stage.
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Figure 2.10: The energy distribution of the secondary muon for different
combinations of δκγ and λγ , compared with the SM case. The bottom row
considers only the backward hemisphere. Center of mass energies considered

are
√
s = 500 GeV (left) and 1000 GeV (right).
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Figure 2.11: The energy distribution of the secondary muon for different
combinations of δκγ and λγ , considered at fixed muon angles (θµ) for

√
s =

500 GeV .
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Figure 2.12: The energy distribution of the secondary muon for different
combinations of δκγ and λγ , considered at muon angles (θµ) for

√
s = 1000 GeV .
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√
s = 500 GeV

√
s = 1000 GeV

(0.2 ≤ xµ ≤ 0.25) (0.03 ≤ xµ ≤ 0.08)
δκγ λγ Full angular region 90o ≤ θµ ≤ 180o Full angular region 90o ≤ θµ ≤ 180o

Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%]

SM case 12200 0 7000 0 10000 0 6800 0

0.066 0 13600 11.5 7600 8.6 10500 5 7300 7.4
-0.072 0 11000 −10 6300 −10 8600 −14 5900 −13

0 0.017 12100 −1 6600 −6 8500 −15 4800 −29
0 -0.059 13300 9 8800 26 28000 180 22400 229

0.066 0.017 13600 12 7300 4 9900 1 5500 −19
0.066 -0.059 13700 12 9500 36 29500 195 23400 244
-0.072 0.017 10900 −11 5800 −17 7500 −25 4000 −41
-0.072 -0.059 12000 −2 12000 71 26600 166 21300 213

Table 2.4: The number of events within specified xµ bins for different com-
binations of δκγ and λγ at

√
s = 500 GeV and 1000 GeV , along with the

corresponding percentage deviation (∆) from the SM case. Two cases of (i)
full angular region, and (ii) the backward hemisphere alone, are separately pre-

sented. An integrated luminosity of 100 fb−1 is considered.

√
s = 500 GeV θµ = 30o θµ = 60o θµ = 90o θµ = 120o θµ = 150o

xµ = 0.95− 1.0 xµ = 0.95− 1.0 xµ = 0.056− 0.106 xµ = 0.056− 0.106 xµ = 0.056− 0.106
δκγ λγ Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%]

SM Case 24500 0 13500 0 7750 0 7250 0 6200 0

0.066 0 26150 7 14550 8 8000 3 7900 9 6750 9
-0.072 0 23000 −6 12450 −8 6900 −11 6400 −12 5650 −9

0 0.017 25350 4 13750 2 7600 −2 6750 −7 5750 −7
0 -0.059 22250 −9 13000 −4 8700 12 9000 24 8250 33

0.066 0.017 26900 10 14750 9 8250 7 7400 2 6250 1
0.066 -0.059 24000 −2 14000 4 9400 21 9750 35 8750 41
-0.072 0.017 23500 −4 12650 −6 6750 −13 6000 −17 5250 −15
-0.072 -0.059 20900 −15 11900 −12 7850 1 8200 13 7500 21

Table 2.5: The number of events within specified xµ bins, and for fixed θµ, for
different combinations of δκγ and λγ at

√
s = 500 GeV , along with the corre-

sponding percentage deviation (∆) from the SM case. An integrated luminosity
of 100 fb−1 is considered.

√
s = 1000 GeV θµ = 30o θµ = 60o θµ = 90o θµ = 120o θµ = 150o

xµ = 0.95− 1.0 xµ = 0.95− 1.0 xµ = 0.056− 0.106 xµ = 0.056− 0.106 xµ = 0.056− 0.106
δκγ λγ Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%] Nevents ∆ [%]

SM case 31250 0 14750 0 5000 0 6100 0 6000 0

0.066 0 33000 6 15900 8 5750 15 7200 18 7000 17
-0.072 0 29250 −6 13600 −8 4250 −15 5400 −2 5000 −17

0 0.017 32000 2 15000 2 4750 −5 4730 −2 4000 −33
0 -0.059 29100 −7 14500 −2 8750 75 16000 162 14500 141

0.066 0.017 33950 9 16225 10 5400 8 5850 −4 4750 −21
0.066 -0.059 30850 −1 15600 6 4500 −9 17100 180 15500 158
-0.072 0.017 30000 −4 13850 −6 4000 −20 3500 −43 3000 −50
-0.072 -0.059 27350 −13 13300 −10 8000 60 14800 142 13400 123

Table 2.6: The number of events within specified xµ bins, and for fixed θµ, for
different combinations of δκγ and λγ at

√
s = 1000 GeV , along with the corre-

sponding percentage deviation (∆) from the SM case. An integrated luminosity
of 100 fb−1 is considered.
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The features discussed above can be made more visible also through the angular

distribution considered at fixed muon energies. In Fig. 2.13 and 2.15, the angular

distributions of the muon at xµ = 0.1, 0.2, 0.5, 1 are presented for center of mass

energy of 500 GeV and 1000 GeV , respectively. The figures reiterate the con-

clusions drawn from the energy distributions considered at different angle, above.

The case of λγ = 0, positive, and negative can be possibly distinguished by the

fact that, (i) the λγ < 0 case enhances the cross-section for large angles, while

reducing it for forward angles, (ii) the λγ > 0 has the opposite effect of reducing

the cross-section for large angles, while increasing it for smaller angles, (iii) the

λγ = 0 case shows a monotonous effect for all angles. The effect is seen to be more

pronounced in the low energy region. Please note that xµ = 0.2 corresponds to

Eµ = 50 GeV for 500 GeV collider, and Eµ = 100 GeV for 1000 GeV collider, and

therefore are very much in the efficiently-detectable range of values.
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Figure 2.13: The energy-angle distribution of the secondary muon for different
combinations of δκγ and λγ , considered at fixed muon energy parameter (xµ)

at
√
s of 500 GeV . The colour coding is the same in all plots.
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Figure 2.14: The energy-angle distribution of the secondary muon for different
combinations of δκγ and λγ , considered at fixed muon energy parameter (xµ)

at
√
s of 500 GeV . The colour coding is the same as in Fig. 2.13.
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Figure 2.15: The energy-angle distribution of the secondary muon for different
combinations of δκγ and λγ , considered at fixed muon energy parameter (xµ)

at
√
s of 1000 GeV . The colour coding is the same in all plots.
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Figure 2.16: The energy-angle distribution of the secondary muon for different
combinations of δκγ and λγ , considered at fixed muon energy parameter (xµ)

at
√
s of 1000 GeV . The colour coding is the same as in Fig. 2.15.

TH-1389_09612116



Chapter 2. Study of Anomalous WWγ Gauge Boson Coupling 66

2.4 Summary and Conclusions

While considering the single W production in eγ collisions, angular distri-

bution of secondary muons in the lab frame is easily constructed, and is readily

available in the literature, such is not the case of its energy distribution. Here we

have presented a semi-analytical way to explore the secondary lepton energy-angle

distributions in eγ → νW with W → lν̄. The advantage of such an observable in

analyzing the SM case and probing possible new physics effects is demonstrated.

Variables being defined in the lab frame, can be directly used to apply experimental

cuts. With the W decaying into muons, this process has a spectacular final state

of one single muon, and missing energy. The process is well suited to study the

WWγ coupling. It may be noted that the process has the advantage that, unlike

other relevant process like the W pair production at e+e− collisions, it is devoid

of effects from other anomalous couplings like WWZ. We have derived possible

limits on the anomalous couplings δκγ and λγ, which may be obtained from the

cross-section measurement. It is seen that, assuming that λγ = 0, 3σ level of cross-

section can probe δκγ to the level of ±0.004 for a small luminosity of 100 fb−1

at a center of mass energy of 500 GeV , which could be improved marginally at

1000 GeV collider. The presence of non-zero λγ changes this picture, and it is not

possible to ascertain the case from cross-section measurements alone. The angular

distributions along with forward-backward asymmetry improves the situation with

better sensitivity. The real advantage of the energy-angle double distributions is

utilized through considering the energy and angle distributions at specific values

of the other parameter, which could be used in combination with other observable

to distinguish different scenarios. Our analysis shows that the case of (i) λγ = 0,

(ii) non-zero and positive λγ (iii) non-zero and negative λγ, can be distinguished

by considering the angular distributions of the muons at fixed energies, as well

as the energy distributions at fixed angles. On the other hand, the sign of δκγ

can be distinguished in the absence of λγ, whereas it is hard to do this if λγ is

non-zero. Our illustrations are presented for a very moderate luminosity of 100

fb−1, and using unpolarized beams. Being a purely weak interaction, left-handed

polarization of the electrons will effectively increase the number of events, with-

out affecting any of the conclusions qualitatively. While we have not attempted

to present a quantitative estimate of the reach of ILC to probe the anomalous

TGC, we hope that we have clearly demonstrated that the process considered,

along with the methods described using energy-angle distributions can potentially
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probe both δκγ and λγ, and distinguish different possible scenarios. We are aware

that the present considerations of the ILC do not favour a photon collider option

as priority. At the same time, we hope that this study will help the case for this

option at ILC, and expect it to be available eventually. Meanwhile, although more

accurate estimates incorporating collider and detector effects are needed to make

more quantitative conclusions, we hope our experimental colleagues and the com-

munity in general will find the study interesting and useful.

Note: Discussion on study of WWγ vertex at LHC is provided in Appendix-A.3.
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Chapter 3

Trilinear Higgs Self-Coupling

This chapter focuses on the effect of Higgs to gauge boson couplings in the

extraction of trilinear Higgs self-couplings, through the process e−e+ → Zhh at the

ILC. We carry out our analyses under the Higgs effective Lagrangian framework

through a study of different observables including kinematic distributions.

3.1 Introduction

With the discovery of the new resonance of mass around 126 GeV at LHC [8, 9, 49–

52], a new era is open in the investigations of elementary particle dynamics. The

new particle is so far consistent in every way with the long expected Higgs boson

of the Standard Model (SM). All the expected SM decays are observed at LHC.

The spin and parity analysis favour a spin-zero, even-parity object [120, 121].

Thus, it is perhaps correct to state that the newly observed state is indeed a Higgs

boson, establishing that the weakly interacting Higgs mechanism, if not entirely

responsible, has a major role in the electroweak symmetry breaking (EWSB).

While we wait for further statistics to establish more detailed identity of this

excitement, it is worth revisiting the role of new physics in the Higgs sector in the

light of the new measurements. It is well accepted that, even if all the properties

of the new particle meets the expectations of the SM, there still remain several

questions on the SM. One of the serious issues within the Higgs sector is the

difficulty with quadratically diverging quantum corrections to the mass of the

Higgs boson, or the so called hierarchy problem. This itself should convince us

that the SM is at the best an effective theory, highly successful at the electroweak

69
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scale. Among the plethora of suggestions to look beyond the SM, one could indeed

narrow down to scenarios that can accommodate a light Higgs boson, very likely

an elementary one, with properties very close to that of the SM Higgs boson.

One may need to wait till LHC reveals further indications of new physics, if we

are lucky, or perhaps even need to wait till the new generation lepton colliders,

like the International Linear Collider (ILC) [34, 36, 122], start exploring the TeV

scale physics. Being a discovery machine, LHC is capable of observing any direct

production of new particle resonance at the energy scales explored, while the latter

is more suitable to explore the new physics through detailed precision analysis, in

the absence of any such direct observation of new physics.

Taking cue from the observations so far, one is somewhat compelled to consider

a case with new physics somewhat decoupled from the electroweak physics, which

in turn is dictated by the SM. In that case, the effect of new physics will be

reflected in the various couplings through the quantum corrections they acquire.

The best way to study such effects is through an effective Lagrangian, which

encodes the new physics effects in higher dimensional operators with anomalous

couplings. The study of Higgs sector through an effective Lagrangian goes back

to Refs.[32, 46, 53, 84, 86, 123–129]. More recently, the Lagrangian including

complete set of dimension-6 operators is studied by Refs. [33, 85, 88, 130]. For

some of the recent references discussing the constraints on the anomalous couplings

within different approaches, please see [89, 131–143]. Ref. [89] studied the H+V,

where V= Z, W, associated production at LHC and TeVatron to discuss the bounds

obtainable from the global fit to the presently available data, whereas Ref. [142]

has discussed the constraint on the parameters coming from LHC results as well

as other precision data from LEP, SLC and Tevatron. Experimental studies on

the Higgs couplings at LHC are presented in, for example, Refs. [50, 144].

Higgs self couplings give direct information about the scalar potential, and there-

fore, very important to understand the nature of the EWSB. The process, e+e− →
Zhh is one of the best suited to study the Higgs trilinear coupling [46, 102, 145–

152]. At the same time, this process also depends on the Higgs-Gauge boson cou-

plings, ZZh and ZZhh, which will affect the determination of the hhh coupling.

Another process that could probe the hhh couplings is e+e− → νν̄hh following

the WW fusion [46, 149–151], which is also affected by the WWh and WWhh

couplings. In this chapter we will focus our attention on these processes in some

detail within the framework of the effective Lagrangian. One goal of this study is
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to investigate how significant is the effect of these Higgs-gauge boson couplings in

the extraction of the hhh coupling .

The chapter is presented in the following way. In Section 3.2, the effective La-

grangian is presented with the currently available constraints on the parameters.

In section 3.3, we briefly describe the method used for this study. In Section 3.4,

the processes under consideration will be presented, with details. In Section 3.5

the results will be summarized.

3.2 General Setup

While the general case of Higgs Effective Lagrangian, along with experimen-

tal constrains is presented in details in Sec. 1.3.4, here we describe the parts

relevant to the processes being considered. The effective Lagrangian with full

set of dimension-6 operators involving the Higgs bosons is described in Refs.

[32, 85, 89, 127, 128, 153]. In this chapter we shall restrict our discussion to

the processes e+e− → Zhh, and e+e− → νeν̄eWW → νeν̄ehh. Relevant to these

processes, part of the Lagrangian is given by

Lanom
Higgs =

c̄H
2v2

∂µ
(
Φ†Φ

)
∂µ
(
Φ†Φ

)
+

c̄T
2v2

(Φ†
←→
D

µ
Φ)(Φ†

←→
D µΦ)− c̄6

v2
λ
(
Φ†Φ

)3

+
c̄γ
m2
W

g′2 Φ†ΦBµνB
µν +

c̄HW
m2
W

ig
(
DµΦ†σkD

νΦ
)
W k
µν

+
c̄HB
m2
W

ig′
(
DµΦ†DνΦ

)
Bµν +

c̄W
2m2

W

ig
(
Φ†σk

←→
D µΦ

)
DνW k

µν

+
c̄B

2m2
W

ig′
(
Φ†
←→
D µΦ

)
∂νBµν , (3.1)

where Φ†
←→
D µΦ = Φ†(DµΦ)−(DµΦ†)Φ , Dµ being the appropriate covariant deriva-

tive operator, and Φ, the usual Higgs doublet in the SM. Also, W k
µν and Bµν are

the field tensors corresponding to the SU(2)L and U(1)Y of the SM gauge groups,

respectively, with gauge couplings g and g′, in that order. σk are the Pauli ma-

trices, and λ is the usual (SM) quartic coupling constant of the Higgs field. The
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above Lagrangian, leads to the following in the unitary gauge and mass basis [87]

Lanom
h,Z,W = −vλg1

hhhh
3 +

1

2
g2
hhhh ∂µh ∂

µh− 1

4
g1
hZZZµνZ

µνh− g2
hZZZν∂µZ

µνh

+
1

2
g3
hZZZµZ

µh− 1

2
g1
hγZZµνF

µνh− g2
hγZZν∂µF

µνh

−1

8
g1
hhZZZµνZ

µνh2 − 1

2
g2
hhZZZν∂µZ

µνh2 +
1

4
g3
hhZZZµZ

µh2

−1

2
g1
hWWW

µνW †
µνh−

[
g2
hWWW

ν∂µW †
µνh+ h.c.

]
+ g mWW

†
µW

µh

−1

4
g1
hhWWW

µνW †
µνh

2 − 1

2

[
g2
hhWWW

ν∂µW †
µνh

2 + h.c.
]

+
1

4
g2W †

µW
µh2

(3.2)

Various physical couplings present in the Lagrangian in Eq. 3.2 are given in terms

of the parameters of the effective Lagrangian in Eq. 3.1 as

g1
hhh = 1 +

5

2
c̄6, g2

hhh =
g

mW

c̄H

g1
hZZ =

2g

c2
WmW

[
c̄HBs

2
W − 4c̄γs

4
W + c2

W c̄HW
]

g2
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g

c2
WmW

[
(c̄HW + c̄W )c2

W + (c̄B + c̄HB)s2
W

]
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cWmW

[
c̄HW − c̄HB + 8c̄γs

2
W

]
g2
hγZ =

gsW
cWmW

[c̄HW − c̄HB − c̄B + c̄W ]

g1
hhZZ =

g2

c2
Wm

2
W

[
c̄HBs

2
W − 4c̄γs

4
W + c̄HW c

2
W

]
g2
hhZZ =

g2

2c2
Wm

2
W

[
(c̄HW + c̄W )c2

W + (c̄B + c̄HB)s2
W

]
, g3

hhZZ =
g2

2c2
W

[1− 6c̄T ]

g1
hWW =

2g

mW

c̄HW , g2
hWW =

g

2mW

[c̄W + c̄HW ]

g1
hhWW =

g2

m2
W

c̄HW , g2
hhWW =

g2

4m2
W

[c̄W + c̄HW ] (3.3)

In total eight coefficients, namely, c̄6, c̄H , c̄T , c̄γ, c̄B, c̄W , c̄HB, c̄HW , govern

the dynamics of Zhh and νν̄hh productions at ILC. Coming to the experimental

constraints on these parameters, the first two, c̄6 and c̄H influence only the Higgs

self couplings, and therefore, practically, do not have any experimental constraints

on them. Electroweak precision tests constrain c̄T , c̄W and c̄B as [88]

c̄T (mZ) ∈ [−1.5, 2.2]× 10−3,

(c̄W (mZ) + c̄B(mZ)) ∈ [−1.4, 1.9]× 10−3. (3.4)
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Note that c̄W and c̄B are not independently constrained, leaving possibility of hav-

ing large values with cancellation between them as per the above constraint. c̄W

itself, along with c̄HW and c̄HB is constrained from LHC observations on associ-

ated production of Higgs along with W in Ref. [89]. Consideration of the Higgs

associated production along with W, ATLAS and CMS along with D0 put a limit

of c̄W ∈
[
−0.05, 0.04

]
, when all other parameters are set to zero. A global fit using

various information from ATLAS and CMS, including signal-strength information

constrains the region in c̄W − c̄HW plane, leading to a slightly more relaxed limit

on c̄W , and a limit of about c̄HW ∈
[
− 0.1, 0.06

]
. The limit on c̄HB estimated

using a global fit in Ref. [89] is about c̄HB ∈ [−0.05, 0.05] with a one parameter

fit.

The purpose of this study is to understand how to exploit a precision machine

like the ILC to investigate suitable processes so as to derive information regarding

these couplings. In the next section we shall explain the processes of interest in

the present case, and discuss the details to understand the influence of one or more

of the couplings mentioned above.

3.3 Method

We use Mathematica1based package FeynRules2 [154] to derive the Feynman rules

related to Higgs effective Lagrangian using the publicly available free source for this

model. These Feynman rules are incorporated into the event generator MadGraph

[155–158] through the interface called UFO [159] generated for this model. The

Fig. 3.1 shows the flow chart of computational method which we have followed in

our analyses.

3.4 Discussion of the processes considered

It is generally expected that the ILC, with its clean environment, fixed center of

mass energy, and additional features like availability of beam polarization, will

be able to do the precision studies much more efficiently than what LHC could

do. This is especially so in the case of Higgs self couplings which require very

1source: http://wolfram.com/mathematica/
2FeynRules is a Mathematica based program to derive Feynman rules from a Lagrangian.
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Adopting Model File of Higgs Effective Lagrangian (HEL)
https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

Using FeynRules in Mathematica

Getting all possible Vertices 

for the supplied HEL

MadGraph (MG) …….an Event Generator

[We use MG for the Cross-section and Kinematic Distributions]

Data

Figure 3.1: Flow chart of computational tools and method.

high energy and high luminosity version of LHC (LHC33 running at center of

mass energy of 33 TeV). One of the best suited process to study the trilinear

(self) coupling of the Higgs boson is e+e− → Zhh, the phenomenological analysis

of which is studied in detail within the context of the SM [146–148, 151]. The

Feynman diagrams corresponding to this process in the SM are given in Fig. 3.2.

Figure 3.2: Feynman diagrams contributing to the process e−e+ → Zhh in
Standard Model.

Another process that is relevant to the study of hhh coupling is e+e− → νeν̄ehh.
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Note that the earlier process, e+e− → Zhh, with the invisible decay of Z →
νeν̄e also leads to the same final state. However, this can be easily separated by

considering the missing invariant mass. The rest of the process goes through the

Feynman diagrams presented in Fig. 3.3.

Figure 3.3: Feynman diagrams contributing to the process e−e+ → νeν̄ehh in
Standard Model, without considering e+e− → Zhh→ νeν̄ehh

Apart from the hhh coupling, these processes are influenced by gauge-Higgs cou-

plings like ZZh, ZZhh, WWh and WWhh. Keeping in mind the above discussion

of the effective couplings deviating from the SM due to the influence of the BSM

at some higher energies, one must understand how such a scenario would affect

the phenomenology, in order to draw any conclusion regarding these couplings. In

the rest of this chapter we shall revisit these processes, with a specific purpose of

understanding the correlation between the gauge-Higgs coupling and the trilinear

Higgs couplings.

3.4.1 e+e− → Zhh Process

We shall first consider e+e− → Zhh process. In Fig.3 D.1 (left) the cross-section

is plotted against the center of mass energy for the SM case as well as for some

selected (c̄6, c̄H) points. The cross-section peaks around a center of mass energy of

600 GeV with a value of about 0.17 fb, which slides down to about 0.15 fb at 800

GeV. In order to avoid any complications arising from the threshold effects, we

perform our analysis for an ILC running at a center of mass energy of 800 GeV,

sufficiently away from the threshold value. This is one of the planned center of

3In all figures, for convenience we have removed “bar” from the symbols denoting the CP-
conserving parameters.
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mass energy of the proposed ILC. Fig. D.1 (right) shows the dependence of cross-

section (σ) on c̄W = −c̄B along with the 3σ limit at integrated luminosities of 100

fb−1 and 1000 fb−1. Assuming all other couplings are absent, one can obtain a

limit of −0.009 ≤ (c̄W = −c̄B) ≤ +0.003 with 100 fb−1 luminosity, which could

be improved slightly to −0.007 ≤ (c̄W = −c̄B) ≤ +0.002 with 1000 fb−1.
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Figure 3.4: Left: Cross-section against
√
s for the process e−e+ → Zhh, for

different values of the parameters c̄6 and c̄H , with all others kept to zero. Right:
Cross-section against

√
s = 800 GeV against c̄W , keeping all other parameters

zero. The green and yellow bands are correspond to 3σ deviation from the SM
at integrated luminosities of 100 fb−1 and 1000 fb−1, respectively.
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Figure 3.5: Cross-section of Zhh production against c̄6 (left) and c̄H (right),
when some of the other selected relevant parameters assume typical values is
compared against the case when only c̄6 or c̄H is present. The black solid line
corresponds to the case when all parameters other than c̄6 (left) or c̄H (right)
vanish. The center of mass energy is assumed to be

√
s = 800 GeV. In each

case, all other parameters are set to zero. The yellow band indicates the 3σ
limit of the SM cross-section, with integrated luminosity of 1000 fb−1.

We consider the influence of c̄6 on the cross-section in Fig. D.3 (left). We have

compared the variation of cross-section with c̄6 keeping all other parameters to
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the SM value, along with the cases when some of the relevant parameters having

non-standard values. The 3σ region (yellow band) of the SM value of the cross-

section, considering an integrated luminosity of 1000 fb−1, is presented in these

plots so as to make an estimate of the reach on the c̄6. The plots clearly indicate

the correlation between the influence of different parameters on the cross-section.

For example, assuming only c̄6 takes a non-zero value, the reach at 3σ level is

approximately −0.5 < c̄6 < 0.4, as indicated by the black solid line. However, as

indicated by the red solid line, if we assume a typical value of c̄W = −c̄B = −0.005,

the lower limit is considerably relaxed, with some moderate change in the upper

bound to 0.5. On the other hand, for the case with c̄W = −c̄B = 0.001, where the

sign is reversed, the upper bound becomes more stringent, whereas the lower bound

is more relaxed. A similar story can be read out for the cases with the presence of

other parameters as well. The effect of all the parameters c̄W , c̄HW and c̄HB, which

contribute to the ZZh and ZZhh couplings are found to be significant. Strong

dependence of the sensitivity of c̄6 on the presence of c̄H is somewhat expected,

for both parameters contribute to the hhh coupling. In Fig. D.3 (right), similarly,

we consider the variation of the cross-section with c̄H , again exploring the effect

of different parameters on it. Here again, the dependence on all the parameters

on the sensitivity of c̄H on the cross-section is found to be significant for chosen

typical values of the parameters.
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Figure 3.6: Cross-section of Zhh production plotted against c̄6 and c̄H at√
s = 800 GeV, with all other parameters set to zero.

In Fig. 3.6, the cross-section is plotted against c̄6 and c̄H . The correlation of

the sensitivity between the two parameters is clear. The opposite sign combina-

tion seems to be more sensitive to the cross-section, and therefore more stringent
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constraints could be drawn in this case compared to the same sign case.
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Figure 3.7: The shaded regions correspond to regions in the c̄6-c̄H plane with
the total cross-section is within the 3σ limit when c̄6 = c̄H = 0 in each case, for
an integrated luminosity of 1000 fb−1 at a center of mass energy of 800 GeV.
Values of the other anomalous couplings are as indicated in the figure, with all

other couplings set to zero.

The reach of ILC on the trilinear Higgs coupling through the process being con-

sidered can be established by considering the 3σ limit of the cross-section at an

integrated luminosity of 1000 fb−1 as presented in Fig. D.4, for the case of SM,

and cases with non-vanishing anomalous ZZh and ZZhh couplings. Please note

that, when cross-section is considered as a function of c̄6 and c̄H , the result is a

second order polynomial with these two parameters. With this, the 3σ limit of

the cross-section leads to an elliptic equation correponding to the relation between

these two parameters. This result in an elliptic band in the c̄6−c̄H plane respecting

the 3σ limit of the cross-section. As is evident from the plots, these allowed bands

of the parameters move in the parameter space, depending on the values of the

other parameters, as illustrated by the cases of c̄W = −c̄B, c̄HW and c̄HB. These

results also illustrate how important the signs of different couplings are in a study

of the sensitivity of the trilinear Higgs couplings. What we may learn from the

above is that the limits drawn with assuming the absence of all other parameters

may not depict the actual situation.

It is important to know the behaviour of the kinematic distributions, and how

the anomalous parameters influence these, to derive any useful and reliable con-

clusions from the experimental results. This is so, even in cases where the fitting

to obtain the reach of the parameters is done with the total number of events, as

the reconstruction of events and the reduction of the background depend crucially

on the kinematic distributions of the decay products. In the following we shall
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present some illustrative cases of distributions at the production level, in order to

understand the effect of different couplings on these. The changes in the kinematic

distributions at the production level will also be carried over to the distributions

of their decay products. Presently we would like to be content with the analysis

at the production level, considering the limited scope of this work. As mentioned

earlier we shall focus on an ILC running at a center of mass energy of 800 GeV

for our study.

We first consider in Fig.D.5 (top row), the normalized angular distributions of the

Z boson for the case of SM, as well as for different cases with anomalous couplings.

The normalized distributions present the difference in the shape, which brings out

the qualitative difference in a more visible manner. The figure on the left shows the

case with c̄W = −c̄B taking typical values, while the other parameters are set to

zero, whereas the figure on the right considers c̄HW and c̄HB non-zero, while setting

other parameters to zero. The case with only c̄6 and c̄H taking non-zero values,

when compared with the SM case shows a perceivable change in the distribution

with more number of events piling in the small cos θZ region. Such an experimental

observations could therefore be considered as an indication of the anomalous hhh

coupling. On the other hand, the presence of anomalous c̄W and c̄B couplings

does not affect the distribution much. More importantly, in the presence of non-

zero c̄W and c̄B, the distribution remains close to the SM distribution, even with

non-zero c̄6 and c̄H . Thus, a conclusion regarding the presence or otherwise of

the hhh coupling drawn from the cos θZ distribution will depend on the values of

c̄W and c̄B. The figure on the right tells a similar story for the case of c̄HW and

c̄HB replacing c̄W . In Fig.D.5 (second row) and (third row), the PT and energy

distributions of the Z boson are plotted. Here too, we see that if only c̄6 and c̄H

are considered to be non-zero, events with high PT and high energy Z bosons are

preferred much more in comparison with the SM case. This conclusion is upset

with the simultaneous presence of other parameters related to ZZh coupling. On

the other hand, compared to the cos θZ distribution, the difference with SM case

is not completely washed out. For example the case of c̄6 = −1, c̄H = +1 has a

slightly different distribution compared to the case of c̄6 = +1, c̄H = −1. Both

of these cases have distinct features compare to the SM one. When c̄HB and

c̄HW are present along with c̄6 and c̄H , the story is somewhat different. Here the

distributions are sensitive to the signs of c̄HB and c̄HW , but not the signs of c̄6 and

c̄H . The energy distribution plotted in the last row of Fig. D.5 has features very

similar to that of the PT (Z) distribution.
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Figure 3.8: Distributions of the cos θZ , Transverse Momentum, and Energy of
the Z boson for the anomalous coupling values as in the inset, illustrating how
the presence of c̄W (first column), and c̄HW and c̄HB (second column) affect the
influence of c̄6 and c̄H . A center of mass energy of 800 GeV is assumed. Each

column having same colour coding as in the plots at the top.

The distribution of the opening angle between the two Higgs bosons as well as

their invariant mass distribution presented in Fig. 3.9 indicate the same feature

captured in the various distributions of the Z bosons. While in all cases including
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Figure 3.9: cos θhh and the invariant mass of hh distributions for the anoma-
lous coupling values as in the inset, illustrating how the presence of c̄W (first
column), and c̄HW and c̄HB (second column) affect the influence of c̄6 and c̄H .
A center of mass energy of 800 GeV is assumed. Each column having same

colour coding as in the plots at the top.

the SM case, most of the events are in the forward hemisphere, in the presence

of non-vanishing c̄6 and c̄H , but with c̄W = c̄HW = c̄HB = 0, the events are more

evenly distributed within the forward hemisphere, compared to the rest of the

cases including the SM case. The hh invariant mass demonstrate an even more

dramatic difference in the different cases mentioned above. Here again, while

cos θhh is indistinguishable from the SM when c̄W , c̄HW , c̄HB are present along

with c̄6 and c̄H , the invariant mass distribution has a different story to tell. These,

similar to the EZ and PT (Z) cases, different scenarios have distinct features.

The conclusions that we draw from the above considerations is that single param-

eter considerations to understand the effect of hhh coupling will not be realistic,

if other relevant gauge-Higgs couplings receive anomalous contributions. Our pre-

liminary investigation clearly indicates that the correlations can be rather strong,
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for all the relevant parameters, and one need to consider a careful analysis to

obtain realistic limits on the parameters. A combination of different kinematic

distributions has the potential to distinguish different scenarios from each other.

3.4.2 e+e− → νeν̄ehh process

We shall now turn our attention to the second process involving hhh couplings, as

well as Higgs-gauge boson couplings. We consider the Higgs pair production with

missing energy through the process e+e− → νeν̄ehh. The previous process, e+e− →
Zhh, with Z → νeν̄e has the same final state. But, this can be easily separated

from the rest of the contributions due, in the SM, to the channels presented in the

Feynman diagrams given in Fig. 3.3, through, for example considering the missing

invariant mass. The cross-section for the process is plotted against the center of

mass energy for the case of polarized as well as unpolarized beams in Fig. 3.10.

The advantage of very high energy collider is evident here. We shall consider a

center of mass energy of 2 TeV, for which the cross-section is close to 0.4 fb in

case of unpolarized beams, and slightly more than 1 fb for e− beam of −80%

polarization and e+ beam with +60% polarization. This study will complement

the study of the Zhh production in the sense that the physical couplings involved

are hhh along with WWh and WWhh instead of the ones involving the neutral

gauge bosons. Although in the language of the effective Lagrangian, the couplings

involved are similar to the ones in the previous process, their involvement in the

current process is expected to be different.

As in the earlier case, the sensitivity of c̄6 and c̄H on the total cross-section at the

center of mass energy of 2 TeV is presented in Figs. 3.11, when all other parameters

are set to zero, as well as in the presence of some of the relevant parameters. We

have included the 3σ band of the SM cross-section assuming 1000 fb−1 luminosity.

Clearly, the correlation is perceivable, and the conclusions are similar to the case

of Zhh production, that the sensitivity of hhh coupling on the process considered

strongly depend on the values of other parameters relevant to WWh and WWhh

couplings.
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and polarized beams, as indicated.
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√
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Moving on to the kinematic distributions, we shall present the distributions of the

opening angle between the two Higgs bosons in Fig.3.12 (first row). The effect of

c̄6, and c̄H keeping other parameters zero are presented in first column, whereas

the second column presents the effect of c̄W and c̄HW along with c̄6 and c̄H as

indicated. In both figures, the SM case is presented for comparison. The depen-

dence of the Higgs-gauge boson couplings on the sensitivity of hhh coupling is

clear from the plots. The hh invariant mass as well as the missing invariant mass

distributions also indicate a similar dependence, as presented in Fig.3.12 (second
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Figure 3.12: Kinematic distributions with the anomalous coupling values as
in the inset, First column showing the presence of c̄6 and c̄H whereas second
column illustrating how the presence c̄HW affect the influence of c̄6 and c̄H . A
center of mass energy of 2000 GeV is assumed. Each column having same colour

coding as in the plots at the top.

row) and Fig. 3.13 (first row) respectively. On the other hand, the missing trans-

verse energy distribution given in Fig. 3.13 (second row) does not show much

influence of the Higgs-gauge boson couplings on the sensitivity of c̄6 and c̄H . Here

again, comparison of different distributions should be able to distinguish different

scenarios.
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Figure 3.13: Kinematic distributions with the anomalous coupling values as
in the inset, First column showing the presence of c̄6 and c̄H whereas second
column illustrating how the presence c̄HW affect the influence of c̄6 and c̄H . A
center of mass energy of 2000 GeV is assumed. Each column having same colour
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3.5 Summary and Conclusions

Precise knowledge of the trilinear Higgs self-coupling, which is typically probed

directly through processes involving Higgs pair production, play a vital role in

reconstructing the Higgs potential. Typically, such processes also involve other

couplings from the Higgs sector, like the Higgs-gauge boson couplings. We con-

sider the Zhh and νν̄hh productions at ILC to understand the influence of the

ZZh and ZZhh couplings, in e−e+ → Zhh, and WWh and WWhh couplings, in

e−e+ → νeν̄ehh, on the sensitivity of hhh coupling on this process. Single and two

parameter limits on the c̄6 and c̄H couplings, which are related to the hhh cou-

plings, are considered in the case of an ILC with
√
s = 800 GeV and integrated

luminosity of 1000 fb−1, to see how the other parameters, c̄W , c̄HW and cHB influ-

ence the limits. It is seen that these latter parameters have significant influence
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of the reach of c̄6 and c̄H , indicating that prior, and somewhat precise knowledge

of the Higgs-gauge boson coupling is necessary to draw any conclusion on the

influence of trilinear couplings on the process considered. The kinematic distri-

butions also indicate a strong influence of Higgs-gauge boson couplings, showing

that, in the presence of very moderate Higgs-gauge boson couplings, it is difficult

to extract reliable information regarding c̄6 and c̄H . A similar story is unfolded by

considerations of e+e− → νeν̄ehh, where the influence of WWh and WWhh on the

sensitivity of the trilinear Higgs self-coupling is explored. Concluding, one may

need to rely on knowledge of the Higgs-gauge boson couplings from elsewhere, or

consider clever combinations of observables to distinguish different scenarios, and

thus to extract meaningful information regarding the trilinear Higgs couplings.

Note: As per suggestion from one of referees, results for the Zhh production at

center of mass energy of 500 GeV can be seen in Appendix-D.
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Chapter 4

Higgs to Gauge Boson Couplings

This chapter focuses on the effect of CP-violating Higgs-gauge boson cou-

plings and how the effect of these couplings are influenced by the presence of

CP-conserving Higgs-gauge boson couplings. We consider the process e−e+ →
W−W+h at the ILC, where we carry out our analyses considering a Higgs effec-

tive Lagrangian framework.

4.1 Introduction

As described in detail in Chapter 3, in the light of the discovery and measurements

at LHC, an effective Lagrangian approach is suitable to study the details of the

Higgs and gauge boson couplings. Our study of the hhh couplings through e+e− →
Zhh found that a precise knowledge of the WWh and ZZh couplings is necessary

to derive information regarding the trilinear couplings. Here we shall discuss the

process, e+e− → W−W+h, which is well suited to study the Higgs to gauge boson

couplings [46, 102, 145–152]. At the same time, this process also depends on the

trilinear Gauge boson couplings like WWγ, which can contaminate the effects of

Higgs to gauge boson couplings. In this report we will focus our attention on this

process in some detail within the framework of the effective Lagrangian. One goal

of this study is to investigate CP violation in Higgs sector through Higgs to gauge

bosons couplings, and to understand the significance of other couplings in their

measurement.

87
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The chapter is presented in the following way. In Section 4.2, the effective La-

grangian is presented, with experimental constraints on the parameters. In section

4.3, we will describe the schematic of computational methods. In Section 4.4, the

process under consideration will be presented, with details. In Section 4.5 the

results will be summarized.

4.2 General Setup

Refs. [32, 85, 89, 127, 128, 153] present the most general effective Lagrangian

with dimension-6 operators involving the Higgs bosons. Part of this Lagrangian

relevant to the process e+e− → W−W+h considered in this report is given by

LCPC
Higgs =

c̄H
2v2

∂µ
(
Φ†Φ

)
∂µ
(
Φ†Φ

)
+

c̄T
2v2

(Φ†
←→
D

µ
Φ)(Φ†

←→
D µΦ)

− c̄6

v2
λ
(
Φ†Φ

)3
+

c̄γ
m2
W

g′2 Φ†ΦBµνB
µν

+
c̄HW
m2
W

ig
(
DµΦ†σkD

νΦ
)
W k
µν +

c̄HB
m2
W

ig′
(
DµΦ†DνΦ

)
Bµν

+
c̄W

2m2
W

ig
(
Φ†σk

←→
D µΦ

)
DνW k

µν +
c̄B

2m2
W

ig′
(
Φ†
←→
D µΦ

)
∂νBµν ,

LCPV =
igc̃HW
2m2

W

DµΦ†σkD
νΦW̃ k

µν +
ig′c̃HB
m2
W

DµΦ†DνΦB̃µν

+
g′2c̃γ
m2
W

Φ†ΦBµνB̃µν +
g3c̃3W

m2
W

εijkW
i
µνW

νj
ρ W̃

ρµk (4.1)

where the dual field strength tensor are defined as B̃µν = 1
2
εµνρσB

ρσ, W̃ k
µν =

1
2
εµνρσW

kρσ and Φ†
←→
D µΦ = Φ†(DµΦ) − (DµΦ†)Φ , Dµ being the appropriate co-

variant derivative operator, and Φ, the usual Higgs doublet in the SM. Also, W k
µν

and Bµν are the field tensors corresponding to the SU(2)L and U(1)Y of the SM

gauge groups, respectively, with gauge couplings g and g′, in that order. σk are

the Pauli matrices, and λ is the usual (SM) quartic coupling constant of the Higgs

field. The above Lagrangian, leads to the following CP-conserving (LCPC
hV ), and
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CP-violating (LCPV
hV ) parts in the mass basis [87].

LCPC
hV = −1

4
g1
hzzZµνZ

µνh− g2
hzzZν∂µZ

µνh+
1

2
g3
hzzZµZ

µh− 1

2
g1
hγzZµνF

µνh

−g2
hγzZν∂µF

µνh− 1

8
g1
hhzzZµνZ

µνh2 − 1

2
g2
hhzzZν∂µZ

µνh2

+
1

4
g3
hhzzZµZ

µh2 − 1

2
g1
hwwW

µνW †
µνh

−
[
g2
hwwW

ν∂µW †
µνh+ h.c.

]
+ g mWW

†
µW

µh− 1

4
g1
hhwwW

µνW †
µνh

2

−1

2

[
g2
hhwwW

ν∂µW †
µνh

2 + h.c.
]

+
1

4
g2W †

µW
µh2 (4.2)

L3V =
[
ig1
γwwW

†
µνA

µW ν + h.c.
]

+ ig2
γwwFµνW

µW ν†

+
[
ig1
zwwW

†
µνZ

µW ν + h.c.
]

+ ig2
zwwZµνW

µW ν† (4.3)

LCPV
hV = −1

4
g̃hγγFµνF̃

µνh− 1

4
g̃hzzZµνZ̃

µνh− 1

2
g̃hγzZµνF̃

µνh

−1

2
g̃hwwW

µνW̃ †
µνh−

1

8
g̃hhγγFµνF̃

µνh2 − 1

8
g̃hhzzZµνZ̃

µνh2

−1

4
g̃hhγzZµνF̃

µνh2 − 1

4
g̃hhwwW

µνW̃ †
µνh

2 + ig̃1
hzwwZ̃

µνWµW
†
νh

−
[
ig̃2
hzwwW̃

µνZµW
†
νh+ h.c.

]
(4.4)

The physical couplings relevant to the process, e+e− → WWh, and associated

with the Lagrangian in Eq. 4.2 - 4.4 expressed in terms of the effective couplings

presented in Eq. 4.1 are listed in Table 4.1. In total there are nine parameters which

are relevant to the process considered, viz, c̄T , c̄γ, c̄B, c̄W , c̄HB, c̄HW , c̃HW , c̃HB, c̃γ.

Out of these, six parameters are related to CP-conserving couplings and the rest

three of them are connected with CP-violating couplings. Electroweak precision

data put the following constraints [88], on the couplings.

c̄T (mZ) ∈ [−1.5, 2.2]× 10−3 and (c̄W (mZ) + c̄B(mZ)) ∈ [−1.4, 1.9]× 10−3 (4.5)

This means, we can safely ignore the effect of c̄T in our analysis. On the other

hand, c̄W and c̄B are not independently constrained, leaving possibility of having

large values with cancellation between them as per the above constraint. c̄W it-

self, along with c̄HW and c̄HB is constrained from LHC observations on associated

production of Higgs along with W in Ref. [89]. Consideration of the Higgs asso-

ciated production along with W, ATLAS and CMS along with D0 put a limit of
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CP-conserving couplings

g1
hzz = 2g

c2WmW
[c̄HBs

2
W − 4c̄γs

4
W + c2

W c̄HW ]

g2
hzz = g

c2WmW
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mW

,

g̃hzγ = g sW
cWmW

[c̃HW − c̃HB + 8c̃γs
2
W ]

g̃hzz = 2 g
c2WmW

[c̃HW s
2
W − 4c̃γs

4
W + c2

W c̃HW ]

g̃hww = 2 g
mW

c̃HW

g̃1
hzww = g2

cWmW
[c̃HW (2− s2

W ) + c̃HBs
2
W ]

g̃2
hzww = 2g2

mW
cW c̃HW

Table 4.1: Physical couplings in Eq. 4.2-4.4 are given in terms of the effective
couplings in Eq. 4.1.
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c̄W ∈
[
− 0.03, 0.01

]
, when all other parameters are set to zero. A global fit using

various information from ATLAS and CMS, including signal-strength information

constrains the region in c̄W − c̄HW plane, leading to a slightly more relaxed limit

on c̄W , and a limit of about c̄HW ∈
[
− 0.1, 0.06

]
. The limit on c̄HB estimated

using a global fit in Ref. [89] is about c̄HB ∈ [−0.05, 0.05] with a one parameter

fit. The CP-violating couplings are largely unconstrained so far.

In the next section we shall explain the process of interest in the present case, and

discuss the details to understand the influence of the couplings mentioned above.

4.3 Method

We use Mathematica1 based package FeynRules2 [154] to derive the Feynman rules

related to Higgs effective Lagrangian using the publicly available free source for this

model. These Feynman rules are incorporated into the event generator MadGraph

[155–158] through the interface called UFO [159] generated for this model. The

Fig. 4.1 shows the flow chart of computational method which we have followed in

our analyses.

Adopting Model File of Higgs Effective Lagrangian (HEL)
https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

Using FeynRules in Mathematica

Getting all possible Vertices 

for the supplied HEL

MadGraph (MG) …….an Event Generator

[We use MG for the Cross-section and Kinematic Distributions]

Data

Figure 4.1: Flow chart of computational tools and method.

1source: http://wolfram.com/mathematica/
2FeynRules is a Mathematica based program to derive Feynman rules from a Lagrangian.
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4.4 Results and Discussion

The Feynman diagrams corresponding to the process e−e+ → W−W+h in the

SM are given in Fig. 4.2. This process is influenced by Higgs to charged gauge

bosons as well as neutral gauge bosons couplings like WWh, ZZh, WWγ and

WWZ, apart from the fermionic couplings, which are taken to be the standard

couplings in our study. The effective Lagrangian in Eq. 4.1, apart from allowing

Figure 4.2: Feynman diagrams contributing to the process e−e+ →W−W+h
in the SM.

the existing Higgs and gauge boson couplings to be non-standard, introduces new
TH-1389_09612116
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couplings which are absent in the SM at tree level. In a specific model such effects

appear at higher orders with new particle present in the loops. When the masses

of such particles are taken to be large, the effect of such quantum correction can be

considered in terms of changed couplings. Such effective couplings arising in the

present analysis are presented in Table 4.1. Our numerical analyses are carried out

using MadGraph, with the Effective Lagrangian implemented through Feynrules

[87].
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Figure 4.3: Left: The total cross-section against
√
s in the SM. Right:

The total cross-section against anomalous coupling parameter (c̄W ) at
√
s =

500 GeV , where yellow and grey bands correspond to 3σ deviations at an in-
tegrated luminosity of 300 fb−1, form the SM with unpolarized and polarized

beams, respectively.

As the first observable, we consider the cross-section. Fig.4.3 (left) presents the

total cross-section against center-of-mass energy for the WWh production. The

cross-section peaks around center-of-mass energy of 500 GeV , and therefore, our

further detailed analysis will be done for a collider of this energy. As expected,

the polarization hugely improves the situation. The case of typical polarization

combination expected at ILC, 80% left polarized electron beam and 20% right

polarized positron beam, is considered [122]. Although the quoted expectation

in case of positron beam polarization is more than 20%, we have considered

a very conservative approach here. In Fig.4.3 (right) the cross-section against

anomalous coupling parameter (c̄W ) at fixed center-of-mass energy of 500 GeV

is considered along with the role of polarized beams. In order to be consistent

with the experimental constraint (Eq. 4.5), we choose c̄B = −c̄W throughout our

analysis 3. Notice that the cross-section is enhanced rapidly, even for the very

3In all figures, for convenience we have removed “bar” from the symbols denoting the CP-
conserving parameters.
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Figure 4.4: Left: Showing the cross-section against CP-conserving couplings
parameters c̄HB and c̄HW (top left), against CP-violating couplings parameters
c̃HB and c̃HW (top right), c̃γ and c̃HB (bottom left) and c̃γ and c̃HW (bottom
right). The center of mass energy is assumed to be

√
s = 500 GeV. In each case,

all other parameters are set to zero, where “σ [pb]” is taken along z-axis.

small values of c̄W , showing the high sensitivity of the cross-section on this pa-

rameter. Assuming that no other couplings affect the process, single parameter

reach corresponding to 3σ limit with 300 fb−1 integrated luminosity is obtained

as −0.003 ≤ (c̄W = −c̄B) ≤ +0.003 in the case of unpolarized beam, which is

improved to −0.002 ≤ (c̄W = −c̄B) ≤ +0.002 with 80% left polarized electron

beam and 20% right polarized positron beam. Fig. 4.4 presents the surface plots

taking two-parameter combinations to study the correlation. We see again that c̃γ

has insignificant effects, while other combinations have perceivable correlations.

Coming to the CP-violating couplings c̃HW , c̃HB and c̃A, the single parameter reach

of ILC at 500 GeV with 300 fb−1 at 3σ level could be obtained from Fig. 4.5, 4.7

and 4.9, respectively. The effects of other couplings in deriving these limits are

also indicated in these figures. Clearly, precise knowledge of the CP-conserving
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Figure 4.5: Cross section against c̃HW in the presence of selected CP-
conserving (left) and CP-violating (right) couplings. The black solid line cor-
responds to the case when only c̃HW is present. The center of mass energy is
assumed to be

√
s = 500 GeV. In each case, all other parameters are set to

zero. The yellow band indicates the 3σ limit of the SM cross-section , with an
integrated luminosity of 300 fb−1.
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Figure 4.6: Cross section against c̃HW in the presence of selected CP-
conserving (left) and CP-violating (right) couplings. The black solid line cor-
responds to the case when only c̃HW is present. The center of mass energy is
assumed to be

√
s = 500 GeV. In each case, all other parameters are set to

zero. The yellow band indicates the 3σ limit of the SM cross-section , with an
integrated luminosity of 300 fb−1.

parameters c̄W , c̄HW and c̄HB are required to obtain reasonably robust estimate of

the CP-violating parameters. Among the CP-violating couplings, c̃HW affects the

cross-section most significantly, and the limits derivable on the other parameters

are sensitive to their presence. The effect of the c̃γ is much smaller than the other

couplings in finding the sensitivity of c̃HW , and therefore not presented.

The correlation between the c̄HW and c̄HB are presented in Fig. 4.11, where the

yellow and grey bands band show the present limits derived from the LHC results
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Figure 4.7: Cross section against c̃HB in the presence of selected CP-
conserving (left) and CP-violating (right) couplings. The black solid line cor-
responds to the case when only c̃HB is present. The center of mass energy is
assumed to be

√
s = 500 GeV. In each case, all other parameters are set to

zero. The yellow band indicates the 3σ limit of the SM cross-section , with an
integrated luminosity of 300 fb−1.
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Figure 4.8: Cross section against c̃HB in the presence of selected CP-
conserving (left) and CP-violating (right) couplings. The black solid line cor-
responds to the case when only c̃HB is present. The center of mass energy is
assumed to be

√
s = 500 GeV. In each case, all other parameters are set to

zero. The yellow band indicates the 3σ limit of the SM cross-section , with an
integrated luminosity of 300 fb−1.

on associated production of Higgs boson with the W boson [89]. In the absence

of any other parameter, the allowed region in the c̄HW − c̄HB plane is restricted to

a narrow band (red). This band is not much affected by the presence of c̄W , if it

is positive (green band). On the other hand, if c̄W is negative, within the present

bounds, it can significantly affect the allowed region (blue band) in the c̄HW − c̄HB
plane. The presence of CP-violating parameters are found to be insignificant here.

It is essential to know the behaviour of various kinematic distributions, and how the
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Figure 4.9: Cross section against c̃γ in the presence of selected CP-conserving
(left) and CP-violating (right) couplings. The black solid line corresponds to
the case when only c̃γ is present. The center of mass energy is assumed to
be
√
s = 500 GeV. In each case, all other parameters are set to zero. The

yellow band indicates the 3σ limit of the SM cross-section , with an integrated
luminosity of 300 fb−1.
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Figure 4.10: Cross section against c̃γ in the presence of selected CP-conserving
(left) and CP-violating (right) couplings. The black solid line corresponds to
the case when only c̃γ is present. The center of mass energy is assumed to
be
√
s = 500 GeV. In each case, all other parameters are set to zero. The

yellow band indicates the 3σ limit of the SM cross-section , with an integrated
luminosity of 300 fb−1.

anomalous coupling parameters influence these, in order to derive any useful and

reliable information from the experimental results. This is so, even in cases where

the fitting to obtain the reach of the parameters is done with the total number of

events, as the reconstruction of events and the reduction of the background depend

crucially on the kinematic distributions of the decay products. In the following

we shall present some illustrative cases of distributions at the production level,

to understand the effect of different couplings on these. We shall also see how
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Figure 4.11: The ellipses correspond to regions in the c̄HB − c̄HW plane
with the total cross-section is within the 3σ limit of SM cross-section (red), and
cros sections with c̄W = −0.03 (blue) and c̄W = +0.01 (green). An integrated
luminosity of 300 fb−1 is considered, and the center of mass energy is taken as
500 GeV . The yellow and grey bands correspond to the present limits of c̄HW

and c̄HB, respectively.

these distributions can be effectively used to distinguish specific scenarios. The

changes in the kinematic distributions at the production level will also be carried

over to the distributions of their decay products. Presently we would like to be

content with the analysis at the production level, considering the limited scope of

this work. As mentioned earlier we shall focus on an ILC running at a center of

mass energy of 500 GeV for our study.

We first consider in Fig.4.12, the normalized angular distributions of the Higgs

boson for the SM case, as well as different cases with anomalous couplings (both

CP-conserving and violating) as indicated in the figure, while all other parameters

are set to zero. The normalized distributions provide clear information on the

shape of the distribution, bringing out the qualitative difference between different

cases considered. Advantage of beam polarization is evident (figure on the right)

when compared to the corresponding unpolarized case (figure on the left). Presence

of c̃HW alone (red solid) changes the distribution so that the cross-section has an

enhancement in the central region with a corresponding reduction in the axial

region, when compared to the SM case (black solid). This effect is nullified when

considered together with non-zero values of c̄W (cyan solid). Similarly, negative
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Figure 4.13: Distribution of the cos θW+ for different anomalous couplings,
with unpolarized (left) and polarized with Pe− = −80%, Pe+ = +20% (right)
beams. A center of mass energy of 500 GeV is assumed. The colour coding is

the same as in Fig. 4.12.

value of cW in the absence of other couplings shows (light brown dashed) deviation

in the distribution compared to the SM case, which is nullified by the presence of

c̃HW (cyan dashed). The effect of c̃HB and c̃γ are not significant with or without

the presence of other parameters.

Fig.4.13 presents the normalized angular distributions of the W+. The negative

value of c̄W changes the nature of the distribution drastically (dashed light brown)

compared to the SM case (black solid). Other coupling combinations do not have

significant effect, except again for c̃HW . Fig.4.14 shows the normalized cos θW+h

distribution, where θW+h is the angle between W+ and h. Here c̃HW has signifi-

cant effect, which is not affected by the presence of c̄W . On the other hand, the
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Figure 4.14: Distribution of the cos θW+h for different anomalous couplings,
with unpolarized (left) and polarized with Pe− = −80%, Pe+ = +20% (right)
beams. A center of mass energy of 500 GeV is assumed. The colour coding is

the same as in Fig. 4.12.

presence of negative c̄W alone has the opposite effect. As in the other two angular

distributions, c̃HB and c̃γ have insignificant effect. Considering these three angular

distributions together might allow us to distinguish different scenarios. For exam-

ple, if c̃HW alone is present, we may expect significant effect in cos θh and cos θW+h

distributions, whereas cos θW+ distribution remains more or less unaffected. Along

with c̃HW , if c̄W was present (either positive or negative), the effect in cos θh is

nullified, whereas the effect would remain in cos θW+h. The change in cos θW+ ,

as shown in Fig. 4.13 (left) indicates the presence of negative value of c̄W with

or without the presence of other couplings. Table 4.2 summarizes the cases that

could be distinguished from these observations.
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Figure 4.15: The energy distribution of W-boson for different anomalous cou-
plings, with unpolarized (left) and polarized with Pe− = −80%, Pe+ = +20%
(right) beams. A center of mass energy of 500 GeV is assumed. The colour

coding is the same as in Fig. 4.12.
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Figure 4.17: The transverse momentum distribution of W-boson for differ-
ent anomalous couplings, with unpolarized (left) and polarized with Pe− =
−80%, Pe+ = +20% (right) beams. A center of mass energy of 500 GeV is

assumed. The colour coding is the same as in Fig. 4.12.

We also note that apart from the case of cos θh, the beam polarization does not

change the qualitative picture. At the same time, the picture is clearer in the case

of polarized beams compared to the case of unpolarized beams. Fig.4.14 suggests

that the Forward-Backward asymmetry is a quantitative estimator of the presence

of anomalous couplings. The percentage of deviation from the SM case for the

cases of considered set of parameters at fixed center-of-mass energy of 500 GeV

without and with polarized beams are given in Table 4.3, where the asymmetry is

defined as
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Figure 4.18: The transverse momentum distribution of the Higgs boson for
different anomalous couplings, with unpolarized (left) and polarized with Pe− =
−80%, Pe+ = +20% (right) beams. A center of mass energy of 500 GeV is

assumed. The colour coding is the same as in Fig. 4.12.
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Figure 4.19: The invariant mass distribution of W−W+ for different anoma-
lous couplings, with unpolarized (left) and polarized with Pe− = −80%, Pe+ =
+20% (right) beams. A center of mass energy of 500 GeV is assumed. The

colour coding is the same as in Fig. 4.12.

AFB =

[ ∫ 0

−1
dσ

d cos θ
d cos θ −

∫ 1

0
dσ

d cos θ
d cos θ

]
[ ∫ 0

−1
dσ

d cos θ
d cos θ +

∫ 1

0
dσ

d cos θ
d cos θ

] (4.6)

∆AFB(%) =

∣∣AAno.FB − ASMFB
∣∣

ASMFB
× 100. (4.7)

Finally, we consider the normalized invariant mass distributions of W−W+ and

W+h. The Fig.4.19 presents the sensitivity of invariant mass distribution to the

anomalous couplings parameters for the same set of parameters as in the inset of
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Figure 4.20: The invariant mass distribution of Wh for different anomalous
couplings, with unpolarized (left) and polarized with Pe− = −80%, Pe+ =
+20% (right) beams. A center of mass energy of 500 GeV is assumed. The

colour coding is the same as in Fig. 4.12.

Couplings cos θh cos θW+ cos θW+h

c̃HW alone yes no yes
c̄W (positive) alone no no no
c̄W (negative) alone yes yes yes
c̃HW and c̄W (positive) no no yes
c̃HW and c̄W (negative) no yes yes

Table 4.2: Presence (yes) or absence (no) of deviations that could be expected
in case of different scenarios with combinations of c̄W and c̃HW realized from

Fig. 4.12 - 4.14.

c̃HW c̄W = −c̄B ∆AFB(cos θW+h)%
Unpolarized Beams Pe− = −80%, Pe+ = 20%

0.1 0 50 54
0.1 0.01 52 51
0.1 -0.03 52 64
0 0.01 13 14
0 -0.03 31 42

SM case; AFB = 0.31 0.32

Table 4.3: Observed Forward-Backward asymmetry and its deviation from
the SM in the angular distribution at center of mass energy of 500 GeV .

Fig.4.12. The combinations of the parameters affected are similar to the case of

cos θW+h. This can thus provides an additional tool to distinguish these scenarios.

Again, the use of polarized beams marginally improve the situation.
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4.5 Summary and Conclusions

In this work the process e−e+ → W−W+h, which is associated with the Higgs to

gauge bosons couplings namely WWh, WWγ and ZZh, is considered. The reach

of an ILC at
√
s = 500 GeV with an integrated luminosity of 300 fb−1 in probing

different relevant parameters of the corresponding effective Lagrangian are pre-

sented. The influence of the presence of other couplings in the probe of each of

the couplings are studied. In general it is observed that the CP-violating coupling

c̃γ has very small effect on almost all of the observables considered while the other

two CP-violating couplings c̃HW and c̃HB can have significant effects. Study of

the c̄HW − c̄HB plane shows that the allowed region can be narrowed to a very

small band. While this band is unaffected by the presence of c̄W > 0, the effect

is significant if c̄W < 0. Considering the angular distributions of the Higgs boson

(cos θh), the W+ boson (cos θW+) and the distributions of the angle between W+

and h, (cos θW+h) has proved to provide a handle in distinguishing the presence of

different combinations of c̄W and c̃HW . All other parameters have indistinguishable

effect on these distributions. The invariant mass distributions of WW pair as well

as W+h pair are also sensitive to some combinations of the above parameters. A

quantitative estimate of the Forward-Backward asymmetry corresponding to the

angle between W+ and h show that large deviations of up to 50% is possible for

moderate values of the couplings. In all cases, suitably chosen beam polarization

is found to be advantageous, as illustrated with an 80% left polarized electron

beam and 20% right polarized positron beam. The study has shown that WWh

production at ILC is useful in detecting the anomalous couplings in Higgs-gauge

boson interactions. Detailed analysis involving standard kinematic distributions

could be used to distinguish different scenarios involving the couplings. While

the numerical study need to be improved with more realistic collider and detector

information, as well as study of the background processes, we hope to have con-

veyed the importance of the process in determining and disentangling the effects

of anomalous Higgs-gauge boson couplings.
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Chapter 5

Summary and Conclusions

The discovery of Higgs boson by the LHC in 2012, and associated measure-

ments of its decay properties, has established the Higgs mechanism as the method

of Electroweak Symmetry Breaking (EWSB). It is also clear that all indications

point to the fact that the properties of this Higgs boson is very similar to that the

Standard Model (SM) of particle physics proposes. At the same time, no direct

or indirect hint to new physics effects are indicated by the LHC measurements

so far. On the other hand, many well established reasons, like the presence of

dark matter in the universe, tiny masses of the neutrinos, baryon asymmetry, and

the well known hierarchy problem in the Higgs sector of the SM, strongly suggest

that the SM is far from a complete theory of elementary particles. Effects beyond

the SM are expected to arise at TeV energy scales. This difficult position of the

present juncture of the particle physics also makes it an extremely interesting era.

That is, while we expect new physics around the corner, the effects are expected

to be small and indirect at the electroweak scale. Detailed precision study of

different sectors through the study of interaction couplings, and correlations of

various effects, are necessary to bring out such small effects. On the one hand,

precise measurements through clever designs are necessary to measure such effects

experimentally, while on the other hand, thorough and detailed theoretical study

is necessary to support such measurements. Indirect effects of new physics is best

analyzed with the help of effective field theory, where physics beyond the SM are

encoded in the effective couplings between the SM particles. On the experimental

front, the LHC is making fabulous breakthroughs as an explorer of new energy

frontiers. In a quick time, it discovered the Higgs boson, establishing the quick

computational and analysis power of the experimental collaboration. At the same
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time, being a hadronic machine, it has its own limitations in precision studies. For

example, it will require a very high energy and high luminosity version of LHC

to probe the trilinear self couplings of the Higgs bosons. On the other hand, the

proposed International Linear Collider (ILC) is a machine meant to perform de-

tailed precision measurements. Its clean environment, and control over the initial

state makes the machine suitable to probe even the rare processes. Taking this

philosophy, this thesis focuses its study on the EWSB sector to probe the new

physics effects through detailed study of the Higgs boson self couplings, Higgs

boson and gauge boson couplings, as well as the trilinear gauge boson couplings

(TGC) at the ILC. We consider an effective Lagrangian framework for our study,

and investigate the effective anomalous couplings through the study of

1. Anomalous trilinear gauge boson coupling (WWγ) in the e−γ collisions.

2. The Higgs self couplings in the processes:

(i) e−e+ → Zhh,

(ii) e−e+ → νeν̄ehh.

3. Higgs to gauge boson couplings through the process: e−e+ → W−W+h.

In the first chapter we have provided a brief introduction of the standard

model of particle physics along with its main drawbacks. Describing the stan-

dard mechanism of electroweak symmetry breaking we have briefly discussed how

the elementary particles acquire their masses through the Higgs mechanism. This

chapter also describes the theoretical background of the work considered, as en-

listed above. We have presented a clear picture of the present status of the related

work available in the literature, and provided the experimental status of the sce-

narios being considered.

In order to understand the electroweak sector precisely, we have carried out

an investigation of anomalous WWγ coupling in the e−γ collisions, for typical

ILC machine considered at
√
s = 500−1000 GeV . Unlike the well studied W pair

production process, the process under consideration is not contaminated by other

couplings like WWZ. Two parameters δκγ and λγ, which are associated with

the anomalous WWγ coupling are constrained by the LEP, Tevatron and LHC

experiments. Through the angular and energy spectrum of the secondary lepton

(muon), we have established that the process is capable of probing the anomalous

couplings much beyond the present limits. Not only that, study of cleverly chosen
TH-1389_09612116
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combinations of different observables could be employed to disentangle the effects

of these couplings, and even to probe their signs. To summarize some details, it

is seen that, assuming that λγ = 0, 3σ level of cross section can probe δκγ to

the level of ±0.004 for a small luminosity of 100 fb−1 at a center of mass en-

ergy of 500 GeV , which could be improved marginally at 1000 GeV collider. The

presence of non-zero λγ changes this picture, and it is not possible to ascertain

the case from cross section measurements alone. The angular distributions along

with forward-backward asymmetry improves the situation with better sensitivity.

In our analysis, it has been shown that the case of (i) λγ = 0, (ii) non-zero and

positive λγ (iii) non-zero and negative λγ, can be distinguished by considering

the angular distributions of the muons at fixed energies, as well as the energy

distributions at fixed angles. On the other hand, the sign of δκγ can be distin-

guished in the absence of λγ, whereas it is hard to do this if λγ is non-zero. Our

illustrations are presented for a very moderate luminosity of 100 fb−1, and using

unpolarized beams. Being a purely weak interaction, left-handed polarization of

the electrons will effectively increase the number of events, without affecting any

of the conclusions qualitatively. While we have not attempted to present a quan-

titative estimate of the reach of ILC to probe the anomalous TGC, we hope that

we have clearly demonstrated that the process considered, along with the methods

described using energy-angle distributions can potentially probe both δκγ and λγ

to much better precision than other potential processes, and distinguish different

possible scenarios.

In the third chapter of the thesis, we have probed the effective Higgs couplings

involving the trilinear Higgs self coupling (hhh) through e+e− → Zhh process at

an ILC running at a center of mass energy of 800 GeV , and e+e− → νeν̄ehh at

a very high energy ILC (perhaps the CLIC option). It is recognized that these

are two of the best processes to study this coupling. Note that the first process

is affected by other possible new physics effects arising through the ZZh and

ZZhh, while the second process is also influenced by WWh and WWhh anoma-

lous couplings, apart from hhh coupling. It is shown that the detailed kinematic

distributions could be utilized to disentangle the effects of these couplings. In

the effective Lagrangian framework these couplings can be understood as arising

from the effective operators describing the Lagrangian, and therefore can be writ-

ten in terms of the corresponding coefficients. While our investigation has not

taken into account the details of detector effects and background analysis, this

preliminary study is partly aimed at understanding the effect of other anomalous
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couplings relevant to this process. Single and two parameter reach of ILC with

integrated luminosity of 1000 fb−1 on the effective couplings, c̄6 and c̄H , which

are directly connected to the hhh couplings, are obtained. The main influence of

the ZZh and ZZhh couplings arise through the parameters c̄W , c̄HW and c̄HB.

It is seen that these latter parameters have significant influence on the reach of

c̄6 and c̄H , indicating that prior, and somewhat precise knowledge of the Higgs-

gauge boson couplings is necessary to draw any conclusion on the influence of

trilinear couplings on the process considered. The kinematic distributions also

indicate a strong influence of Higgs-gauge boson couplings, showing that, in the

presence of very moderate Higgs-gauge boson couplings, it is difficult to extract

reliable information regarding c̄6 and c̄H without fixing the Higgs-gauge boson

couplings somewhat precisely. A similar story is unfolded by considerations of

e+e− → νeν̄ehh, where the influence of WWh and WWhh on the sensitivity of

the trilinear Higgs self-coupling is explored. Here again, the main influence come

from the presence of c̄W , c̄HW and c̄HB. To summarize, one need to rely on a

priori knowledge of the Higgs-gauge boson couplings from elsewhere, or consider

clever combination of observables to distinguish different scenarios and to extract

meaningful information on the trilinear Higgs couplings.

In the fourth chapter, we have considered the study of Higgs to gauge

boson couplings through the process e−e+ → W−W+h, which is influenced by

WWh, WWγ and ZZh couplings. The reach of an ILC at
√
s = 500 GeV with

an integrated luminosity of 300 fb−1 in probing different relevant parameters of

the corresponding effective Lagrangian is presented. The influence of the presence

of other couplings in the probe of each of the couplings is studied. In general it

is observed that the CP-violating parameter c̃γ has very small effect on almost all

of the observables considered, while c̃HW and c̃HB have significant effect. In the

CP-conserving couplings, study of the c̄HW − c̄HB plane shows that the allowed

region can be narrowed to a very small band using the process considered. While

this band is unaffected by the presence of c̄W > 0, the effect is significant if c̄W < 0.

Considering the angular distributions of the Higgs boson (cos θh), the W+ boson

(cos θW+) and the distributions of the angle between W+ and h (cos θW+h) proved

to provide a handle in distinguishing the presence of different combinations of c̄W

and c̃HW . All other parameters have insignificant effect on these distributions.

The invariant mass distributions of WW pair as well as W+h pair are also sen-

sitive to some combinations of the above parameters. A quantitative estimate of

the Forward-Backward asymmetry corresponding to the angle between W+ and h
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showed that large deviations of up to 50% is possible for moderate values of the

couplings. In all cases, suitably chosen beam polarization is found to be advan-

tageous, as illustrated with an 80% left polarized electron beam and 20% right

polarized positron beam. The study has shown that WWh production at ILC is

a suitable process in detecting the anomalous couplings in Higgs-gauge boson in-

teractions. Detailed analysis involving standard kinematic distributions could be

used to distinguish different scenarios involving the couplings. While the numerical

study need to be improved with more realistic collider and detector information,

as well as study of the background processes, the study conveys the importance of

the process in determining and disentangling the effects of anomalous Higgs-gauge

boson couplings.

In summary, in this thesis we have considered one of the important topics

of the present day particle physics, namely the study of Higgs boson couplings.

Detailed knowledge of the properties of the Higgs boson, including the nature and

strength of its couplings with gauge bosons as well as its self-couplings is very

important to establish an accurate picture of the EWSB. The thesis endeavors to

understand the new physics effects modeled through an effective Lagrangian in

the processes considered. The study is carried out in the context of ILC, which

is suitable for precise measurements of these couplings. We have probed the tri-

linear Higgs self-couplings, Higgs boson couplings with gauge bosons, as well as

the trilinear gauge boson couplings through suitably chosen processes. The study

could extract information on the relevance of the related parameters appearing in

the effective Lagrangian, so as to focus on the significant ones, neglecting those

which has relatively negligible effect on the processes considered. Our numerical

analyses provide estimate of the reach of ILC in probing these significant param-

eters. The study has also considered the interdependence of the couplings, and

wherever possible discussed methods to distinguish the effects of these couplings.

In conclusion, we believe our study has established the importance to understand

the interdependence of different couplings while extracting the limits on anomalous

couplings, and also the need of combinations of different processes and observables

in fixing these parameters. We hope, the study, while preliminary in terms of its

numerical predictions, has provided with qualitative understanding of some of the

interdependences, and usefulness of certain observables in extracting information

on some of the very important couplings related to the EWSB.

————————————
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Appendix A

Energy Distribution Function of

Photon Beam at ILC

A.1 Photon Energy Distribution Function

The colliding photons in a realistic electron-photon collider does not have

a fixed energy, rather the beam will have distribution of photons with energy

varying over an allowed range (which depends on the initial electron and laser

photon energies among other things). In such colliders, the cross section and other

observables should, therefore, be properly folded with a luminosity distribution

function to get the measurable quantities, as is done in Eq. 2.19.

At ILC high energy, high luminosity photon beam is obtained by Compton

backscattering of low energy, high intensity laser beam off high energy electron

beam. Ideal Compton backscattered photon spectrum is given by [38]

fγ/e(x) =
1

D(ξ)

[
1− x+

1

1− x
− 4

x

ξ(1− x)
+ 4

x2

ξ2(1− x)2

]
D(ξ) =

(
1− 4

ξ
− 8

ξ2

)
ln (1 + ξ) +

1

2
+

8

ξ
− 1

2(1 + ξ)2
, (A.1)

where x = ω
Ee

, with Ee the energy of the initial electron and ω the energy of

the scattered photon. x thus gives the fraction of the electron energy carried

by the scattered photon. Dependence of the distributions on the initial laser

photon energy (ω0) comes through ξ ≈ 4Eeω0

m2
e

, where me is the electron mass.

The maximum value of x is xmax = ξ
1+ξ

. It is, but not possible to increase ω0
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and Ee to any value to get larger xmax. It is found that for ξ beyond ∼ 4.8,

conversion efficiency drops down drastically due to e+e− pair production between

the laser photons and the backscattered photons, setting an absolute upper limit

on x ≈ 0.83. This value essentially means that with an electron beam of energy

Ee = 250 GeV, we can effectively go up to ω0 ≈ 1.26 eV. In a realistic collider, one

need to also worry about the non-linear effects making the actual photon spectrum

deviating from the ideal case in Eq. A.1. For more details on photon collider one

may refer to, for example, Refs. [38, 39, 122, 122, 160] and references therein.

A.2 Photon Beam Polarization

It is true in general, the Compton-backscattered photon is polarized. The

polarization depends upon the initial electron and laser beam polarization. But

in the high energy region, it is noted that Pγ = −Pe [38, 39, 160]. This could be

used to the advantage of the physics studies being considered. In our analysis,

we have not gone into these details. We have assumed unpolarized initial electron

and laser beams, which produces an unpolarized high energy photon beam (to a

very good approximation). For more details on photon collider one may refer to

Ref. [38, 39, 122, 160].

A.3 WWγ study at the LHC using Equivalent

Photon Approximation (EPA)

The WWγ vertex studied through photon induced processes like pp →
γγX → WWX at LHC [161] using EPA [162]. It is expected that δκγ and

λγ could be proved to the limit, −0..013 < δκγ < 0.012 and −0.011λγ < 0.010.
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Appendix B

FORM Program to Compute the

LIA of e−γ → νeW
−

We present the FORM [117] program, which we have used to simplify the

Lorentz Invariant Amplitude (LIA) of the process e−γ → νeW
− → νeν̄µµ

−.

*I: LORENTZ INVARIANT AMPLITUDE FOR THE PROCESS e-gam-->nuw-->ln

* Satendra Kumar and Dr. P. Poulose@07-08-2014

Vectors p, q, pp, qp, qpp, ppp, ke, kg, kn,

knb, qp, km,w,xp,yp,zp;

Symbols s, dkg, rs, t, u, wmass, emass, mumass,

xlambda, dkappa,

a, b, c, ctnb, stnb, stnb,

spnb, cpnb, st, ct,

Ew, Enb, Em, I, lg, tau, x;

Indices rho, rhop, sig, sigp, beta, betap,

alpha, alphap, lambda, lambdap;

*

L M1sq =

* interaction through electron propagator

g_(1,km)*g_(1,sig)*g7_(1)/2

*g_(1,knb)*g_(1,sigp)*

*

g_(2,kn)*g_(2,rho)*g7_(2)/2

*g_(2,p,alpha)*g_(2,ke)*g_(2,alphap)
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*g_(2,p)*g_(2,rhop)*

*

(-1)*d_(alpha,alphap) * d_(rho,sig)*d_(rhop,sigp);

L M2sq =

* interaction through w boson propagator

g_(1,km,sig)*g7_(1)/2*g_(1,knb)*g_(1,sigp)*

*

g_(2,kn,beta)*g7_(2)/2*g_(2,ke)*g_(2,betap)*

*

(-1)*d_(alpha,alphap)*d_(sig,lambda)*

*

d_(sigp,lambdap)*

*

d_(rho,beta)*

*

d_(rhop,betap)*

*

(d_(lambda,rho)*2*qp(alpha)+d_(alpha,rho)*2

*kg(lambda)-d_(alpha,lambda)*(kg(rho)+qp(rho))

+(dkg+lg)*(kg(lambda)*d_(alpha,rho)

-kg(rho)*d_(alpha,lambda))-

lg/wmass^2*(kg(rho)+qp(rho))*(qp(alpha)

*kg(lambda)-(kg.qp)*d_(alpha,lambda)))

*(d_(lambdap,rhop)*2*qp(alphap)

+d_(alphap,rhop)*2*kg(lambdap)-

d_(alphap,lambdap)*(kg(rhop)

+qp(rhop))+(dkg+lg)*(kg(lambdap)

*d_(alphap,rhop)-kg(rhop)*d_(alphap,lambdap))-

lg/wmass^2*(kg(rhop)+qp(rhop))*(qp(alphap)

*kg(lambdap)-(kg.qp)*d_(alphap,lambdap)));

L M1M2C =

* interacting term

g_(1,km)*g_(1,sig)*g7_(1)/2*g_(1,knb)*g_(1,sigp)*

*
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g_(2,kn,rho)*g7_(2)/2*g_(2,p)

*g_(2,alpha)*g_(2,ke)*g_(2,betap)*

*

(-1)*d_(alpha,alphap)*d_(rho,sig)*

*

d_(lambdap,sigp)*

*

d_(rhop,betap)*

*

(d_(lambdap,rhop)*2*qp(alphap)

+d_(alphap,rhop)*2*kg(lambdap)-

d_(alphap,lambdap)*(kg(rhop)

+qp(rhop))+(dkg+lg)*(kg(lambdap)

*d_(alphap,rhop)-kg(rhop)*d_(alphap,lambdap))

-lg/wmass^2*(kg(rhop)+qp(rhop))*(qp(alphap)

*kg(lambdap)-(kg.qp)*d_(alphap,lambdap)));

L M2M1C =

* interacting term

g_(1,km)*g_(1,sig)*g7_(1)/2*g_(1,knb)*g_(1,sigp)*

*

g_(2,kn,beta)*g7_(2)/2*g_(2,ke)

*g_(2,alphap)*g_(2,p)*g_(2,rhop)*

*

(-1)*d_(alpha,alphap)*d_(rhop,sigp)*

*

d_(lambda,sig)*

*

d_(rho,beta)*

*

(d_(lambda,rho)*2*qp(alpha)+d_(alpha,rho)*2*kg(lambda)

-d_(alpha,lambda) *(kg(rho)+qp(rho))+(dkg+lg)*(kg(lambda)

*d_(alpha,rho)-kg(rho)*d_(alpha,lambda))-

lg/wmass^2*(kg(rho)+qp(rho))*(qp(alpha)

*kg(lambda)-(kg.qp)*d_(alpha,lambda)));
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L Msq1 = M1sq/rs^6/x;

L Msq2 = M2sq/rs^6/x;

L Mint = (M1M2C + M2M1C)/rs^6/x;

*

Trace4, 1;

Trace4, 2;

Contract 0;

id q = p-kn;

id p = ke+kg;

id qp = kg-pp;

id pp = kn-ke;

id kn = ke+kg-km-knb;

id e_?(w?,xp?,yp?,zp?)= I*(

w(0)*xp(1)*yp(2)*zp(3) - w(0)*xp(1)*yp(3)*zp(2)

-w(0)*xp(2)*yp(1)*zp(3) + w(0)*xp(2)*yp(3)*zp(1)

-w(0)*xp(3)*yp(2)*zp(1) + w(0)*xp(3)*yp(1)*zp(2)

-w(1)*xp(0)*yp(2)*zp(3) + w(1)*xp(0)*yp(3)*zp(2)

+w(1)*xp(2)*yp(0)*zp(3) - w(1)*xp(2)*yp(3)*zp(0)

+w(1)*xp(3)*yp(2)*zp(0) - w(1)*xp(3)*yp(0)*zp(2)

-w(2)*xp(1)*yp(0)*zp(3) + w(2)*xp(1)*yp(3)*zp(0)

+w(2)*xp(0)*yp(1)*zp(3) - w(2)*xp(0)*yp(3)*zp(1)

+w(2)*xp(3)*yp(0)*zp(1) - w(2)*xp(3)*yp(1)*zp(0)

-w(3)*xp(1)*yp(2)*zp(0) + w(3)*xp(1)*yp(0)*zp(2)

+w(3)*xp(2)*yp(1)*zp(0) - w(3)*xp(2)*yp(0)*zp(1)

+w(3)*xp(0)*yp(2)*zp(1) - w(3)*xp(0)*yp(1)*zp(2));

id xp?.yp?=xp(0)*yp(0) - xp(1)*yp(1)-xp(2)*yp(2)-xp(3)*yp(3);

id ke(0)=rs/2;

id ke(1)=rs/2*st;

id ke(2)=0;

id ke(3)=rs/2*ct;

id kg(0)= rs/2;

id kg(1)=rs/2*st;

id kg(2)=0;

id kg(3)=-rs/2*ct;

id knb(0)=Enb;

id knb(1)=Enb*stnb*cpnb;
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id knb(2)=Enb*stnb*spnb;

id knb(3)=Enb*ctnb;

id km(0)=Em;

id km(1)=0;

id km(2)=0;

id km(3)=Em;

id stnb*stnb = 1-ctnb^2;

id st^2 = 1-ct^2;

id spnb^2 =1-cpnb^2;

id ctnb = 1-(wmass*wmass/2/Em/Enb);

id Enb = (s-2*rs*Em+wmass*wmass)/2/rs;

id Em= rs*x/2;

id Em^(-1)= 2/rs/x;

id u = wmass^2-t-s;

id s = rs*rs;

id I = 0;

id wmass^2= rs*rs*tau;

id wmass^2*wmass^(-2)=1;

id wmass^(-2)= 1/(rs*rs*tau);

id lg = xlambda;

id dkg = dkappa;

bracket dkappa, xlambda;

Print Msq1,Msq2,Mint;
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Appendix C

EWSB with Dimension-Six

Operators

We have explained the standard mechanism of electroweak symmetry break-

ing (EWSB) in the Introduction (1.1). Here we discuss the EWSB with dimension-

six operators. The position of the electroweak minimum changes w.r.t. the SM

prediction due to the additional terms originating from the dimension-six opera-

tors ∼ |H|6. To find the new minimum we consider the potential as given in Ref.

[163]

VSM+6 = µ2|H|2 + λ|H|4 +
c6

Λ2
λ|H|6, (C.1)

which contains an additional interaction term, where the energy scale Λ >> v.

Now imposing the condition for minimization ∂V
∂|H|2 = 0, left with

(|H|2)± =
Λ2

3c6

(
− 1±

√
1− 3µ2c6

Λ2λ

)
(C.2)

In order to consider the SM vacuum, choose the + solution, and obtained :

v2

2
≡ (|H|)2

+ =
Λ2

3c6

(
− 1±

√
1− 3µ2c6

Λ2λ

)
(C.3)

After simplifying, one can get expression for µ2:

µ2 = −λv2

(
1 +

3c6v
2

4Λ2

)
(C.4)
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Now ignoring the Goldstone modes, one can expand the Higgs field |H| in terms of

the physical scalar Higgs boson about this minimum , H ∼
(
0, (v+h)√

2

)
. Next start

by examining the terms arising from the SM Lagrangian and the dimension-six

operators that contribute to the kinetic term as

Lkinetic = (DµH)†(DµH) +
c̄H
2Λ2

(∂2|H|2)2, (C.5)

where Dµ is the covariant derivative that includes all the interaction terms of the

Higgs field with the gauge bosons. After expansion of this, we left with

Lkinetic =
1

2

(
1 +

cHv
2

Λ2

)
∂µh∂

µh+
cHv

Λ2
h∂h∂µh+

cH
2Λ2

h∂h∂µh+ ...., (C.6)

while the gauge boson interactions being ignored. To canonically normalize the

Higgs boson kinetic term and to remove derivative interactions, considering the

following non-linear transformation:

h =
(

1 +
a′0v

2

Λ2
h′
)

+
a′1v

Λ2
h′2 +

a′2
Λ2
h′3. (C.7)

Now plugging this equation into Eq. (C.6) and find the values of the constants a′i

that cancel all the terms except 1
2
∂µh∂

µh,

a′0 = −1

2
cH , a′1 = −1

2
cH , a′2 = −1

6
cH , (C.8)

and get the following form,

h =
(

1− cHv
2

2Λ2
h′
)
− cHv

2Λ2
h′2 − cH

6Λ2
h′3. (C.9)

Note that this shift should be performed everywhere in the Lagrangian, and arises

changes in as well as new interactions. Now, first perform the shift in the terms

contributing to the Higgs boson scalar mass. The relevant terms,

Lmh = −µ
2

2
h2 − 3λv2

2
h2 − 15c6λv

4

8Λ2
h2. (C.10)

where the last term comes from the |H|6 interaction. Now substitute the µ2 using

Eq. (C.4) and perform the shift of Eq. (C.9) and keeping terms up to h2 and

O(Λ−2):

Lmh = −λv2
(

1− cHv
2

Λ2
+

3c6λv
4

2Λ2

)
h′2, (C.11)
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from this, one can get easily the Higgs mass term as,

m2
h = 2λv2

(
1− cHv

2

Λ2
+

3c6λv
4

2Λ2

)
. (C.12)

Now one can see the relevant terms are the same as those that appear in the

potential of Eq. (C.1), when deriving the expression for the trilinear coupling

after expanding about the minimum and canonically normalizing via Eq. (C.9),

Lself = −VSM+6 = −µ2|H|2 − λ|H|4 − c6

Λ2
λ|H|6. (C.13)

Moreover, expanding this about the electroweak minimum, we left with

Lself = −µ2 (v + h)2

2
− λ(v + h)4

4
− c6

Λ2
λ

(v + h)6

8
. (C.14)

After omitting terms with hn, n > 4, and constant terms we arrive at

Lself = −µ
2

2
(2hv + h2)− λ

4
(4hv3 + 6h2v2 + 4h3v + h4)

− c6λ

8Λ2
(6v5h+ 6v5h+ 15v4h2 + 20v3h3 + 15v2h4). (C.15)

It is convenient to calculate the h2, h3 and h4 terms as a function of h′ up to h′4:

h2 = h′2
[
1− cHv

2

Λ2
− cHv

Λ2
h′ − cH

3Λ2
h′2
]

+O(h′5),

h3 = h′3
[
1− 3cHv

2

2Λ2
− 3cHv

2Λ2
h′
]

+O(h′5),

h4 = h′4
[
1− 2cHv

2

Λ2

]
+O(h′5) (C.16)

All these terms can be substituted into Eq. (C.15), we get the terms up to O(h′4)

Lself = −λ
[
v +

5c6v
3

2Λ2
− 5cHv

3

2Λ2

]
h′3 − λ

4

[
1 +

15c6v
2

2Λ2
− 28cHv

2

3Λ2

]
h′4 (C.17)

from here we can see how the parameters c6 and cH associated with Higgs self-

couplings, affected the standard Higgs potential. Definitely, we will left with the

standard Higgs potential if c6 and cH found to be zero from future experiments.

Rest part of this mechanism (say: Yukawa terms, Higgs-gauge bosons interaction

terms etc.) can be seen in Ref. [163].
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Appendix D

Results for e−e+→ Zhh at the

center-of-mass energy of 500 GeV

In chapter-3, we have presented results for the same process at the center-of-mass

energy of 800 GeV. Here we present the phenomenological analysis of considered

process in detail within the context of the SM at the center-of-mass energy of

500 GeV, which is one of typical values at the ILC. In Fig.D.1 (left), the cross-

section is plotted against the center-of-mass energy for the SM case as well as for

some selected (c̄6, c̄H) values. The green and the yellow bands correspond to the

3σ limit with an integrated luminosity of 100 fb−1 and 1000 fb−1, respectively,

 0
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Figure D.1: Left: The total cross-section against
√
s for the process e−e+ →

Zhh, for different values of the parameters c̄6 and c̄H , with all others kept to
zero. Right: The total cross-section against anomalous coupling parameter
(c̄W ), where the green and yellow bands correspond to 3σ deviations from the

SM with integrated luminosities of 100 fb−1 and 1000 fb−1 respectively.
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Figure D.2: Cross section of Zhh production plotted against c̄6 and c̄H at√
s = 500 GeV, with all other parameters set to zero.

assuming only statistical uncertainty. The cross-section peaks around a center-of-

mass energy of 600 GeV with a value of about 0.17 fb, which slides down to about

0.15 fb at 500 GeV. We perform our analysis for an ILC running at a center-of-

mass energy of 500 GeV, which is one of the planned center-of-mass energy of

the proposed ILC. Fig. D.1 (right) shows the dependence of cross-section (σ) on

c̄W = −c̄B along with the 3σ limit at integrated luminosities of 100 fb−1 and

1000 fb−1. Assuming all other couplings are absent, one can obtain a limit of

−0.024 ≤ (c̄W = −c̄B) ≤ +0.0085 with 100 fb−1 luminosity, which could be

improved slightly to −0.019 ≤ (c̄W = −c̄B) ≤ +0.003 with 1000 fb−1. Although,

compared to the present bounds, these limits are about an order of magnitude

better in the case of lower limit, and somewhat better than that in the case of

upper limit, we do not anticipate to probe the reach of this coupling through

this process. On the other hand, expecting that c̄W is measured, through other

processes like WW pair production beforehand, the cross-section measurement for

the process being considered here could indicate the influence of other anomalous

couplings involved. Below we shall explore the interconnection of these couplings

on the cross-section, and try to understand how some specific scenarios could

be disentangled. One may note that the cross-section is small compared to many

other typical electroweak processes, and one will need to be patient to reach a very

high luminosity of a few 1000 fb−1 to make any meaningful study. This would be

the case with any process involving trilinear Higgs couplings, and therefore, the

process under scrutiny is not at any particular disadvantage because of this.

We consider the influence of c̄6 on the cross-section in Fig. D.3 (left). We have

compared the variation of cross-section with c̄6 keeping all other parameters to the

SM value (black curve), along with the cases when the above mentioned relevant
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Figure D.3: Cross section of Zhh production against c̄6 (left) and c̄H (right),
when some of the other selected relevant parameters assume typical values is
compared against the case when only c̄6 or c̄H is present (black solid curve).
The center-of-mass energy is assumed to be

√
s = 500 GeV. In each case, all

other parameters are set to zero. The yellow band indicates the 3σ limit of the
SM cross-section, with an integrated luminosity of 1000 fb−1.

parameters having non-standard values (colored curves). The yellow band denotes

3σ region of the SM value of the cross-section, considering an integrated luminosity

of 1000 fb−1. Fig. D.3 (right) presents a similar picture for the case of c̄H . The

values of the couplings c̄W , c̄HW and c̄HB are chosen, assuming that they are

available at permill level from other observations like production of WW and Zh

at ILC, where WWZ(γ) and ZZh couplings are expected to be measured quite

accurately. Clearly, c̄W is the most sensitive, and c̄HW influence almost at the same

level, whereas c̄HB is about 5 times smaller. The influence of these couplings on

the derivable bounds is tabulated in Table D.1. These limits indicate that, in order

to get better than 30-20% accuracy in the measurement of c̄6,H , the couplings c̄W

and c̄HW need to be measured better than permill level. Coming to the influence

of c̄6 and c̄H on each other, in Fig. 3.6, the cross-section is plotted against these

couplings. The correlation of the sensitivity between the two parameters is clear.

The opposite sign combination seems to be more sensitive to the cross-section,

and therefore more stringent constraints could be drawn in this case compared

to the same sign case. Considering the two parameters c̄6 and c̄H relevant

to the trilinear Higgs coupling, the reach of ILC through the Zhh production

cross-section at 3σ level with an integrated luminosity of 1000 fb−1 is presented

in Fig. D.4, for the case of SM, and cases with non-vanishing anomalous ZZh

and ZZhh couplings (through the couplings, c̄W , c̄HW and c̄HB). Note that,

when cross-section is considered as a function of c̄6 and c̄H , the result is a second
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Figure D.4: The shaded regions correspond to regions in the c̄6-c̄H plane with
the total cross-section is within the 3σ limit when c̄6 = c̄H = 0 in each case, for
an integrated luminosity of 1000 fb−1 at a center-of-mass energy of 500 GeV.
Values of the other anomalous couplings are as indicated in the figure, with all

other couplings set to zero.

order polynomial of these two parameters. With this, the 3σ limit of the cross-

section leads to an elliptic equation corresponding to the relation between these

two parameters. This result in an elliptic band in the c̄6 − c̄H plane respecting

the 3σ limit of the cross-section. As is evident from the plots, these allowed

bands of the parameters move in the parameter space, depending on the values

of the other parameters. For illustration, we have chosen the maximum allowed

values of these parameters in this analysis. From the right side plot, evidently,

the influence is more for the positive values of c̄W . This is unlike the case of

single parameter consideration, where the influence was more symmetric. At the

same time, for positive values of c̄HW , the influence of c̄HB seems to be somewhat

negligible, whereas, for the negative values of c̄HW and c̄HB, the sensitivity is

Other Couplings c̄6 c̄H

SM [-0.19, +0.16] [-0.14, +0.16]
c̄H or c̄6 = −0.1 [-0.30, +0.04] [-0.22, +0.08]
c̄H or c̄6 = 0.1 [-0.08, +0.26] [-0.05, +0.26]
c̄HB = −0.005 [-0.16, +0.18] [-0.16, +0.15]
c̄HB = 0.005 [-0.22, +0.12] [-0.10, +0.20]
c̄HW = −0.001 [-0.15, +0.18] [-0.16, +0.15]
c̄HW = 0.001 [-0.21, +0.14] [-0.12, +0.20]
c̄W = −c̄B = −0.001 [-0.14, +0.20] [-0.18, +0.13]
c̄W = −c̄B = 0.001 [-0.22, +0.12] [-0.10, +0.20]

Table D.1: Showing the one parameter reach corresponding to the 3σ limit
with an integrated luminosity of 1000 fb−1 at center-of-mass energy of 500 GeV.
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significantly improved, suggesting constructive interference in this case. Thus,

precise measurement of the Higgs-gauge boson couplings elsewhere, including the

sign of the couplings involved, is necessary to derive meaningful limits on the

Higgs trilinear couplings. In fact, considering the apparently correlated influences

of the different parameters, c̄W , c̄HW and c̄HB indicate that, it may be necessary

to disentangle the effects of these parameters, in order to make precise statements

regarding the hhh coupling.

Other Couplings c̄6 c̄H

SM [-3.00, +4.00] [-1.80, +4.00]
c̄W = −c̄B = 0.01 [-8.50, +10.5] [-6.00, +11.5]
c̄W = −c̄B = −0.03 [-4.00, +5.00] [-4.00, +5.00]
c̄HB = 0.05, c̄HW = 0.01 [-8.00, +12.0] [-6.50, +13.0]
c̄HB = 0.05, c̄HW = −0.04 [-11.0, +10.5] [-10.5, +11.0]
c̄HB = −0.05, c̄HW = 0.01 [-7.00, +9.50] [-6.00, +10.0]
c̄HB = −0.05, c̄HW = −0.04 [-2.00, +2.00] [-2.00, +2.00]

Table D.2: Showing the two parameters reach corresponding to the 3σ limit
with an integrated luminosity of 1000 fb−1 at center-of-mass energy of 500 GeV.

It is important to know the behaviour of the kinematic distributions, and how

the anomalous parameters influence these, to derive any useful and reliable con-

clusions from the experimental results. This is so, even in cases where the fitting

to obtain the reach of the parameters is done with the total number of events, as

the reconstruction of events and the reduction of the background depend crucially

on the kinematic distributions of the decay products. In the following we shall

present some illustrative cases of distributions at the production level, in order to

understand the effect of different couplings on these. The changes in the kinematic

distributions at the production level will also be carried over to the distributions

of their decay products. Presently we would like to be content with the analysis

at the production level, considering the limited scope of this work. As mentioned

earlier, we shall focus on an ILC running at a center-of-mass energy of 500 GeV

for our study.

The normalized energy and angular distributions of the Z boson, and the invariant

mass distribution of the hh pair are shown in Fig.D.5. The black solid curve corre-

sponds to the SM case. We have found that the transverse momentum distribution

of the Z boson behaves very similar to the energy distribution in different scenarios
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considered. The distributions in the presence of c̄6 and c̄H separately, and along

with the other relevant couplings, c̄W , c̄HW and c̄HB are presented to understand

the influence of these couplings on each other. Our analysis here is more of a qual-

itative nature, and therefore, we have fixed the values of c̄6 and c̄H to be ±1, and

the values of other couplings to be the maximum allowed ones. The distributions

are normalized, and therefore, only the deviation in the shape, indicating different

functional dependence will be established through this. The case of c̄W = −c̄B,

when considered alone coincides with that of the SM case, and therefore not shown.

On the other hand, the case of c̄6 and c̄H shows clear deviation from the SM case.

Here, the combination c̄6 · c̄H = −1 is considered, as from the analyses presented

before shows that the other combination has insignificant effect. The figure on

the left panel shows the case with c̄W = −c̄B taking typical values along with c̄6

and c̄H , while the other parameters are set to zero, whereas the figure on the right

considers c̄HW and c̄HB non-zero, while setting c̄W = −c̄B to zero. The case with

only c̄6 and c̄H taking non-zero values, when compared with the SM case shows

a perceivable change in the distribution with more number of events piling in the

central region, and at higher energies and transverse momentum of the Z boson.

Such an experimental observations could therefore be considered as an indication

of the anomalous hhh coupling. We have considered only the opposite-sign combi-

nations, for the same-sign combinations do not have much influence. At the same

time, the presence of anomalous c̄W and c̄B couplings, when considered alone does

not affect the distribution much, and therefore not presented. Presence of c̄W and

c̄B with negative values when considered along with c̄6 and c̄H do not have any

influence. On the other hand, for positive values of c̄W and c̄B, the distributions

are affected when c̄6 < 0. The figure on the right consider the influence of c̄HW

and c̄HB along with c̄6 and c̄H . When considered alone, different combinations of

c̄HW and c̄HB, except c̄HW = −0.05 and c̄HB = −0.04 have negligible deviation

from the SM case, and therefore not presented. This combination with both the

parameters taking negative values shows quite different cos θZ dependence, indi-

cating more cos2 θZ component (cyan solid curve). Constructive interference of

this case with the presence of c̄6 and c̄H is seen in the cyan dotted curve. All other

combinations of c̄HW and c̄HB have significant influence, when considered along

with c̄6 = −1 and c̄H = 1 case to the extend that it coincides with the case of

c̄6 = 1 and c̄H = −1. When considered along with c̄6 = 1 and c̄H = −1, only

the combination of c̄HW < 0 shows significant deviation, as shown by the magenta

curves. The above behaviours of the different scenarios change slightly in the case
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Figure D.5: Distributions of the cos θZ , energy of the Z boson and the in-
variant mass of the hh pair for the anomalous coupling values as in the inset,
illustrating how the presence of c̄W (first column), and c̄HW and c̄HB (second
column) affect the influence of c̄6 and c̄H . A center-of-mass energy of 500 GeV
is assumed. The colour coding is same in all figures as in the figures at top in

respective columns.

of energy distribution. The same-sign combination of c̄HW and c̄HB has a distinct

influence compared to their opposite-sign combination. The opposite-sign combi-

nation does not care about which of the parameter is negative. We have presented

TH-1389_09612116
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only one of these illustrated by blue dotted curve. The case of both parameters

being positive (green dotted curve) shows a distinct energy and Mhh distributions,

when considered along with c̄6 = −1 and c̄H = 1, whereas for the opposite combi-

nation of c̄6 = −1 and c̄H = 1, no such clearly distinguishable feature is present.

From this point of view, these two distributions are more suitable to distinguish

different scenarios, compared to the cos θZ distribution.
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