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ABSTRACT

The electroweak standard model, as well-known, has been remarkably suc-
cessful in describing a broad spectrum of high energy physics and has also given
a satisfactory and consistent theoretical description of all the experimental data
which has been obtained so far. The aim of the present work is to investigate
some of the most important processes associated with the standard model which
involve the charged intermediate bosons W<, the neutral intermediate boson Z,
the pair production of weak gauge bosons and the Higgs boson.

First of all we start with the study of the effect of the strong interaction on
the direct production of weak gauge boson production at hadron colliders. We
calculate the first order perturbative QCD corrections O(a;) to the lowest order
cross sections for photon and Z pair production at hadron colliders. The calcu-
lation contains divergences, represented in dimensional regularisation by poles of
order O(1/€) and O(1/€?), where ¢ = 45% . The order O(1/€?) terms are elimi-
nated when real and virtual corrections are combined, and the remaining O(1/¢)
corrections will be absorbed into the quark momentum distribution functions.

We then study the production rate of weak gauge boson pairs for proton-
proton and proton-antiproton colliders using single and double parton scatter-
ing mechanisms. We extrapolate to the next generation of hadron colliders with
centre-of-mass energy F.n,,= 10-200 TeV. We find comparable values for the single
and double scattering cross sections at very high energies. To expand our inves-
tigation, we study also the production rate of multiple gauge bosons at hadron
supercolliders using the double parton scattering mechanism. These kinds of pro-
cesses are important and represent a potential significant background for Higgs
boson production.

Finally, and for completeness, we study Higgs boson phenomenology, which
now forms a substantial part of the physics program at the next generation of high
energy colliders. The calculation covers the production rate of single and double
Higgs production at hadron colliders via gluon-gluon fusion, their branching ratios

and decay widths.
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Introduction
CHAPTER 1
INTRODUCTION

1.1 Historical Background

The basic rules governing the world require a theory of how the constituent
parts of this world exist and interact with each other. Furthermore the under-
standing of the basié rules of these small particles will give us a clear image of
the fundamental laws which govern nature. The problem of understanding the
structure and behaviour of matter has attracted the attention of many scientists

all over the world for several centuries [1].

At an early time in history, the number of ”particles” known in this world
had been said to be four, namely earth, wind, fire and water. Eventually, people
started to realize one of the most important steps towards more understanding
of matter, that is the recognition that all matter is composed of small parts
which carry the properties of the matter. These are “MOLECULES”. Later on,
a hypothesis suggested that the molecules themselves were composed of smaller
parts called “ATOMS”. The next great step of this history has been largely due to
the work of J.J.Thomson and E.Rutherford at the beginning of this century. They
revealed that the atoms themselves were composites of still smaller units. The
suggestion arose that the mass of the atom is made-up of parts with a net positive
charge, called the “NUCLEUS”, concentrated in a small region at the centre of the
atom with electrons revolving around in closed orbits. Later hypothesis suggested

that the nucleus itself consists of smaller entities, namely protons and neutrons.

A large number of attempts have been made to study the properties of these
constituents. One important aspect of the modern point of view has been the
recognition of the different types of forces governing these particles. To under-

stand how these particles are put together and the way they interact with each




Introduction
other requires a theory of the basic forces of nature. Four such forces have been
identified namely, electromagnetic, weak, strong and gravity. The variety of these
forces depends on their strength and range. The electromagnetic force governs the
interaction of electrically charged particles, the weak force is responsible for pro-
cesses of the beta decay type, the strong force holds together the particles in the
nucleus and the gravitation force, weakest in strength, determines the behaviour
of matter in bulk. One of the major achievements of modern physics is to unify

these forces into one theory governing the whole universe.

The first successful attempts to unify two interactions was achieved by J.
Maxwell by the middle of the 19th century. That is the unification of electricity
and magnetism into electromagnetism theory. The beginning of this century has
witnessed the birth of the modern theory of quantum electrodynamics which re-
lates relativity and quantum theory. In the 1930’s, Yukawa tried to find a unified
explanation for the nuclear and weak nuclear forces. He also noted that the range
of any force should be inversely proportional to the mass of the particle trans-
mitted. For fhis reason he postulated the existence of particles exchanged in the

interaction called mesons.

Early in the 1950’s, experiments were performed to study the question of
the structure of the nucleon. In 1953, the first particle accelerators were built,
when for the first time, subatomic particles could be produced and studied in
laboratories, independent of cosmic rays. As a result of these experiments, which
were performed at high energies, an enormous variety of elementary particles has
been discovered. A number of attempts have been made to study the properties

of these particles.

Nowadays, high energy physicists are exploring physical phenomena occuring
at extraordinary energies. At these energies, particles such as the proton and the
electron are accelerated to enormous energy. Subsequently the particles collide

2



Introduction
with each other or with other particles, with sophisticated detectors to observe
what iS happening in these complicated reactions.

1.2 The Quark Model

By the early 1960’s a large number of elementary particles had been found in
cosmic rays or through particle accelerators. They could be grouped into families
according to their spin, parity, strangeness and isospin.

In 1962 Gell-Man and Nee’man‘ [2] used a method of expanding an isospin of
the strong force to a higher symmetry representation. Their starting point was
the charge independent property of the strong nuclear force which means that
particles (such as the protons and the neutrons) are indistinguishable in a world
where the strong force is the only interaction.

By using the concept of isospin, the strong interaction can be described in
an elegant mathematical way. The charge independence can be expressed as the
invariance of the strong interaction under rotation in isospin space. When the
strangeness is added to the isospin as a property of the strong interaction, it is
clear that the strongly interacting particles are governed now by a symmetry group
which is called SU(3). The question is: how can the representation of SU(3) be
chosen from other possibilities!

In 1964 the most successful model [2], namely “THE QUARK MODEL ”,
which describes this composite picture and gives an exact understanding of SU(3)
classfication of hadrons, was proposed (independently) by Gell-Mann and Zweig.
They postulated the existence of three-types of fermions known as quarks, each
of different flavour up, down and strange or u, d and s respectively. The u and
d quarks formed an s=0, isospin doublet (I=1/2, -1/2 for u and d respectively),
with s=-1 and isospin singlet I=0 for s quark.

According to the quark model, baryons are bound states of three quarks (qqq),
each quark with baryon number B=1/3 and carrying fractional charge of +2/3

3
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and -1/3, while mesons with baryon number B=0, are considered to be states of
a quark-antiquark pair (¢7 ).

These quarks form the fundamental representation of the symmetry group
SU(3). According to the rules of SU(3) algebra, which can be expressed mathe-

matically by combining the representation of the group for the meson,
3®7=383=168,
and for the baryon
I®q®q¢=30333=1080810

The quark model was one of the most successful models for describing the
pé.rticle picture. Yet despite all its successes, there are still questions to be an-
swered:

1. Why are only combinations of quarks seen, and not free quarks ?

2. Quarks must have spin 1/2 to explain the observed hadrons like A**. This
leads to a problem, since to make these particles all quarks of the same spin
have to be in the same state to form a particle, which is not allowed by Fermi-
Draic statistics.

In order to solve some of these problems a further new quantum number was
introduced by O. Greenberg in 1964 [2]. Accordingly, each variety comes in three
different colour states Red, Blue and Green. The introduction of colour resolves
such problems as:

1. The experimental ratio R between the cross sections ete™ — hadrons and
ete™ — ,u+p,‘.

__o(ete”™ — Hadrons) _ 262
T ofetem - ptpm) &7

1.1

For three quark flavours, R was found to be a factor of three smaller than the
experimental data, but the result comes in good agreement between theory
and experiment when the quarks come in three different colours.

4
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2. From the analysis of the hadronic spectrum, there ought to exist precisely
three different colours.

3. The colour quantum number solves the problem of Fermi-Dirac statistics, so
that we can make particles like A*™.

4. In the the decay of the neutral pion, the lifetime depends on the number
of quark colours. By proposing three quark colours the predicted lifetime is
precisely the lifetime observed.

So different phenomena support the existence of colour. The property of colour
must be responsible for the confinement of quarks within hadrons. It is natural to
say that there must exist an exchanged particle associated with colour, called the
“GLUON?”. Its name leads to the understanding that it glues the quarks together
within the hadrons. Unlike the photon, this gluon has to carry the colour charge,
which means that there are different coloured gluons corresponding to different
possible combinations.

To place this on a mathematical basis, it is expressed as a gauge theory, in
analogy with quantum electrodynamics (QED), called quantum chromodynamics
(QCD) .

1.3 The Quark-Parton Model
Deep inelastic lepton-nucleon scattering experiments have proved to be the

most powerful for the investigation of the substructure of nuclear matter, and

also provide one of the most important and fundamental tests of QCD.

In these experiments, an electron collides with a proton, which breaks up
and creates a shower of hadronic products. The two particles interact through
the exchange of a (high-energy) virtual photon, and the internal structure of the
hadronic particles is probed [3].

The process is shown in fig. (1.1), the electron scattering off a proton via one

photon exchanged
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hagrons

Fig. (1.1) The kinematics of deep inelastic scattering.

Defining thie 4-momentum transfered squared by the photon to the proton Q? as
'Q* = —¢® = 4EE'sin%0/2,
the energy lost by the electron to the proton v as
v=E; - Ey,

2
and the dimensional vartable z = EQJVE when 1 > z > 0. Then the cross-section

for the process can be written

d*o _ 47ra2£
dQ%dv - Q* F

(Wz(QZ, v) cos? —g— + 2W1(Q2, v) sin® g) 1.2

where Wy and W are the structure functions whiéh correspond to the two possible
polarisation states of the exchanged photon .

In general, the structure function depends on two variables, Q% and v. In 1969
the prediction was made by J. Bjorken [3] that when the momentum Q? carried
by the probe is very large, the structure function will depend on one parameter.

This is called Bjorken scaling, i.e.

MW (z, Q) — Fi(z) 1.3.a

6
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vWa(z, Q¥) — Fy(z) 1.3.b

Feynman in 1969 [3] had a simple explanation of Bjorken scaling. He assumed
that the struck nucleon is made of point-like constituents called “PARTONS”. The
scaling behaviour of the cross-section was used as an indication of the scattering
off point-like partons, which were identified with the quarks of the constituent
quark model, as they appeared to have identical quantum properties.

Another surprising result came from experiments indicating that the sum of
the quark momentum in a proton is just half the total proton momentum. This
suggests the existence of another object besides the quark. In this case, the
object must be massless and electrically neutral. These new particles are called
“GLUONS” which are responsible for holding the quarks together to form hadrons.

The correct picture from deep inelastic experiments shows that
PARTONS = QUARKS + GLUONS

The theory which describes the interaction of quarks and gluons is called quantum
chromodynamics. It is believed to be the theory of strong interaction and is
discussed in detail in the next section.
1.4 Quantum Chromodynamics

During the past decade, quantum chromodynamics (QCD) has emerged as a
leading candidate for the theory of strong interaction. With its elegant and simple
(in principle) properties, it has many of the right properties to give good fits when
reliable approximations exist.

QCD acts as a colour gauge theory on the fundamental spin 1/2 quarks and
involves the exchange of a spin 1 gauge boson, the giuon.

The mathematical description is essentially the same as that for QED with
the complication that a 3® 3 unitary matrix appears in QCD due to three colours,

in place of U(1) in QED.
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This theory has the following properties:

1. Quark carries colour as well as charge.

2. Colour is exchanged by eight coloured gluons.

3. Colour interactions are assumed to be similar to electromagnetic interactions,
with the change of \/a for QED to /a, for the strong coupling of QCD.

4. At large momentum transfer (short distances) the coupling is so small that
we can use perturbative techniques, like in QED, while at small momentum
transfer (long distance) the coupling is so strong that the perturbation tech-
nique cannot be used. This is called asymptotic freedom behaviour, and it is
a unique property of QCD among other theories [4].

The Lagrangian of QCD is invariant with respect to a local SU(3) gauge trans-
formation. The main idea of QCD is to make the SU.(3) colour symmetry local
rather than global. To put this into effect, one must introduce a suitable vector
gauge field ¥¢(z), where a = 1......8, which transforms as the adjoint reperesen-
tation of SU(3) and the index i refers to the number of flavour. Starting with the

Lagrangian density for free quarks
Lo = U(iv*9, — m)¥ 1.4

Herein, only one quark flavour is considered.

To make the physics invariant, we consider the effect on the Lagrangian, if

the quark field is transformed under the most general local transformation
¥(z) — U¥(z) = e @Tag(z) l.5.a

U(2) o (1 + ica(2)Te)¥(z) 1.5.b

where U is a special 3 ® 3 matrix, a,(z) are the group parameters and T, is

the usual 3 x 3 generator of SU(3). Expanding the last equation by taking its

derivative
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ou¥(z) = (1 +iaa(2)T,)0,¥(z) + iTa(z)¥(z)Iuaa(z) 1.6

The second term in eqn. (1.6) destroys the invariance of the Lagrangian. Note
that if aq4(z) is constant this term is zero which implies that the Lagrangian is
invariant under global phase transformations. If we want the Lagrangian to be
invariant under local transformations, we should look for a modified Lagrangian.
In order to get this, we introduce a gauge field A with some transformation

property to obtain a covariant derivative such that
Oy — Dy=0,+ igTaAﬁ | 1.7
where A,, transform in abelian gauge field (QED) as

Aa

a 1 a
m -— A# - Ea#a (:E) 1.8

then the Lagrangian becomes
L =V(iv"0, —m)¥ — g(Ty*T, V) A, 1.9

To preserve the invariance of the Lagrangian, it is necessary that the non-abelian

gauge field (QCD) A, transforms according to
AL — A} - iaﬁaa(z:) - fabcab(:z:)Aﬁ, 1.10

where A, are regarded as the physical coloured gauge fields.

Thus the complete invariant Lagrangian under the local phase transformation

for QCD attains the final form
£ = T(ir 9, — m)¥ — g(Ty T, ) A% - iAguAg", L1l

where A%  the QCD strength tensor field has the form

p
A%, = 0, A% — OVAS — g AL AS fape, 1.12

9
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in which fgp. the structure constant of SU(3) is defined
[T, T%) = i fo T® 1.13

where the set a,b,c = 1. .. N?-1 for an SU(N) algebra.

To summarise, we can say that the quarks transform according to the triplet
representation and each flavour is a triplet of the colour group, and there are eight
gluons transforming as the adjoint representation. Another important note to be
made is that the mass term of the form mTzA“A,‘ is not allowed in the Lagrangian,
hence the local gauge symmetry requires the gluon to be massless like the photon
in QED.

1.5 The Way to Unified Weak and Electromagnetic Interactions

In the last section we described QCD which is believed to be the candidate of
the strong interaction. We try next to understand the phenomenology of another
kind of interaction; that is the weak interaction and the way to unify it with the
electromagnetic interaction.

Historically, the first weak interaction to be observed was the nuclear §-decay
which involved the emission of electrons and positrons from nuclei. Following up,
in 1934 E. Fermi developed a new phenomenology for weak interactions, interpret-
ing nuclear B-decay from the nucleon in a way similar to that of photon emission
from an excited atom.

The weak interactions can be divided into two groups:

1. Charge current reactions which change the electric charge
n—p+e +7, 1.14.a
2. Neutral current reactions with no change in electric charge

Ve+D— Ve+D 1.14.5

10
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With the analogy of the current-current form, the Lagrangian of process

(1.14.a) appears in the form

Gp ~ _
M= -7_2-(\1:,,0\1:,,)(%0%8),

where G is the weak coupling constant and the operator O characterise the
coupling, which was found experimentally to be both the vector (V) and the
axial-vector (A) type in the weak interactions.

The observation of parity violation in weak interactions is represented in the
vector axial (V-A) structure of the coupling. An attempt was made to overcome
the fundamental difficulty of four fermion interaction (the interaction is not renor-
malizable and violates unitarity at high-centre-of mass energy), by introducing a
massive charge boson, which mediates the weak interaction and has the following
properties:

1. It carries charge £ 1.
2. It must be rather massive, to reproduce the short range of the weak force.
3. Its parity is indefinite.

The observation of the intermediate vector boson, the mediator of weak inter-
actions, has been a goal of elementary particle physics and it has been a part of the
dream to build a unified theory of electromagnetic and weak interactions, since
both of them are mediated by spin 1 particles and act with a universal strength,
the weak coupling being related to the strength of the e.m. coupling:

€

1.15

sin Oy
where Oy is the electroweak mixing angle. This equation implies that the cou-
pling constants of e.m. and weak interactions are connected, which is the direct
manifestation of the unified electroweak interaction. Before going into the details
of the electroweak theory, we shall start with a brief general discussion of the
Higgs mechanism in the following section.

11
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1.6 The Higgs Mechanism

In the last section, we have showed how the weak interacton is mediated by
the exchange of a vector massive boson. The bhenomenon by which a vector
boson requires mass without destroying the gauge invariance of the Lagrangian is
known as the Higgs mechanism [5].

The Higgs mechanism is the result of spontaneous symmetry breaking, which
paves the way to the generation of mass for the particle. The idea is to include an
extra field within the theory. We start with the Lagrangian of the real interacting
field

L =(8,8)T(0#®) - u?dT® — \(&+®)? 1.16

which is invariant under U(1) local gauge transformations & — ®e'®(®),

If we consider the case A > 0 and p? < 0, then the potential of the Lagrangian

has the form

V(®) = p2®%d + MN®13)?, 1.17

which has a minimum at radius v = / :/(ﬁ This corresponds to the ground state.
Now we expand the field ® about a true ground state field in terms of new

fields 7 and ¢
®(z) = 1/2(v + n(z) + i&(x)), 1.18

and using eqn. (1.18) in the Lagrangian we get

2
L' =1/2(8,6)? + 1/2(8,m)? + uPn® + ,uz%— 1.19

The first term is the kinetic energy of the massless field £ and the third term

is the mass term of the 7 field.

Our Lagrangian is an example of the Goldstone theorem in which massless
scalars occur when a physical system is spontaneously broken. In order to study
the breaking of the local gauge symmetry, the Lagrangian is invariant under a

12
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U(1) transformation, we expand it to be invariant under an SU(2) transformation

as well, which requires 9, to be replaced by the covariant derivative
D, =0, —ieA,, 1.20
where A, is the gauge field which transforms as
1
The gauge invariant Lagrangian can be written in the form
1
L= (8, +ieA*)®* (0, —ied,)® — p2@T® — \(81®)% - FFw P, 122

where the term F,, F*¥ represents the K.E for the field A,. Substituting & =

1/2(v+n+¢) ~/1/2(v+ n)e‘if/” in the Lagrangian we get
L' =1/2(8,6)2 +1/2(8um)? — w2 +1/2e*02 A, A — ev A, 076 - %F#,,F“", 1.23

where £ describes a massless Goldstone boson, 7 a massive scalar and A, is the

massive vector boson as
me =0, mp=V2\2 my=ev

We have dynamically generated a mass for the gauge field, but there is still the
problem of the occurrence of a massless Goldstone boson. In order to find a gauge

transformation which will eliminate the unphysical field from the Lagrangian, we

assume
& — /1/2(v + h(z))e > 1.24.0
1
Ay, e A# + 56;‘@ 1.24.b

Substituting in the Lagrangian we get

L" =1/2(8uh)? = Wh +1/2e*v2 A% — wh® — 1/47h* +1/2e* A%R*

13
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+ve?AZh — 1/4F,, F* 1.25

This Lagrangian describes two massive particles, a vector gauge boson 4, and
a massive scalar h , which is called the ‘ Higgs particle’. Here the vector boson
AP ’eats’ a Goldstone boson and becomes massive. This mechanism is called the
Higgs mechanism which is the result of spontaneous symmetry breaking.

1.7 Salam-Weinberg Model

In the previous section we have shown that the Higgs mechanism through
spontaneous symmetry breaking gives us a consistent way of introducing the
" masses of the vector bosons mediating the weak interaction.

One of the most successful new theories establishes a link between weak and
electromagnetic interactions, suggesting that they are different manifestation of a
single underlying force, the theory which was proposed and established by Salam-
Weinberg in 1960’s.

Its first prediction was confirmed when experimental neutral current data was
obtainned which precisely matched the theoretical predictions. The discovery of

the weak bosons W and Z in 1982-1983 at the CERN (6] pp collider with masses
mw = 81.0 £ 2GeV

myz = 92.0 £ 2GeV,

is exactly as predicted by the standard electroweak theory.

The standard SU (2) x U(1) model was proposed and established to unify the
electromagnetic and weak interactions. This model (7] was suggested first by S.
Glashow in 1961 and in more detail by S. Weinberg in 1967 and finally, by A.
Salam in 1968. They invoked spontaneous symmetry breaking to give a mass to
the gauge boson without spoiling the renormalisability of the theory. Herein, the
isospin of the scalar meson generates a mass as a result of self interaction. The
vector boson is a massive isovector triplet W, for SU(2) and a massless isosinglet

14
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By, for U(1). As a result of the spontaneous breaking, three bosons W;f, W and

Zg acquire mass and one A, the photon remains massless.

In order to do this, we begin with the gauge invariant Lagrangian for the
scalar fields
Ly = (D,®) (D) - V(®), 1.26
with D, ® = (8, —igT.W, —g’%B‘,)@, where T and B, are the weak hypercharge
operator.
To generate gauge boson masses, we use the Higgs potential of eqn. (1.17)

with 42 < 0 and A > 0, so that the complex scalar doublet, at this potential, has

_ {170
o = §(v>

The gauge boson mass are identified by subsituting the vaccum expectation

the form

value &g for ®(z) in the Lagrangian. The relevant term for the gauge boson is

given by
_L [ oWitdBy o(W, —iW)) (o) 2
8' \g(W}l+iW?) —gWi+gB,)\v
1 - 1 2 — ! 3”,
= (avg)zij #+§v2(wj,Bﬂ) (_-‘?gg, 9329 ) (vg# ) 1.27

since W% = \/—15-(W1 +iW?). When we compare the first term of eqn. (1.27) with

the mass expected for charge boson, m¥,W+W~, we find
1
mw = ~gv 1.28
2
The remaining term is off-diagonal in the WI‘} and B, basis:
1
VoW - g'Bul? + Olg' W2 + gB,J*,
which must be identified with Im%Z 2+ %mﬁAi. ‘
So on normalising the fields, we get
- (QIW[} + ng)

\/Zgz +9'%)
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w3 -4¢'B 1
Z#_(g s =9By) mZ:EU\/(gug'?) 1.29.a

- M2+
From eqn. (1.15) the coupling strengths are related by

!

ta.nG:g-

g
Using eqn. (1.28) and eqn. (1.29.b), we have the following relation

w _ cosbw 1.30
mz

The inequality in masses is due to the mixing between the W;:‘ and B, fields.
The mass eigenstates are then a massless photon (A4,) and a massive Z, field.

To summarise, the theory made several predictions and was successfully tested
for over more than a decade in many experiments like the observation of the
neutral current in 1974, the prediction of the charm quark and more recently the
massive bosons W, Z have been observed at CERN pp collider with the all right
pfoperties and in excellent agreement [6].

In spite of all these successes in which the theory gives a unified description
of eem. and weak interactions with very precise predictions, many parameters in
the model had to put in by hand and have to be determined experimentally:

- the e.w. coupling constant e and g and their mixing angle;
- the number of generators;

- the masses of quarks and leptons;

- the mass of Higgs boson;

Because of these large number of free parameters the standard model is prob-
ably far from being the ultimate description of particles and their interactions. is

The aim nowadays is to find indications for physics beyond the standard model.
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1.8 QCD Phenomenology

If quantum chromodynamics, the gauge theory which describes the interaction
of coloured quarks and gluons, represents the correct theory of strong interaction,
it must describe an enormous range of phenomena in particle physics from the
spectrum of hadrons to deep inelastic scattering.

Herein, we are going to review a few of the many qualitatively successful top-
ics in modern phenomenology, which are important in bringing experimentalists
and theorists together in order (i) to understand present data (ii) to measure as
precisely as possible the fundamental parameters of the theory (A7, the distri-
bution of partons in hadrons, ...) and (iii) to make accurate predictions for the
next generation of hadron colliders. The topics which will be covered are (8]:

1. QCD in Deep Inelastic Scattering.

2. Large P; Hadron Production.

3. W, Z Production and QCD.

4. ete” Annihilation.

5. Higher order QCD Corrections - the K-Factor
1.8.a QCD in Deep Inelastic Scattering

The first deep inelastic scattering experiments started at SLAC in 1968. They
involved the scattering of electrons with protons in liquid hydrogen with energies
up to 18 GeV, and the scattering happened through exchange of virtual photons.

The observed cross-section gives information about the momentum distribu-
tion of the partons inside the proton. In the absence of QCD the distribution
structure functions are independent of Q2, since the partons are assumed to be
freely moving pointlike objects. As Q? increases, the photon will see the quarks
surrounded by gluons. By further increase in Q?, the photon can resolve the
valence quarks into quarks plus gluons and a quark plus ¢7 pair.

The cross-section has Bjorken scaling if there are a fixed number of partons
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at some distance scale. But in the presence of QCD, the simple parton model is
regarded as the zeroth order of the perturbation expansion. The test of pertur-
bative QCD is the breaking of Bjorken scaling in deep inelastic scattering. From
all this we can note the following:

1. In the 'naive’ parton model the structure functions scale i.e.
F(z,Q*) — F(z)

in the asymptotic (Bjorken) limit: Q% — oo, x fixed.
2. In QCD this scaling is broken by logarithms of Q.
3. In leading order QCD, the structure function is given by structure function
with non-scaling parton densities g(z, Q?).
Any distribution of a quark ¢; can be written as a sum of singlet and non-
singlet components. In order to describe the way in which QCD breaks the scaling,

it is suitable in this respect to define these singlet and non-singlet distributions:

¢V =g -

ZQz+Qz
1

In perturbative QCD, because the quarks can radiate gluons, the structure
functions varies with Q2, and these variations with respect to Q2 are described

by the Altarelli-Parisi evolution equations of the form

d 0(Q?) |
2 N.S' qq
Q dQ2 o Y I Py g 1.31.a
s as(Q%)  pue pa s
@ (5)=25"(Fm Bu)= (%), LaLs

where the splitting function P*(z) is defined as the probability of parton j emitting

a parton i with momentum fraction (z < 1), and * denotes a convolution integral:

fra=[ 2rwe)
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For massless quarks the splitting function is flavour independent, i.e.
Pgig;(z) = Py(z) 65

The explicit form for the splitting function can be written as

4.1+22
PY = _ 32,
3(1_:1:)4. 1.32.a
1
PY = -2-(2:2 +(1-1z)%) 1.32.b
_ »\2

pyng#@_ 1.32.¢

l-=z T 6(1-z) Ny
P9 =6 1-z))- ——~2~ - Ls51 - .32.
( " +(1_x)++m( z)) 5 35(1 z), 1.32.d

where these decay probabilities will determine the structure of a nucleon at a given
momentum scale (parton distributions will depend on Q?).
The precision of present data demands higher order corrections to be included.

The actual fits use next to leading order QCD predictions
P(z) — PY 2 pl
(@) = P(a) + 22 P(o)

F—3g—=F=3%(1+0(a)g

In spite of the success in using perturbative QCD to study the structure
function, there are still some problems to be solved such as the higher twist terms
which must be taken into account, and the singlet structure function is sensitive
to the gluon distribution at low x. In order to solve these problems, the most
recent generation of deep inelastic scattering experiments are trying to achieve
the following points:

a. Higher Q? so that there is no higher twist.

b. Higher x so that the structure function is justq .non-singlet part which is not
sensitive to gluon distribution.

c. Higher statistics.
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1.8.b Large P; Production
The study of large momentum transfer hadron-hadron scattering has con-
tributed substantially to our understanding of the nature of short distance parton-
parton interactions, and provided a fundamental test of QCD. The hard scattering
of quarks and gluons can be studied in the production of hadronic jets with large
momentum transfer.
In the parton model ( lowest order QCD ), a high P; jet is just a single P,
parton and the jet cross-section is the parton cross-section:

d30' R . . 1 —9
a,0,Cy

The parton distributions are determined by measurements made in deep in-
elastic lepton-nucleon scattering.

There are various sources of uncertainty in measuring the jet cross-section.
These include:

1. The uncertainty in measuring the P, of the jet which comes from extra soft
parton which is needed to conserve colour, electrical charge and energy. The
experimental fluctuation of P; is of the order of 1 GeV.

2. The uncertainty of fixing nucleon structure functions which is due to our
limited knowledge of Agcp and the gluon distribution function.

3. Higher order QCD corrections to the cross-section which are called 'K-factor’.
These must be evaluated and the result must be organised into a form appro-
priate to the jet cross section.

The leading order QCD calculation for processes like ab — c¢d with some scale
choice Q=% gives excellent agreement with experiment over the complete P; range
and provides the cleanest evidence so far for hard parton-parton scattering.

New improved experimental results on high P, jet production have recently
been presented in which multiple parton scattering [9] is expected to occur in single
hadronic collison. The cross-section for this process is determined by the product
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of two cross-sections and with the appropriate parton momentum distribution
V(zi, z;)

dé19dé —
EDY %%V(zh z2)V(z3,z4) 1.34
a/g

where mR? represents the inelastic cross-section.
- Multiple parton interactions are also expected as a potential background for
new physics research and for the future of hadron colliders. This will be discussed
further in section 4.4.
1.8.c W, Z Production and QCD
The gauge theory of Weinberg-Salam has come to be believed because of
thé existence and detection of W¥ and Z. Furthermore, the production of gauge
bosons provides the most fundamental test of the standard model and gives a
useful testing ground for perturbative QCD [10].
In 1983 the weak gauge bosons were discovered at the CERN pp collider via
the processes:
P — WEX — efrX
pp— ZX — ete™ X
By studying the momentum distribution of the emitted particles, the mass for

the W and Z were measured as:
Mw=81£2 GeV

Mz=92+2 GeV

The observed cross-section for the production of a W followed by its decay at

the collider energy /s = 540 GeV is

o(pp > WX — evX)=0.531£0.08 nb

The cross section for Z production and decay into leptons pair is about an
order of magnitude smaller than that for W production.
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The W and Z production can be calculated using the Drell-Yan mechanism

as shown in the fig (1.2).

Fig. (1.2) Drell-Yan mechanism for massive gauge boson production.

The total cross-section for W production can be written in the form

+ 1 1 2 2\ ~
o(pp - W*X) = Z_/o d:z:a/o dzyG o /p(Ta, @°)Gryp(T, Q)0 5w+ 1.35
9,9

where Ggg—.w 1s the subprocess cross-section

dm3a
3 4sin*(6y)

~

RS §(zqzps — miy) 1.36

Hard scattering 2 — 2 process is also produced at the pp collider with a
large momentum transfer as shown in fig. (1.3).
These events are what is expected from higher O(ca,) subprocesses.

The result of this QCD prediction for the P; distribution has been compared

with the experimental measurement. The agreement is good.
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1.8.d ete™ Annihilation

Particle-antiparticle beams colliding head-on in collider machines have been
a very interesting development in recent years. The class of electron-positron
collisions represents one of the most important and fruitful classes of experiments
because it gives us a number of important features for creating new particles,
besides the fact that the collision is very clean, between which enables us to learn
a lot about electroweak and QCD theory.

Fig. (1.4) represents the a.nnihila.tion process in which both particles annihi-
late into virtual gauge boson which also convert into particle pairs. The hadroniza-
tion of this parton pair gives rise to back-to-back jets which represent the lowest
order in perturbative QCD.

The total-cross section for the lowest order is given by the formula

4m3a 9
” ; e; 1.37

gy =

To next order, the quark and the antiquark can emit a gluon , which produces

an additional jet as shown in fig. (1.5)

Calculating the next order diagrams gives us the correction factor which is clear

from the formula

a a
1+ ==+ Cy(=2)?
7 T
Numerically if Ny = 5 and a; = 0.15 then the correction factor is

1+ 0.048 + 0.0032

Now we can write the total cross section obtained by summing over all the

quarks in the form

g = 0'0(3 Eeg) (1 + %01 -+ (%_1)202 + ) 1.38
q
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Fig. (1.3) Leading order diagram for direct W production in hadron

hadron collisions.

e* q et q
el S
e q e g

Fig. (1.4) Lowest order contribution to ete™ — ¢g.

(a) (b) (c) (d) (e)

Fig. (1.5) Lowest order contributions to ete™ — ¢gg (a), (b) and cor-

rections to ete™ — g7 (c), (d), (e).
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1.8.e Higher Order QCD Corrections - the K-Factor

Most of the calculations and discussions in particle physics up until now have
been considered with lowest order calculations. Complete cross-sections for any
process in QCD requires the cross-section to all order in a4, which then brings
large number of extra diagrams into consideration. These extra diagrams result in
multiplicati\}e corrections called the K-factor, which applied to the leading order
cross-section in order to get the complete cross-section {11].

Higher order corrections in QCD as in QED are because of the possibility
that the coloured partons radiate gluons. In QED this possibility is small, being
proportional to a = 1/137, but in QCD this possibility is much greater because
it is proporti”ona.l to as which is much greater than a. For this reason one cannot
ignore higher order corrections in QCD.

In the past years several important higher order perturbative QCD corrections
have been calculated. An approximate calculation [12] for 2 — 2 processes has

been calculated by Antoniou et. al., their result can be expressed in the form

do as(Q?) 9 do®
=t (Gt G

where C| is the correction factor arising from soft gluon loops and Cj from gluon
bremsstrahlung.
O(a?) corrections has been calculated to the total cross-sections for ete™ —

Hadrons by Gorishny et. al. [13], where the total cross-section has the form
2 Qs TRV
o= 0’0(326(1) (1 + -;Cl + (?) Cs + > 1.39
q

Recently a complete higher order QCD corrections for all 2 — 2 processes
to O(a3) has been found by Ellis and Sexton [14]. They have calculated the
cross-section in n-dimensions in order to regulate divergences.

Another phenomenologically important QCD calculation is the O(a3) cor-
rections to the single and two jet inclusive cross-section in hadronic collisions.
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An important result is the calculation made by Matsuura et. al. [15] of O(a?)
corrections to the Drell-Yan cross section.
1.9 New Physics

The standard SU(3) x SU(2) x U(1) model which is known to be a satisfactory
and consistent theoretical description of the experimental data has continued to
work well, but in recent years a variety of events which are not properly identified
have been reported from the CERN pp collider. Many physicists believe that some
of these events may be inexplicable within the standard model and some of them
go beyond it, and may be possible signature for new physics [16].

1.9.a Monojets

In 1984 UAl at CERN pp collider identified a sample of events containing

typically one large p; jet which was not balanced by any other detected particles.

In order to understand the missing events, we look at the process
pp— Z+jet+X - vv+jet+z

the large P; Z decay into v¥ pair which is undetectable, so the result is one jet
equal and opposite to a missing transverm momemtum .

But the more recent and complete analysis by the UA1 collaboration in 1986
has confirmed that the observed monojet sample with £ > 12 GeV is consistent
with the standard model although we can look for new physics in the limit when
Ep > 30GeV.

1.9.b Higgs Boson Detection

The most exciting experiments with the new accelerators are those which
discover new particles with masses up to O(1) TeV. One of the motivations for
constructing the superconducting supercollider (SSC) is to detect the missing
particle, such as the Higgs boson, predicted by the standard model of electroweak
interactions or any corresponding physics [17].
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Since the Higgs particle couples weakly to photons, muons, electrons, light
quarks and gluons of the beam particles, its detection cross-sections are quite small
which makes experimental Higgs searches extremely difficult. Hadron colliders are
the most promising possibilities for Higgs production. At hadron colliders, there
are again two production mechanisms of W fusion and gluon fusion .

The Higgs boson is detectable through its final state. If the Higgs mass is
greater than 2my or 2myz, its dominant decay is H - W*W~ and H — ZZ,
with branching fraction approximately in the ratio 2 to 1. At multi-TeV hadron
colliders it can be produced with a cross section of a few picobarns. For the design
luminosity of 104(pb)~! /year of the proposed superconducting super collider (SSC)
this gives tens of thousands of Higgs boson events.

At the end we can say that the phenomenological issue of Higgs is extremely

important and calling for further study.
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1.10 Outline of the Thesis

Having given the introduction as a background of the subject, we outline the
topics of this thesis. These are organized as follows:

In chapter 2, we calculate the first order perturbative QCD corrections to
photon pair production in hadron colliders. We first derive the lowest order differ-
ential cross-section for the process. We then present the calculation of the virtual
gluon corrections from self, vertex and box diagrams, as well as the corrections
from soft :and_ha.rd collinear gluon emission. We use the method of dimensional
regularisation in order to regulise divergences as a poles of order O() and O(%).

In chapter 3, we calculate the first order perturbative QCD corrections to
weak gauge boson production in a hadron collider. We 'start with the derivation
of the differential cross-section for the subprocess ¢q@ — ZZ. We use exactly the
same method of chapter 2 in dealing with corrections from virtual and real gluon
emission. As a check on our calculation, we have compared all the calculations

for mz=0, g, = —eq and g,=0 with the results of chapter 2.

In chapter 4, we calculate the total cross-section for some hard scattering
processes in pp and pp collisions at /s = 10-200 TeV for the production of single
and pair weak gauge bosons . We have compared the total cross-section and the
mass invariant distribution of some single scattering processes with same from the
double scattering mechanism for the same processes.

In chapter 5, we investigate multiple weak gauge boson production for hadron
colliders. We calculate triple and four gauge boson production cross-section in
pp collision versus CM energy using the double parton scattering mechanism.
We compare our results with triple gauge boson production from single parton
scattering.

In chapter 6, we explore our calculation to study Higgs boson production for
hadron colliders. We calculate the single pair Higgs production cross-section in pp
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collision via gluon fusion, which is suppose to be the dominant mechanism for this
process. We also compare the Higgs pair production cross-section, where the main
dominant decay of the Higgs boson pair is four gauge bosons, with the production
of four gauge bosons from double scattering processes as a. background.

Finally, a summary of this thesis, the brief conclusions of our studies, are all
the subject of chapter 7.

It should be noted that, a brief introduction and discussion are included at
the beginning and end, respectively, of each chapter. Also note that, for reasons of
simplicity, equations, figures and references are separately numbered in individual

chapters. A list of all references can be found at the end of the thesis.



QCD Corrections to Photon Pair Production
CHAPTER 2
FIRST ORDER PERTURBATIVE QCD CORRECTIONS TO PHOTON
PAIR PRODUCTION IN HADRON COLLISIONS

2.1 Introduction

Quantum chromodynamics has been formulated as a theory of strong inter-
actions. During the last two decades a large amount of sophisticated, theoretical
and experimental work has been devoted to testing and predicting this theory
[1]. This theory has been used in its perturbative form to explain a variety of
hadronic phenomena at high energies and has now met considerable qualitative
and quantitative success. Although it has many of the right properties to fit ob-
servation and givés correct results where reliable approximations exist, still, no

single experiment provide by itself a clear and completely qualitative test [2].

Although testing QCD theory is difficult, at the same time it is particularly
important. The difficulty of testing QCD is related to the fact that QCD is the
theory of quarks and gluons while real life is made up of hadrons and the pertur-
bation methods, which are unique to QCD, are only applicable in the domain of
weak interaction where the coupling is small. This reflects again the fact that no

single process provides by itself a definite experimental proof of the theory.

Over the last ten years, there has been a dramatic advance in high energy
physics, particularly with the observation of the intermediate gauge bosons and
large transverse momentum jets at hadron colliders with CM energy of /s=630
GeV. These recent CERN results at the available energy show beautiful agreement
with QCD predictions and also give a possible testing ground for various aspects
of it.

In this chapter we present the effect of strong interactions on photon pair pro-
duction in hadron collisions, through the calculation of the first order perturbative
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QCD corrections to the basic subprocess ¢g — 7.

During the last several years there has been a great deal of interest in the
perturbative QCD corrections to deep inelastic scattering 3] and the Drell- Yan
process [4]. This was followed by the calculation of QCD corrections for single and
pair jet production from hadron collisions. The results show that these correc-
tions are very significant, particularly for the Drell-Yan like processes. Moreover,
nowadays, at present collider energies, full evaluation of complete and exact QCD
corrections to one loop for different processes are needed since the gluons are now
playing a prominent role in hadron collisions.

The calculated QCD corrections lead to divergences which arise from the
vanishing of the gluon momenta (infrared singularity) and also from the emission
of a parallel gluon to massless quarks (mass singularity). These divergences are
regularised and represented in dimensional regularisation by poles O(1/e) and
O(1/€?), where € = %32 and n is the number of space time dimensions.

In section 2 of this chapter, we calculate the lowest order subprocess for photon
pair production in ¢g collisions. This is followed by the virtual gluon corrections,
which include the self-energy, vertex and the box diagrams in section 3. Section
4 presents the calculation of the real gluon emission including, the soft, and also

hard, real collinear gluon bremsstrahlung. Finally in section 5 we summarise the

results with some concluding remarks.

2.2 The Lowest Order Subprocess ¢q7 — v
In order to calculate the higher orders for any process, it is important first to
calculate the cross-section at lowest order. To calculate the lowest order for the

subprocess q¢ — 4~ [5], we have to consider the two Feynman diagrams of fig.

(2.1)
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Fig. (2.1) Lowest order Feynman diagrams for ¢q7 — vv.

The matrix element for this diagram can be written as:
My = e ega(ka)fa(f - Fo)fro(kr)

My = %ieQegU(kg),{l(]ég — B1)dav(ke), 91

where e, is the quark charge and €,€7 is the polarisation vector of the photons.

To calculate the differential cross section, we only have to calculate
F=Y[ M+ M2 +2Re (MiM,) |, 2.2

where the summation extends over the polarisation states of the photons and the

quarks. Using the notation
5= (k1 + k2)? = (p1 + p2)?
t= (k1 —p1)* = (k2 - p2)?
u= (k1 —p2)’ = (k2 — p1)°
s+t+u=0 23

In Feynman gauge we have to use Y —4; el’)e;} = —guv , which leads to the

differential cross-section
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do 1
i = ants 7
dr  a*1 4, .t u
Z =2 =+, 2.4
a0 253 [u + t]
where a = f—; and the extra factor % arises from the average over the initial q and

g colour and sum over ¢§ combination which can annihilate to form a colourless
photon.
The differential cross section for the subprocess qg — 4 can be translated

into the following form by introducing further invariants:

d_o‘___a_zﬁ 5 1 + cos?8 05
dQ  2s 3 1 — cos?8’ ’

where we used the kinematic variables t = (1 — cosf), u = F*(1 + cosf) and ¢

is the scattering angle.

2.3 O(a;) Virtual Gluon Corrections to g7 — vy

For the first order virtual gluon corrections to the subprocess ¢qg — 7+, there
are twelve Feynman diagrams as shown in fig. (2.2). We shall present the cal-
culation in the Feynman gauge, which means that the gluon propagator has the

form

D% = —igu, b, 2.6

where u, v are the Lorentz indices and a,b the colour indices.
Each of the diagrams contains a loop; the resulting integral over the gluon
momentum gives rise to two kinds of divergences (infrared and ultra-violet). There

is some cancellation of divergences when all virtual diagrams are added together.
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Y
i

y g

+ Crossed Photon Diagrams

Fig. (2.2) Virtual gluon corrections of order o, for ¢qg — vy. The
solid lines represent quarks, the wavy lines photons and the curly ones
gluons.

It is suitable to use the continuous dimension method (dimensional regular-
isation) to regularise all the divergences [6]. This method provides an elegant
framework for (in this case QCD) loop corrections in gauge theories, where the
divergences arising from the calculation of the QCD diagrams become poles of
order O(%) and O(%) in the final expression of the cross-section. The main moti-
vation for this approach is its relative simplicity compared to the traditional mass
regularisation schemes and it preserves gauge invariance [7,8].

The virtual O(a;) corrections may conveniently be represented by a quantity
Syirtual Which is defined as:

dOyirtual _ do®

40 o) bvirtual 2.7

It is clear from fig. (2.2) that there are in fact three types of virtual correc-

tions namely self-energy diagrams, vertex diagrams and box diagrams. We shall
calculate each of them separately.
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2.3.a. The Self-Energy Diagrams
These consist of diagrams 1,2 and 3 of fig. (2.2), where two of them (1 and
3) are called external self energy, and diagram 2 is the internal self-energy. The
external diagrams give zero contribution to the virtual corrections because of
the fact that the momentum squared of on-shell massless quark in dimensional
regularisation vanishes which means (p*)¢ — 0, so only the internal diagram,
represented by fig. (2.3), contributes to the virtual corrections.
q 14
gg yP+k
q 12
Fig. (2.3) Self-Energy Correction.

The loop integral for the self-energy diagram has the following form:

g=_ﬂ2‘i/ kw.)_%ﬁ 2.8

e REERE
The most important tools for the calculation of these kinds of integrals are the

Feynman parametrisation of multiple denominators

1 Ma+B+...+¢)
A°BP_E° " T()T(B)-T (9 [ dad.ds d1-2=y...)

o lyf-1 | el

2.
(Az + By + .....Ez)o+B+.e °
And with the use of the n-dimensional Minkowski space integral [9]
1 w2 (a - nf2)
= 2.10
/dnk[c - 2p.k — k%@ (c+ p?)e/2(a)
After applying this in eqn. (2.8) we get:
Amas o /1 V(L = 2))Yu
2-n/2) | d , 2.11
== P@=n/2) fy ® e - n)

(2n)r
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where we have used a change of variable of ¥ = k' + pz. Terms with k' in the

numerator vanish upon integration and the rest give:
Qg € N—¢ 1 —€ l-¢
=20 T(e) (-2) (1-¢) [-5] ;6”/0 dez=(1—z)™¢,  2.12

where we have used the identity v,p(1 — z)y, = —2(1 — z)(1 - €)p,.
Evaluation of eqn. (2.12) is straightforward and by using I'-function definitions

we get:

1
= 3(4”)%‘['2 14y +in(=t) +...], 2.13

where t = p? = (k1 — p1)2 = —2kj1.p1 and g is Euler’s constant.
We get similar form for the crossed photon diagram

= % amyep =L -
L= 47r(47r) Pul - 1+ v+ in(-u) + ..., 2.14

Combining eqn. (2.13 and 2.14) with the lowest order amplitude, simplifying
and rearranging the terms, we get the following correction due to the self-energy
diagrams

4o 1 1
‘5self = 37: (47‘l’)6 —% - ‘2‘+

(¢ + uz)(%iﬁ(l’ﬂ(—t) +7) + %tz(ln(—u) + ) 2.15

Note the inclusion of the colour factor 4/3 in eqn. (2.15).
2.3.b The Vertex Diagram
We calculate, in the Feynman gauge, the virtual gluon corrections to the

quark- quark vertex as shown in fig. (2.4)

Fig. (2.4) Vertex correction.
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For the vertex correction, we have to write the loop integral which has the form:

N _dmas oo Y@ = B - By
Au(p,p) = —'W /d k R = k)2(p = k)2 9op 2.16

It is more complicated than the self-energy case. Also we introduce here the

Feynman parametrisation as

Au(p,p) = —é::;:I‘@) /dxdydz5(1 -z-y- z)/d"k
728 = Bvu(® - F)1a 517

(k2 + (¢ — k)*y + (p — k)22

Introduce the new integration variable
K=k -py-pz
in terms of which eqn. (2.17) becomes

dmag

Mu(p,7) = ~ e T(3) / dzdydz6(1 — ¢ —y — 2) / &K

(1 =) = p2 = 981 = ) = #y = K 218
[sz — (p/y _|_pz)2 + kl2]3 .

Note that the photon and one of the quarks are on mass-shell, which simplifies

the calculation. For the p’?=0 case, we have to integrate the following:

z(1 - 2)
—2p*(1 -z - y)

Uras, .
Mu(pP) = ~grain (1 +) / dyde7

]1+€'7°‘]$'7“757a 2.19
With a suitable change of variable and using the identity
YuYwYu = =-2(1 - €)1,

where ¢ = 4—;'3, which enables us to write

1T(1+ e)T%1 - ¢)

Au(p,p') = Z—; (4m)e [P €(1=2¢)T(1 - 2¢)
(1- e)p2(’)’p - 22—?6) 220
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Rearranging eqn. (2.20) we get
n_ Qs 1 2pup,
Au(p,p) = -(4m)° [= —in(=t) =y +1] [n- 72—], 2.21

where v is Euler’s constant. Similarly for p? = 0 we get

20, ¢
pl2

Mlp,p) = 224 (2 —in(=0) — v+ 1 2], 22

Taking into account the crossed diagrams, writing the vertex amplitudes and
combining them with the lowest order amplitudes, we get the following corrections

due to the vertex diagrams:

4o, 1 4ut
4r)¢ [ 1+ ——s 1
37r(7r) [e ( +t2+u2)+

5vertez =

— e+ 20)(In(=t) + ) - 2ut +t o] 2.23

with ¢ = (py — k2)? and u = (pg — k1)
2.3.c The Box Diagram
For the box diagram we have to work out a four denominator integral. The

loop integral of fig. (2.5) can be written in the form:

X
N
A

L0
A
LTI P
-
=
|
=~
+
o

i

W]

i

x
I
=
——

Fig.(2.5) The box diagram

M= /d"IcAYOIUé + )y ( + 1 — By (F - F1)y?

T (2m)m k2(k + k)2(k — k1)2(k + (p1 — F1))2 Jop 224
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Here, a double pole O(1/€?) term appears as a result of the infrared diver-
gences as well as the mass singularites in the amplitude. Introducing Feynman

parametrisation to eqn. (2.24) we get

—tdTay,
M= Gy I‘(4)/dzdydzdw (l-z—-y—z- w)/d”k

Y+ By (E + 51— By (F - F)Ye
[k2 + 2k(yka — zky + z(p1 — k1)) + 2(p1 — k1)?]*

2.25

Introduce the new integration variable
E=k+ yky — k1 + Z(p1 - kl)

k=Fk - yka + zk1 — Z(pl - kl),
in terms of which eqn. (2.25) becomes

_ —idma, ol
M = ) F(4)/da:dydzdw (l-z-y-2z w)/d k

THE + k(1 - y) + Fu(z + 2) = 2p)v (F = F1(1 — 2 = 2) + P11 ~ 2) — yfa)

(F -kl -z —2)—yky — zf1)%a
(k2 — (yko — zk1 + 2(p1 — k1))? + 2(p1 — k1)?]*

The calculation of eqn. (2.26) is more lengthly than the previous cases. We made

2.26

use of the symbolic manipulation program REDUCE [10] to calculate the trace of
the numerator interfering with the lowest order. After the trace calculation, we
expand the numerator factors, which include factors of 1, x, y, z and w or multiples
of such factors. These integrals are calculated and the results are expressed in
terms of the invariants, t and s together with functions of e. Here we shall present

the non-trivial integration arising from eqn. (2.26) as an example

— 4T,

M= Ty

F(4)/d:cdydzdw (l-z—y—z-— w)/d"k'

1
(k"2 = (yk2 — zk1 + 2(p1 — k1))? + 2(p1 — k1)?)*
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Now integrate over d™k’ we get

—idra
-8 d —p—y — 2 — a)im™2
M SR /dzdy zdw 6(l—-z-y—z—w)r
T(4 = n/2)[~2t + (yky — zky — 2t)%]24, 2.28

where t = (p; — k)2

ag

€ 1 —€
M= ym (47) /da:dydzdw (l-z—-y—2z— w)t—z(—t) [(2+¢)

zl-z-y-2)+ myf]‘z‘f, 2.29

where s = (k1 + k). In order to integrate eqn. (2.29), we have used a suitable
change of variables

w = a(l - a),

T = aa,
z = 3b, 2.30

so that w+z+y+2z = a+f =1, zy = afa(l-b)and z(1-z—y—2) = afb(l-a).

The Jacobian factor for this transformation is J = %1(%;—'%% = af.

= %(47!')6%2(—15)—61‘(2 + e)/dadﬁdadb (aB) 6(1-a-=p)

[@B(1 - a)b+ afa(l - b)-::]"z"e 2.31
1
M= %(4«)6%2(4)-61*(2 +9) [ dadf S(1-a-p) (ap)

/0 ' dadb [b(1 - a) +a(1 - b)?]'“ 2.32

Cag,, el —-2T%(1 —¢)
M= 5(471') t_z(—t) F(2 -+ G)TF_(].———2—€5 R, 2.33

with
1 1

R= /0 da /0 dblb(1 — a) +a(1 - b)7] 7 ~* 2.34
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Evaluation of R is rather lengthy, but with the use of hypergeometrical functions

we get [11,12]:

DT+ AL+ D)+ )+ (TN +ELin(1+3)+..)), 235

R=——1
€

(1 —¢)
where Lig(z) = 372, f—zr (Spence function). With the help of the formula

Lig(1 — z) + Lig(1 = 1/z) = —1/2in%(z)

The final result for the integration can be written as:

TS P 2l-¢)
M= 47r(47r) t2( T2 +¢) e T(1 - 2e)
~ oy 1t L 2
[—e(1+e);( +en(—t/s)——2- n*(—t/s) — ¢ 7)] .36
o 1 e 2T(1+€)T?(1-¢)
M= ) G e T 2
[2 + eln(~t/s) - ;lnz(—t/s) - 6211; + .. 2.37

All other integrations arising from eqn. (2.26) can be evaluated in a similar
way. Due to the large number of terms, we have only concentrated on terms that
contain a singularity and we have left finite terms which contain terms of log,
dilog and 72 in. Similar form can be obtain for the crossed photon diagram.

After lengthy calculation we obtain the final form of the corrections from the

box diagram as:

4ut

4o, c 1 1
(@m)* =g+ Unls) +7-2- 5 —3)

) =
bozr 3T

+...finite  terms....] 2.38

where the finite terms are terms which are free from singularity.
Note that all results from self, vertex and box diagrams are in full agreement
with the result of Berends et. al. [13], in their Feynman gauge calculation of the
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corresponding corrections to the subprocess yy — ¢g, which is the inverse of the
one considered here.

2.4 O(a,) Real Gluon Corrections to ¢ — v7.
To calculate the corrections from real gluon emission, we have to calculate the

cross-section corresponding to the Feynman diagrams of fig. (2.6)

' ELLLILLLLL

No]]

+ (Crossed Photon Diagrams

Fig. (2.6) Feynman diagrams for the real gluon emission.

These diagrams contain no loop integrals, but there is an integral over the final
3-body phase space. As in virtual corrections we are facing divergences, generated
in the continuous dimension method as poles of order O(1/¢) and O(1/€?), in the
contribution to the cross-section. These divergences arise from two different limits.
First, the soft gluon limit where the gluon energy is very small and second, the
collinear limit where the gluon is emitted in a direction which is sufficiently parallel
to the quark or the antiquark. In this section we shall calculate the corrections
from both regions separately. Finally we shall add the corrections from virtual
and real gluons together, in order to get a finite correction value, which should be
added to the lowest order cross-section.

2.4.a. Hard Collinear Gluon Emission

The emission of the gluon is in a direction which is sufficiently parallel to

the quark or antiquark direction. In this case we have to calculate the cross-
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section corresponding to the Feynman diagram of fig. (2.6). The matrix element
(omitting colour matrices) for the six Feynman diagrams are:

= ;f,fk Tk (k ~ Dk - ao(h),

_ —ielg
4ky.p1ks.po

—ie?

My = g k(s ~ Bk~ Bl

T(ka)f2(F2 — B2)d(br — F1)frv(k1),

—e?
= ____Mmkﬂf 5 Uk)f(B2 = BB — fa)fav(ka),
—iezg
4ky.p1k1.p2

—ie?
M = 4k2.p1ki,kﬁ(k2)¢1(k2 - P)fe(F1 — B)fo(k0), 2.39

U(ka)f1(k2 — b1)f(b2 — F1)drv(k2),

My =

where g is the gauge coupling constant (¢ = 4ra,), € is the polarisation vector
of the gluon, and €; and €3 are the polarisation vectors of the photons.
For the case when the gluon is parallel to the antiquark ki, only the diagrams

M3; and Mg lead to singularities. For the cross-section we have to calculate:
Fy = Y [|M3|% + 2Re M35 (M1 + Mz + My + Ms + Mg)+

|Mg|® + 2Re Mg (M1 + Mo + My + Ms)], 2.40

where the summation is over the polarisation states of the photoﬁs, the gluons,
and the quarks.

To calculate the traces we have made use of the symbolic manipulation pro-
gram (REDUCE) [10]. In our calculation we have used the following
- The gluon has to be treated in n-dimensions.
- The photons and quarks have to be treated in 4-dimensions.
- Because the gluon is almost parallel to the quark ki, we put k.k1=0 everywhere
except in the denominator.
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Working the matrix element out we get:

2etg?s . t2 4+ u? (t — u)? t u

= - ~ - =

1S kR e TG Py
(t =t ue ), 2.41

where

t=(p1— k) u=(p1—k)? s=(k1+k)?
= (p2 — k)%, o =(po—k1)? & =(p1+m)

As a check to the calculation, we put ¢/ = ¢, v/ = u and s’ = s in eqn. (2.41)
then the form of the lowest order cross-section for the subprocess ¢z — v can be
obtained.

For the case when the gluon is emitted parallel to the quark k9, only the
diagrams M7 and My have singularities. In this case we have to calculate the

following:
Fy = 3 [|Mi|* + 2Re M7 (Ma + M3 + My + M5 + Ms)+

|M4|2 + 2Re My (M2 + M3 + Ms + Ms)], 2.42

we find a cross-section identical to eqn. (2.41).

In order to get the total corrections due to hard collinear gluon we have to
integrate eqn. (2.41) over the gluon phase space.

The total cross-section for a three body final state, after including factors for
flux, Bose statistics, coiour sum, initial state spin, and final state polarisation, has

the form

Oreal =

ez o 4a, (2n)* ; d* d'py d'ps 4

25 3w 2 2m )™ (2m)% (2)%

ki +h—pr-pr—k) (2m)° YK 5G] 5 IMP 243
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where |M|? is the matrix element squared for the hard collinear gluon emission.

To integrate eqn. (2.43) we introduce the following
1= [&*Ps(P ~p1 - )

o0
1= /0 dm26(m? — P?),
so that eqn. (2.43) has the following form:
o 4o, (27

et
-9 2 + 2
Oreal =3 o7 3 > T 3 7 /dm dPd*k §F(P? - m?)

SHK =P —k) 6T(k?) /D?BPS \MP?, 2.44

where D2BPS is the two body final state phase space integration which has the

form:

p1dipeét (p3)6¥ (p3) 6%(k1 + k2 — p1 — p2) 2.45

1
D2BPS = o3

Performing the integration over the gluon energy k, and with change of variable

y= %(1 + cos¢), we obtain

eg o do, (2m)4 1 (4m)°
Oreal = &, == -
3 25 3« 2 (2m)2T(1-¢)2

! 2
/dws(l - z3)(1 - 23)7*(s) "¢ A dy(y(1 - y))™*| M| /D2BPS, 2.46
where we have used the following:

dv 1k
2k '

d k6T (k?) =
/

o™/ 22
A"k =
/ k= I‘(n/2 -1)

2

/ dkkm2 / dgsin™3¢,

dm*® = sdz3,

the matrix element squared for the process qg — vvg has the following form:
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2s t2 + o2 (t — u)? t u
k. k1 k kg Pt (=7 +2- 5 - 5)

(t =t ue ), 2.47

|M|* =

using the following collinear kinematics

t = —2E%z3(1 4 cos), ' = —2E%(1 + cosf),
u=—2E%1-cosf), u =—2E%z3(1 - cosh),
s=4E% ' =4E’z 2.48

By substituting these collinear limits in the matrix element, and with doing more

algebra, we find the following form for the corrections from hard collinear gluon

emission:
(1+ 3 1 1
Ohardcollinear = _i [/ 1 — 2:33) (—z — In(4m) + ’)’) + Elnsz
—2In%e + 4¢ln2e E — €2 In2¢ E — 4 — 3In2FE — 4ineln2E + 4], 2.49

where ¢ is the fraction of gluon energy and

Ohardcollinear = a'qt']—v'n&hardcollineara

with
Gy = PR / D2BPS|M|%, 2.50
T3 23 qq—7Y
2.4.b Soft Gluon Emission
In this case the gluon energy k is small so that the soft gluon matrix element

is proportional to the purely elastic cross section. To order a; we have to calculate

the cross-section of fig. (2.7).
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*+ Crossed Photon Diagrams

Fig. (2.7) Feynman diagrams for soft gluon corrections.

The correction factor is given by the following form

L k1 2.51
3 °) T2k kkikks '

4o

5soft = (27r)"

This integral has two fold divergences, with the gluon being soft (k — 0), and
with the quark being massless, we will generate both infrared and mass singu-
larities. Working in the continuous dimension method, we expect a double pole
structure in the soft gluon correction. This is the only place where the double

pole appears in real gluon emission. Using the following formula

/ & = 2”/”22 y / dkk™? / d6sin™%6, 2.52
n —

We can write the correction factor in the form

2mag 2w s [FE -5 -
= % 49 sin™50 / dkk™, 2,
bsoft = Ty 3 T(n/2-1) / T h »

where we chose k.ky = Ek(1 — cosf) and k.ky = Ek(1 + cosb).
After integrating eqn. (2.52) over the gluon energy and angle we get the

following form for the correction

L: 3 € I(]' E) 1 2 21-¢ 4
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Using some gamma function properties like

1 62 2 7'('2
F(—l—_—e)—1—7€+§(7 —'6—)+....
I2(1-¢) o T2
1"(1_—26)_(1—6—6.+ ..... ), 2.55

the final result for the correction factor from soft gluon emission can be written

in the following form:

4a, 1 2
Suopt = 2 (4m)* [ -7 (n(4B%?) +7) + L(n(4B%) +2) = T] 256

€2

2.5 Results and Discussion

Two photon pair production in hadron collisions gives an important test
ground for various aspects of perturbative QCD. Furthermore, the study of the
production of photon pairs and weak gauge boson pairs at contemparary hadron
colliders, will improve our understanding of some features of the QCD improved
parton model.

Two direct photon have been observed in the UA1 experiments [14] at the
CERN pp collider at centre-of-mass energy +/s= 630 GeV. They found six candi-
ates with an expectation of 0.9 & 0.45 events which come from two-jet events or
from single-photon events. The integrated cross-section for two photon production

has been detected and found to be
Oyy =38+ 19+ 10pb for E; > 12GeV and |n| <3,

where this value is found to be in good agreement and support prediction of QCD
theory.

At UA2 experiment [15], they found 4 events with two photon candidates at
pp collider with CM energy /s = 630 GeV and are expected to be produced at
pp collisions also.
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In view of the importance of this process, and because it occurs at hadron
colliders and observed experimently so it becomes necessary to know the magni-
tude of the QCD corrections, which arise when gluons are exchanged and emitted
from order process ¢ — v7.

We have calculated the a, corrections to the ¢ annihilation using the per-
turbative theory of massless quarks and gluons. The results have been presented
for virtual and real gluon emission separately. In order to obtain results which
are free from divergences, we add up the corrections due to the virtual and real

gluons, the various double and single poles cancel, the leftover 1/¢ term has the

form
1+ m%
(1—=3)4

This term corresponds to a mass singularity which is usually absorbed into the

4 3
Pu=1 + 250~ 29)

definition of the structure functions beyond the leading order. Since the appear-
ance of this mass singularity in higher order corrections has a universal structure
that is independent of the process, it can be removed by standard subtraction pro-
cedure. With the M S subtraction scheme, the total cross-section can be defined
as:

do = do® + do?,

where do? is the Born cross-section, and do! denotes the order o, corrections
which appear as large double logarithms or 72 terms.

Summarising, we can say that QCD corrections arising from virtual and real
gluon emission are a sensible addition to the lowest order cross-section. Moreover,
it is neccessary to calculate exactly the size of these corrections. We add the
reminder here, that our result does not give the complete O(a,) correction, we
have not included the finite terms from the box diagram, because of the large
number of integrations required. Besides to that and due to the presence of the ¢
terms in eqn. (2.49), it is not possible to ask for the numerical value of the QCD
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correction. But if we disregard them and calculate the remaining terms, with
as ~ 0.15, the effect of first order QCD correction is approximately 10% change
to the value of lowest order and this is reasonable number for a QCD correction.

In next chapter we are going to calculate the first order QCD corrections to
Z boson pair production at hadron colliders. We are going to use the results of
two photon pair production to check our calculation, by setting the mass of the

Z boson mz=0 in the final result.
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CHAPTER 3
FIRST ORDER PERTURBATIVE QCD CORRECTIONS TO WEAK
BOSON PAIR PRODUCTION IN HADRON COLLISIONS

3.1 Introduction

The nature of the weak interaction and its universal coupling, suggests the
existence of vector gauge bosons mediating the interaction, and connecting weak
and electromagnetic interactions.

The Higgs mechanism through, spontaneous symmetry breaking of the gauge
group allows the vector gauge bosons to become massive, without violating the
symmetry.

The application of all these ideas have led to the remarkably successful theory
of Glashow, Salam and Weinberg (1] for electroweak interactions, which is part of
what is called the standard model. This theory is based on the gauge group of
SU(2) x U(1) and has three massive gauge bosons W* and Z in addition to the
massless photon.

This success culminated in the discovery of the triplet of gauge boson parti-
cles W* and Z at CERN in 1983- by far the most massive elementary particles
produced within an accelerator up to now. This method of producing massive par-
ticles at pp collider which tests the Drell-Yan mechanism at new energy regimes,
shows that the intermediate boson picture is correct, and gives the most direct
verification of the standard model. Any grand unified theory must have a phe-
nomenological structure very similar to the standard model at energies near to
100 GeV.

3.1.a Weak Gauge Boson Production in pp Collision

In 1982/1983 the W* and Z weak boson were discovered at CERN pp collider

[2]. Providing there is sufficient energy at the collider, which is assumed to provide
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a full source of valence u, d and %, d quarks, hence the dominant mechanisms for

W% and Z production are

xR
yP,
p2

Fig. (3.1) W, Z production at hadron colliders.
Experimentally, it has been found that the rate of production of W* and Z

at energy /s=630 GeV is
aWi =4.7 nb, o =15 nb,
with the luminosity L =3.5 x 107%nb~1s~! we can get
1 event Wt or W™ every 10 minutes

1 event Z every 30 minutes

The cleanest signature for detecting the W and Z is through their decay as
W — ey, W — uv

Z — ee, Z = pp,

because the W and Z are massive bosons, these decay particle pairs will be emitted
with very high energies in opposite directions. The electrons are well identified
charged particles and they are detectable, while the neutrinos and antineutrinos
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are undetectable, and they leave without interacting, although their presence can
be detected through momentum conservation.

W and Z masses can be determined through their decay spectrum. The mass
mz can be determined directly, through the lepton pair mass spectrum, while the
prediction of the W mass is more difficult, because the W decays to a charged
lepton and missing transverse energy, so the measurement of the lepton pr gives
instead a sharp peak near my /2.

The theoretical prediction for the W and Z masses depend on one free parame-
ter of the electroweak theory, namely sin28y. This parameter has been measured
in many independent experiments and yield a result of sin2fy = 0.230.

The higher order QCD corrections to W and Z cross sections are very impor-
tant in order to get good agreement between theoretical prediction and experi-
mental data. Quantitatively, the W and Z cross sections receive about 35% from
O(as) corrections.

Another important process which lead to a precise determination of gauge
boson properties; mass, width and coupling, through the production of gauge
boson pair. This also provides us with a good test of the structure of the standard
electroweak theory . We are going to discuss in detail gauge boson pair production,
through single and double process scattering, in next the chapter.

Finally, we can sa,y that the W and Z do exist with their predicted masses,
and their production provides a good test of both electroweak and QCD theories.
This will open a very important chapter in the improved understanding of the

theories of fundamental forces in nature.

3.1.b This Chapter

In this chapter we calculate the higher order QCD corrections to weak gauge
boson pair production at hadron colliders. As we mentioned in the last chapter,
gluon effects play an important role at high energies (TeV scales) and the correc-
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tions from higher order diagrams provide a significant contribution to the total
cross-section. This change to the total cross-section, which results from adding
the QCD corrections, will make the comparison of the total cross-section with
experimental data much better than that of the lowest order diagrams alone. The
most important reason for the calculation of the higher order QCD corrections
to weak gauge boson production is related to the investigation of the electroweak
symmmetry breaking, which is a primary goal of the proposed Superconducting
Super Collider (SSC). The main challenge for the SSC is the detection of the Higgs
boson of the standard model. The main dominant decays of the Higgs boson are
through H — W*W~ and H — ZZ (3], for a Higgs boson mass greater than

2mw or 2myz.

The continuum background for the Higgs boson is mostly expected to be Z
boson pair that are produced via ¢ — ZZ because both Z’s decay leptonically,
while the background from W pair is less than expected because W’s decay both

leptonically and hadronically, the latter is very difficult to distinguish from jets.

60 v T
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Fig. (3.2) The invariant-mass distribution of Z pairs from Higgs boson
decay (solid line) and the continuum background ¢g — ZZ. The Higgs-
boson mass is set at 400 GeV. In (a) no cuts are made. In (b) the
outgoing Z’s are required to have rapidity 7 < 1.5 [3].
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Fig. (3.2) shows the invariant mass distribution of Z pairs from Higgs boson
decay and the continuum background from ¢g — ZZ. The encouraging point in
the fig. (3.2) is that the background falls sharply with increase of the Higgs mass
and the Higgs signal is larger than the background by a factor of two; but on the
other hand, the number of evehts is expected to be small. For this reason it is
important to look at an additional signature that can distinguish the Higgs signal
from the background. The important processes are the ¢q¢g — ZZ2¢, q9 — Z24,
and §g — ZZq, where in these processes the produced Z pair will generally receive

transverse momentum when the Z pair recoils against the gluon.

Fig. (3.3) shows Monte Carlo results for the transverse momentum distribu-
tion of Z pairs. The background here arises from the perturbative QCD processes

q¢ — ZZg,q9 — ZZq, and g9 — Z277.
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Fig. (3.3) Monte-Carlo results for the transverse-momentum distribu-
tion of Z pairs that decay into e*e~. The solid line is due to Higgs bosons
of mass 400 GeV, while the dotted line indicates the background arising
from the perturbative QCD processes q¢ — ZZg,99 — ZZq,and g —
Z73.
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3.2 The Lowest Order Subprocess ¢q7 — ZZ
The general amplitude for quark-antiquark annijhilation into a weak gauge

boson pair ZZ, together with momentum assignments is shown in fig. (3.3) below

q ——--—-- Z q A
\ /
Y ><
- RN
f—e—-----Z 3 N7

Fig. (3.4) Lowest order Feynman diagrams for qg — ZZ.
The matrix element for the process where the Dirac fermion annihilate to

produce a boson pair is given by [4]
—
My = —u(k2)¢2(9v — gav5)(F2 = P2)f1(gv — 9a75)v(k1)

My = ——u—ia(k2)¢1(gv — 9a75)(f2 — P1)ée(gv — gas)v(k1), 3.1

where €1, €9 are the polarisation vector of the Z bosons and g,, g, are the weak

neutral couplings.

To calculate the differential cross-section, we only have to calculate
F=3 [Mi]*+|Ma|* +2ReMiMby), 3.2

where the summation is over the polarisation states of the Z bosons and quarks.

With the use of the usual variables

s= (k1 +k2)? = (p1 +p2)°

t = (k1 - p1)? = (p2 — k2)’?

u= (k1 —p2)? = (p1 — k2)?
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s+t+u=2mb, 3.3

Working the matrix element out by using REDUCE (5], we get the following form

for the differential cross section, to lowest order, for the subprocess ¢qg — ZZ [4]

do o 1 (gd+gt+6929) t w 4mys , 1 1
DL T b=, 34
it Tl 3

= 3 |

aQ  2s 3 et

where the polarization vector is defined so that 3" €,6, = —g,, + Eﬂ%’-‘i, 752 =1and
z

2
= £
=47

As a check on our calculation, the result for g — ZZ for mz=0, g,=0, and
gv = —eq can be compared with the calculation based on formula of eqn. (2.4)
for gqg — 7.
3.3 O(as) Virtual Gluon Corrections t0 q7 — ZZ

To calculate the first order virual gluon corrections to the subprocess qg —
ZZ, we have to evaluate all the diagrams of fig. (3.5). We present all the cal-
culation in the Feynman gauge, which means that the gluon propagator has the
following form:

D% = —igy,8a,

Each of these diagrams contain a loop, the resulting integral over the gluon
momentum leads to ultraviolet and infrared divergence. These divergences occur
due to the behaviour of the integrands at high and low virtual momenta (high
and low energy behaviour of the loop integrals). The divergences associated with
high virtual momentum are called ultraviolet divergences, the other divergences
associated with the behaviour of the integrals at low momentum are called infrared
divergences. For the integrability of these diagrams, we may either introduce
cutoffs or work in a space with dimension n > 4. As was done earlier in chapter 2,
we are going to use the continuous dimension method (dimensional regularisation),
where the divergences arising from the calculation become poles of order O(1/¢)

and O(1/¢€?) in the expression for the cross-section.
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q -——-Z g ————C
g g
51 --=Z a—E - -2

Fig. (3.5) Virtual gluon correction of order o, for ¢qg — ZZ. The solid
lines represent quarks, the dashed lines Z boson, and the curly ones
gluoms.

It is clear from fig. (3.5) that there are in fact three types of virtual diagrams
called self energy, vertex, and box diagrams. We shall calculate each of them
separately.

3.3.a. The Self-Energy Diagrams

These consist of diagrams 1, 2 and 3 of fig. (3.5). Only the internal self-

energy (diagram 2) gives a contribution to the cross-section, while the external

self-energy (diagrams 1 and 3) gives zero contribution to the virtual corrections .
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Fig. (3.6) Self-Energy Correction.

The loop integral for the self-energy has the following form:

z47ra3 Yu(P+ F) 7,,
= k vy .
(2 / k2(p + k)2 I 35

Using Feynman parametrisation of multiple denominators and with the use
of an n-dimensional Minkowski space integral [6], and with a suitable change of

variables we get |

Qg

¥ =

(47)¢ Pu [—% —1+7v+n(-t)], 3.6

where t = p? = (k1 - p1)2 = m2Z — 2k1.p1 and g is Euler’s constant.

We get similar form for the crossed Z boson diagram

Qg P 1 '
L= @) (4m)¢ Pu [_-Z — 144+ In(-u)], 3.7

Combining eqn. (3.6 and 3.7) with the lowest order amplitude, we get the

following correction due to the self-energy diagrams

Sup = o2 (n)° [ =3 + o (=) +7) + g (n(—u) 4 7)), 38

A = 8mtu — 2mpu® - 4m2Zt2u — 4mitu? + Atu

B= —2m‘};t2 + Sm%ut - 4m22t2u - 4m2ztu2 + 2t3u,
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My = —2m‘}t2 + 16m%ut - 2m4Z‘u.2 - 8m22tu.2 - 8m2Zt2u + 2tu® + 2630,
where My represents the lowest order for the subprocess ¢q7 — ZZ
As a check on our calculation for &y, for mz=0, the same result of eqn.
(2.23) is obtained.
3.3.b The Vertex Diagram
We calculate in the Feynman gauge, the virtual gluon corrections to the quark-

quark vertex as shown in fig. (3.7)

p-k
q -—Z
g% Pk

q Z

Fig. (3.7) Vertex correction.

For the vertex correction, we have to write the loop integral which has the form:

dras [ o, 7" - W(B = B)AP
oo U

It is more complicated than the self-energy case. Also we introduce here Feynman

parametrisation as

4mTay

(@)
@ = D~ D 10

[k2z + (¢ = k)%y + (p — k)22° '

We introduce the new integration variable

Au(p,p') = - I‘(3)/d:z:dydz6(1 —r—y- z)/d"k

k' =k —-p'y—pz,

in terms of which eqn. (3.10) becomes

tra,
A7) = _’(21‘;‘,1 r(3) / dedydz6(1 ~ ¢ —y — 2) / &k
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Y@ (1 —y) —pz — k)u(B(1 = 2) = #'y = kN 3.11
(2p? — (P'y + p2)? + K23 '

Note that one of the quarks are on mass-shell, which simplifies the calculation.

For the p2=0 case, we have to integrate the following:

z2(1-z)
—2p%(1 — z — y) — myyz|ite

dra,

Aup,p)) = - (27r)nz7r"/21"(1 +¢) / dydzy

Y PVubVa
3.12

With a suitable change of variable, and using the identity

YuYvTu = —2(1 - 5)’71/,

4—n

where € = 5%, we can write
/ Qg €, .2 —1-¢ 1 F(l + 6)F2(1 — E) 2 2pl‘75
= =24 —t - - - _ ZPup
Mlon#!) = (e Tm -4 LS - ot — ), - 2T
3.13
Rearranging eqn. (3.13) we get
Mo #) = S2(am) [ —inlmg—)—7+1 - 2, 54
HA 47 € Booop2
where v is Euler’s constant and p? = t. Similarly for p? = 0 we get
n_ Qs 1 2p;J$l

Taking into account the crossed diagrams, writing the vertex amplitudes and
combining them with the lowest order amplitudes, we get the following corrections

due to the vertex diagrams:

_ 4oy e o1 8
verter = 3 (47[‘) [6(1 + MO) +1
-Mi[(A+4)(zn(m2Z St 4 y) =44t o), 3.16
0

where
A = 2(-m4u? + ambtu — 2mPu? - 2mut? + tu?) /1%’
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My = 2(-m3%t? + 8mptu — mbu® — ambtu® — dmZut® + tud + ut®)/t2u?

3.3.c The Box Diagram
For the box diagram we have to work out a four denominator integral. The

loop integral of fig. (3.8) can be written in the form:

ok
7
g <—k-k1 +p1

§ <Ed-—__7

K-k

000000

Fig.(3.8) The box diagram

PO e (B Yl 2 Vil o Vv

(2m)" k2(k + k2)2(k — k1)2(k + (p1 — k1))2 9o 317

Here, a double pole O(1/€?) term appears as a result of the infrared diver-
gences as well as the mass singularities in the amplitude. Introducing Feynman

parametrisation into eqn. (3.17) we get

—tdTa,
M= R F(4)/dmdydzdw f(l-z—-y—=z —w)/d"k
Yk + Fa )y (k + 81 = B (F - F1)Ya 218

(k2 + 2k(yky — Thy + 2(p1 — k1)) + 2(p1 — k1)¥*

We introduce the new integration variable
E=k+ yko — zk1 + z(p1 — k1)

k =k —yky +zky — z(p1 — k1),
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in terms of which eqn. (3.18) becomes

—i4ra,

(2m)"
YI(F + k(1= 9) + Fi(z + 2) = 28072 (K — Ju(1 - 2 = 2) + A1 - 2) =y )y

(¥ - k(1 -z —-2)—yk - zh1)7a 3.19
(k2 — (yko — zk1 + z(;1 — k1))? + 2(p1 — k1)?]* '

The calculation of eqn. (3.19) is more lengthy than the previous cases. We made

M = ZZ0%p(y) /da:dydzdw §(l-c—y—z- /d"k’

use of the symbolic manipulation program REDUCE (5] to calculate the trace of
the numerator interfering with the lowest order. After the trace calculation, we
expand the numerator factors, which include factors of 1, x, y, z and w or multiples
of such factors. These integrals were calculated and the results are expressed in
terms of the invariants, t and s together with functions of €. Here we shall present

the non-trivial integration arising from eqn. (3.19) as an example

M= 28T / dzdydzdw 61—z —y— 2 - w) / &k
(2m)"
1
2 ) 24 3.20
(k2 = (yk2 — zk1 + z(p1 — k1))? + 2(p1 — F1)?]
Now integrating over d™k’ we get
M= ZHmas (27 [ dedydzdw 5(1-z -y z - w)ir"l?
- (277)"’ Y )
mzz S1—2—¢
I(4 - n/2)[——t—z(:c +y)+z(l-z—-y—-2)+ my?] 3.21

where t = (p1 — k1)? and s = (k1 + k)2
Evaluation of eqn. (3.21) is rather lengthy, but straightforward, with the use
of some mathematical reference books [7,8,9]. The final result for the integration

has the form: :
1 T?1-¢T(1+e)

= L 4n)e =
=t G T(I — 2¢)
2
(g + <in(=t/s) = Zin(m} — )+ in¥(-tfs) = T4 ], 322
€ €
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where we have dropped all positive powers of € in the calculation. All other
integrations arising from eqn. (3.19) evaluated in similar way. Taking into account
the crossed Z diagram, the final form of the correction from the box diagrams has

the form:
-1 1 8
€ [— 4+ (] _9__°
(4m) [62 + E( n(s)+v-2 MO)

+ finite terms|, 3.23

4ay,
3T

Obor =
where My is the lowest order cross-section for the subprocess ¢§ — ZZ. We also
remind that we have only concentrated on terms that contain a singularity.

3.4 O(a;s) Real Correction to ¢ — 22

Not only the emission of virtual gluon leads to an expermental degeneracy,
but also the emission of real gluons.

In order to calculate the corrections from real gluon emiésion, we have to

calculate the cross-section corresponding to the Feynman diagrams of Fig. (3.8) .

g

e T mn b A E .,
200000
q -—=-=- 3 --=-=Z 3 ———-Z
g

* Crossed Z Boson Diagrams

Fig. (3.9) Feynman diagrams for the real gluon emission.

As is clear from Fig. (3.9), these diagrams contain no loop integrals, but
there is an integral over the final 3-body phase space. We again face divergences,
generated in the continuous dimension method as poles in the contribution to the
cross-section. These divergences arise from two limits: First, when the gluon is
emitted in a direction parallel to either the quark or antiquark, this is called the
collinear limit, and second, when the gluon is emitted with very small energy, we

have what is called soft gluon emission. We shall calculate each of them separately.
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3.4.a. Hard Collinear Gluon Emission
In this case the emission of the gluon is in a direction sufficiently parallel to
quark or antiquark direction, which means that the angle between the gluon and
the quark is very small.
In order to regulate the divergences we have to work out the cross-section
corresponding to the Feynman diagram of Fig. (3.9)

The matrix element for the six Feynman diagrams are:

My = b Ealkiha - Bl - $)fo(k),

= i)l = Al - Bo(h),

My = L)k — (ks = Buoli),

M; = E’pifk— (k2)(kz - BYa b1 — Bo)fao(i),

Ms = s k - ——————(k2)f1(f2 — P1)¢(P2 — F1)frv(ka),
= stk - bk - Biolk), 3.24

where g is the gauge coupling constant (g% = 4ra,), G = (g2 + 92 - 2049275, € is
the polarisation vector of the gluon, and e;, €2 are the polarisation vectors of the

Z pair boson.
For the case when the gluon is parallel to the antiquark ki, only the diagrams

M3 and Mg lead to singularities. For the cross-section we have to calculate:
= Y (IM3)? + 2Re M3 (M1 + Mz + My + Ms + Mg)+

| M| + 2Re M (M1 + My + My + Ms)], 3.25

where the summation is over the polarisation states of the photons, the gluons,

and the quarks.
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To calculate the traces we have made use of the symbolic manipulation pro-
gram (REDUCE) [5]. In our calculation we have used the following
- The gluon has to be treated in n-dimensions.
- The Z bosons and quarks have to be treated in 4-dimensions.
- Because the gluon is almost parallel to the quark k1, we put k.k;=0 everywhere,
except in the denominator.

Working the matrix element out we get:

22 4 4 622 t2 2 t,2 12
_ 29%(g, +ga + 9uga)3[2 ( +ut +u)

=
! k.1 k ks t! tu
+4m23'(1 + 1) (s — Ly )
—+—)-m
27\ Tt Do w'tt | otud | utt!
(t-u)? (¢ —u)? t u ot W 9
—4) (TR 22D z t .
+n-4) (Gt - g - g -7 T (mzut)), 3.26
where

2 .
m
f(m%, u,t) = —Z(8t*ut' —16t3u3t’ - 8t3uu/ - 16¢3ut + 3263 ut’u' + 8203t +8t2u3y/
S

+16t2u2t'2 — 401242ty ~ 8t2ulu’? + 8tlut’® — 40t2ut’?y’ + 48t2ut u'

—8t2t"2u/2 — 8tut'? + 8tudt'u’ + 48tu?t2u’ — 40tut'u'? + 8tuu't’® — 40tut'?y2
+32tut'u” + 8tt3u? — 8tt'2u" + 8ult'u'? — 8ultu + 16ult*u’?
—16ult'u" + 8utu? + sut'u'?) [ (tulu/t'?),
t=(pr— k)% u=(p—ka)? s=(k+ke)?
t'=(pp—ka)’, ' =(m-k)? < =(p+p),

We can check eqn. (3.26) in two ways. First,if weputt =¢,v' =uands' =
in eqn. (3.26), then the form of the lowest order cross-section for the subprocess
q7 — ZZ is be obtained, and second, if we put the mass of Z boson mz = 0 we
get the same form as eqn. (2.41) for the two photon case [10].
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For the case when the gluon is emitted parallel to the quark k3, only the
diagrams M; and My have singularities. In this case we have to calculate the

fbllowing:
Fy = Y [|My|* + 2Re M7 (My + My + My + Ms + Ms)+
| My[? + 2Re M (M3 + M3 + M5 + Ms)), 3.27

we find a cross section identical to eqn. (3.26).

In order to get the total corrections due to hard collinear gluon we have to
integrate eqno. (3.26) over the gluon phase space.

The total cross-section for a three body final st‘até, after including factors for
flux, Bose statistics, colour sum, initial state spin, and final state polarization has
the form

(9% + g% +642g2) o 4da, (2m)* ; d”k dipy dipy 4

Treal = 3 2s 3w 2 / (2m)™ (27)4 (2m)4 (2m)

§{ki+ka—pr—pa—k) (2n) 6K 5Y(pi-m}) (pR-m}) |MI® 3.2

where |M|? is the matrix element squared for hard collinear gluon emission from

the subprocess ¢g — ZZ. To integrate eqn. (3.28) we introduce the following
1= /d‘*P&‘*(P —p1 - p2)
o0
1= /0 dm26(m? - P?),

so that eqn. (2.43) has the following form:

(95 +95 +692g2) o 4da, (27)* 1

g 3 2s 3w 2 (2m)3-2¢

Oreal =

/ dm2d*Pd™k §H(PP-m?) §H(K-P—-k) & (k?) / D2BPS |M[? 3.29
where D2BPS is the two body final state phase space integration which, has the

form:

1

D2BPS = 573

/4410144?2 §T(p2-m%) 6%(pj-m%) &*(ki+ky—p1—p2)
3.30
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Performing the integration over the gluon energy k, and with the change of variable

y = 3(1 + cosg), we obtain

. (g5 + 93 +69293) o 4o, (2m)* 1 (4m)
real = 3 2s 3t 2 (2r)32T(1-¢)

1
2

2 ! 2
[ dea(t = 2a)(1 - z) (o)™ [ dy(u(1 - y)|M|? [ D2BPS, 331
where we have used the following:

"1k
ny e+ 1.2Y
/dk5 (6= [,

[t B o [ o

dm? = sdzs,

now we subsitute the matrix element squared for the process qg — ZZg which has

the form of eqn. (3.26) in eqn. (3.31). Using the following collinear kinematics

t = m} — 2E%z3(1 + Beosd), t' =m% — 2E%(1 + feosh),
u=m% — 2E*(1 - Beosh), u' =m% —2E%z3(1 — Bcosh),

s=4F% § =4F%z;, 3.32

2

where 8 = /1~ %%
By subsituting these collinear limit expressions in the matrix element, and with

more algebraic work, we find the following form for the corrections from hard

collinear gluon emission:

4o 1+ 23 1 1
Onardeollinear = '3_75' [/ dm3((f—:2:_33))4—. (—z - ln(47!') + 7) + ;l'nsz

—2In%c + 4eln2e E — €2 n2e E — 4¢ — 3In2E — 4ineln2E +4+.. finite terms..),
3.33
where

CThardcollinear = a’qﬁ—vZZ Shardcollinears
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and the lowest order subprocess for Z pair production has the form:

4 4 6 2.2 1
&qa-»ZZ — (gv +ga3+ gvga,) 1677'2(!2% /D2BPS IM|3¢_1—~ZZ

3.4.b Soft Gluon Emission
In this case the gluon energy k is small so that the soft gluon matrix element
is proportional to the purely elastic cross section. To order a, we have to calculate

the cross section of fig. (3.10)

g
q ——Z g ——-Z
JR R, S TR I
g

+ Crossed Z Boson Diagrams

Fig. (3.10) Feynman diagrams for soft gluon corrections.

The correction factor is given by the following form

dra, 4 e 1
530ft=W § (27r) S 3.34

2k k.kik.ko
This integral has two fold divergences; with the gluon being soft (k — 0), and

with the quark being massless, we will generate both infrared and mass singu-
larities. Working in the continuous dimension method, we expect a double pole
structure in the soft gluon correction. This is the only place where the double

pole appears in real éluon emission. Using the following formula

o2 ™
g = T / dkk™=? / d6sin™ %0, 3.35
/ T(n/2 - 1) o o

We can write the correction factor in the form

2T 232

bsoft = Tt / df sin™ %9 /2€Edkk"“5, 3.36
% (2r)n-1 3 T(n/2-1) 0
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where we have chosen k.ky = Ek(1 — cosf) and k.ky = Ek(1 + cosf).
After integrating eqn. (3.36) over the gluon energy and angle we get the

following form for the correction

4"" Ti-¢ 2 B 3.37

(4 f [(1-2¢)e

: soft

Using some gamma function properties like

1 e o,
m—1—7e+3(7 ——6-)+....
I%(1 -¢) o2
———-—F(l —26) = (1 —€ F +..... ), 3.38

the final result for the correction factor from soft gluon emission can be written

in the following form:

4 1 1 1 2
8soft = 3"‘3 (47)¢ [? - (In(4E%%) + v) + E(ln(4E252) + )% - 7—;—] 3.39
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3.5 Results and Discussion

Weak gauge boson pair production in hadron collisions provides an impor-
tant testing ground for various aspects of perturbative QCD. Furthermore, a re-
markable test of the structure of the electroweak interaction may be achieved in
measurements of the cross sections for the production of pairs of gauge bosons
(W*W-,W=%Z,ZZ). In addition, the gauge boson pairs may give a significant
background to the detection of the Higgs boson, and possibly for new degree of
freedom.

In this chapter, we have calculated the differential cross-secton for the lowest
order subprocess q§ — ZZ. In view of the importaﬁce of this process, and because
it occurs at hadron colliders, it becomes necessary to calculate the magnitude of
the QCD corrections which arise when gluons are exchanged and emitted from
the lowest order subprocess ¢q7 — ZZ. We have used the perturbative theory
of massless quarks and gluons. Our results have been presented for virtual and
real gluon emission separately. In order to obtain results which are free from
divergences, we add up the corrections due to the virtual and real gluons; the

various double and single poles cancel, and the leftover 1/e terms have the form:

p 4 ( 1+ 23
N

3 + ;&(1 - z3)) 3.40

This term corresponds to a mass singularity which is usually absorbed into
the structure functions beyond the leading order. Since the appearance of the
mass singularities in higher order corrections have universal structure, process
independent and they can be factorise according to a fundamental property of
factorisation theorem which tells that the bare cross-section can be factorised into
universal factors containing the singularity which can be removed by subtraction

procedure, and a well defined finite short distance cross-section, which is free from

mass singularites. Thus the total cross-section can be defined as:

do = do° + do?, - 3.41
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where do? is the Born cross-section, and do! denotes the order a, corrections
which appear as large double logarithms and 72 terms.

The physical cross-section, next to leading order in o, is obtained by using

the following form
1
do(pp — ZZX) = Z/(; dzqdzpq(za, Qz)ﬁ(:vb, Qz)a@_.zz 3.42

where o457z is the total cross section for the subprocess and has the following

form (up to order O(ay))
. !
Ogg—22 = Ogg—22 (5(1 - .’D) + —ﬂ_iA(:B) + ),

where A(z) is the complete first order QCD correction to the process ¢q7 — ZZ.
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CHAPTER 4
HARD SCATTERING PROCESSES

4.1 Introduction

With a new energy regime, the pp collider programme at CERN in 1981 has
opened a new chapter in high energy physics. After five years of very successful
operation during 1981 to 1985 the collider has been undergoing an important
upgrading programme. The collision energy has been increased from 540 GeV
during the years (1981-1983) to 630 GeV for the most recent running periods,
also the two large experiments UA1 and UA2 have received just less than 1 pb~!

of integrated luminosity in the period up to 1985.

The CERN pp collider and its experiments have played a very important role
in particle physics in particular the discovery of the Intermediate Vector Bosons
(IVBs) at the UA1 and UA2 experiments and the study of hard parton scattering
in jet phenomena [1].

In the recent years, the CERN SppS collider has provided some remarkable
evidence in support of the "standard model” of strong, weak and electromag-
netic interactions. Besides from the discovery of W and Z bosons, there have
been evidence for hard scattering of quarks and gluons in the production of large
transverse momentum, the accumulation of large sample of b quark events and
stringent limits on a wide variety of new particles and interactions.

So the standard model i.e. the SU(3)xSU(2)xU(1) gauge theory of the strong
and electroweak interactions was successfuly tested over more than a decade and
has continued to work well. All of the pp collider data is in beautiful agreement
with the model both with the study of jet physics which provides a qualitative
confirmation of QCD theory and the production of electroweak W and Z gauge
bosons which forms the basis of the electroweak sector. Also high energy ete~
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experiments provide precise and complementary evidence in favour of the strong
and electroweak standard model.

It is important to continue in order to test the standard model, where over the
next decade, the experimental programs at accelerators now operating or under
construction will subject it to more precise testing. In recent years a variety of
events have been reported from the CERN collider, and it has been believed that
some of these events may be inexplicable within the standard model and at least
one or more of them may lead beyond it [2].

Section 2 of this chapter contains more description of the electroweak phe-
nomena and of our present understanding of the IVB production mechansims.
Section 3 contains a description of the pair gauge .boson productions in hadronic
colliders which gives a test to the standard model over the 100 GeV scale. Section
4 covers the theory of double scattering parton mechansim in producing pair of
gauge bosons in pp and pp scattering. Like-charge W pair production has also
been studied in section 5. A comparison with single parton scattering for the same
processes has been made. Finally a brief discussion and summary for the chapter
is given in section 6.

4.2 Electroweak Phenomena

In this section we discuss the processes which are associated with the standard
electroweak interactions. As we mentioned earlier with gauge symmetry breaking,
the particles associated with the electroweak interactions are the charged inter-
mediate bosons W%, the neutral intermediate boson Z and an elementary Higgs
scalar H.

The standard model topics which will be covered with multi-TeV hadron col-
liders are [3]:
1A. The rate of W* and Z production, investigation of the production mechanism
of the intermediate boson with more basic measurements of the cross-section, mass
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and width.
2. The cross-section for pair gauge production which is understood as potential
background to the observation of Higgs bosons.
3. The Higgs boson itself is the only boson remaining to be found in the standard
model.
4.2.a The Production Mechanism for W and Z at Hadron Colliders

Massive particles can be produced directly in e*e™, lepton-hadron and hadron-
hadron collision provided the avaliable energy in the collision is sufficient.

The W and Z production cross-section can be calculated using the Drell-Yan
mechanism. As well known this mechanism was used first to describe the lepton
pair production in hadron hadron collisions in the framework of the quark- parton

model [4] as shown in fig. (4.1)

Fig. (4.1) Production of W and Z by Drell-Yan quark-antiquark anni-
hilation.

The distribution of the fractional momenta of quarks in hadrons is described
by the structure functions which were obtained from lepton-nucleon scattering
experiments [5].

In pp collisions at the CERN collider with a CM energy of /s=630 GeV,
valence quarks annihilate with a typical CM energy of Vi = VZaZps = 100
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GeV, where z, and z; are the momentum fraction of the quark and antiquark,
respictively. This is sufficient to produce an object of corresponding mass, such
as the W or Z.

The pp collider provides the source of valence @, d and u, d quarks. The basic

subprocesses for forming a W and Z in pp collision are
u+d—- Wt d+a-W~

u+s—-WT, s+T—- W~
v+T— 2, d+d—2, s+35— 2, 4.1

where in eqn. (4.1) s-quarks are sea quarks only.
The production cross-section depends on three factors:

- The probability that a q and § having fractional momenta so to obtain CM
energy equal to my or mz.

- The probability that a quark and antiquark form a colour neutral system.

- The electroweak coupling strength

The total production cross-section for W, Z can be written in the form
1 1 X o .
O'(IJﬁ - V+ X) = Z/O dxa/o dmbGa/p(wm Q )Gb/f;(xba Q )UqE—~VI3=a:azbs 4.2
49

where V=W= or Z, and Gqq—v is the subprocess cross-section, which has the

following form (for W boson)

arla 1

3 1ol b §(zqzps — mYy) 4.3

Ogg—W =

The inclusive cross-section is obtained by summing over all quark-antiquark

combinations possible for that process as shown

1 1
o(pp - WE+X) = Z/O dma/o dzyW(za, Tp)0 5w
94
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4mc 1 1 fldz T
o(pp — WE + X) = = [ Z2W(z,, ), 44
(P = )= T3 ety s e 2 G )
2 .
where 7 = ﬂ;z’ the factor 3 accounts for the colour degree of freedom and

W (x4, zp) has the form
W (24, z3) = [U(za)D(z3) + D(z4)U(z3)] cos® §.+

(U(z4)S(zs) + S(z4)U(z3)] sin® b, 4.5

U,D and S are the probabilities of finding u,d and s quarks (antiquarks) in the
proton (antiproton) with a momentum fraction x and the parameter 6., the quark
mixing angle known as the Cabibbo angle, the corresponding value to this angle
6. = 13°.

Likewise, the cross-section for Z production is given by

arla (VE+AY)

§(zoTps — M2 4.6
3 16sin® Oy cos? By (2as z)

Ogg—2 =

The total cross-section is obtained as

aria 1 1/1da:a
T

.
- Z(zg, —), 4.7
3 sin’fwsJr x4 (s mb)

Opp—~Z+X =

m2
where 7 = £, and

1 2, 8 .
Z(zq,zp) = 2[U(za)U(mb)(Z -3 sin? f + 5 sin fyy)

+(D(zqa)D(zp) + S(ma)S(xb))(% - %sin2 Ow + gsin4 fw )] 4.8
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4.2.b The Results

On the basis of eqns. (4.2 to 4.8), we get the total cross-section for weak -
gauge bosons W¥ and Z respectively. Fig (4.2) shows the total cross-section as a
function of the CM energy.

Comparing cross-sections for pp with pp collsion, the value of the cross-section
for pp is smaller than the cross-section for pp at small energy, since in pp collsion
the antiquarks are only from the sea quarks which carry, on the average, smaller
fractional momentum at this range of energy.

Both UA1 and UA2 collabration have measured the production cross-section
for both o(pp — W)B(W — lv) and o(pp — Z)B(Z — I*i™). The uncertainties
in the calculation are not only from the uncertainties in the parton distribution ,
but also from the unknown O(a2) QCD corrections and the unknown mass of the
top quark which enters into the branching ratios.

Although the general agreement between theory and experiments from UAl,
UA2 at /s= 630 GeV and from CDF [6] at /s= 1.8 TeV is remarkably good,
but there is no information yet on the top quark mass. With more increase in
an experimental statistics in the next few years, and with complete calculation of
higher order corrections to W and Z production the agreement will become better.
It has been mentioned that the total W and Z cross-sections receive a large next-
to-leading order perturbative QCD correction of order 30%. Also higher order
QCD processes, for example qg — W(Z) + ng give rise to a multijet production
with W and Z, which represents another important background for many ’new
physics’ processes and provides a good quantitative explanation of the data.

In all these calculation we used the structure functions of ref {7}, set 1 with

Agcp =107 GeV .
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T

103 |
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Fig. (4.2) Total cross-section for W= and Z production as a function of

/5.
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4.3 Gauge Boson Pair Production at Hadron Colliders

The standard electroweak model has been successful in describing physics
below the 100 GeV scale. However this model contains too many undetermined
parameters to be considered as a fundamental theory, so it is interesting and
important to search and test this theory.

The potential studies of the electroweak gauge boson pair production was
recognized along times ago [8]. Pair production of gauge bosons is important
for various reasons. Firstly, it will provide us with another important test of
the structure of the standard electroweak theory at high energy range. It also
tests the cancellations which are expected in the theory as an indication of the
renormalisability of gauge theories. Finally, the W+ W™~ and Z Z final state is
considered as the most promising channel and may give a significant background
for the detection of Higgs boson and for possible new degrees of freedom.

This production has been recognised at high energy hadron-hadron and e*e~
colliders[8]. The cross-sections are not particularly large at a realisable range of
energies. In this section we will focus on W+W = and Z Z pair production rate at

pp and pP collisions.
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4.3.a WtW~ Pair Production at Hadron Colliders

The Feynman for the process ¢;g; — W¥TW ™ are shown in fig. (4.3)

Fig. (4.3) Lowest order Feynman diagrams for ¢Gg — WTW~
where the Dirac point fermions here are quarks which annihilate to produce boson
pairs.

The amplitude for this process can be calculated from the lowest order and

has the form

2 P
.~ € 9y + 9275

Ty = z(Qi? + eZﬁT (9uu(P1 = P2) + (202 + P1)y — 7(201 + p2),]
- my

) (71/1/2'7#)]

u

~2i(1 +95) 3 Golo(-@) A oo, , 49
J

where the usual variables in eqn (4.9) are defined

s = (k1 + k2)? = (p1 + p2)’?

t =12 = (k1 —p1)? = (p2 — ka)?
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u=1%=(k —p2)? = (p1 ~ ky)?

s+t+u=2mby, 4.10
and the weak coupling defined as
=t ¥ [ 4,
g cos - Fai, 11
gt =21/t =W [Geb 4.12
cos GW
with
1 4 .
Ay = Q¢ = 373 sin? By, ag=a,= -3 +§sm29w,
1 1
bd=b3=——2-, bu=b6=§ 4.13
The total differential cross-section for the process (from Brown and Mikaelian

(1979) (8] ) has the form

do ezgv s 9 ezgf1 s 9
E{ ) [[(Qz) s—mzz) +( 2 (s_mg)) ]A(S’t7u)

+aQ + L ”“)s - ) 2 (Claae O=Qu) o) = (@I 1)

+8[Z Gz';’)_a)/e 22(9(-Q;)E(s, t, u) + 0(Q:) E(s, u, t)]], 4.14
where
A(s, t,u) (-% - 1)(% - msW + 3":?’) + ms%V -4,
I(s,t,u) = (m“—;v - 1)(% - -;-mj" "j") tor 2 2%,
E(st,u) = (—= - 1)(% + T‘;ﬂ) —82; 4.15
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Fig. (4.4) The integrated cross-section for the two parton scattering of

a gauge boson pair production as a function of energy +/s.
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The total cross-section for W¥ pair production can be calculated from

L1 3" |F|*dLIPS, 4.16

0o=—-——=
fluz 2 _
g=u,d,c,3

where the two body phase space final state is given by

d*p d°py
2E1(27)3 2E5(27)3’

dLIPS = (27)*8*(py + p2 — k1 — k3)
finally, the total cross-section to produce a W¥W ™ is given by
- 1 1
olpp — WHW™X) = 3 3 [ deadzslfilee, Q)fi(es, Q) + fiae Q)fi(es, Q)

o(qg = WTW") 4.17

Integrgting eqn. (4.17), we get the total cross-section o at CM energy. The
distributions fi(z, @) are summed over colour, the factor 1/3 is needed since ¢;g;
annihilate to form a colour singlet.

Fig. (4.4) shows the total cross-section for W*W~ pair as a function of
CM energy for pp (solid line) and pp (dashed line) collisions. Comparing pair
production with single intermediate gauge boson production, it is clear that the
cross-section for pair production is smaller by three orders of magnitude than

single gauge boson production.

Also figs. (4.13,4.14,4.15) show the invariant mass distribution for WtW~
production. The calculations have been done for three types of collider energy,
SSC (40 TeV) . LHC (17 TeV) and the ELOISATRON (200 TeV).

4.3.b Z Z Pair Production at Hadron Colliders

The Feynman diagrams for the process
qqg — 22

are shown in fig. (4.5)
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Fig. (4.5) Lowest order Feynman diagrams for qg — ZZ

As we mentioned earlier in the section, this process 1s very important and
it could be the promissing background to the production and detection of Higgs
bosons.

The matrix element for the lowest order of fig. (4.4 ) is given by

. 1 1
Ty = =i(gy + 93 + 2909075 (W + T T 4.18
and the differential cross section is given by [8]
do _ 2ma’ (g3 +9ga +6g95) t  u 4dmEs 4 1 1
49 _ .l —my (s + = 4.19
dt s et G+ Pt T mZ(t2 * u2)]

On the basis of eqns. (4.16, 4.17, 4.19), we get the quark-antiquark total cross-
section o at CM energy. The distributions f;(z, Q) are summed over colour, the
factor 1/3 is needed since ¢;7; must have zero colour. Here we include a statistical
symmetry factor of 1/2 because of the identical particles in the final state.

Fig (4.4) shows the total cross-section for Z*Z~ pair as a function of CM
energy for pp (solid line) and pp (dashed line) collisions. In all these calculations

we used the set 1 structure functions from ref. [7].
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4.4 Double Parton Scattering Mechanism

The Drell-Yan mechanism, which describes the production of large mass lepton
pairs in hadron collider interactions due to the annihilation of single quarks, has
played an important role in determining of the structure functions and testing the
ideas of the parton model and later the quantum chromodynamics.

In addition to the single subprocess hard scattering mechanism, there can also
be events featuring two hard parton-parton collisions [9,10] in parallel.

Fig (4.6) shows the two mechanisms which are responsible for producing gauge

boson pair in hadron collision.

(b)

Fig. (4.6) Production of two gauge bosons by (a) double and (b) single
quark-antiquark annihilation.

The first mechanism produces the gauge pairs through two Drell-Yan anni-
hilations, while the second mechanism produces the gauge pairs through single
Drell-Yan annihilation.

The double scattering mechanism is important because it could provide some
significant background to new particle searches, and also the multiple production
of weak bosons via double parton scattering can be considered as a potential
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background for the detection and production of Higgs boson in future hadron
colliders.

Recently, the AFS collaboration at the CERN ISR have claimed evidence
for double scattering in proton-proton collisions [11]. Such events could not be
accounted for in standard QCD 2 — 4 hard scattering subprocesses, but the UA1
and UA2 experiments failed to observe multiple parton interactions at /s=630
GeV.

The total cross-section for four jet events from the double disconnected scat-
tering, which represents the alternative source of four jets, can be estimated (ne-

glecting any correlation between quarks/gluons inside the nucleon) as

2—2 _2-2
(22 g
P L — 4.20
Teff

where 022 is the two jet total cross section. Thus, the size of 022 determines
the importance of opg.

The explicit expression for the double parton scattering cross-section (when
the nucleon constituents, however, are correlated) has been worked out [10]. The
cross-section is determined as a product of two parton cross-sections do;;, with

the appropriate two parton momentum distributions ¢(z, z;) as

1
do = /da:ldmzda:gd:z:4 Z i (1, 23)qri(x2, z4)do12doss, 4.21

Teff igkl

where the factor o.ss in eqns. (1.20,1.21) represents the hadronic cross-section
which estimates the size of a hadron [12]. The reason for this is that because
the probability of a second interaction process is proportional to the flux factor
accompanying quarks and their flux is thus inversely proportional to the area of
a hadron.

A more accurate value for o.fs requires more detailed information on the
hadron structure. In all our analysis we choose: g5 = 7R%*= 2.5 mb, where this
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is the value presented by the AFS collabration [11] who gave evidence for double
parton scattering at the CERN ISR. Good agreement was obtained by including
a double parton scattering component of this value.

The sum 3, ; x; is taken over all quark combinations.
In eqn. (4.20) g(z1,z3) represents the joint probability of finding quarks with
momentum fraction zi,z3 inside the hadron, which has a quasi-factorised form

and sufficiently represented by
g(z1,23) = q(z1)q(z3)(1 — 21 — z3), 4.22

where gq(z1),9(z3) represents the single quark momentum distribution and the
factor (1 — z1 — z3) is required by phase space considerations.

The joint probabilities in, for example, a proton have the form
1
¢o.(z1,z3) = Zuv(ml)uv(:rg) + uy(z1)sea(z3) + sea(z1)uy(z3) + sea(z1)sea(zs)

gh (1, 23) = dy(z1)sea(z3) + sea(z1)dy(z3) + sea(z1)sea(z3)

g (z1,T3) = up(z1)dy(z3) + uo(z1)sea(zs) + sea(z1)dy(z3) + sea(z1)sea(z3)

4.23

There are many other such quark pairs in each hadron, which have to be

considered in the calculation.

With the above framework we have carried out our analysis for the processes

g9(z1)q(z3) + q(z2)q(zs) - WTW™, 22 4.24
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We have evaluated the total cross-section for the process (4.24), by integrating
over eqn. (4.21), where the summation is over all pairs of quarks and antiquarks
in both hadrons, which can give rise to a pair of W< and a Z using the structure
functions from Ref [7]. |

In figs. (4.7,4.8) we present the total cross-sections for W+ W=, ZZ pair as a
function of CM energy, where in each figure we show the total cross-sections from
single scattering processes as well. It is clear that the cross-sections from single
scattering process are larger than from double scattering mechanism especially at
low values of energy, where as at high energies the double scattering cross-sections
are rising faster with energy and it become smaller only by a factor of 3-4 for W+
W~ and 6-7 for Z Z.

If Higgs mass is greater than 2my then the dominant decay of the Higgs are
into Wt W~ and Z Z. The dominant physics background comes from the single
process g — WTW = or Z Z and from the double scattering process qq + gg —
WHW=orZ920.

Higgs bosons can be produced in two significant production mechanisms {13].
The first is through the gluon fusion mechanism in which two gluons couple to
a heavy fermion loop. The second is through WW fusion mechanism in which
the incident quarks emit a virtual W which subsequently collides to form a Higgs
boson.

At high energies the first mechanism is important because the gluon-gluon
luminosity is much higher than the quark-quark luminosity. We shall discuss and

calculate this further in chapter 6 .
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Fig. (4.7) The integrated cross-section for two and four parton scatter-

ing of WTW ™ pair production as a function of CM energy.
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Fig. (4.8) The integrated cross-section for two and four parton scatter-

ing of ZZ pair production as a function of CM energy.
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4.5 Like-Charge W Pair Production in Single and Double Parton Scat-
tering Mechanisms
In this section we shall discuss the possibility of the production of like charged
W*W?* and W~W ™ at pp colliders in single and double parton scattering mech-
anism.
Recently Gunion et.al. [14], and Dicus and Vega [15] have calculated the
invariant mass distribution for the electroweak strong processes pp — WtW++ X
via gluon exchange for both SSC and LHC energies, where the complete set of

single scattering is represented in fig. (4.9)

W | : w
.ﬁ”pf
+ 3 Permutations + 3 Permutations
W
W
g
+ 3 Permutations

Fig. (4.9) Complete set of diagrams for the process pp — WtW+* + X,

This calculation is of great interest since the gluon exchange mechanism is
considered to be the dominant production mechanism for like-charged W pairs at
high energies like that of at SSC and this is considered as the promising back-
ground to Higgs boson production. Another interesting reason is that this process
provide the dominant background for the production of doubly charged Higgs
which is produced via WW fusion.

In this section we are calculating the total cross-section for like-charged W
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pair production using double scattering parton mechanism. We also compare the
mass invariant distribution of single and double scattering processes.

As we discussed earlier in section (4.4), the total scattering cross-section for
double scattering process is determined by the product of two single parton cross-

section, with an appropriate two parton momentum distribution as in the form

1
do = /d:z:ld:z:gdx3dx4 Z q,']'(2:1,xg)qkl(zz,z4)d012d034, 4.25

Tef f ey
where all the kinematics is as defined in the last section except the summation is
over all quark and atiquark pé.irs in both hadrons, which can give rise to a pair of
Wt Wtand W~ W-.

In fig. (4.10), we show the total like charged W production cross-section for
pp collision versus CM energy in double scattering process. The total WTW~—
production cross section from single scattering is present.

The invariant mass distribution of like W pair production for pp collision at
V3 = 40 TeV is shown in fig (4.11). We used set 1 of the Q* dependent gluon
distribution of MRS [7] with Agcp = 0.107 GeV. The invariant mass falls sharply
with increasing W pair mass which means that the background from W+W+ and
W-=W~ to Higgs boson detection is small as mg >> 2my. For completeness
the invariant mass distribution of W+W = for pp collision from the lowest order
contribution is also present. We obtained similar results for LHC (17 TeV) and
ELOISATRON (200 TeV) energies in figs. (4.12,4.13) respectively.

In figs. (4.14),(4.15), we try to compare the mass invariant distribution of
like charged W pair production for pp collision from double scattering prc;cess
with single scattering via gluon exchange. Curves are shown for double scattering
(solid line) and for single scattering via gluon exchange (dashed lines) as given in

Ref. [15].
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Fig. (4.10) The total cross-section for the production of W*W+* and
W~-W~ pair production. The total cross-section for W+W~ is also

present.
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Fig. (4.11) The invariant mass distribution for pp — WIW* + X, pp —

W-W-+X and pp » WIW~ + X in pb/GeV. Results shown are for no

rapidity cuts. /s is 40 GeV.
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Fig. (4.12) Same as Fig. (4.11) with the exception of /s which is 17

TeV here.
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Fig. (4.13) Same as Fig. (4.11) with the exception of /s which is 200
TeV here.
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Fig. (4.14) The invariant mass distribution for pp — WtW+* + X, pp —
W-W~+ X and pp - W*W~ + X in pb/GeV. Results shown for single

and double scattering processes.
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Fig. (4.15) Same as Fig. (4.14) with the exception of /s which is 17
TeV here.
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To summarise, we conclude that the W= and Z pair production from double
scattering mechanism is smaller than the producton from single scattering at small
energies, while they are comparible at high values of energy. The like charged W
production cross-section and the invariant mass distribution agree better with
single scattering process. For W¥W* and W~W = we find that the cross-sections
give a significant number of events at SSC energy, while at LHC the number is

smaller by a factor 3-5 but still the number is not negligable.

4.6 Discussion

At the outset of this chapter, we have stressed that a multi-TeV hadron col-
lider should provide the means to test thoroughly the preductions of the standard
model, to lluminate the physics of electroweak symmetry breakdown and to ex-
plore the unknown. We have calculated and discussed the extrapolation of the
hard collisions in pp and pp colliders at V/s = 17, 40 and 200 TeV relevant to the
LHC, SSC and ELOISATRON energies respectively. We have calculated the pro-
duction cross-sections for a variety of hadronic collisions which tests the standard
model.

The standard processes that we have dealt in some depth in this chapter
include the production of IVB production W* and Z , pair production of gauge
bosons W¥W~=, W+*W+*, W-W~ and ZZ. In addition to the single scattering
subprocess we have concentrated on and calculated events coming from double
scattering: mechanism, which is believed to be important at high energies (TeV

scales) so it may provide important background rates for new physics.

The way which we have used here is straightforward, in order to evaluate the
cross-section numerically we have used the routine Vegas for the integration of the
matrix elements over the phase space, which is similar to the usual Monte Carlo

generation.

In order to discuss the results it is useful to point out some of the inherent
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uncertainties affect which are effecting the final results and they are
1. Structure functions : comparing different structure functions like Duke-Owens
[16], EHLQ (3] and finally Martin et. al [7], for the same process, the results are
not exactly same which can be accounted due to the uncertainty resulting from
the limited knowlege of Agcp and the gluon distribution functions.
2. For the choice of Q% in G(z, Q?) and a,(Q?), one can look for the dependence

of the results on Q.

3. Higher orders in general which is called * K-factors ’. This must be evaluated
for the calculation of the total cross section for any process . In general the fully

inclusive cross-section should have the form
o(pp — nV + X) =09 + o10(Q?) + oo (as(Q¥))2 + ..., 4.26

where V is vector gauge boson, og is the lowest order cross-section, o1 and o7 is
the corrections from first and second order QCD respectively.

Besides these uncertainties, the results shows a good agreement with some
related works [8,9,10], in addition to that we get a comparable results between

single parton scattering and two hard parton-parton scattering in parallel.



Multiple Gauge Boson Production
CHAPTER 5
MULTIPLE GAUGE BOSON PRODUCTION IN HIGH ENERGY
PROTON PROTON COLLISIONS

5.1 Intoduction

In the last chapter we evaluated the results of the total cross-section for dif-
ferent hard scattering processes associated with the standard model of weak and
electromagnetic interactions. Particularly, we focused on intermediate vector bo-
son (W,Z) and pair gauge boson (WtW~,ZZ, WHW* W~W~) production in
pp and p7P collision. In our calculation we used both two and four parton scattering

mechanisms.

In this chapter, we use our calculation to explore the possibility of the pro-
duction of multiple gauge bosons at the supercollidersvusing the double parton
scattering mechanism, in which two partons of the first hadron collide with two
partons of the second. We also try to compare our cross-sections with the cross-
sections from single scattering processes at the SSC, in order to test the possibility
that the double scattering mechanism dominates to study the production of mul-

tiple gauge bosons at hadron supercolliders.

As we mentioned in chapter 4, an important test of the standard electroweak
model can be achieved by analyzing the production of weak gauge bosons at
.hadron colliders [1,2]. Also this production can be considered as the promising
channel and may give an important background for Higgs boson detection, which

is one of the main subjects of physics studies at future accelerators.

In the near future, the high energy and large luminosity available at super-
colliders will allow production of events containing multiple gauge bosons: we
consider in this chapter the production of three and four weak gauge bosons
(WGBs).
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The production of multiple gauge bosons is interesting for several reasons
[3]. Firstly, because the total cross-section of multiple WGBs will provide a non-
trivial test of the standard model. Secondly, it allows a test of four gauge boson
coupling for the first time. Thirdly, the production can also test the existence
of the Higgs boson as the most important source for multiple WGBs, where the
processés qq9 — BH (where B—- W+t W~,Z ;H - W*W~,ZZ)and q¢ » HH
(where H — W*W~,ZZ). Finally, multiple WGB production may contribute
backgrounds to new physics, beyond the standard model.

Section 2 of this chapter contains a description of three gauge boson pro-
duction at pp supercolliders using the double parton scattering mechanism, with
comparision with results from single parton scattering processes. In section 3, we
test our calculation of the production of four gauge bosons at pp supercolliders.
Finally, in section 4 we conclude with a brief discussion on the observability of

the multiple gauge boson processes.

5.2 Triple Weak Gauge Boson Production in High Energy Proton Pro-
ton collisions
In this section, we calculate the total cross section for the production of three
gauge bosons via the double parton scattering mechanism at pp colliders.

The set of investigated four-parton processes is
(99)1 + (99)2 = WWW,WWZ,WZZ,22Z 5.1

Two competing mechanisms are responsible for the production of three gauge
bosons at hadron colliders. They are shown in figs. 1(a) and 1(b), where the
kinematics is defined. The first one produces three gauge bosons via a Drell-Yan
type ¢g annihilations in a single collision. The second mechanism is the direct
observation of the four parton scattering subprocess for production of three gauge

bosons.
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Fig. (5.1) Feynman diagrams for the three gauge boson production.
(a). The two-parton production of three gauge bosons. (b). The four-

parton production of three gauge bosons.

Z Z Z Z Z Z

N

“H

Fig. (5.2) Feynman diagrams for the process ¢q¢ — ZZZ.
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Recently, Barger and Han [4] have calculated the total cross-section for the
production of three gauge bosons at pp supercolliders of fig. 1(b). For three
gauge boson production in a single scattering process there are many diagrams
that contribute to a given final state. For instance, there are 20 diagrams for
WWZ and WZZ, 16 diagrams for WWW and 2 diagrams for ZZZ in any gauge.
We present the diagrams for the process ¢¢ — ZZZ in fig. (5.2).
Their calculations were based on the tree level diagrams for which the initial
partons are fermions. Their results z;,re presented in fig. (5.3). The calculated

cross-sections at supercollider energy of 40 TeV have the values:
c(WWW) ~ 0.51pb,

o(WW Z) ~ 0.43pb,

o(WZZ) ~0.11pb,
0(Z2ZZ) ~ 0.04pb, 5.2
The actual experimental data are concerned with the possible number of events
which can be observed and identified through their final leptonic and hadronic
decay modes. This is given through their branching ratio which is the ratio of the

decay width of the vector boson into a particular channel to the total width into

all possible channels. Thus:

(W — lv)
Ftotal

B(W - lv) = 5.3

Using eqn. (5.3), the weak bosons have the branching ratios are (Assuming

mw = 80.6GeV, my = 91.9GeV,sin? fy = 0.23, m; = 45GeV)

B(W — lv)~0.18, B(Z —ITI*) ~0.06,

B(W — qg) ~ 0.18, B(Z — qg) ~ 0.70,
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B(Z — vv) ~0.20, 54

where | denotes e or u ; the two-quarks final states mainly appear as two jets.
The uncertainty in the above branching ratios comes from the uncertainty in the
t-quark mass. In the case where the t-quarks are very massive B(W — [v) shifts
from 8.8% to 10.8%.

In pp — VVV, the combined branching ratios of the above modes are

B(WWW — v, lv,lv) ~ 0.008,
B(WWZ — v, lv,IT17) ~ 0.002,
B(WZZ — ly,ItI~,1T17) ~ 0.0006,
B(ZZZ — 717,177, 1%17) ~ 0.0002, 5.5

Multiplying the cross-section by an annual luminosity of 10* pb~!, we find

event rates of

NWWW) ~30 events/year,
N(WWZ)~10 events/year

As we have discussed in chapter 4, increasing the collider’s energy, increases
the probability of the collision of fractional parts of hadrons, which means that
more partons are loaded in the hadrons and multiple interactions become increas-
ingly important [5].

The total cross-section for the four parton process in eqn. (5.1) can be roughly
estimated (neglecting small parton correlations), by the product of the two parton
cross-sections do;; as in the form:

P55 = m, 5.6
Oeff
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where o.f; represents the cross-section which estimates the size of a hadron,
o2V is the total subprocess cross-section for production of single gauge boson
and oYV is the total subprocess cross-section for production of a pair of gauge
bosons.

The explicit expression for the double parton scattering cross-section can be

written with the appropriate two parton momentum distribution as [6-9]:

1
do = /da:1da:2d:z:3d:z:4 Z qij(:z:l,$3)qk1(.’1:2,:84)d0'12d0'34, 5.7

Teff ikl

where the summation in eqn. (5.7) is over all pairs of quarks and antiquarks in
both hadrons, which can give rise to appropriate production for processes in eqn.
(5.1).

Within the above framework, we have carried out a detailed analysis of the
total cross-section for processes of eqn. (5.1), where we have used the appropriate
forms for do?~" and do?~VV from chapter 4.

In fig. (5.3), we present the integrated cross section of eqn. (5.7) for triple
gauge boson (WWW WWZ,WZZ,ZZZ) production as a function of CM energy.
The strong cross section rise in double scattering parton processes, with increasing
CM energy, is explained by the strong rise of the quark distribution at high energies
(low momentum fraction x). Although our results are smaller than the cross
section o(pp — VVV) quoted in ref. [4] at low energies, they show comparable
values at high energies.

We used set 1 of the Q2-dependent gluon distribution of Duke and Owens [10]
with Agcp = 0.2 GeV. In our subsequent analysis we choose: oeff = 7R? =25
mb [11].

At the SSC CM energy of 40 TeV, the total cross sections for triple gauge boson

productions using the double parton scattering mechanism, have the values: :
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(WWW) = 0.014pb,
oc(WW Z) ~ 0.005pb,
o(W 2Z) ~ 0.003pb,

0(ZZZ) ~ 0.002pb 5.8

Multiplying the cross-section by the annual luminosity, we find event rate of
NWWW)~1 event/year

While at the ELOISATRON CM energy of 200 TeV, The total cross-section

for triple gauge boson production have the values

o(WWW) =~ 0.25pb,

o(WW Z) ~ 0.10pb,
o(WZZ) ~ 0.05pb,

o(Z27) ~ 0.003pb, 5.9
which give the following event rates after multiplying the cross-section by an

annual luminosity of 10%pb~!

NWWW) ~ 15 events/year,

N(WWZ)~2 events/year

where the leptonic decay modes do not suffer from QCD background, while the

hadronic decay mode is difficult to identify because of the large background from

pp — VorVV + QCD jets or pp — QCDjets.
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Fig. (5.3) The integrated cross-section for triple gauge boson produc-
tion as a function of CM energy using the four-parton scattering mecha-

nism (dashed lines). The solid lines are the cross-section for two-parton

scattering , as given in ref. (4).
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5.3 Four Weak Gauge Boson Production in High Energy Proton Proton
Collisions
In this section, we calculate the total cross-section for the production of four
gauge bosons (VVVYV) at supercolliders.

The set of investigated processes is
(99)1 + (¢9)2s = WWWW,WW 22,2222 5.10

As we have discussed in section 2 of this chapter, we use the double parton

scattering mechanism in order to calculate the total cross-section for four gauge

boson production in pp collisions, as shown in fig. (5.4)

Fig. (5.4) Feynman diagrams for four-parton production of four gauge

bosons.

where each single scattering process produces a pair of gauge bosons. The scat-

tering cross-section for fig. (5.4) is:

1
o7 /da:lda:zdm3d:v4 Z gij (1, 3)qri(T2, T4)do12dosg, 5.11
ef ik

where doyg and do3q are the subprocess cross-sections for pair gauge boson pro-

do =

duction. All other kinematics are exactly as in section 2 of this chapter.
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In fig. (5.5), we plot the calculated cross-section for four parton processes of

eqn. (5.10) versus CM energy, where we have summed over all possible pairs of

quarks and antiquarks in both hadrons. Although the total cross-section is small

(reaching a value of order 1073 pb), but it still shows the rich phenomena which
can be expected at high energies at supercolliders with large luminosities.

At the SSC CM energy of 40 TeV, the total cross-sections for four gauge boson

production via double scattering have the values:
cd(WWWW) ~ 0.13 x 10™*pb,

o(WWZZ) ~0.20 x 10™°pb,
o(2227)~025x 1075pb 5.12

While at the LHC CM energy of 16 TeV, the total cross-sections have the

values

c(WWWW) =~ 0.16 x 10™°pb,
o(WWZZ) ~0.24 x 10™5pb,
0(Z227)~0.28 x 10" pb 5.13

And at the ELOISATRON CM energy of 200 TeV, the total cross-sections

have the values

cd(WWWW) = 0.16 x 10™3pb,
o(WWZZ) ~0.30 x 10™4pb,
0(ZZZZ) ~ 0.14 x 10™°pb 5.14

Because these cross-sections are very small, the expected numbers of events
per year is less than one, and so these processes are not (expected to be) observable
and probably beyond experimental capability.
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We used set 1 of the Q*-dependent gluon distribution of Martin et. al. [12]
with Agcp=0.107 GeV, we also used of5 = rR?= 2.5 mb [11].

In order to explore our study, we are going to calculate the Higgs boson
production. Particularly we are going to concentrate on the Higgs pair production
cross-section at hadron colliders via gluon fusion. For completeness we are going
to compare the total cross-section for four gauge boson production with the cross
section for pair Higgs production and concentrate on the background to the HH

search, which is due to g¢ — VVVV.
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| Fig. (5.5) The integrated cross-section for the four gauge boson pro-
duction as a function of CM energy using four-parton scattering mech-

anism.
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5.4 Discussion

We have calculated multiple (three and four) gauge boson production in pp
collisions as a function of CM energy using the double parton scattering mechan-
sim. The values of the cross-section lie in the range 1071-10~3 pb for triple gauge
boson and 10~4-10~% pb for quadruple gauge boson production. Although the
values are quite small, the process may be observable if large energy is available
at supercolliders with large luminosities. Other problems are related with how
to turn this cross-section into real observable events, which seems to be difficult
because.-of the large background due to the processes like pp — VorVV + 1,2 jets,
or pp — QCD jets. The usual way here is to use cuts to separate gauge boson
signals from the V + jets, but this could reduce the value of the cross-section by
an order of magnitude. »

However, it is also important to remember that there are several sources of
uncertainty in the calculation such as the the choice of the structure functions
G(z, @?), the choice of the kinematic scale which defines the strong coupling
a5(Q?) and the structure functions and finally the higher order QCD corrections

(the K-factor).
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CHAPTER 6
HIGGS BOSON

6.1 Introduction

As we have discussed in chapter 1, the Higgs mechanism, through spontaneous
symmetry breaking of the fundamental SU(2) x U(1) electroweak symmetry, is
responsible for generating the masses of the vector boson which mediate the weak

interactions.

.. To understand this, we must look at the additional part that has been intro-
duced to the standard model, the SU(2) doublet of scalar fields . The additional

scalar fields have a potential of the form [1]:
V(®) = —pu?®% + \@*
V(®) = M(®+® — 1/20%)2, 6.1

where this field acquires a non-vanishing expectation value ®2 in the physical
vacuum state. The components of this non-vanishing vaccum expectation are
combined with the SU(2) gauge particles to create massive vector bosons and the
rest create a physical neutral boson (Higgs boson).

Returning to eqn. (6.1), the v term is fixed by the measured parameters of
the standard model and provides the W and Z with mass as shown:

1 mw
m = —QqU moe =
w 29 ’ Z cos Gy’

while the A-term, which is related to the physical Higgs mass, is free, hence the

Higgs mass is arbitrary in the standard model as shown:

Since the discovery of the W and Z gauge bosons in 1983 at CERN, the only
particle in the standard model theory that remains to be discovered is the neutral,
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spin zero Higgs particle. The main difficulties with the Higgs boson are related to
the absence of the theoretical prediction of its mass, and this leads to a number
of production and decay modes which explore its detection in a large mass range.

Higgs boson phenomenology has received a large amount of interest in recent
years. The hadron collider facilities, such as superconducting supercollider (SSC),
are the most suitable tools to search for a Higgs boson. A primary motivation for
constructing this machine is to find the Higgs boson or some variety which breaks
the underlying symmetry of the electroweak theory.

Section 2 of this chapter contains a description of the Higgs mass and coupling.
In section 3, we show the decay width of Higgs boson. In section 4, we show the
branching fraction of Higgs boson into fermions and gauge bosons. In section 5,
we calculate the cross-section for the production of single and pair Higgs boson
via gluon-gluon fusion at hadron colliders. Finally, in section 6 we conclude our
results and we also try to compare two Higgs boson production cross-sections with
four gauge boson production cross-sections from double scattering mechanism of
chapter 5.

6.2 Higgs Search

The discovery of the Higgs boson faces some major problems related to its
existence with a large cross-section and its detection through a clear signal.

In order to search for Higgs production, we must look at its coupling with
other particles. The Higgs couples very weakly with the fundamental particles like
photons, electrons, muons and light quarks. This is because their mass is small.
In other words, the Higgs prefers to couple to the heaviest fermion available and
it also couples to the W and Z with a standard weak coupling strength. This is

shown in fig.(6.1).
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Fig. (6.1) Standard model couplings of the Higgs boson to fermions

and W and Z bosons.

Higgs detection is not easy and must be explored over a large range of mass

because of the unknown value of its mass. So in order to search for the Higgs, it

is useful to divide the mass range into three regions:

1 Light Higgs Mass : if the Higgs mass is light, mg < myz, then it can

radiate from a Z boson. The dominant process is Z — Z*H, where Z* can

be detected from Z* — v7 decay, using a missing transverse trigger, then H

can be detected from H — 77 or H — bb decay which appear in the detector

as two hadronic jets.

Higgs phenomenology in this mass range can be study at LEP1 machine

through the Z decay, where the possible decay are: Z — HI*™ and Z — H7.

The corresponding number of events sets the upper limit for Higgs at about 50

GeV at this machine.
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With LEP2 machine, the e*e™ collision energy will reach 200 GeV. The dom-
inant Higgs production processes is the ete™ — ZH. Note that the Z decay
into two jets and H — bb. The upper limit for Higgs detection is therefore
increased to about 80 GeV.
2 Intermediate Higgs Mass : if the Higgs mass is mz < mg < 2mwy then
it decays dominantly to a t-quark pair except if m; > mwy then H — bb, 77...
etc.
3 Heavy Higgs Mass : if the Higgs mass is mg > 2Mw or mg > 2mg, then
its dominant degays are H - W*W~ or H — ZZ, with branching fraction
of ratio 2 to 1 respectively.
6.3 Decay of the Higgs Boson

As we have mentioned in last section the Higgs couples to fermions and W
and Z particles, where the coupling is proportional to the particle mass. In other
words, the Higgs prefers to couple to the heaviest fermions. In this section we
discuss the decay of the Higgs boson into fermions and weak bosons as [1]:
a. Higgs Decays to Fermions

The coupling of Higgs to fermions (leptons or quarks) is given by:
L =-(V2Gr)"*m;HT/, 6.2
where the decay amplitude is given by
M = (V2GF)*msu(p1 )u(pa), 6.3
which yields a partial decay width of

6.4

2 2
— GmemH[l _ 4mf]3/2
3 ’

P(H""ff): 41r\/-2-

my
where C=1 for leptons and 3 for quarks. The dominant decay here will be to the
final state of maximum fermion masses.
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b. Higgs Decays to Weak Bosons
The coupling of the Higgs to weak bosons (W and Z) is given by:

L = (V2Gp)Y 2mly HWIW ™ + myHZ,2"), 6.5
where the amplitude for H — W*W ™ decay is given by:
M = (V2Gp) P 2miyel (p1, M)e#(p2, Aa), 6.6

which ylelds a partial decay width of

3 ) 9

rv/2 © m my  my
Grm? 4m? 4m?%  12m}
D(H — 22) = ZEZ(1 - D2y - 22 4 ), 6.7
167r\/§ my myg my

using eqns. (6.4) and (6.7), we calculate the partial decay width of Higgs bosons
to fermions and weak bosons.

In fig. (6.2), we show the partial and the total decay width of Higgs boson as
a function of Higgs mass (assuming top quark mass m; = 40 GeV).

Figs. (6.3) and (6.4) shows the correspoding decay width at top quark masses

of m; = 100 and 160 GeV respectively.
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Fig. (6.2) Higgs decay width (dashed lines) into tt, WW and ZZ pairs
as a function of Higgs mass, assuming m; = 40 GeV. Also shown is the

total decay width (solid line).
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Fig. (6.3) Higgs decay width (dashed lines) into tt, WW and ZZ pairs
as a function of Higgs mass, assuming m; = 100 GeV. Also shown iss

the total decay width (solid line).
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Fig. (6.4) Higgs decay width (dashed lines) into tf, WW and ZZ pairs

as a function of Higgs mass, assuming m; = 160 GeV. Also shown is

the total decay width (solid line).
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6.4 Higgs Branching Fractions

With the formulas for the partial decay rates in last section, we can evaluate
the branching fractions as a function of Higgs mass into final state quarks, leptons
and gauge boson particles.

It is useful to divide Higgs decay in to:
a. H — bb dominates, if Higgs mass is between 2my < mg < 2my with branching
ratio of BR(H — bb) ~ 1.
b. H — tt dominates, if Higgs mass is between 2m; < mpg < 2my with branching
ratio of BR(H — tt) ~ 1, and my; < mw
c. H - WtW~ and Z Z dominate, if mg > 2my , unless there is heavy fermion
with my > my.

Using the branching ratio formula (ratio of the decay width of the Higgs boson
into particular channel to the total width into all possible channels) i.e.

- VV
B(H — vv)= " ="V)
I‘total
We show, in fig. (6.5), the branching fractions of the Higgs boson of the standard
model (assuming top quark mass m; = 40 GeV).

Figs. (6.6) and (6.7) are the corresponding branching fractions at top quark

masses of m; = 100 and 160 GeV respectively.
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Fig. (6.5) Decay branching fractions of the Higgs decay into tt, WW

and ZZ pairs as a function of the Higgs mass, assuming m; = 40 GeV.
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Fig. (6.6) Decay branching fractions of the Higgs decay into tt, WW

and ZZ pairs as a function of the Higgs mass, assuming m; = 100 GeV.
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Fig. (6.7) Decay branching fractions of the Higgs decay into tt, WW

and ZZ pairs as a function of the Higgs mass, assuming m; = 160 GeV.
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6.5 Higgs Boson Production
6.5.a Production of Single Higgs Boson

In the standard moael, a single neutral Higgs particle is the only remaining
unknown part of the spontaneous symmetry breaking of the SU(2) x U(1) gauge
symmetry. Unfortunately, although the coupling of Higgs boson to quarks and
leptons is predicted, the Higgs mass is not.

We shall consider the possibility of the production of Higgs bosons at hadron
colliders. Three different mechanisms are responsible for the production of a single
Higgs [2):

1. The production of Higgs boson through quark-antiquark collisions as in fig.

(6.8)

Fig. (6.8) Feynman diagram for the production of Higgs boson in ¢7

collisions.
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Fig. (6.9) Intermediate-boson fusion mechanism for Higgs boson for-

mation.

Fig. (6.10) Feynman diagram for the production of a Higgs boson in

gluon-gluon fusion.
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The integrated cross-section is given by [2]

o(ep = ) = S5 ST [ e mip i) + B i)
6.8
The total cross-section for this mechanism is very small for two reasons.

Firstly, the light quark mass is included in the formula in the factor % and

secondly, the heavy quark contribution is small because of the small parton den-

sity in the hadron.

2. The production of Higgs bosons through WW and ZZ fusion: Here quarks
in the colliding beam emit virtual W’s and Z’s which annihilate to form the
Higgs boson. These subprocesses are illustrated in fig. (6.9).

For heavy Higgs boson, Mg > 300GeV, this production is important and it
dominates because the coupling of Higgs to W and Z is proportional to mpg.

3. The production of Higgs bosons through gluon-gluon fusion: At hadron collid-
ers this mechanism is important and more promising than the above because
of the larger luminosity of the gluon-gluon than quark-quark at small x.

In our calculation, we concentrate on the gluon-gluon mechanism for the pro-

duction of a single Higgs boson. The total cross section for the reaction gg — H

shown in fig. (6.10) is given by [2,3]:

olad ~ ) = S ZPINPr [ ColemieComl), 69

where N is the sum of the contributions for heavy quark flavours. When mg > my,

N is complex and has the form

= S[1+ (- 1)é(a)) 6.10
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_ Lo &y
#(z) = Z[ln(f—_) +ir]%e< 1, 6.11

where £+ = 1 £ /T — € and m; is the top quark mass.

In our calculation we have used the gluon-gluon mechanism to calculate the
total cross-section for single Higgs boson production. To obtain the predicted
cross-section, we integrate eqn. (6.9) with the parton distribution function of ref.
[2], which has Agcp = .20 GeV.

Fig. (6.11) shows the numerical evaluation of the exact cross-section of Higgs
boson production in pp collision as a function of CM energy, using the gg fusion
mechanism. The Higgs mass is taken to be mg = 100, 200 and 400 GeV. The top
quark mass is fixed at 30 GeV.

Fig. (6.12) shows the numerical evaluation of the exact cross-section of Higgs
boson production in pp collisions as a function of the Higgs mass using the gg
fusion mechanism. The top quark mass is taken to be m; = 30, 40, 50, 70 and 80
GeV. At CM energy of 40 TeV.

Fig. (6.13) shows the numerical evaluation of the exact cross-section of Higgs
boson production in pp collisions as a function of the Higgs mass using the gg
fusion mechanism. The top quark mass is 30 GeV. Curves are for CM energy of

20, 40, 100, and 200 TeV.
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Fig. (6.11) The total cross-section for the production of Higgs boson
via gluon-gluon fusion as a function of CM energy of the pp system.

The Higgs mass is taken to be 100, 200 and 400 GeV.
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Fig. (6.12) The total cross-section for the production of Higgs boson

via gluon-gluon fusion as a function Higgs mass. The top quark mass

is fixed at 30 GeV. Curvies for /s = 20, 40 and 100 TeV.
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Fig. (6.13) The total cross-section for the production of Higgs boson
via gluon-gluon fusion as a function of Higgs mass. The CM energy is
fixed at 40 TeV. Curves for top quark mass m; = 30, 40, 50, 70 and 80

GeV.
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6.5.b Higgs Pair Production

In the last section, we mentioned that the existence of Higgs bosons is neces-
sary for the renormalisability of the electroweak theory. Unfortunately, very little
is known about it experimentaly. The coupling of the Higgs boson to fermions
and gauge bosons is described in terms of gauge coupling and particle masses.
Furthermore, the Higgs interacts with itself, with coupling strength proportional
to the square of its mass. In order to study the three Higgs self coupling, one
has to consider the production of a Higgs boson pair, which involves a cubic
self-interaction.

Higgs pair production has been studied by K. Gaemer et. al. [4] for electron-
electron annihilation. As they have discussed, more direct information on the
Higgs could be obtained by using higher energy reaction, but so far studies of
the production cross-section indicate that at presently avaliable energy it is not
possible to detect.

At hadron colliders, there are two major production mechanisms for Higgs pair
production; gauge boson fusion and gluon-gluon fusion, as shown in fig. (6.14).
The contribution from quark-quark fusion can be ignored since Higgs couplings
are proportional to the quark mass and the luminosity of heavy quarks is small:
in hadrons. For top quark-quark fusion, Higgs pair production has been studied
[5], and it yields considerably smaller cross-sections. For the gauge boson fusion
mechanism, where the quarks in the colliding beam emit virtual W's and Z's
which annihilate to form pair Higgs boson, the cross-section is small compared
with gluon-gluon fusion.

At hadron colliders, Higgs pair production has been studied by O.J. Eboli et.
al. [6], where they have used the gluon-gluon fusion mechanism assuming that

the triangle graph gives a lower bound to two Higgs production.
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Fig. (6.14) Feynman diagrams contributing to two Higgs boson pro-
duction (a) via gluon fusion, and (b) via vector boson fusion.

Recently, E.W.N. Glover and J.J Van der Bij [7] have produced a full calcu-
lation for the total cross-section of Higgs pair production via gluon-gluon fusion
using, both the virtual box graph and the virtual triangle graph. Very recently D.
Dicus et. al. 8], have compared the total cross-section for Higgs boson pair pro-
duction in gluon-gluon fusion for both the total cross-section and the cross-section
arising from the triangle diagram. Their calculation shows that at low Higgs mass,
mpyg < 250GeV , the box diagram provides the majority of the cross-section, while
the triangle diagram gives the largest source of Higgs pairs at large Higgs mass,
mpyg > 250GeV.

In this section, we extrapolate the calculation of ref. [6] to Higgs pair pro-
duction via gluon-gluon fusion. We calculate the total cross-section as a function
of CM energy and Higgs mass. Following the calculation of ref. [6], the total

135



Higgs Boson
cross-section for the subprocess gg — HH (assuming the triangle diagram only)

is given by:

A . 9aa? mH 9
Ogg— = N, .
sg—#H(3) 2048 sin* Bw(mw (3 —m%)? | Z al” 6.12

with 3§ = 1228, f=(1- 4%51)1/2 and

N, = SelL+ (e~ 1)g(6), 6.13
where
0 = ~lin™ (% e > 1
0 = Jos( =) ¢ 614
with ¢ = 474

3

The total cross-section for pp — HH is given by

og(pp — HH) = /da:ldmgg(xl)g(:vg)agg_.gg(ﬁ). 6.15

In fig. (6.15), we show the total cross-section for Higgs pair production for pp
collision at v/s= 40 TeV as a function of the Higgs mass for various values of the
top quark mass m;. We used set 1 of the Q?-dependent parton distributions of
Duke and Owens [9] with Agcp = 0.2 GeV. Fig. (6.15) also shows the total cross-
section at very high quark mass of, in the limit mq — co. We use the formula
of ref. (7], where they have used the contributions from both box and triangle

diagrams. With appropriate approximations the differential cross-section is:
2
— = —Az-([gaugell2 + |gauge2|?), 6.16

where the leading terms are

am} 3
gaugel(triangle) = m_H.;,
P mH
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4'~ 11 ) 2
gaugel(boz) = —3% gauge2(boz) = "‘ZESPT/mq

The corresponding cross-sections at /s = 16 TeV and /s = 200 TeV are
shown in figs. (6.16, 6.17), respectively. It is clear from these figs. (6.15, 6.16,
6.17), that the value of the cross-section depends sensitivity on the top quark
mass, and the cross section falls sharply with increasing Higgs mass.

In fig.(6.18), we show the g¢ — H H cross-section as a function of top quark
mass at /s = 40 TeV. Curves are shown for different Higgs masses of mg=
100, 150, and 250 GeV. From fig. (6.18), it is clear that the cross-section starts
increasing with increasing top quark mass, and then it reaches saturation at high
value for top quark mass.

The corresponding cross-sections at /s = 16 and 200 TeV are shown in figs.
(6.19, 6.20), respectively.

The main dominant decay of Higgs boson pair are through HH — WWWW
and HH — ZZZZ, for a Higgs mass greater than 2my or 2mz. The continuum
background for the Higgs boson pair is mostly expected to be four W or Z that are
produced via single parton scattering process gq¢ = WWWW,ZZZZ or double
parton scattering process (¢q)1 + (qq)2 — WWWW,ZZZZ.

Fig. (6.21) shows the total cross-section for four gauge boson (WWWW) pro-
duction . The solid line is due to gg — HH — WWWW at different Higgs mass
while the dashed line indicates the background arising from double scattering pro-
cess. Fig. (6.22) shows the total cross-section for gauge boson (ZZZZ) production
comparing with the background.

The encouraging point is that the Higgs pair signal is larger than the back-
ground for small Higgs mass, but for large Higgs mass mpg > 1 TeV, the difficulty

arises in distinguishing the background from the observed signal, particularly at

small energy /s < 10 TeV.
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Fig. (6.15) The total gg — HH cross-section for pp collisions at /s =

40 TeV as a function of Higgs mass.
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Fig. (6.16) The total g¢g — HH cross-section for pp collisions at /s =

16 TeV as a function of Higgs mass.
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Fig. (6.17) The total gg — HH cross-section for pp collisions at /s =

200 TeV as a function of Higgs mass.
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Fig. (6.18) The total gg — HH cross-section for pp collisions at /s =

40 TeV as a function of top quark mass m;.
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Fig. (6.19) The total g¢g — HH cross-section for pp collisions at /s =

16 TeV as a function of top quark mass m;.
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Fig. (6.20) The total gg — HH cross-section for pp collisions at Vs =

200 TeV as a function of top quark mass m;.
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Fig. (6.21) The total cross-section for four gauge boson (WWWW)
production as a function of CM energy. The solid line is due to g9 —
HH - WWWW at different Higgs mass (with branching fraction), while
the dashed line represents the background from four gauge boson pro-

duction (WWWW) via double scattering process.
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Fig. (6.22) The total cross-section for four gauge boson (ZZZZ) pro-
duction as a function of CM energy. The solid line is due to gg —
HH — ZZZZ at different Higgs mass (with branching fraction), while
the dashed line represents the background from four gauge boson pro-

duction (ZZZZ) via double scattering process.
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6.6 Discussion

The Higgs mechanism provides an excellent way of breaking the SU(2) x
U(1) electroweak symmetry. Although, experimentally very little is known about
the mechanism which breaks SU(2) x U(1), the investigation of this symmetry

breaking is one of the main task of present and future accelerators.

The next generation of high energy proton proton colliders admits the pos-
sibilitis of production and detection of Higgs particles. At present time nothing
is known about Higgs mass. The problem of producing and detecting the Higgs
particles has been studied in connection with the new colliders at the SSC and

LHC.

In this chapter we have studied the production of single and pair Higgs bosons
without other particles in the final state at hadron colliders. As it can be seen
from results of section 3, the most promising way to look at hadron colliders is
through single Higgs cross-section since its cross-section is one or more orders of

magnitude larger than for production of Higgs pair.

For single Higgs production we have calculated the cross-section in gluon-gluo
n fusion mechanism at pp collision as a function of Higgs mass at 40 TeV and also
as a function of energy at different Higgs masses. Although the cross- sections are
large, but the dominant decay mode which is H — ¢f,bb is suffering from large
QCD background like from ( gg — t£,58). For the case of a large Higgs mass
the cross- section is small but the decay modes are free from QCD background

because the most dominant decay of Higgs is to gauge boson pairs.

For Higgs pair production we have calculated the cross-section for g g — H
H in pp collision concentrating on the contributions from triangle diagram only
which gives the largest source of Higgs boson pair at large Higgs masses. The
cross-section is probabily unobservable and lies in the range 10~2 — 10~* pb for
Higgs mass 200 < mg < 400 GeV and top quark mass of m; > 40 GeV for
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pp collision at /s = 40 TeV, this corresponds to 100-1 HH events per year at
the SSC. For mg > 2myy, the pair Higgs decay into gauge bosons, the rate of
production is very small unless the top quark mass is very heavy which reflects

that the observation of Higgs boson at the SSC is rather difficult.

In contrast at ELOISATRON. (200 TeV) the total cross-section lies in the
range 10~2 — 1 pb for Higgs mass 200 < mg < 400 GeV and top quark mass of
mg > 40 GeV for pp collision, which corresponds to many more events 102 - 104
each year.

The contribution from the third generation of fermions with high masses (if
they exist) will increase the cross-section, this is due to the large coupling of Higgs

to the heavy quarks.

Once the Higgs is found, the study of the trilinear coupling through pair Higgs
boson production can verify whether the Higgs is elementary as it is expected in

the standard model, or whether it is composite.

We have also calculated the partial decay width of Higgs boson for kinemati-
cally allowed decays. Here the dominant decay of the Higgs boson is into fermions
and weak gauge bosons. The decay into pairs of intermediate bosons is dominant
for high Higgs mass. Using partial decay width rate formulas, we have evaluated
the branching fraction ratio as a function of Higgs mass into final states of quarks
and gauge bdéon particles.

Also we have tried to compare the total cross-section of Higgs pair production
as a signal to the background which is mostly from four gauge bosons production.
We have used the total cross-section for four gauge bosons from double scattering
mechanism which is assumed to be smaller than the cross-section from single
scattering for the same process. The figs. (6.21, 6.22) show that the signals can
be identified easily from the background for ranges of Higgs mass 100 < mg < 800
GeV, but the difficulty arises in distinguishing the background from the observed
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signal for large range of Higgs mass mg > 1 TeV with top mass of 40 GeV.
However, there are several sources of uncertainty which effect the calculation such
as the uncertainties in the gluon structure functions, the choice of the scale which
defines the strong coupling as(Q?) and the structure functions and the higher

order corrections.

148



Summary
CHAPTER 7
SUMMARY

The standard model, the gauge theory describing the strong, weak and elec-
tromagnetic interactions of quarks and leptons, has been remarkably successful in
describing a broad spectrum of high energy data. With the advent of the CERN
pp collider, the model has been tested at high energy and its correct prediction of

the masses of the W and Z bosons has been verified.

The production of two weak gauge bosons in a pp collision is predicted within
the framework of the standard model and the Drell-Yan processes. They can be
identified through a leptonic decay of one of the gauge bosons and two jets from
the other. The predicted cross-section of this process is smaller than the cross-
section to which the observed events rates correspond i.e. the cross-section for W

pair production is cww BR ~ 0.02 pb at a CM energy of 630 GeV.

The present thesis is devoted to the study of some of the most important
processes associated with the standard model. In particular we have concentrated
on (1) the calculation of the first order perturbative QCD corrections to photon
and Z pair production in hadron collisions, (2) the production rate of multiple
weak gauge boson through single and double scattering mechanisms and (3) Higgs

boson phenomenology.

We have started with some detailed calculations of the first order perturbative
QCD corrections to photon and Z pair production in hadron collisions in chapters
2 and 3 respectively. The exact calculation of higher order: QCD corrections is
very complicated. The corrections contain many terms and it is hard to find singu-
larities, which would allow us to estimate the overall size of the QCD corrections.
The precise magnitude of these corrections depend on the renormalisation scheme
and on the definition of the parton distribution functions beyond the leading order
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approximation in perturbation theory.

The calculation were performed with real gluon emission (hard collinear gluon
emission and soft gluon emission) and include the interference of the lowest order
diagrams with the virtual graphs (self-energy, vertex and box diagrams). The cal-
culated corrections contain divergences represented in the method of dimensional
regularisation by O(%) and 0(212') poles. The O( 215) poles are eliminated when we
were combined real and virtual corrections. The remaining O(%) divergences are
absorbed into the quark momentum distribution functions beyond leading order
so that they contain all the higher and lower order terms. Since the appearance
of such singularity in the quark distribution functions has a universal structure
and is independent of the process, the usual way to remove it is by the standard
subtraction procedure with a similar term from another process like deep inelastic

scattering (DIS).

Due to the large number of terms involved, it was not possible to calculate
all of them, and in some cases we have concentrated on the singular terms only.
For this reason it was not possible to work out exactly the numerical values of the

QCD corrections for the processes in chapter 2 and chapter 3.

Then, we have investigated the production rate of multiple weak gauge bosons
in hadron collisions using both single and double parton scattering mechanisms.
It is known that with increasing collider energies there is a need to consider more
complicated parton scattering which means that more partons are loaded in the

hadrons and multiple parton interactions become increasingly important.

The goal of our study was to look in some depth at the production rate of
multiple weak gauge bosons via the double scattering parton mechanism, which is
very important because it will provide a crucial test of the standard electroweak
model at high energies (TeV scale), and will test for the existence of the Higgs
boson, besides to that it may contribute a significant background to new physics
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beyond the standard model.

In chapters 4 and 5, we have used the double parton scattering mechanism to
calculate the production rate of weak gauge boson pairs, triple gauge bosons and
four gauge bosons in hadron collisions. Although the results showed small values
for the cross-section from double scattering compared with the single scattering
for the same process, they showed a large numbers of observable events at high
energies such that these processes may be observed if high energies and large lu-
minosities are being used. Our calculations, however, cannot be exactly precise
especially in view of the large uncertainities associated with the gluon structure
furictions, the scale of @, and the higher order QCD corrections which would affect
such calculations. We have to add the reminder here, that an accurate value for
gefs (the hadronic cross-section which estimates the size of a hadron in double
scattering mechanism) is also needed and this means that more accurate infor-
mation on hadron structure is very important. Aside from all these uncertainties,
our results were seen to be in agreement with similar results obtained from recent

calculations.

Finally, we have examined the Higgs boson phenomenology, which now forms
a substantial part of the physics program at the next generation of high energy
colliders. We have concentrated on the study of single and pair production of Higgs
bosons at hadron colliders via gluon-gluon fusion processes. It is clear from the
results that the most promising approach is through single Higgs production rather
than Higgs pair production since its cross-section is one or more order of magnitude
greater. Also we have shed light on the Higgs decay width and branching ratio.
Finally, we have compared Higgs pair production cross-sections cgg BR with the
cross-sections for four W and Z weak gauge bosons production obtained via double

scattering parton mechanism, which contribute to the background.

The conclusions of this thesis can be briefly summarised in a few points:
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1. Higher-order perturbative QCD corrections are important and give significant
change to the lowest order especially for the next generation of hadron colliders
where the gluon effects play an important role at high energies (TeV scale).
The exact calculation for the first order QCD correction to Z pair production in
hadron collisions is very important as a background for Higgs boson detection
since the main dominant decay of Higgs boson is H - WTW~ or H — Z2Z.
The most important processes which one should look at are qq — ZZg,q9 —
ZZg and g9 — ZZ73.

2. For the next generation of hadron colliders, the double scattering parton
mechanism is extremely important and may give significant evidence for test-
ing the standard model at high energies (TeV scale). Also multiparton scatter-
ing is expected as a potential background for new physics beyond the standard
model.

3. Higgs boson phenomenology is extremely important and need further study
since it is the only particle which is left undiscovered in the standard model.
Unfortunately nothing is known about the Higgs mass, but the next generation

of supercolliders are the most suitable tools to search for the discovery of the

Higgs boson.
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