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Abstract

Throughout this thesis we test some aspects of the Standard Model (SM) at
future high energy colliders. We start by examining the SU(2)x U(1) non-abelian
nature of the SM. We consider the effect of anomalous couplings on the reaction
ete™ —» WHW~+, at /s = 200 GeV, where the photon is soft. We show that the
dependence on the anomalous couplings is of the same order as, but different from,
the dependence of the leading order ete™ — W*W ™ cross section. We therefore
argue that the two processes are complementary in providing precision tests of the
Standard Model electroweak vertices. We also study the same process, ete™ —
W*W 4+, at high-energy ete~ colliders to investigate the effect of genuine quartic
W+W~-vy and W+W~Z~ anomalous couplings on the cross section. Deviations
from the Standard Model predictions are quantified. We show how bounds on the
anomalous couplings can be impfoved by choosing specific initial state helicity
combinations. The dependence of the anomalous contributions on the collider
energy is studied. We then proceed to present a detailed analysis of soft photon
radiation in ete~ — tf —» bW+bW~. The radiation pattern is shown to depend
sensitively on the top mass, width and energy, as well as the relative orientation
of the initial and final state particles. Optimum conditions in which initial state
radiation is minimised and the radiation pattern has the richest structure are
discussed. Finally, the Higgs sector of the SM is visited, where the production
of the SM Higgs ¢ with intermediate mass at the proposed CERN LEPQLHC
ep collider in v¢(§) — W*4q'(¢), 79(3) — Z°4q(q) and gy — ¢d¢ events is
studied. This is done for all possible (massive) flavours of the quarks ¢(¢’) and
using photons generated via Compton back-scattering of laser light. We study
signatures in which the Higgs decays to bb-pairs and the electroweak vector bosons
W2 and Z° decay either hadronically or leptonically. All possible backgrounds to

these signals are also computed.
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Chapter 1

Introduction

Throughout the centuries man has striven to understand the world around him.
In his quest for knowledge and in his effort to solve the ultimate puzzle, “Of what
is matter made?”, many theories have been proposed. Among the first was the
ancient Greek theory by Anaximenes of Miletus [1] which states that the world
is made of four fundamental elements: air, water, fire and earth; combinations
of and interactions between these four elements are the cause of everything that
exists. With the benefit of hindsight we can see that this theory contained the
ideas of what we call chemistry. Anaximenes’s theory was, in the Greek tradition,
based on pure thought. Only with the advent of controlled experiments, many
centuries later, were these theories developed into modern science. In particular,
the work by Mendeleev in classifying the elements into the periodic table was an
important step forward. Although this was far too complicated to be the “the-
ory of everything”, it did, however, hint at some underlying, more fundamental,
theory.

A decade later, in 1897, continued investigation by J. J. Thomson led to the
discovery of the electron. Then came Rutherford’s famous a—particle experiments
which led to the discovery of the structure of the atom, ultimately leading to the
identification of the proton, the neutron and the birth of nuclear physics. Then a
whole plethora of hadrons were discovered in the cosmic ray experiments.

This is a very sketchy history in which a lot of important steps have been
missed out; a more rigorous history can be found in [2] for example.

This now brings us to the last 100 years: the immediate history of particle

physics. Particle physics has two questions to answer: the age old question “What

1



Figure 1.1: Deep inelastic experiment where a proton is hit by a lepton.

are matter’s fundamental building blocks, and “How do these building blocks
interact to give everything we see, i.e., what are the forces in nature?”

The particle physicists of today believe that they have gone a long way to solve
these questions. Just as Rutherford and his colleagues performed experiments on
the atom and found it has structure, particle physicists today perform similar
experiments in principle. In these deep inelastic scattering experiments a proton
is hit by a high energy lepton which emits a virtual photon, a W or a Z boson
with high enough energy to probe the proton. They saw that the proton has
structure. They found point-like objects that are structureless at the smallest
distances probed by the highest energy particle accelerators. These were called
the quarks.

The most popular theory today is that there are two types of matter units:
Quarks and Leptons. They both have spin 1/2 in & units. The quarks are the
fermionic constituents of hadrons and the building blocks for the proliferation of
mesons and baryons seen in the experiments. The lepton, however, is the term
used for describing the electron, the neutrino and the particles that are direct

generalisations of the electron [1].



THE FUNDAMENTAL FERMIONS -

LEPTONS AND QUARKS

Particle Symbol Charge (¢) Mass (GeV/c?)
Electron e -1 5.1099906(15) x 10~*
e-Neutrino Ve 0 <51x%x107°
Muon o -1 0.105658389(34)
p-Neutrino Vy 0 <2.7x 1074
Tau T -1 1.7771(5)
T-Neutrino Uy 0 < 3.1x1072
Down d -1 0.010 & 0.005
Up u 2 0.005 + 0.003
Strange s ——% 0.2+0.1
Charm c % 1.3+0.3
Bottom b —% 4.3+0.2
Top t 2 176 £ 8 £ 10

Table 1.1




THE FUNDAMENTAL BOSONS

Particle Symbol Spin Charge (¢) Mass (GeV/c?)
Photon 0% 1 0 0
Neutral weak boson Z 1 0 91.1888(44)
Charged weak bosons  W#* 1 +1 80.23(18)
Gluons Gly ey 8 1 0 0

Higgs H 0 0 > 64.3
Graviton G 2 0 0

Table 1.1(cont.) The fundamental particles of the Standard Model. The masses
are given in the usual particle physics units of 1 GeV /c? = 1.782676 x 10727 kg.
The lepton masses are from the PDG (1994) and the quark masses are “current”
masses.



Let us turn our attention now to the second question: the forces between the
particles, We believe that there are four forces in the universe. One of the first
forces to be discovered and to be quantified classically, by Newton, is gravity.
Gravity acts on all objects and has a very large range, and although this was the
case, Newton could not see how the interaction took place, i.e., “the dynamics
of it” (letter from Newton to Bently) [3]. Then came electromagnetism that
was quantified and described fully by Maxwell’s equations and was endorsed by
the discovery of the electron and its recognition as the unit of electricity. This
force again acts at large distances and again the dynamical question of how the
interaction could be mediated at a distance led to hypotheses such as the Ether (an
amazing medium for transferring the mechanical motion). In Newtonian physics
the equations of motion are postulated and the forces are inputs in the equations.
Maxwell, however, dropped all the Ether theories and allowed his equations to
stand on their own. We would like an approach that incorporates both particles
and fields that also explains how particles and fields interact. Later these problems

were solved by the field theory approach and quantum mechanics {3].

Today particle physicists believe that there are two more forces, the weak force
and the strong force. Unlike the electromagnetic interactions that have infinite
range (since the photon is massless) both of these forces have a very small range,
the weak force having a range of 3}~ and the strong force a range of ——. The

w My
weak force is what is responsible for the nucleus decaying, the familiar 8 decay:
n — p+ e~ + v, with a lifetime of 15 minutes. It is only weak with respect to
the electromagnetic force if they are compared for long range and at low energies.

The strong force is the force that binds the constituents of the nucleus together.

Let us now focus our attention on the dynamics question: (i.e. how are the
forces mediated?). Particle physicists believe that they are mediated by gauge
bosons: the photon, the Z and W particles and the gluon. Their belief was
justified when the W, Z were discovered in pp colliders and the gluon in ete~
collisions. This turns out to be closely related to a symmetry principle which in

turn is related to a conservation law which is discussed in the next chapter.

Can this be the whole picture, is this the “theory of everything”? In order
to test the “Standard Model” (SM), particle physicists perform measurements of
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the fundamental particle properties (mass, lifetime, etc.) and interactions to high
precision at high energy colliders, e.g., the pp, ete™ and ep colliders. Some of
these colliders are listed in Table (1.2). The aim of these precision measurements
is to look for deviations from the SM predictions. This is important since this
means that precision measurements performed at low energies can test for new
physics at a higher energy scale. The following are examples that are of interest
with respect to this thesis.

In the SM the W boson is a fundamental particle. Due to its charge, the W
boson interacts with the photon; this interaction is predicted exactly by the SM.
If the W boson is not fundamental but has some structure (a composite object)
this will manifest itself in the W v interaction since at high enough energy (small
enough range) we will start to see deviations from the point-like structure. So,
one way of testing this theory is by measuring the WW+~ coupling precisely. This
can be done, for example, using the LEP II e*e™ collider which is expected to be
running in the next few years. In chapters four and five a description of how this
can be achieved is given. Another example is the top quark which has recently
been discovered by the CDF and DO collaborations in pp collisions at 1.8 TeV[4].
It is an important discovery as the top quark was predicted before its detection.
It is again crucial to measure its properties such as mass, lifetime, charge and
spin to check that it is indeed the sixth SM quark as predicted. In chapter six we
describe one way of doing this by analysing the radiation pattern off top quark
production and decay at the future NLC.

Finally, the Higgs sector of the SM is important, as the Higgs mechanism is
possibly what generates the fundamental particle masses and again Higgs discov-
ery is crucial. A lot of effort has been and will be devoted to this for the future
ete” and pp experiments. Less well studied is Higgs production in ep collisions

which is the subject of chapter seven.



Some High Energy Colliders
Collider Reaction V3(GeV)
LEP I ete” ~ 90
LEP II ete” < 200
Fermilab Tevatron pp 1.8 x 103

LHC pp (10 — 14) x 10°
HERA ep 314

NLC ete” 300-2000

Table 1.1 Some high energy colliders which are either planned or are already
running.



Chapter 2
The Standard Model

In Quantum Field Theory the field equations of a system specified by several
fields ¢:(z), where z is the space-time four-vector and a Lagrangian density £
(the kinetic term minus the potential energy per unit volume) can be derived from

the action

S = / dzLl (2.1)

by imposing the principle of least action
65 =0, (2.2)

which gives the equations of motion, the Euler-Lagrange equations

oc oc

5%~ a.91 = 29

with 0,¢ = a%%.

Symmetries are very important in physics, since they manifest themselves in
conservation laws which can be tested experimentally. “A symmetry operation
[transformation] is what you perform on an object [wave function, field] that
leaves it unchanged [invariant] under the operation.” [5].

Let ¢ be one of those fields and let us vary ¢ such that
p— ¢ =¢+6¢. (2.4)

The change in the Lagrangian is given by

oc oLr oc 5

0L = —=b6¢ + 8_6768”45 = 5"[8(3@)

% 4. (2.5)



Now for the Lagrangian to stay invariant under the transformation there must be

a conserved “symmetry” current J, such that
J, =0, (2.6)

where

[ a£ .
"‘aaaw’ (2.7)

and the conserved quantity (charge Q) here is
Q:/ﬁﬂ@ (2.8)

Nature seems to make use of certain special types of symmetries and this prompted
theorists to look at a class of transformations where the fields transform under a
continuous unitary phase U which is a representation of some symmetry group G.
In particular we require such a transformation to commute with the Hamiltonian,

so (U, H] = 0. If G is a Lie group, then

i=n

U = eapli 3. Tiou(2) (2.9)

i=1

where «;(z) is a continuous parameter which is a function of space-time and T;

are the generators of the group with
[T,‘,Tj] = Z'C,'jka N (210)

where Cj;i are the structure constants of the group. Theories that are invariant
under such transformations are called local gauge theories. If Cj; is zero then
we have an abelian gauge theory, otherwise the theory is called non-abelian. The
groups we are interested in are the U(1) abelian and SU(2), SU(3) non-abelian

gauge groups which are related to the electroweak and the strong forces.

2.1 Gauge Invariance

If the Lagrangian! is invariant under a symmetry group then Noether’s theorem

states that the system has some conserved quantity.

1We use the term Lagrangian from now on to mean the Lagrangian density

9



2.1.1 Abelian Gauge

Let us consider Maxwell’s theory of electromagnetism. When this theory is quan-
tised it gives Quantum Electrodynamics or QED. In the following the Lopp will
be derived from the gauge principle; and we will see that by imposing the require-

ment for “local” gauge invariance on a free Lagrangian we will get the interacting
field theory of QED.

A free electron can be described by a wave function ¥, under a unitary local

phase change

U — eia(a:) V]

U — e g (2.11)

where a(z) is a function of space time.
The Lagrangian for an electron with mass m (which satisfies the Dirac Equa-

tion, (:4*8, — m)¥ = 0) is given by
£ =VY(iv*d, —m)¥ . (2.12)

The above Lagrangian is invariant under the above transformation only if we

introduce the covariant derivative D, to replace 9, such that
D, = 0, —1ieA, (2.13)
with the covariant derivative transforming as
D,V — €D, (2.14)
and the field A, transforming as
A, - A+ éaua : (2.15)

This group of transformations is called the U(1) group and the field A, is the

gauge field. The Lagrangian becomes

L = V(iv*(8, —ied,) — m)¥ (2.16)
which can also be written as

L= V(iv*d, —m)¥ — A, J* . (2.17)

10



The presence of the gauge field A, and its coupling to the electron is only due to
requiring the invariance of the above Lagrangian under the U(1) gauge group.
Treating the above field as a physical field of the photon, we have to introduce

a kinetic term which is in turn invariant under the above transformation. Consider
(D,D, - D,D,) =ieF,, (2.18)

with
F,,=0,A,—-0A,. (2.19)

We introduce the gauge invariant kinetic term
1
La= —ZFWF”" (2.20)

such that the above choice enables Maxwell’s equations to be derived from the

following QED Lagrangian:

_ 1
‘CQED = \I’(Z’)’“Du — m)\Il - ZF“,,F‘W . (221)
Note here that we do not have a mass term for the field A, of the form
1
L, = iMf,AuA“ , (2.22)

as such a mass term will not be invariant under the above gauge transformation
(2.15).

For this Lagrangian to describe all the quark and lepton electromagnetic in-
teractions we must consider the fermion wave function under the following local

gauge transformation
U — U =@y (2.23)
Now @ is the generator of the U(1) group and is identified as the electric charge.

The interaction term now reads
JEA, = —e\TI'y"Q\IIAu . (2.24)

This, however, is not the whole story: the above field A, has four degrees of
freedom; the physical photon however has only two. In practice we have to add
gauge fixing terms to reduce the degrees of freedom to the physical ones such that
the Feynman rules can be defined and we can then calculate scattering amplitudes,

decay widths etc., see for example [6].

11



2.1.2 Non-Abelian Gauge

Let us now consider the SU(2) gauge group. Let the fermion wave function be ¥

where U is a column vector. The transformation is then

U — ¥ =ezpli ) o(x)TiT . (2.25)

i=1

The free fermion’s Lagrangian is again
L;=1U4*8,¥ — mUV¥ . (2.26)

We proceed in a similar manner to that for the abelian case but now we consider

infinitesimal phase transformations of the field
U =1+ ia;(2)T5] ¥ . (2.27)
Under the above transformation the change in the Lagrangian is

3
8L = —Uy* Zﬂ@uai\ll . (2.28)

=1
Again, as in the previous case, we introduce the covariant derivative D, which

transforms as

D, - D,(V') = i Ziees®Tp g (2.29)
where
3 .
D,=08,+1ig) T:W; . (2.30)
=1

Here g is the coupling and we have introduced the three gauge fields W,. The

above fields under the above phase change transform according to
W, =W, -~ ~8,d —ax W, . (2.31)
g

Treating the above fields as physical fields, we will define the field strength W,
exactly as in QED so that

(D,,D,] = igT.W,, (2.32)
where the SU(2) field strength is
W,, =W, —a,W, —gW,x W, . (2.33)

12



Note the extra term due to the non—abelian nature of SU(2). Thus the interaction
Lagrangian is

1
Lw = — Wi, W . (2.34)

Expanding the above interaction term gives
1 ) 1 v v
Lw = -—Z(BHWV - O,W))(0"W! — 0"Wf)
+%(auw,j — O W) ek WEWY

—%2e,~,-kmf‘w,:e,-,mwj,wr : (2.35)
Here we have two more interactions that are not present in the QED case; the
second term in the above interaction Lagrangian gives rise to the triple W vertex
and the third term gives rise to the quartic W interaction vertex. Note that all
of the W interactions have a universal coupling strength g. Here again the field is
massless because a mass term of the form (2.22) is not invariant under the above

gauge transformation.

So finally, the SU(2) invariant Lagrangian is
L = ¥y*9,¥ — mUyV¥
3
—g ) U TW, ¥
=1

1 .
—ZW,ZVWiW ) (2.36)

2.2 Weak Interactions

The ultimate aim of investigating the previous gauge groups is to arrive at a
theory that describes the weak interactions as well as the electromagnetic ones.
We have thus far established the suitability of the U(1) gauge group for QED.
Unfortunately SU(2) as it stands is of no use for weak interactions. This is due
to two reasons that will become clear in the following discussion. First, SU(2)
couples both left and right handed particles equally, thus conserving parity (spatial
inversion £ — —z); and secondly, the gauge bosons in the above theory are still
massless.

The earliest attempt to treat weak interactions was Fermi’s four-point inter-

action. Fermi postulated in 1934 that § decay can be written in terms of an

13



interaction Lagrangian of the form
4
LFermi = 7§

where the current J* can be written as

G fermid i J T (2.37)

J# ~ Tyt (2.38)

where Gfermi = 1.16 X 1075 GeV~? is a dimensionful constant. In this case
the neutrino-electron pair act as single photon-like emission occurring at a single
space—time point (the same as the electromagnetic current). By 1956, experiments
on Co% showed that parity is maximally violated in weak interactions [1] and that
the four—point interaction only couple to left handed particles. Hence the form of
the current should be changed to

1—7
2

where ... implies the sum over all fermionic families.

J* = Dy e+, (2.39)

From the gauge theory perspective this means that the SU(2) gauge trans-
formations will only act on the left handed fields and not on the right handed
ones?,

This, however, is not enough, as SU(2), even with the above modifications,
still leaves us with massless gauge fields, while, experimentally it was found that
Z, W fields are massive.

Fermi’s four—point interaction, even with the previous changes, has major
problems: it has bad high energy behaviour as it violates unitarity (which requires
that physical observables such as cross sections have conserved probabilities).
This is to say that the four—point interaction is non-renormalizable so, if one
considers loop corrections, the addition to the lowest order cross-section will have
the following behaviour [3]
dk

Glermi | Tz - (2.40)
Now, if we introduce an ultra violet cut—off A, the integral will diverge as G%,,,,;A*
and the situation will get even worse at each order of perturbation theory, as
we will need an infinite number of parameters (from experiments) to cope with
the divergences. This is therefore a very good reason to reject the four—point

interaction as a fundamental process.

2see Electroweak Theory
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2.3 The Standard Model

2.3.1 Electroweak Theory

A gauge theory for Electroweak interactions was proposed by Glashow, Salam and
Weinberg [7]. It unifies both SU(2) and U(1) gauge groups with the following

gauge transformations

Uy -V =erp[igai(z)Ti+ 1 gB(z)Y] ¥y

Vp - Uy =exp|ig B(z)Y] Yg (2.41)
with
1—
U= ()Y
1
Wr = ( “;75)\1: .
(2.42)

The left handed fermions form isospin doublets ¥ and the right handed fermions
are isospin singlets Wg. For example, Z ) and ( Z ) are in the doublet
representation, while the right handed fermiong UR, dg, a,ndLeR, for example, are
in the singlet representation. Note that the neutrino is only left handed and
therefore is massless in the SM.

The fermions must therefore be massless in order to satisfy the above symmetry

(2.41) [8] since a mass term for the fermion f of the form

mff =m(ffr+ frfL) (2.43)

is not SU(2) invariant as a product of a doublet and a singlet is not invariant
under SU(2) rotations. The operators T and Y are the generators of the SUL(2)
and Uy (1) groups and g, ¢’ are the respective couplings. They are related to the
electromagnetic charge @ by v

Q=Tst . (2.44)

The electroweak Lagrangian that is invariant under (SUL(2) x Uy (1)) is then

15



. T YTy . Y
Lpw = Z (e ry*[0u + 19T W, + ’gIEB#]\I’L

lLe
Y
+iVRY*[0, + ig EBM]\I’R )

1. 1
— Wi W =SB B (2.45)

where B, is the field associated with Uy(1). The covariant derivative that is

invariant under the (SUL(2) x Uy (1)) is then
e 4
D,=0,+1gT W,+1g —2-B,‘ . (2.46)

This Lagrangian leaves us with the gauge fields and the fermions still massless,

even though we know from experiments that they are massive.

2.4 Higgs Sector

There is a mechanism that will generate mass for both the gauge fields and the
fermions while keeping the photon massless without spoiling the results we ob-
tained from the gauge theories. This is called the Higgs mechanism [9]. It occurs
whenever a vacuum of a quantum field theory does not respect a symmetry in the

theory.

2.4.1 Spontaneous Symmetry Breaking

To illustrate the concept of Spontaneous Symmetry Breaking (SSB) and how the
Higgs mechanism generates mass for the gauge bosons let us consider a local U(1)
gauge theory with a complex scalar field ¢ = 715(¢1 + t¢;). The Lagrangian is
then

L=Ly= (D) (Dr¢) — u2oTg - Mglg)? — iFu,,F‘“’ . (247)

The above Lagrangian is symmetric when ¢ — —¢. Let us now consider the
potential

V(#) = u'elg + A(ole)?. (2.48)

For 42 > 0 and A > 0 the minimum of the potential is at |¢| = 0 and the

Lagrangian (2.47) is just the Lagrangian for a charged particle of mass p. Now
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consider p? < 0. In this case the minimum of the potential occurs when

9| = % = \/:2’;—2 : (2.49)

The vacuum has a non-zero expectation value and we have a ring of minima
in the (#1,¢2) plane with the same expectation values. The system, however,
chooses one of these minima ®(z) at random. Thus the vacuum of the theory no
longer respects a symmetry of the theory, namely ¢ — —¢. This is called SSB. In
order to see how this will give rise to mass terms consider expanding around this
3

minimum

B(z) = -\}—i(v 4 1(z) + i€(2)) - (2.50)

This is, however, equivalent to a gauge transformation such that

®(z)

&

Siale

(v+n)exp [i%]

(v + h(@)ezp (122

1, (251)
where 6(z) is chosen such that h(z) is a real field. The field A, transforms as
1
A, - A+ 53,,0(:6) . (2.52)

Now substituting the above into (2.47) gives

1
L = -;—(auh)2 — Mw?h? + §ezv2Ai — \vh® — i/\h4
1 1
+§€2Aih2 + ve’A%h — ZF,“,F‘“’ . (2.53)

This Lagrangian describes two interacting massive particles: a vector gauge boson

A, and a massive scalar h which is called the Higgs particle, with mass
M, = V2M?. (2.54)

Turning back to the case in hand, the Glashow-Salam-Weinberg model utilises
the above Higgs mechanism. Thus a combination of ideas of gauge invariance plus

SSB led to a unified theory of weak and electromagnetic interactions.

3as perturbative calculations involve expansions around a stable point.
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2.4.2 Glashow—Salam—Weinberg Model

The (SU(2) x U(1)) gauge invariant Higgs Lagrangian is
L = (Dud)[(D*6) - 2676 - MsT)", (2.55)

where ¢ is a complex scalar SU(2) doublet of the form

1 ¢1+i¢2) .

¢= V2 ( $3 + ¢4 (2.56)

We are interested in the case where y? < 0 and A > 0; the potential then has a

minimum at |¢| such that

2

9= 5 = (5t (2.57)

Thus we can choose the particular vacuum to be

¢:%<3) (2.58)

The above choice is a very special choice; it is chosen such that the vacuum does
not break the U(1),, symmetry. The above choice has T3 = —% and Y =1 so
the generator of U(1)en@ remains unbroken and @@ = 0. In order to see how
this SSB gives rise to gauge boson masses and coupling to the Higgs, we expand

around the minimum

$(z) = ( . +3L(x) ) (2.59)

and substitute into the Lagrangian. The relevant terms are

S 1 0 2
2 _ : g !
|D,o|° = |(igT. W, +1g £Y B,L)—\/5 ( v+ h )
2..2 2( 2 2y | W3 / 2
gv Tyx/i 2y 174 v*(g* + ¢") #g—gB,,
= WIW. W Ww.
8 (W Wi+ W, W) + 8 Vg + g7

+interaction term

1 1 1
SMyWIW! + =M32,7" + - M3A, A"

+interaction term (2.60)
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where

1
W+ = 72_(W; - ZWE) )
_ 1
WI—" = 7§(WI}' + ZW/E) )
7 - W2g—4¢'B,
b =

— 3 :
= W cosb, — B,sinb, ,

A = ng, + 9B,
’ (9% +9")
= VVS sinf, + B, cos b, , (2.61)
with
v
MW = %" ’
v
Mz = 3V9*+9g7,
My = 0. (2.62)

Note that M4 = 0 is a consequence of the vacuum choice as the gauge bosons
related to an unbroken symmetry remain massless and the electric charge operator
leaves the vacuum unchanged.

The Weinberg angle 8,, is defined as

[

Z = tand, . (2.63)
g
The interaction terms are
. . 1A 2 2 Mg
interaction terms = gMwhWIWZI 4+ (¢° +¢ )ThZuZu

(9% + ¢")

2
9 o2y +Tm
LN w

t 4 W“ -t 8

h*Z,Z" , (2.64)

with the first two terms giving rise to the triple HWW, H ZZ vertices respectively
and the third and last term giving rise to the quartic ones. Next, we want to see
how the fermion masses are generated and what the fermion couplings to the Higgs

and the gauge bosons are. Let us start with the fermionic masses and couplings
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to the Higgs: the relevant part of the Lagrangian after SSB is then

_T};f [\TIL(U +k)Ug + Up(v+ h)‘I’L] =

—Hpv, - - —H:h - -
ﬁf (ULUp+ Uy + \/é (ULUr+ Tp¥y) , (2.65)

where H; is an arbitrary coupling constant, so the mass of the fermion is now

va
mys = 7_2—

and the coupling of the Higgs to the fermion is now proportional to the mass of

(2.66)

the fermion. Finally, let us see what the boson coupling is to the fermions. The
relevant part of the Lagrangian is

. R %
L =3 (upm“ [a,i +igT W, + zg’;Bﬂ] v,

L

.z Y
+iW gy [@, + zg';Bﬂ] Ugr)

= —\}—%ﬁL’)’”W:dL + %
—gVUv*Ts(cos 0,7, + sinf,A,)¥
—g' U y*(Q — T3)(—sin 0,2, + cos 0,,A,)V

—g'Upy*(Q ~ Ts)(—sinb,Z, + cosb,A,)¥g , (2.67)

JL')’“W“_uL

with the first two terms being the flavour changing charged currents and the last

three are neutral currents. The Z boson interaction, for example, can be written

as
_ -9 3 n
Lasr= g U Zu(V + Avs)¥ (2.68)
with
V = —fg:i — Qsin®d,, ,
13

= -2 (2.69)

where V is called the vector coupling and A the axial vector coupling.
Finally, all the masses and couplings have been generated in the GSW model.
The only sector that has not been mentioned yet is the strong interactions sector,

QCD. The gauge group relevant to this sector is SU(3). This is a non-abelian
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gauge group with eight massless gauge bosons, the gluons. Let the fermion wave

function transfer as follows under a rotation in colour space:
U — exp [iT.a(z)]¥ (2.70)
with the generators of the group obeying
(T3, T3} = 3 fisTe - (2.71)

Again, in order to restore gauge invariance for the free fermion Lagrangian (see

(2.12)), we need to introduce the covariant derivative
8 .
D,=08,+1ig9,) TG, , (2.72)
i=1
where g; is the strong coupling constant and GL are the eight gluon fields with
. : 1
G, — G — g—(?uai — fijeeGE (2.73)
Treating the above as a physical field, we introduce a kinetic term as before such
that
G, = 0,G,, — 3,G, — g, fiuGi,G} ; (2.74)
SO NOW
LQCD = \i’(i‘y”au - m)\Il
8
~9: 3 V" TG,V
=1

1 .
~7G G . (2.75)

The above Lagrangian describes a self interacting theory with three and four gluon
vertices.

The gluons hold quarks together into colourless hadrons by mediating the
colour force. Due to the fact that the renormalised coupling ¢g2(p?) — 0 as p? (the
renormalisation scale) — oo as we probe the hadrons at high energies the quarks
behave as if they are free (asymptotic freedom). At large distances (effectively
p? — 0) we have g?(u?) — oo which leads to the confinement of quarks and gluons
inside the hadrons (infra-red slavery). This is to be contrasted with QED where

e2 (p?) — oo as pu? — oo, i.e., the coupling gets stronger at short distances.
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The Standard Model of Particle Physics is then a partially unified quantum
gauge field theory for the electromagnetic and the weak interactions which exhibits
a broken SU(2)1, x U(1) symmetry together with SU(3) symmetric QCD for strong

interactions.

2.5 Beyond the SM

Although the SM has so far predicted the outcome of experiments successfully,
the prevailing wisdom is that it cannot be the whole story. Sooner or later a more
elegant theory will replace the SM. The motivations for going beyond the SM are
abundant and we will only list some of them. The most obvious is the fact that
the SM has a large number of arbitrary parameters, including the masses of the
particles and the strength of their interactions, which are inputs to the theory
and therefore must be obtained from the experiments. The SM does not explain
the repetition in the fermionic families. Other criticisms of the SM are the facts
that the Higgs sector is added by hand and that gravitational interactions are not
included in the theory. Some theories are proposed as alternatives to the SM, such
as SUSY, technicolour and compositeness. There are two ways to test for physics
beyond the SM and thus test these theories, the most obvious of these being the
discovery of new particles. There is, however, another way: performing precision
measurements on the c011])1ingé, the mass and other particle properties will also
at least hint at the existence of new physics beyond the SM. For example, the
LEP I ete™ collider has been running for a few years as a Z factory through the
reaction ete~ — Z — ff, which has enabled tests to be performed on the Zff
couplings. So far, there is no evidence of new physics beyond the SM (the mass
of the top from radiative corrections is in beautiful agreement with the measured
CDF and DO value). In the same way that LEP 1is a Z factory, LEP II will be
a W factory through the reaction ete™ — W*+W~ and again W couplings to v
and Z will be able to be measured to high precision. Anomalous couplings are a
model independent way of performing this measurement, where the most general
W+W =~ vertex is assumed and the experimental result is compared to the SM

prediction.
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2.6 This Thesis

Throughout this thesis we test aspects of the Standard Model (SM) at future
high energy colliders. We start by examining the SU(2)x U(1) non—abelian na-
ture of the SM. We consider the effect of anomalous couplings on the reaction
ete™ —» WHW~4, at /s = 200 GeV, where the photon is soft. We show that
the dependence on the anomalous couplings is of the same order as, but different
from, the dependence of the leading order ete= — W*W ™ cross section. We
therefore argue that the two processes are complementary in providing precision
tests of the Standard Model electroweak vertices. We also study the same process,
ete™ — W*W =4, at high-energy ete™ colliders to investigate the effect of gen-
uine quartic W*W~v+ and WtW~Z~ anomalous couplings on the cross section.
Deviations from the Standard Model predictions are quantified. We show how
bounds on the anomalous couplings can be improved by choosing specific initial
state helicity combinations. The dependence of the anomalous contributions on
the collider energy is studied.

It is important to establish that the quark recently discovered by the CDF
and D0 experiments is indeed the sixth quark of the SM. One way of doing this is
to perform precision measurements which are sensitive to its mass, width, charge,
etc. An example is provided by the study of soft photon radiation in ete™ — tt —
bW*bW~. The radiation pattern is shown to depend sensitively on the top mass,
width and energy, as well as the relative orientation of the initial and final state
particles. Optimum conditions, in which initial state radiation is minimised and
the radiation pattern has the richest structure, are discussed. Finally, we visit the
Higgs sector of the SM, where the production of the SM Higgs ¢ with intermediate
mass at the next proposed CERN LEPQLHC ep collider in v¢(3) — Wteéq'(¢),
vq(q) — Z°¢q(q) and gy — q§¢ events is studied. This is done for all possible
(massive) flavours of the quarks ¢(¢’) and using photons generated via Compton
back—scattering of laser light. We study signatures in which the Higgs decays to
bb-pairs and the electroweak vector bosons W* and Z° decay either hadronically

or leptonically. All possible backgrounds to these signals are also computed.
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Chapter 3
W Physics

The discovery in 1983 of the W and Z weak bosons provided dramatic confirma-
tion of the GSW model. This led to an increased interest in W and Z physics. The
aim of this chapter is to introduce W phenomenology, the essence of which is to
test the SM predictions, where the W properties are measured to high precision.
This includes, first, measuring the mass of the W and comparing the predicted
mass with the precise measurement, as well as performing precision tests on the
structure of the W ff interactions in both W production and decay; and, sec-
ondly, testing the trilinear and quadrilinear WW~y, WW Z, WW~y and WW Zy
interaction vertices. The mass and the coupling are already very well tested at pp
colliders, for example, but so far there have been no precision tests of the W inter-
action with the other gauge bosons. Let us start by considering the Electroweak

Lagrangian(2.67). This can be written as

. e(l —s) N
L = 1P~+# A, — Y (TYWI I+ T W
it [CQ wot 2\/§Sin0W( wt u)
e 1

_— (=(1 = )T — @ sin? U . (3.
sin Oy cos OW(Z( 7s) @ sin HW)Z;; ] (3.1)

From the above Lagrangian, the coupling of the W to the fermions is the same

for all flavours. It has a distinctive feature in that it exhibits a VA structure;:

€ - uw =) w0 =)
—_— | Wy —uy, + Wiy ——Lu, | . 3.2
\/isin aw 7 t 7 2 I 7 2 ( )
This is very well tested in pp colliders where the dominant W production mecha-
nism is
ud - Wt |
di - W~ .
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Then the W decays either leptonically or hadronically into its various decay chan-

nels:

W -y,
W — qq .

The cleanest W detection signal comes from the following leptonic decay modes

W — ev, ,

W - uvy, .

The W signature from the above decay modes is a single charged lepton balanced
by missing transverse energy from the undetected neutrino. From the lepton
spectrum the mass of the My is fitted and the result is in excellent agreement
with the prediction. This is important as measuring the mass of the W boson

(Myw) is a test of the radiative corrections to the electroweak theory [10], since in

the SM

My = Mzcosb,
Mg

= -ﬁ 1+(1

where Ar is the term that arises from the radiative corrections. It depends strongly

4T ern 2

B \/iM%Gfermi(l - AT‘)) ’ (3.3)

N

on the mass of the top and weakly on the mass of the Higgs, see for example [11].

Another important measurement that can be performed on the reaction du —
eve is to do with testing the V-A structure of the coupling. In the SM the W
couples to negative helicity fermions and positive helicity anti—fermions. Thus the
conservation of angular momentum, for instance, implies that the electron prefers
the direction of the incoming quark. This forward backward asymmetry will show
up in the angular distribution of the outgoing lepton. The data turn out to be
consistent with the V-A hypothesis [11].

The other important issue in W phenomenology is the triple and quartic gauge

boson vertices. Since the non-abelian nature of the SU(2) x U(1) gauge group
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not only predicts but also fixes the above vertices, these couplings stem from the
kinetic term in the Lagrangian and are all proportional to one overall coupling g.
Fig. (3.1) shows some of the SM vertices and their coupling constants. As we have
already mentioned, the first three of these are very well tested at LEP I and at
the pp colliders, for example, whereas the others are not directly tested yet. The
direct measurement is important in order to verify the nature of the coupling, and
this is the purpose of the next two chapters.

The CERN ete™ machines are excellent colliders with which to investigate W
and Z physics. LEP II will act as a W factory through the reaction ete~ —
WHW~ in the same way that LEP I is a Z factory. One of the main physics
objectives of LEP II is to investigate the reaction ete™ — W*W~ to study
the W mass, width and decay channels but, most importantly, the yYWW and
the ZWW couplings in order to confirm (or reject) the non-abelian nature of the
electro-weak interactions directly [12]. This study of the three boson interaction is
a very important test of the non—abelian nature of the gauge group, independently
of all other tests. Fig. (3.2) shows the three Feynman diagrams that contribute to
the production cross-section. The non-abelian nature of SU(2) x U(1) predicts
definite relations between the above s- and t-channel diagrams, since it predicts
the exact nature of the couplings. Each of these diagrams is divergent on its own
(i.e., s = 00), with the v, exchange diagram giving the largest contribution [12].

The lowest order production cross-section ¢ is given by [13]

o 1 —2sin?4,,
7 = Tosra, Mt T M)
1 —4sin®0, + 8sin* 6
w wW w )
— 1(r) (34)

with

Tw = _M‘?V’
r _ S
-4 -_ A4’%’
2 2 1+ 5

= 2 ymEy 2
Wi (1+rw+ w2) (1—[3) 22

_ 4 1148, 1, 20 12
W, = —;(1 + E)ln(l—) - 12ﬁ7w(1 + —w + ;E) )



1 ., 20 12
Eﬂ rw(1+r_+_2)a

w Tu}

Wi

1M,
S

s

(1-

) (3.5)

where p;, p, are the W*, W~ momenta. In fact the cancellations among these
diagrams [12] mean that the W production cross-section has good high energy
behaviour. The above cross-section then directly tests the gauge structure of the

relevant vertices.

3.1 The Anomalous Vertex

The magnetic moment of a particle shows up in its scattering in a magnetic field.
In field theory this is reduced to evaluating a tree level Feynman diagram [5].
Fig. (3.3) shows the diagram for evaluating the magnetic moment of the W boson.
In the SM the magnetic moment of the W is u = e¢/Mw. The loop diagrams of
Fig. (3.4) give the higher order corrections to p, see section(4.1). Deviations
from the SM value, the so called “anomalous magnetic moment” could signal
new physics beyond the SM. One method of calculating the anomalous magnetic
moment is the effective Lagrangian method, in which the tree level diagram is
evaluated, but new interaction terms, which modify the SM ones, have to be
added to the Lagrangian [14]. This is a model independent way of introducing
such effects.

Anomalous couplings are conventionally introduced by considering the most
general Lorentz-, C- , P- and U(1) gauge invariant electroweak boson interaction
Lagrangian. Details can be found, for example in Ref. [15]. The anomalous

couplings are then defined by

Ay
Iwwy ALanom = i(ky — YWIW, V¥ 414 e Gr GV, (3.6)
w

where V* is either the Z or the v field, W* is the W~ field, W, = 0. W, — O, W,,,
Vi = 0V, — 0,V, are the corresponding field strengths and G, = W,, —
ie(AW, — W,A,), with A, being the photon field. The above Lagrangian has
operators of dimensions four and six.

The overall coupling constants can be fixed such that the W charge is defined.
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Without loss of generality, the couplings are
gww~y —€,

gwwz = —ecotfy ,

where e denotes the positron charge and 6, the Weinberg angle.
The SM values of the parameters are

(3.8)

k.~ is conventionally called the anomalous magnetic moment of the W. The

couplings k. and A, are related to the magnetic moment pw and the electric
quadrupole moment Qw of the Wt by

e
Hw = ﬂl_w(l + iyt Ay)

Qw = =37 (5r = M) (3.9)

In the next chapter we will examine the above triple vertex as well as the anoma-

lous ZWW one using a general coupling of two charged vector bosons with a
neutral vector boson .
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Figure 3.1: SM couplings for f, v, W and Z.
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Figure 3.2: Feynman diagrams contributing to the process ete= — WHW~ at
tree level, A stands for photon.

Y \'Y

Figure 3.3: Feynman diagram that needs to be evaluated to calculate the magnetic
moment.
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Figure 3.4: Feynman diagrams that need to be evaluated in the SM to calculate
the corrections to the magnetic moment.
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Chapter 4

Soft Photon Radiation and
Anomalous Couplings in
ete” > WTw— at LEP 11

4.1 Introduction

In the Standard Model (SM) of electroweak interactions, the SU(2)xU(1) non-
abelian nature of the gauge symmetry fixes the tri-linear and quadri-linear elec-
troweak gauge boson vertices. The LEP-II e*e™ collider will be able to test these
vertices with high precision, principally from the reaction ete™ — W*tW~. In par-
ticular, tests can be performed for the presence of ‘anomalous couplings’, arising
for example from compositeness structure and other new physics see for example
[12]. The process ete™ — W*W ™ is sensitive to anomalous tri-linear couplings
through the s—channel photon and Z exchange diagrams. The unitarity cancel-
lation between these and the t—channel neutrino exchange diagram ensures good
high-energy behaviour. Any small deviations from the SM couplings will spoil

this cancellation and should therefore be revealed by cross-section measurements

at LEP-1I.

In contrast, the process ete™ — W+W =« receives contributions from quadri-
linear as well as tri-linear couplings, and therefore probes a different combination
of anomalous couplings. In [16] this process was studied in the context of future
high-energy linear colliders. To avoid the infra-red region, a ‘hard-photon’ cut of
E., > 0.05,/s was used. The problem with this is that at LEP-II there are very

few such events, with most emitted photons being soft. Here we investigate the

32



dependence of the soft-photon cross section on the anomalous couplings, and to

extend the work of [16] to include a more general set of anomalous couplings.
Current limits on &, and A,, obtained from W+ production in pp collisions,

are not very stringent; the most recent values from the CDF and D0 experiments

are [17]

-0.11 < ky < 2.27
—08l <A, <0.84. (4.1)

There are no limits on xz and Az. In the Standard Model, non-zero values of
(k—1) and X are generated at the one-loop level, see figure (3.4). The exact values
depend on the top and Higgs masses, but typical sizes are (k, — 1) ~ 5 x 1073
and A\, ~ —5 x 107* [18]. It is straightforward to extract from the Lagrangian
(3.6) the modifications to the form of the triple and quartic interaction vertices
[14]. For example, for the case of the ZWW and YW W vertices which contribute

to the lowest order e*e™ — W+ W™ cross section we have (see Figure (4.1))

. Aup? PaPps
FV = 7 — 1 AL — o
uaﬁ(p’ 41, G2) igwwv (g2 — ¢1)u (( + IME, V9o — Au M2,
+ (pﬂgua - paguﬂ)(l + Ky + ’\U)] . (4'2)

As mentioned above, the ete™ — W*W~ amplitude contains at most one
tri-linear coupling, and the cross section therefore depends gquadratically on the
anomalous couplings. In contrast, the ete™ — W+W ™+ cross section receives
contributions from diagrams with up to two three-boson vertices and one four-
boson vertex, and so the dependence on the anomalous couplings is quartic in .
In principle, therefore, this process provides increased sensitivity, at the expense
of course of fewer events [16]. In Section (4.2) we calculate the photon energy
dependence of this cross section, and introduce the soft-photon approximation.

Section (4.3) contains our numerical results and conclusions.

4.2 The Soft-Photon Cross Section

We begin by studying the photon energy dependence of the SM W+W ™« cross
section at /s = 200 GeV, with a view to establishing the region of validity of
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the soft approximation. In order to obtain a finite cross section, we must impose

energy and angular cuts on the photon. For purposes of illustration, we choose

w> 25 GeV,
Iny| <1 (40° < 6, < 140°), (4.3)

where w and 7, are the photon energy and pseudorapidity respectively and 6,
is the photon angle relative to the beam direction. In all the results presented
below we use My = 80 GeV, Mz = 91 GeV, sin?fy = 0.23 and 'z = 2.55 GeV.
Figure (4.2) (solid histogram) shows the distribution doww.,/dw. Note that the
total W+W ~~ cross section for these cuts is 0.26 pb, which is roughly 1.5% of the
total WHW = cross section.

When the photon 1s soft, the cross section can be approximated by a simple
analytic form. The details can be found, for example, in [19, 20] and in chapter 6,
and will only be summarised here. Let M be the matrix element for the process
e (p1)et(p2) = WH(q1)W~(g2)v(k). When the photon momentum * is much

smaller than any of the other momenta, we can write
IM|* ~ [Mo|* e F, (4.4)

where Mg is the matrix element without the photon emission, and

Fo_ _ My My 21, mI  mi 2p1.p2
(@1-k)*  (q2k)* @1k gk (prk)? (p2.k)?  pirkpok
2¢;. 2q:. 2q1. 24s.
R 2 L 1D & + q1-D1 + q2-P2 (4'5)

g2k pi.k  qukprk gk prk o gk opk
To obtain the cross section we integrate over the phase space of the final state
particles:

o2
1673

1 1
F(WHW =) = —/ IM|Pd®s = —/ |Mo[?d®; —— F w dw dcost, dé,
2F 2F
(4.6)
where d®, denotes the phase space integration and F'is the flux factor. Now
suppose that the W+ is emitted at angle 6,, to the beam in the e*e™ centre-of-
mass frame. If we integrate over all ¢., and over photon polar angles such that

|ny| < 7, then the inclusive photon energy distribution is

w do . [_doo_ S(n,cosb,) dcos b, = Cs, (4.7)

dw — J dcosé,
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where the soft-photon emission probability is

62
= / WEF dcost, do, . (4.8)

S(n,cosb,) =
This soft approximation is compared to the exact distribution in Figure (4.2). We
see clearly that the approximation is good for w < (10—15) GeV but, as expected,
breaks down for more energetic photons.

The next step is to study the effect of introducing anomalous couplings. It
can readily be shown that in the limit that the photon is soft, the dependence
on the anomalous couplings drops out of the WtW =y and W+W v~ vertices.
Therefore, the distribution of soft photon emission, F, is independent of such
couplings. However, this does not imply that the soft photon cross section is
simply proportional to the lowest order cross section. If this were the case, the
(k,)) dependence would simply cancel in the ratio o5'do/dw. The key point
to note is that the soft-photon factor S in (4.7) has a non-trivial 8,, dependence,
and therefore weights the (x, A)-dependent W+ W~ angular distribution differently
from the lowest order cross section. In [16] it was noted that in order to explore
the origin of the anomalous contributions which have a similar effect on the total
cross-section, the differential distributions—for example the cos 8, spectrum—
could be exploited. Our analysis using soft photons provides another method of
probing this distribution.

Note, also, that we treat the W* bosons as on-shell, stable particles. It would
be straightforward to include the additional contributions to F which arise from
emission off the decay products in W — ff'; the details can be found in [20],
for example. These additional contributions have, of course, no dependence on
the anomalous couplings and can in practice be largely removed by requiring the
photons to be isolated from the final state fermions (i.e. leptons and jets), in

analogy to the rapidity cut already introduced.

4.3 Dependence on the Anomalous Couplings

We wish to study how the fraction of events containing a soft photon within a
certain energy and pseudorapidity range (which is taken to be wy < w < w; and

|ny| < 1 respectively) depends on the anomalous « and A couplings defined in
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Section (3.1). We therefore define the ratio
1 w1 do(k,A)  Cs(k,A) wy
A = ——— — o~ —_— . .
r(x,A) oo(K,y A) Juo dw dw oo(K, A) log (wo) (4.9)
With Standard Model couplings and wy = 2.5 GeV,w; = 10 GeV we find r =
rsm = 8.7 X 1073, Figures (4.3(a-d)) (dashed lines) shows the ratio

r(k, )

TsM

R(k,\) = (4.10)

as a function of the anomalous couplings («k+,&z,A,,Az) as each is varied with
the other three kept at their SM values. Note that within the soft approximation,
the quantity R is independent of the photon energy range, since the logarithm in
(4.9) cancels in the ratio. For comparison, the figure also shows (solid lines) the
corresponding ratio of the lowest order ete~ — W*W ™ cross sections without

photon emission, i.e.

UO(K")‘)
00(170) .
The fact that the solid and dashed curves are different means that the soft

Ro = (4.11)

photon and total cross sections provide independent and complementary informa-
tion on the anomalous couplings. For example, with only the total cross section
measurement, there can be a two-fold degeneracy in the extraction of the cou-
pling value (the Ry curves are quadratic), which can be resolved with additional
information from R.

Finally, we study how the dependence of the W*W v cross section on the
anomalous couplings varies with the photon energy. Figures (4.4(a,b)) show the
inclusive photon energy distribution

1 do(k, )
oo(k,A)  dw

(4.12)

normalised to the corresponding SM distribution (i.e. the solid histogram in Fig-
ure (4.2). In Figure (4.4(a)), ., is fixed at its SM value and k7 is varied, and
vice versa for Figure (4.4(b)). Also shown on the vertical axis are the soft-photon
limits of these ratios obtained from Figure (4.3). It is interesting that the quali-
tative behaviour of the ratios in the two cases are very different. The very hard
photon cross section is almost independent of «.,, while being maximally sensitive

to £z. The soft-photon variation is, on the other hand, comparable in the two
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cases. Unfortunately, it is unlikely that the overall event rate will allow a detailed
quantitative study of the hard photon region. In conclusion, we have shown that
at LEP-II energies, the cross section for W+W =+ production, where the photon
is soft, is sensitive to the standard set of anomalous couplings used to param-
eterise the general form of the electroweak boson interaction Lagrangian. The
dependence on these couplings is comparable in magnitude to, but qualitatively
different from, the corresponding behaviour of the total W*+W~ cross section.
Events with soft photons could therefore provide complementary information on

the form of the electroweak boson interactions.
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The three boson interaction vertex

Figure 4.1: The yW*W~ and ZW+W~ vertices T}, , 5(P, q1,42)-
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Figure 4.2: The photon energy distribution do(W+tW~v)/dw at /s = 200 GeV
with |p,| < 1, in the Standard Model. The solid histogram is the result of the

exact calculation and the dashed histogram is the soft approximation defined in
(4.7).
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Figure 4.3(a)The ratios R (dashed lines) and Ry defined in (4.10) and (4.11) re-
spectively, as a function of the anomalous couplings defined in (3.6). «., is varied
while the others are kept fixed at their SM values.
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Figure 4.3(b) The ratios R (dashed lines) and Ry defined in (4.10) and (4.11) re-
spectively, as a function of the anomalous couplings defined in (3.6). &z is varied
while the others are kept fixed at their SM values.

41



1.12

L1 [, R
1.08
1.06

1.04

1.02

H .
H .
H s
H .
1 .
: .
H ~
H .
H .

. o H . -

H .
H .
H .
H .

0.96 | T

0.94 ] I l I \
-0.4 -0.2 0 0.2 0.4

Figure 4.3(c) The ratios R (dashed lines) and Ry defined in (4.10) and (4.11) re-
spectively, as a function of the anomalous couplings defined in (3.6). A, is varied
while the others are kept fixed at their SM values.
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Figure 4.3(d) The ratios R (dashed lines) and Ry defined in (4.10) and (4.11) re-
spectively, as a function of the anomalous couplings defined in (3.6). Az is varied
while the others are kept fixed at their SM values.
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Figure 4.4(a) The inclusive photon energy distribution defined in (4.12), nor-
malised to the SM distribution for different «., with (kz, A,, Az) fixed at their SM
values.
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Figure 4.4(b) The inclusive photon energy distribution defined in (4.12), nor-
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values.
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Chapter 5

Anomalous Quartic Couplings in
WTW~~ production at eTe™

Colliders

5.1 Introduction

As stressed in chapters three and four, in the Standard Model (SM) of electroweak
interactions, the SU,(2)x Uy(1) non-abelian nature of the gauge symmetry relates
the trilinear and quadrilinear vertices to the universal SU(2) gauge coupling, g. At
tree level there are only two trilinear vertices, WtW~v and W*W=Z, and four
quartic vertices WYW =y, WtW-~Z, WtW~-ZZ and WTW-W*W~-. Only
recently have experiments begun to test these vertices directly. At the CERN and
FNAL pp colliders, a handful of W+ events have been used to place limits on
the anomalous W*W =~ trilinear couplings. The LEP II ete™ collider will also
test the trilinear vertices through the total WtW~ cross section [12]. However,
independent tests of the quartic couplings require more complicated processes.
One of the most accessible in the short term is the process ete™ — W+W ™+, and
it is this which provides the focus of the study in this chapter.

Studying the gauge boson interactions (of the W boson in particular) will
help our understanding of the mechanism of spontaneous symmetry breaking.
The gauge-boson interaction originates in the kinetic term of the Lagrangian,
see Section (2.1.2). It is also directly related to the Goldstone modes and the
Higgs particle, see Section (2.4.1) and [1]. The quartic couplings in particular will

provide a way of testing the Higgs mechanism, either verifying the local gauge
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invariance or signaling the existence of new physics beyond the Standard Model.
A review of the importance of quartic couplings in probing new physics can be
found in [21].

There is an important distinction between anomalous trilinear and genuine
anomalous quartic couplings, i.e. those which give no contribution to the trilinear
vertices [22]. Whereas the trilinear couplings involving W’s are essentially form
factors where massive fields are integrated out at the one-loop level, the anoma-
lous quartic couplings are contact interactions — manifestations of the exchange
of heavy particles. One can therefore imagine a theory in which the trilinear cou-

"plings have their Standard Model values, but the quartic couplings are modified
by any number of independent anomalous contact interactions.

In this chapter we study the effect of anomalous quartic couplings in the process
ete™ — WHW~+ at high energy. Our work builds on and extends the analysis
of [21, 22], in that we investigate the collider energy and polarization dependence
of the anomalous effects. In Section (5.2) we discuss the contributions of the
anomalous operators in the context of WtW ™+ production and in Section (5.3)

the numerical results are presented.

5.2 The Interaction Lagrangian

In this section we discuss the lowest dimension operators which lead to genuine
quartic couplings. These operators must of course have the proper Lorentz struc-
ture, and should also respect the custodial SU(2) symmetry in order to evade
experimental bounds on the p parameter [23]. The phenomenological Lagrangian
should also respect the full U(1) gauge invariance, as at least one of the fields is
a photon. For simplicity, we restrict the study to C- and P-conserving operators.
The lowest dimension operators that satisfy the above constraints are of dimension

6, since the U(1)e, symmetry requires derivatives [22]. These operators! are:

£ = —maoFa,@F (W, - W) (5.1)
Lo o= :;acFauF“”(W“ W,) (5.2)
L = I;ane”kw )W ke v (5.3)

INote that the operator £® can be parametrized by the exchange of a neutral scalar particle.
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where W, is an SU(2) triplet, and F* and W** are the U(1)n and the SU(2)
field strengths respectively. The parameter A is an unknown ‘new-physics’ scale
which, following convention, we take to be My .

The physical Lagrangians are obtained when the above are written in terms of
the physical fields W+, W~ and Z° = W3cos#d,. The physical basis for £° and
L° is obtained by the substitution [22]

5 o 1

w

while the physical basis for the part of £™ which gives rise to quartic couplings is

- - Z

Wua-(W,, x W% —

— [(B.WF — 0uW) (2 W — Z°W])
HOW] — QW) Z°W} — Z,WoH)
HOuZo — BaZ,) (WS WH — WFW )] (5.5)

The effective Lagrangians £° and £ give rise to an anomalous W+ W =+~ coupling,
whereas L™ gives rise to an anomalous W*W~Z« coupling. The corresponding

Feynman rules for the above interactions where all the momenta are incoming to

the vertex such that W+*(p,.), W~ (p_), v*(p1) and v#(p;) (or ZP(p,) for L") are

2ra
Z'A—z aoGuv [gaﬂ(Pl -P2) - P2aP1ﬂ] (5-6)
and
LT
zﬂ—z-ac [(p] .pz)(gu,aguﬁ + guﬁgau) + gaﬁ(plup2u + p2up1u)
—P15(GanP20 + JowP2u) — P2al9puPro + 9puPr1u) | - (5.7)
Finally,

. T
1_4 cos 0. A2 42% [guﬁ[guapb(pz - p+) - plu(pz — p+)a]

~9u8lguabr-(P2 = P-) = pru(P2 — P-)al

+9u0[9apPr-(P+ — P-) = P1p(P+ — P-)al

~P2u(9or P16 — 9apP1v) + P2u(JauPrs — GopPiu)
—P-p(9gauP1v — JavP1u) + P+6(JowPru — JauPiv)
+P+0(9apPru — GouPr18) + P-u(GapPrs — JauP1p) ] - (5.8)
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Note that the operators studied here do not respect the full local SUL(2)x
Uy (1) gauge invariance. The Lagrangians £° and £° should be regarded as effec-
tive Lagrangians at the scale of the experiments. They can always be re-written
in a gauge-invariant form by introducing the appropriate covariant derivatives. A

more detailed discussion can be found in [24].

5.3 Numerical Results and Conclusions

We begin this section by analysing the effect of the anomalous couplings ag, a, and
a, on the total W*W =y production cross section at a 500 GeV ete™ collider [21].
The anomalous cross sections are quadratic functions of the parameters ag, a. and
a,. Fig. (5.1) shows the total cross-sections with one parameter being different
from zero at any one time. In order to avoid collinear singularities caused by the

massless photon the following rapidity and energy cuts are implemented
Inyl <2, E., > 20 GeV (5.9)

In addition, all the initial and final particles are separated by at least 15°. Other
parameter values are My = 80 GeV/c?, sin® Oy = 0.23 and ['; = 2.55 GeV. With
these parameters, the Standard Model total cross section (ag = a. = a, = 0) is
123.4 fb, which corresponds to a total of N(W*TW~v) = 1234 events for an
integrated luminosity of £ = 10 fb~!'. The two horizontal lines in Fig. (5.1)

correspond to a +3o statistical variation of the Standard Model result, i.e.

§ospm = £3 "STM (5.10)

where the integrated luminosity is again taken to be £ = 10 fb~!. The %30 band
corresponds to the following variation in the anomalous couplings:
~0.64 < qp <0.42
-1.38< a. <£0.65
-39< a, <£4.25, (5.11)

indicating that the sensitivity is greatest for the ay parameter and least for the

a, parameter.? We next investigate the dependence of the cross sections on the

?In deriving these limits we are of course assuming that the statistical error dominates the
overall experimental error, as in the case, for example, in [17].
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photon energy. Fig. (5.2) shows the E, distribution at /s = 500 GeV, with the
same cuts and parameters as before. Fig. (5.2(a)) shows the distributions for
ao = 0 (Standard Model, solid line), ag = *1 (dashed lines) and ag = 0.42 (the
3o value, dotted line), the other anomalous couplings being set to zero. Evidently
the bulk of the sensitivity comes from the hard photon end of the spectrum. This
is not unexpected, since the additional contributions do not give rise to infra-
red singularities as F, — 0. Similar remarks apply to the other parameters.
Figs. (5.2(b)) and (5.2(c)) show the effect on the photon energy distribution of

varying a. and a, respectively.

In an attempt to improve the sensitivity to the anomalous couplings, we con-
sider next the helicity decomposition of the cross section. The amplitude for
ete™ — W+W~ contains two different types of contribution: s-channel Z,~ ex-
change and ¢-channel neutrino exchange. The anomalous quartic coupling con-
tributions to W+W~« production, however, only receive contributions from the
former, i.e. ete™ — Z*,4* - WTW . It follows that the effects will be largest
in the positive helicity initial-state configuration, A.- A+ = +1, since this receives
no contribution from the ‘Standard Model background’ neutrino-exchange dia-
grams. Fig. (5.3) shows the distribution do*(a;)/dE, (i = 0,c) at 500 GeV for
(a) the positive helicity A.-A.+ = +1 cross section (6+) and (b) the negative he-
licity Ae- Ae+ = —1 cross section (67). For the same variation in the a;, the effect

is indeed much larger in the former.

Unfortunately, at these energies the positive helicity cross section is in absolute
terms much smaller than the negative helicity cross section. This is illustrated
in Fig. (5.4), which shows the spin decomposition of the total W+W ~+ Standard
Model cross section as a function of Fye.m,. There is a difference of some two

orders of magnitude between o~ and o*.

Finally, we address the question of whether there is any possibility of seeing
an effect in W*W~v production at lower ete™ collider energies. We consider
variations in ag only — similar remarks apply to the other couplings. The problem
at lower energies is that phase space restricts the photon to be soft, which is where
the sensitivity to the anomalous couplings is least. This is illustrated in Fig. (5.5),

which shows the ratio of o, ot and o~ for ¢y = 1 to that of the corresponding
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Standard Model cross section, as a function of Fyeam, with the same photon cuts
as before. Below Fpeam = 150 GeV the effects are negligible. The increased
sensitivity to ag in o is partially offset by the much smaller cross section in this
channel. Taking £ = 10 fb~! for both the positive and negative helicity channels,
we calculate from Fig. (5.5) that at 500 GeV, ap = 1 gives a 7.5¢ increase of o~
and a 470 increase of o*. The corresponding numbers for 300 GeV collisions are
0.40 and 1.00 respectively.

Of course we do expect to obtain a handful of W*W v events even at LEP II,
and from these it will be possible to derive very crude limits on the anomalous
quartic couplings. Fig. (5.6) shows the total W+W =4 cross sections for E, >
20 GeV, |n,| < 2 photons in ete™ collisions at 200 GeV, as a function of ao and
a..> Again, the dependence is quadratic. Note the vastly expanded horizontal
scale compared to Fig. (5.1).

In conclusion, quartic couplings can provide a window on new physics beyond
the Standard Model. We have quantified the effect of various types of anomalous
operators on the W+tW ~v production cross section in e*e~ collisions. The effects
are largest in the positive helicity cross section, although this represents only a
small fraction of the total cross section. This type of physics is best suited to
high energy colliders — there is an enormous increase in sensitivity in going from
Vs = 300 GeV to /s = 500 GeV - although some crude limits should be possible

even from a handful of events at LEP II.

3the dependence on a,, is negligible at this energy
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Figure 5.1: The total cross section for the process ete™ — WW=v at /s =
500 GeV as a function of the anomalous couplings ag, a. and a,. The %30
variation about the SM cross-section is indicated by the horizontal lines.
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Figure 5.2(b)The photon energy distribution do/dFE., for different values of the a,
parameter, at /s = 500 GeV.

54



6.5

do / dE, (fb/bin)

21
1.5 1 ! I \ 1 I ] I
40 60 80 100 120 140 160 180 200 220

E, (GeV)

Figure 5.2(c)The photon energy distribution do/dE., for different values of the a,
parameter, at /s = 500 GeV.
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Figure 5.3(a) The positive-helicity cross sections do*(a;)/dE, as a function of the
photon energy, at /s = 500 GeV.
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Figure 5.3(b) The negative-helicity cross sections do*(a;)/dE, as a function of the
photon energy, at /s = 500 GeV.
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Figure 5.4: The positive- and negative-helicity contributions to the Standard

Model ete™ — W+W ~y cross section as a function of the beam energy.
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Figure 5.6: The dependence of the total e*e™ — W*W ™4 cross section on the
anomalous couplings ag and a. at LEP II (1/s = 200 GeV).
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Chapter 6

Soft Photon Radiation in
ete” =t - bOWTW™

This chapter presents a detailed analysis of soft photon emission in top quark
production and decay. In particular, the radiation pattern in the process ete™ —
tt — bW+bW ™ at high scattering energies (of order 600 GeV) is considered. The
motivation behind this is as follows. The recent results from the DO and CDF
experiments places the mass of the top [150-200] GeV, thus suggesting an exciting
possibility of a great experimental input from the next generation of linear e*e~
colliders. Previous work on the subject {25, 26] with soft gluons (i.e. gluons with
energy w ~ I' where I is the top width) shows that the radiation pattern depends
sensitively on the top mass and width. Similar effects should be observed in soft
photon radiation as well. Although the rate is smaller, photons are probably easier
to detect and measure than soft gluon jets. An apparent disadvantage however, is
that for photons initial state radiation is a potentially important background to the
interesting effects due to radiation off the top quarks and their decay products. In
this chapter we present the analogous calculation to [25] for soft photon radiation,
taking the initial state radiation contribution fully into account. We shall see that
for certain configurations of initial and final state particles, the radiation pattern
does indeed have a very rich structure, depending on the top mass, width and
energy as well as on the orientation of the b quark and the W boson with respect
to the parent t’s and to each other. The conditions under which initial state

radiation is minimised are investigated.

Consider the production of a stable heavy quark pair in e*e™ annihilation at
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high collision energy 2E. The soft photon emission probability is

1 M? M? q1-92
—do= — € [62 ( + -2 :
9 (‘h-k)2 (Q2-k)2 (fh-k)(fh-k)

2 mﬁ m.f _ PP,
+ (ee [(Pl.k)2+ L 2(P1.k)(P2.k)D
+ %epe ( ‘I2-P1 (I1~P2
%\ (g2 k)(Prk) " (010 (Pook)

q:.P _ q2.- P, )]
(q1-k)(Prk)  (g2.k)(Py.k)

(6.1)

where e is the electromagnetic coupling constant, P, is the e~ momentum, P, is
the et momentum, q,-. are the quark momenta, k is the photon momentum and M
is the quark mass.
The result for soft gluon emission is obtained from (6.1) by setting eg = 1, e, =
0 and e* = Cr g2, where g, is the strong coupling constant. For emission angles ¢
close to the quark direction and ignoring photon emission from the electron lines,
this reduces to
1 9 Qem dw 6?d6?

—do =

o | Ur w [+ (M/E?P

(6.2)

where F is the energy of the quark in the quark centre of mass frame and w is the

photon energy. In the high energy limit E/M > 1, (6.2) exhibits the ‘dead-cone’

effect: the emission is suppressed for angles § < 8o = M/E [27]. As the energy

increases, the cone becomes more narrow.

If the top quark is then allowed to decay, a simple modification of the above equa-

tion taking the top width into consideration leads to [25]
1 9 Qem dw 62d6?

—do=c¢

o0 T r w [02 + 622 + (MT/Ew)?

(6.3)

The above equation now exhibits the dead-cone effect in an angular region depen-
dent on I' and the mass of the top. However, it ignores emissions off the b quarks
and the W bosons. Depending on the orientation of these particles, these emis-

sions may lie within the top dead-cone, thus deforming the cone and exhibiting
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dead-cone effects themselves in their directions. The orientation of these parti-
cles (which can be controlled experimentally) has a major effect on the radiation
pattern as we shall see.

In Section (6.1) we shall derive from first principles the soft photon radiation
pattern in ete™ — tf — bBW*+W-. In Section (6.2) we present some numerical
results that can be realized in the next generation of ete~ colliders. In Section

(6.3) we present the conclusions.

6.1 Calculation of the Radiation Pattern

In this section we describe the calculation of the soft photon radiation pattern in
ete~ — tt — BBWHW -,

6.1.1 Lowest Order Cross-Section

We consider photon radiation in the process ete~ — tf — dW+bW ™ at high
energies, well above the ¢ threshold. First we define some variables: W is the
centre of mass energy, E =W /2 is the energy of the ¢ and ¢, M is the mass of the top
quark, I is the total decay width of the top quark, df2; is the solid angle element of
the ¢t pair in the lab (e*e™ centre of mass ) frame, and 6;(8;) are the polar angles
of the b(b) quarks with respect to the ¢(f) direction. The momenta of the particles
are labeled by e (P,)et(Py) — b(p1)W*(r1)b(p2)W~(rs) and ¢; = p; +r; (i=1,2).
Note that the b quark and the W boson are treated as stable particles, i.e. we
do not consider radiation off the W decay products. The inclusion of these extra
contributions would be entirely straightforward but very cumbersome. Our focus
here is rather on the interplay of initial and final state radiation. It is also worth
mentioning that our analysis is exact for the process ete™ — WtW - — llviy
where the formula derived applies totally with an appropriate modification of the
charge factors (as the eikonal factor is the same for a photon coupling to a W and
a photon coupling to a quark).
The lowest order cross section (no photon emission) [25] is

do _ 1 o lrllrz]
dQ,dQ,dQ; 128W2(2r)8 ' E2

|

(1 = cos Byvy/vy) 11 — cos Ogvy/vg)~!
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y / dq? dq?
(@ — M) + M7 (¢ — MP)? § BT

1 -

X 7 Y IM'(ete” — bW W T))? (6.4)
where the sum is over the spins. The v’s are the quark velocities in the lab frame:
v = |q|/E , vy3) = |pil/Eyp) and the internal ¢ quark propagators have been

factored out of the matrix element M'. To perform the integral over the t quark

virtualities the narrow width approzimation is used [25]

d 2
/ d == (6.5)
(& — M2 1 M°T? ~ MT

with the matrix element evaluated at ¢? = M2

6.1.2 Cross-Section with Photon Emission

We next consider the cross section including the emission of a single soft photon
of momentum k, Fig. (6.1). In the limit £ < p;,r; the phase space can be written
as

d®s — d®, w dw dcosl., dd.,/2(2r)° (6.6)

where 0., is the polar angle of the photon with respect to the top direction, @, is
the azimuthal angle with respect to the top direction, w is the photon’s energy

and the matrix element can be written in terms of J*:

MM el e (6.7)

where €4 is the photon’s polarization vector and J* is the current.

After absorbing the internal quark propagators into the definition of the cur-

rent and making use of the identity

1 1 1 1
(¢2 ——1\72)((q+ k)2 — M) T2k (q2 v (et k) —M2> , (6.8)

the following result is obtained for J*:

I “ p* ©
= (ot e [ )
gk q.k Pk Pk (@2 — M) (g2 - M)
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( e Q1 te P# + Tf) 1
— —e,—— ew+ A p—
‘ ok "k k) (g1 + k)2 — MO)(g — M)
Y rk 1
+ (— Ly ev——p + ew "’) — —
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where M = M —il'/2.

The current J™ for the analogous process ete™ — WHW—v — llyiy is :

le - qé‘ _ q_{l + Pl# PZ“ 1
T k k Pk Pk 2 _ WA (a2 — T2
% N 1 2 (g — M) (qg; — M7)
@ P 1
T\ Tk ok T I
-k PR/ (o + k)2 —M)(gs — M)
i @
1
+ (= ‘Izd + P2k> — ;
G2k prk) (¢ —M)((qa+k)?-M)
= A*-BY+ B (6.10)

where the momenta of the final state particles are labeled by

e (Pt (P2) = W))W (g2) — Up1) Up2) v(r1) 9(r2) 7(k).
All the individual terms are separately gauge invariant: A.k = By.k = By.k = 0.
In overall structure the result in (6.9) is very similar to the gluon result [25] but
note the presence of extra terms which arise from the fact that photons can also

be emitted off the initial et and e~ and off the W boson.

The next step is to square the matrix element, summing over the spins and

integrating over the ¢? virtualities, which gives

s
[ datdgl S IMPE = (R SIMP|, et F (6.11)
where the quantity F is defined by
mr .
F= (-—)2/dq3dqg[—J.J ]. (6.12)
m
Now using the above definition of J#, F is simply
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1 :
D; = G R+ T 1=1,2. (6.15)

Finally dividing through by the lowest order cross-section (6.4), we obtain the

photon energy and angular distribution in the form:

1 do., _ Qem
0o dwd cos 0., dp, ~ 4m?

wF. (6.16)

Notice that the separation of the current into three pieces can be understood
as dividing the emission into a contribution which can be attributed to emission
off the initial ete~and a stable tf pair (A*) and contributions (B{Bj) associated
with the emission off the ¢, b quarks and the W™ boson in the decay t — bW+ and
tb quarks and W~ boson in the decay ¢ — bW ™. Thus, the radiation pattern (the
current squared) contributions come from three antennas {ete~tf,tbW*, bW~}

together with interferences between them.
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6.2 Numerical Analysis

In this section we present the numerical results for the photon distribution and in

particular the angular distribution given by

dN - _ 1 do I
dcos@, ~ opdw dcosf.,dp, w=5GV:2,=0
aem

- A2 w f'w:SGeV,@-,:O .
(6.17)

Since we assume the photon is soft, it does not change the kinematics of the
basic process significantly. Obviously the most general case of the orientation of
final state particles is rather complicated, and hence we focus on a special configu-
ration which demonstrates the physics without unduly complicating the problem.
Our choice is the following; the ¢ and { momenta are back-to-back in the ete™
centre of mass frame, the & W~ are taken to be in the same plane as the b W+
and the bb pair is taken to be back-to-back in the lab. All the angles are mea-
sured with respect to the ¢ direction, or the tbW*plane, i.e. 9., = 0 corresponds
to photon emission in the plane of tbW™. In all the figures shown W (the col-
lision energy)=600 GeV, M=140 GeV!, w = 5 GeVand a.,, is taken to be 17137
Note that we choose w = 5 GeV not only to correspond to a potentially measur-

able photon but also because the greatest sensitivity to the width is for w ~ T" [25].

Fig. (6.2) shows the radiation pattern with all the particles, including the e*e~
beam particles, located in the same plane. Although a specific configuration like
this has a very small event rate, it is constructive to consider it in order to gain an
understanding of the problem. The figure shows the photon’s total angular (6,)
distribution (Tot) as given in (6.17) with 6, = 45°, 8, = 90° and I’ = 0.7 GeV,
the standard model value for M=140 GeV. The distribution is symmetric when
6, — 0, + 180° due to the symmetric configuration chosen. The contributions
according to the decomposition (6.13) are also shown. It is obvious from the
figure that the biggest contribution comes from the initial state radiation |A|?

(A) term in (6.17). So in order to reveal the important physics in the process

! Although this value is slightly less than the recently reported CDF value, see Table(1.1),
non of the conclusions depend sensitively on the actual value.
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the initial state radiation has to be minimized. This will be discussed extensively

below, where the |A?| term will be examined more closely.

The remaining contributions come from the tbW* antenna, | B;|? (B1) and the
tbW~ antenna |B,|? (B2). These peak at different angles and are not symmetric

on their own. However, the sum is symmetric about 180° as expected.

The interference of the final state radiation off the decay products from the
decay t — bW+ and t — bW~ is the —2Re[B; B}] (B1B2) contribution. This term
is sensitive to I' but is not the biggest interference contribution. Finally, the last
contribution comes from the interference between initial and final state radiation,
2Re[A(B; — B;1)*] (AB). This is the biggest of the two interference contributions.
It also has a destructive part which gives the dead-cone structure as discussed in
the introduction. The above contribution depends sensitively on I' as suggested
by (6.14). However, the initial state radiation has the strongest effect on the pat-

tern and all the other contributions are swamped by it.

Fig. (6.3) shows the photon’s angular distribution (with all particles still in the
same plane) for the case of 0, = 45°, §.- = 90° for three values of I, 0.7 GeV (the
standard model value), infinity and 0 GeV. As we can see the radiation pattern
depends on T' as predicted by (6.14), the small change between the pattern at
0.7 and 0 is mainly due to the fact that the dominant effect is the initial state
radiation which is independent of I'. The main features to be noticed here are:
1. Dead-cone-like distribution [25] : the emission is at a minimum in the parti-
cles’ (i.e. b, W+, b, W~ ) directions, high around them and is suppressed between
them.

2. The lack of symmetry of the distribution about the b and the b direction. This
depends quite sensitively on I'; and so by changing the value of I" one can change
the shape of the curve.

3. There is a shoulder at 180° which is the direction of the ¢{. By changing the
value of I' the shape of the radiation pattern is changed, in particular the shoulder
alters its shape and become less pronounced for increasing I'. This is mainly due
to the fact that the bigger the value of I, the bigger the interference terms and

the same is true for the ¢ direction.
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4. There are singularities in the radiation pattern at 90° and 180° due to initial
state radiation. Since the leptons are taken to be massless, the dot products like

(Py.k) can vanish and the distribution is singular.

From the above observations it is clear that the initial state radiation should

be minimized to gain greatest sensitivity to I'.

Fig. (6.4) shows how the radiation pattern changes when the separation of the
initial state and final state particles is increased. We do this by keeping all the
final state particles in a plane and by rotating the initial ete~ beam directly out
of plane by an angle ¢., keeping 8, = 90°. As we can see from the figure, the
contribution from the initial state radiation dies quickly, in fact it almost has
reached its minimum by the time the ete™ beam is at around 30° out of the tbW*
plane. Note that fig. (6.2) is the ¢. = 0 plane in the three-dimensional plot.
Thus, as the ete~ beam moves away from the rest of the particles the initial state
radiation effects die out rapidly.

The |A|* term can be written as a contribution from the tf quarks A,, the

ete™ beam Aj,, and interferences between them As, i.e.

|A]> = A1 + Ay + A3 (6.18)
where
b= = AT ) G e
2 2
Ay = — (ee—)Q((P:r.LZy + (PTZ)Z - 2(P1-i1).(1;§2-k))
Aa= = Zeee- (qz.(z]f)'(lji.k) (ql.il)'giz-k)
q1. P 2. P,

(q1.k)(Pr.k)  (g2.k)(Py.k)

(6.19)

Fig. (6.5) shows these contributions with 8, = 45° and 6, = 90°. The A, part

is identical to the gluon case within a multiplicative factor, and is independent
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of the orientation with respect to the ete~ beam. In the case where the photon
is in the tbW* plane, the second part (A, term) is largest when the ete™ beam
is in the plane of the rest of the particles. Note that when the beam is in the
transverse plane (@. = 90°) this term is constant i.e. independent of 4, . Note
also that we have a symmetry when ¢, — 180° — ¢, as can be seen in the figure.
Finally, the A; interference term is antisymmetric when ¢. — 180° — ¢, and thus
is identically zero at ¢, = 90°. It is also worth mentioning that for a wide range

of angle ¢. the A, term is constant and the Aj term is very small.

Fig. (6.6) shows the angular distribution under minimum initial state radiation
conditions with 8, = 45°. It is interesting to compare this figure with fig. (6.3).
The most important feature to be noticed is that the dead-cone effect is now well
pronounced for example, in the b quark direction. In this configuration the initial
state radiation does not dominate the pattern and does not fill the angular region

between the final state particles.

In order to focus on the effects of the initial state radiation we have so far
restricted the photon to lie in the plane of the final state particles. If we take the
plane of the final state particles to be transverse to the beam direction (¢, = 90°)
and then allow the photon to be emitted out of this plane (®, > 0°) then we
again see the influence of the initial state radiation. Fig. (6.7) shows the radiation
pattern for different ®.,, the ete™ beam is in the completely transverse plane so
¢ =0, = 90° 6, = 45° and T = 0.7 GeV. The &, = 0° curve is essentially
identical to the I' = 0 GeV curve in fig. (6.6) (i.e. the difference between the
I' = 0 GeV and the I' = 0.7 GeV is very small). The dead-cone effect is again
swamped by initial state radiation since the dot product terms like (P;.k) are angle
dependent and so the A, term which is the biggest contribution to the initial state

radiation is not a constant, and the interference term A3 does not vanish.

6.3 Conclusion

In this chapter the distribution of soft photon radiation in the process ete™ —

tt — bbWtW = is studied. We have demonstrated that the initial state radiation
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can easily swamp the sensitivity of the radiation pattern to the top decay width.
However, for the case when the final state particles are in a plane transverse to the
beam direction and when the photon itself is in this plane, then the initial state
radiation effects are minimized, only contributing a small constant background
to the overall pattern. Thus the radiation pattern depends sensitively on the top
width. For purposes of illustration we have chosen a top mass M = 140 GeV.
Although the radiation pattern depends in detail on M (see (6.14)), qualitatively
the results are unchanged if the mass is increased to the most recent CDF value of
176 GeV. It is clear from fig. (6.5) that the minimum of the initial state radiation
is valid for a much wider range of angles than just 90°. Thus, in practice, simply
to keep the final state particles (including the photon) well away from the initial

beam should be sufficient.
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Figure 6.1: An example of a Feynman diagram for photon emission in ete —
tt — bBW*bW ~; the decomposition corresponds to that in (6.9).
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Figure 6.5: The decomposition of the initial state radiation according to contri-
butions in dN/d cos(.,) defined in (6.17).

A; is the tf contribution, A, is the ete™ contribution, and Aj is the interference
contribution

The parameter values are 6, = 45°, I' = 0.7 GeV, M = 140 GeV and
W =600 GeV. The x-axis is ¢, in degrees while the y-axis is 0., in degrees.
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Chapter 7

The intermediate mass SM Higgs
boson at LEP®LHC ep collider

7.1 Introduction

The Higgs sector of the Standard Model (SM) [7, 9] is one of its most investigated
sectors, yet is continues to be very elusive. So far the Higgs particle has evaded all
searches. Nevertheless, a lower limit on the mass of the SM Higgs ¢ of 64.3 GeV
was extracted from the lack of ete™ — Z% — Z%¢ events at LEP I [28]. An
upper bound of &~ 1 TeV is expected. This is derived by requiring the validity
of perturbation theory [29] and the unitarity of the model {30]. Therefore, if the
SM Higgs ¢ exists, we could expect it to be discovered by the next generation
of CERN high energy colliders: LEP II (1/s,, =160-200 GeV) [31] and the LHC
(Vs,, = 10,14 TeV)[32].

LEP II will be able to cover the mass range M, <80-100 GeV. A Higgs
with a larger mass should be searched for at the LHC. At LEP Il ¢ can be
detected ! through a large variety of decay channels, the most favoured being
Z°%¢ — (utu~)(bb). A Higgs boson with mass Mg 2 130 GeV is clearly detectable
at the LHC using the four-lepton mode ¢ — Z°Z° — ££¢£2. Due to the QCD
backgrounds typical of hadron colliders, it is still controversial whether it is pos-
sible to detect an intermediate mass Higgs® in the mass range 90 $ M, 5 130 GeV

(where ¢ mainly decays to bb pairs). In this mass range ¢ can be searched for

! And produced via the Bjorken bremsstrahlung process ete™ — Z% — Z0¢ [33].

2With ¢ produced via gg- [34] or WE*W¥F- and Z°Z°-fusion [35].

3Via the associated production with a W* boson (decaying leptonically to £v) [36, 37] or a
tf pair (with one t decaying semileptonically to bév) 38, 39].
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through the rare vy decay mode and this relies on the fact that both a high lumi-
nosity and a very high di-photon mass resolution must be achieved at the LHC
[40]. It is also unclear whether it is possible to cleanly detect the intermediate SM
Higgs in the ¢ — bb channel using the b-tagging capabilities of vertex detectors
[41, 42]. The main difficulties being the expected low signal rates after recon-
struction, the necessity to have an accurate control on all the possible background

sources and to achieve a very high b-tagging performance [43].

In the distant future, cleaner environments for studying the Higgs boson
parameters will be the ete™ linear accelerators (v/s,, = 350 — 2000 GeV)
[8, 44, 45, 46, 47).

At the Next Linear Collider (NLC), with /s, = 300 — 500 GeV [46], the
Higgs boson can be searched for through a large number of channels over the
whole intermediate mass range [48]. The dominant production mechanism is the
Bjorken reaction for /s, below 500 GeV while the W*W#*- and Z°Z°-fusion
processes [49] will dominate at larger energies. At /s, 2 500 GeV [45] a heavy
Higgs can be detected in the four-jet modes ¢ — WEW¥F Z2°2° — 5555 [50, 51]
in addition to the 4¢-mode. At higher energies, /s, = 1 — 2 TeV [47], the same
search strategies still hold with the fusion mechanisms becoming the dominant

ones.

The conversion of the linear ete™ NLCs into 44 and/or e~ colliders, by photons
generated via Compton back-scattering of laser light, will provide new possibilities
for detecting and studying the Higgs boson [52]. In vy collisions two of the
important channels will be: the production of a heavy Higgs (up to = 350 GeV)
by a triangular loop of heavy fermions or W, with the detection via the decay
mode ¢ — Z°Z° — qgt* ¢~ at \/s_, = 500 GeV [53], and the process vy — tt,
which appears more useful than the corresponding ete™ one in measuring the top
Yukawa coupling t¢, at \/s_, = 1 — 2 TeV [54]. The ey option at linear colliders
can be exploited for studying Higgs production via the process ey — v.W ¢, at
V3, = 1 —2 TeV and over the mass range 60 GeV = M, < 150 GeV [55, 56],
using the signature W—¢ — (j7)(bb) [57]. The cross section for the above process
at such /3, ’s is comparable to the fusion process ete™ — v WEHWF - 7,1,

and larger than the bremsstrahlung reaction ete™ — Z%* — Z°. Finally, it
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has been shown in [58] that the process ey — eyy — e¢ is the most important
mechanism for ¢—production at /s, = 500 GeV, for My 2 140 GeV.

Let us now consider the production of the SM Higgs boson at ep machines.
This seems to be beyond the capabilities of HERA [59], which has been primarily
designed for providing accurate data on the proton structure functions in the
small-z region, more than for Higgs searches [60]. In the future, another ep
collider is contemplated, the CERN LEPQLHC accelerator: it will combine an
electron/positron beam from LEP II and a proton beam from the LHC [32, 61]. A
detailed study on the detectability of an intermediate mass SM Higgs boson at such
a machine has been presented in [62]. This is based on the W*W¥- and Z°Z°-
fusion processes [60, 63, 64], with ¢ decaying to bb. It has been shown that it should
be possible to detect ¢ provided that a high luminosity and/or an excellent -
flavour identification can be achieved. Only recently has the possibility of resorting
to back-scattered laser photons at the ep CERN collider been suggested [65],
searching for, e.g., v¢ — ¢'W*¢ events, with ¢ — bb and W* — £v or jj, which
should give detectable Higgs signals if good M,; invariant mass resolution can be
achieved and efficient b-tagging can be performed.

The purpose of this chapter is to study the following reactions at the
LEP®LHC ep collider

gy — ¢Wg, (7.1)
v — 92°¢, (7.2)
g7 — 439, (7.3)

in the intermediate mass range of ¢, for all possible (anti)flavours of the
(anti)quarks ¢(q’), using laser back-scattered photons. We discuss their relevance
to the detection of the SM Higgs and the study of its parameters, with the Higgs
decaying to bb-pairs and assuming flavour identification on its decay products.
Although process (7.1) has already been studied in [65], and the part of the
analysis devoted to it here largely overlaps that study, we decided nevertheless
to include it for completeness and since, in principle, we can slightly improve the
results previously obtained. In fact, since we consider heavy quarks we include ad-
ditional Higgs bremsstrahlung off quarks in the amplitudes, even though these are

suppressed with respect to contributions coming from diagrams involving gW*W~
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vertices. We also computed all the necessary rates for all the relevant backgrounds
exactly, whereas these latter contributions were only estimated in [65]. Reaction
(7.3) has been analysed in [66] for MSSM neutral Higgses, b—quarks and using
bremsstrahlung photons but to our knowledge, neither the larger energy option
available at LEPQLHC nor the possibility of using laser back—scattered photons
has been exploited.

There are at least two important motivations for analysing processes (7.1)-
(7.3) at the LEPQLHC collider. First, if the SM Higgs boson turns out to have
an intermediate mass greater than the maximum value that can be reached by LEP
IT and if the LHC detectors are not able to achieve the necessary performances
for the predicted Higgs measurements [43], the ep CERN collider will be the
first alternative option available for studying such a Higgs, as it will certainly
be operating before any NLC. Second, although both the cross sections and the
luminosity at LEPQLHC are expected to be small if compared with the LHC ones,
the CERN ep option will constitute the first TeV energy environment partially
free from the enormous QCD background typical of purely hadronic colliders.
Moreover, processes (7.1)-(7.3) have the advantage, compared to the W*W¥-
and Z°Z°—fusion mechanisms, that the additional heavy particles W* and Z°
(and also t, in principle) can be used for tagging purposes by searching for their
decays, thus increasing the signal to background ratio.

The plan of the chapter is as follows. In Section (7.2) we give details of the
calculation and the numerical values adopted for the various parameters. Section

(7.3) is devoted to the discussion of the results, while the conclusions are in Section

(7.4).

7.2 Calculation

Fig. (7.1) shows all the Feynman diagrams at tree level contributing to the reac-
tions (7.1) and (7.2) in the unitary gauge, where (g,¢’, V') represent the possible
combinations (d,u, W™), (u,d, W) and (q, ¢, Z°) respectively (in the case of pro-
cess (7.2) only the first eight diagrams of fig. (7.1) contribute). Fig. (7.2) shows
the Feynman diagrams at tree level for process (7.3). All quarks have been con-

sidered massive, so diagrams with a direct coupling of ¢ to the fermion lines have
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been taken into account.

The amplitudes squared have been computed by means of the spinor techniques
of [67,68]%. The matrix elements for the processes dy — aW¢ [ iy — dW~¢ and
gy — 3Z°¢ can easily be obtained by trivial operations of charge-conjugation. All
of the above amplitudes have been tested for gauge invariance. We were also able

"5 reproduce, with appropriate couplings, hadron distributions and

to “roughly
luminosity function of the photons, the results of {65] and of [66]. Moreover, since
a simple adaptation of the implemented formulae (by changing photon couplings
from quarks into leptons and setting the quark masses equal to zero) allowed us
to reproduce the computation of [57], we have checked our helicity amplitudes in
this way also. _

As proton structure functions we adopted the HMRS set B [70] (this was
done in order to make comparisons with already published work easier), setting
the energy scale equal to the center-of-mass (CM) energy at the parton level
(ie. p = \/gpam,,). The strong coupling constant «,, which appears in the
gluon initiated processes, has been evaluated at two loops, for Agep = 190 MeV,
with a number Ny = 5 of active flavours and a scale p equal to that used for
the proton structure functions. We are confident that changing the energy scale
and/or distribution function choice should not affect our results by more than a
factor of two.

For the energy spectrum of the back-scattered (unpolarized) photon we have

used [71]

1 4z 42
F*/e(x):b‘(e—)[l"“1—x‘5(1—x>+52(1—w)2 !

(7.4)

where D(€) is the normalisation factor

and ¢ = 4FEgwo/m?, wp is the incoming laser photon energy and Eg the (unpolar-

ized) electron/positron energy. In (7.4) © = w/E, is the fraction of the energy

4We do not present here the corresponding helicity amplitudes, since they can be obtained
by appropriate changes of couplings as a subset of those to be given in [69] for the case of MSSM
Higgs bosons.

5See footnote 10 below.
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of the incident electron/positron carried by the back-scattered photon, with a

maximum value
£
max — . 7-6
’ 1+¢ (7.6)

In order to maximise w while avoiding ete™ pair creation, one takes wp such that

£ = 2(1 + /2) and one gets the typical values ¢ ~ 4.8, Zmax ~ 0.83, D(£) ~ 1.8.
In the case of ¢(g)y scattering from ep collisions, the total cross section o

is obtained by folding the subprocess cross section & with the photon F,,. and

hadron Fy(g)/p luminosities:
I;’mx 1-z7 R
o(5ep) = /7, da” /;q(,s) dﬂ(g)FW/e(m’y)Fq(y)/p(xq(g))a(sq(g)'v = xqzq(g)sep)’ (7.7)

where 3,(4)y is the CM energy at parton (i.e., ¢(g)7y) level, while

Mgna)?
it} = (it (1.
ep

T

where Mgy, is the sum of the final state particle masses.

The multidimensional integrations have been performed numerically using the
Monte Carlo routine VEGAS [72].

To our knowledge, a detailed study, as for the cases of e and v+ collisions [71],
on the efficiency of the laser back-scattering method in converting e — v at ep
colliders does not exist. In this chapter we assume for the effective yp luminosity
a conservative estimate of half the ep one. For the discussion of the results we
have adopted an overall total integrated luminosity £ = 3 fb~! per year, adopting
the value of [65].

For the numerical part of our work, we have taken a.,, = 1/128 and sin® 0y, =
s%, = 0.23, while for the gauge boson masses and widths: Mz = 91.175 GeV,
I'zo = 2.5 GeV, My+ = Mzocosby = Mzocy and I'yzx = 2.2 GeV. For the
fermions we have: m, = 0.511 x 1072 GeV, m, = 0.105 GeV, m, = 1.78 GeV,
m, = 8.0 x 1073 GeV, my = 15.0 x 1073 GeV, m, = 0.3 GeV, m, = 1.7 GeV,
my = 5.0 GeV and m; = 175 GeV, with all widths equal to zero apart from I'; =
1.58 GeV, adopting its tree~level expression). All neutrinos have been considered
massless: i.e., m,, = m,, = m,, = 0. The branching ratios (BRs) of the Higgs

boson were extracted from [73].
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We have analysed the processes (7.1)-(7.3) over the mass range 60 GeV =
My 5 140 GeV and for ep CM energy ranging from 0.5 to 3.0 TeV, with special
attention devoted to the case \/Eep = 1.36 TeV, corresponding to the collision of
an electron/positron beam from LEP II and a proton beam from LHC [65].

7.3 Results

In figs. (7.3)-(7.5) we present the dependence of processes (7.1)—(7.3) on the col-
lider CM energy, for a selection of Higgs masses: My = 60,80,100,120 and 140
GeV. Summations over all possible combinations of (anti)flavours have been per-
formed (the top contributions in the final states are included®), as well as the
integration over the initial g/¢(§)- and y-structure functions. A general feature
in figs. (7.3) and (7.5) is the rapid increase of all the plots with v/s,,, especially for
\/Eep 21 TeV. This is because for \/EBP much larger than the final particle masses,
phase space effects are quantitatively unimportant. The same effect is less evident
in fig. (7.4), since process (7.2) is affected by the s-channel structure of the corre-
sponding Feynman diagrams, whereas [part of ] these are in t—channel for process
[(7.1)](7.3). We also notice that the cross section for the process ep — W*gX
is much larger than that of ep — Z°@¢X. This is due to two reasons: first, the
coupling dW+W ™ is larger than #Z°Z° and second, in process (7.1) there are
additional diagrams (i.e., # 9-12 in fig. (7.1)), some of which (i.e., # 11 and 12)
are not suppressed by Yukawa couplings.

In Table (7.1) we give the cross sections at the LEPQLHC CM energy /s, =
1.36 TeV. To show the importance of the relative contributions of the various
flavours entering in the subprocesses (7.1)—(7.3), we give their separate rates in
‘Table (7.2) at My = 60 GeV. For reaction (7.1) at a fixed /s

Higgs mass reduces the top quark contributions, this is due to the limited phase

op» INCTEASING the
space available, while the light flavours contributions (i.e., ¢ = u,d,s,c and b)
do not change significantly. For example, the top contribution to process (7.1)
diminishes from 1.4% to 0.12% when My increases from 60 to 140 GeV, whereas

the contributions from up (down) [strange] {charm}-initiated processes vary from

6As a first approximation only combinations of two flavours within the same quark doublet
have been computed for process (7.1), setting all Cabibbo-Kobayashi-Maskawa terms equal to
one.

86



~ 53 (35) [8] {3}% to = 64 (29) [5] {2}%. For process (7.2) there is no substantial
phase space effect of this kind, since we cannot have top contributions here. Thus
the numbers do not differ as much: they are = 74 (16) [4] {5} < 0.6 > % to ~ 80
(14) [3] {3} < 0.33 >%, with the numbers in the “brackets” <> corresponding to
b—contributions. For reaction (7.3), things change dramatically because, on the
one hand, top-lines are not connected to the initial state as in (7.1) and the phase
space suppression due to the large top mass is important only if \/Eep £ 1 TeV,
and on the other hand, the Higgs always couples to the very massive top—quark
through the (~ m;) Yukawa coupling, in all Feynman diagrams at tree-level.
Because of this ~ m, coupling the very light flavours ¢ = u,d and s give here
completely negligible contributions, while ¢— and b—fractions are suppressed by a
factor of ~ (m;/m.)? =~ 10* and =~ (m,/m;)? ~ 1225, respectively with respect
to the top ones. Therefore, for process (7.3), the top—contribution is by far the

7. The corresponding numbers

dominant one for \/Eep 21 TeV and all ¢—masses
at the LEPQLHC energy, varying M, in the range 60 — 140 GeV, are: ~0.0016-
0.0013% for u—, ~0.0013-0.0011% for d-, ~0.29-0.28% for s—, =~17-20% for c-,
~14-21% for b— and =69-58% for t—quarks.

Next, we checked if neglecting diagrams 1-6 [and 9-10] of process (7.2)[(7.1)]
inside the matrix elements, as done in [65], where all quark masses were set equal
to zero, could be a source of error®. In doing this we needed to apply some
cuts to avoid collinear and soft singularities (in the couplings of the incoming
photon to the outgoing quark ¢u.) that would otherwise make our amplitudes
divergent. To do this, we require, e.g., |cosb,,..| < 0.95 and |p,,,,| > 3 GeV:
restrictions which are reasonably compatible with eventual requirements from the
detectors®. Setting again /s, = 1.36 TeV and M, = 60 GeV, we have found
percentage differences only of the order of 1 in 1000 in the case of light flavour
final states, and of ~2% for the contribution by — tW~¢ + c.c., in process (7.1).

For reaction (7.2), differences are appreciable only in the case of ¢- and b—quarks,

"Whereas for /5 ep ~ 1 TeV the c—contribution is the largest one: in this case the effect of the
g7 electromagnetic coupling, which favours c—quarks, is dominant on the Yukawa q¢ electroweak
one, which favours b—quarks.

8We expect differences coming from phase space and propagator effects to be negligible for
the light flavours u,d, s, ¢ and b, since my << \/Eep for all of them.

9Since similar cuts were not listed in [65], we were unable to reproduce exactly the numbers
there computed.
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these being =3% and ~13%, respectively. These mass effects are approximately
the same over the whole intermediate My range. However, due to the relative
flavour contributions of Tables (7.2(a,b)), when one sums over all of these the
effects are largely washed out. We also notice that the errors due to neglecting
the quark masses are larger for process (7.2) than for (7.1), since in the latter
there are also contributions (dominant with respect to the Higgs bremsstrahlung)
coming from v — W+W ™ splitting whereas at tree-level there is no corresponding
v — Z°Z° coupling. Obviously, taking into account the masses in process (7.3) is
crucial, since there the Higgs is always produced through the Yukawa couplings
q9-

We know that in the mass range 60 GeV = My 5 140 GeV the dominant
Higgs decay mode is ¢ — bb. The corresponding BR in the above interval varies
from = 0.85 at M, = 60 GeV to = 0.38 at My = 140 GeV, where the off-shell
WE*WF decay channel begins to be competitive [73]. So, in order to maximise
the number of signal events we look for the ¢ — bb signature. We further require
flavour identification of b-jets, exploiting the possibilities offered by b-tagging
techniques, to reduce the large QCD backgrounds.

In processes (7.1)~(7.3) we have additional decaying particles'®: a W in gy —
¢dWté,a Z%in ¢y — qZ° and two t’s in the gy — tf¢ contribution. So we expect

the following possible final signatures!!:
ep — WESX — (fv,)(bb) X,

ep — Z°¢X — (£0)(bb) X, (7.9)

or

ep — WEX — (jj)(BD)X,

ep — Z°¢X — (55)(bb)X, (7.10)

10Tn principle, we also have {-quarks in process (7.1) which could decay to bW—pairs, but in
practise, contributions involving top quarks are here generally quite small if compared to those
of the other flavours and substantially negligible when we sum up all different combinations.

11We know that in all processes (7.1)-(7.3) we can have additional b’s from t/Z%-decays or
by /gy—fusion, but we assume that complications coming from the fact of taking in those events
a wrong combination bb can be largely avoided if we restrict to keep bb—invariant masses in the
window |M,; — My| < 5 GeV (see later on).
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(where X represents the remnant jet and/or electron) depending on whether
the electroweak massive vector bosons decay leptonically or hadronically,

respectively!?. As for process (7.3) we expect the signature
ep — 979X — Ji(H)X (7.11)
for light quark contributions, and
ep — ttpX — bW W~ (bb) X (7.12)

for top—quarks (with BR(t — bW) =~ 1).

Therefore out of the = 56 — 22[6 — 0.6] initial femtobarns of reaction (7.1)[(7.2)]
at \/s,, = 1.36 TeV and for M, = 60 — 140 GeV, assuming £ = 3 fb~", we expect
~ 99 — 18[11— < 1] events for hadronic decays, and ~ 42 — 8[2— < 1] for leptonic
modes, whereas for reaction (7.3), starting from =~ 3.8 — 0.24 fb, we end up with
~ 10— < 1 events (7 of these come from t{¢ production with My = 60 GeV), per
year.

The irreducible backgrounds!® to the above signatures are ep — W*Z°X —
W*(bb)X and ep — tbX — bbW ™ X for process (7.1), ep — Z°Z°X — Z°(bb)X
for (7.2), and ep — ¢@Z°X — qq(bb)X for (7.3). These are always present, in-
dependently of the W*/Z° decay modes in processes (7.1)—(7.2). In addition,
multi-jet photoproduction, W* + jets, Z° 4+ jets and t{X — bbW*TW~X pro-
duction and decay events must be also considered.

A few remarks concerning the tbX background are needed here. We have
mentioned earlier that we take the e — % conversion efficiency ¢ (into back-
scattered photons) equal to 0.5. The ideal case of efficiency equal to 1 would imply
that all the incoming electrons are converted into photons and hence removed from
the interaction site. In practice, however, this will never be the case, as, even for
very high performances of the conversion mechanism, a fraction (1 — €) different
from zero of the ep initiated processes will remain. Therefore, we consider here the
tbX background initiated by ep scattering through the subprocess eg —» vW*g —

vtb, which is expected to have very large rates [76], whereas we neglect the yp

12We do not exploit here possible missing energy decays Z° — vi in process (7.2).

3For simplicity, and also because in general they are an order of magnitude larger if compared
to bremsstrahlung photon initiated processes, we consider only background processes via back—
scattered incoming v’s (apart from the b-process which proceeds through W g—fusion).
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initiated one, as it has a much smaller production cross section [65] and can be
further drastically reduced by a cut in the invariant mass M,; and, especially, in
the Myw (see later). For a generic value of € the final rates for the yp initiated
processes should be multiplied by a factor of ¢ whereas the ep initiated ones by
(1 —€). Our choice of € implies that both the rates for the yp and the ep initiated
processes must be at the end multiplied by 0.5, hence the significances divided by
the factor v/2.

While b-tagging identification should drastically reduce the backgrounds where
b-quarks are not present in the final states, this requirement is not generally
enough if they are. In this case, one has to look for invariant masses of the bb—
pair in a window around My, since most of the signals lie within this region. In
the case of top-resonant backgrounds (i.e., t6X and ¢¢X) we can also exploit the
cut, e.g., |Mew_spj; — m:| > 5 GeV, which should be very effective in reducing
hadronic W*-decays since top—peaks are quite narrow (in fact, I'; =~ 1.58 GeV for
m; = 175 GeV). Finally, if the Higgs mass turns out to be close to the Z°-mass,
the absolute normalizations of the processes involving M,; resonances are needed.

Assuming good b-tagging performances such that it is possible to drastically
eliminate the non—b multi—jet photoproduction, W* 4 jets and Z° + jets back-
ground events [65], and that the My; cut is sufficient to suppress the above pro-
cesses in the case of v/g* — bb splittings, we end up having to deal only with the
backgrounds ep — W*Z°X — W*(bb)X, ep — thX — bW~ X, ep — Z°Z°X —
Zo(bb) X, ep — tI1X — bBWtW~X and ep — ¢§Z°X — ¢q(bb)X. Moreover, we
should not forget that an additional drastic rejection factor on the multi-jet re-
ducible backgrounds comes from requiring that M;;/M,;, s has to reproduce My +
or Mzo for processes (7.1)-(7.2), and that Myw_s;; = m, for (7.3) when ¢ =t
(since this flavour is by far the largest partonic contribution at the LEPQLHC
energy).

In order to study the background rates, we have implemented their matrix el-
ements in FORTRAN codes generated by MadGraph [74] and HELAS [75]*. The
total cross sections of these processes are displayed in Table (7.3), at /3., = 1.36

14Gince processes ep — thX — bbW~X and ep — tf — DWW~ X were already studied in
[76], we also checked that the helicities amplitudes we obtained reproduce the results of that
study (for bremsstrahlung photons in the case of {t-production and decay).
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TeV, for the same y— and g/q(g)-structure functions and parameters employed
for the signal processes. We notice that backgrounds are in general much larger
than the corresponding signals, both for the top-resonant cases (continuum back-
grounds) and for the Z® — bb ones (discrete backgrounds). While in the former
case this happens because of the top-resonant peaks, in the latter we have that
the ¢Z° coupling does not depend on the g-mass (contrary to the Higgs one), so
light quarks give large contributions here. This is especially evident in the case
of the reaction ep — ¢gZ°. The rates for ep — Z°Z°X are of the same order of
magnitude as the signal ep — Z%pX, since in this case this is the contributions
from Z°-bremsstrahlung off quarks in the background (we do not have triple vec-
tor boson vertices in this case) are comparable to those of the signal in which ¢
is emitted from a Z°-line.

However, in principle these very large rates should not be a problem since pro-
cesses ep — WEZ0X, ep — Z°Z°X and ep — ¢7Z°X are really important only
when My =~ Mgzo, whereas ep — tbX — bW~ X and ep — t{X — bbWHtW-X
are highly reduced when applying a cut in the bb invariant mass (i.e., My; ~ M,)
and, eventually for W*-hadronic decays, the cut My ~ m; can be used. In
fig. (7.6) we give the differential distributions in the invariant mass M,; for
those backgrounds in which the bb-pair does not come from a Z°-resonance:
i.e., thbX — bBW~X and tIX — bbW*W~-X (W*-BRs are not included). For
backgrounds containing a Z® — bb resonance, we naively assume that all the bb-
invariant mass spectrum is contained in the region |M; — Mzo| < 2I'z0 = 5 GeV.
Since we are concentrating on bb-invariant masses in the My-region, we require
that M;; of all events is in the window |My; — My| < 5 GeV, assuming that 10
GeV will be the mass resolution of the detectors. The fractions of the total cross
sections from tbX- and t{X-production which pass this cut are given by the area
under the My; distributions of fig. (7.6) between My — 5 and My + 5 GeV, while
we assume that those of the Z%-resonant bb-events are given by the formula [57]

max(0,10 GeV — |[My — Mz|)
10 GeV

In using the above equation we tacitly assumed that the ¢ — bb peaks are also all

§0(Z°% = o(2°) . (7.13)

contained in a region of 10 GeV around the ¢-pole!®. The number of signal (.5)

151n fact, the Higgs width at M, = 140 GeV is 'y ~ 0.01 GeV.
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and background (B) events and their statistical significance (S/+/B) are given in
Table (7.4), for the three processes (7.1)—(7.3) and the sum of their backgrounds
separately, for the usual selection of ¢—masses, after the M,; cut. Branching ra-
tios of hadronic and leptonic W* /Z%-decays in processes (7.1)-(7.2) as well as in
the backgrounds are included, giving the hadronic (leptonic) signatures of (7.9)-
(7.12). We do not make any assumption about the W*-decays when ¢ = t in pro-
cess (7.3) and on the second W in the background ¢£X, treating them completely

inclusively (i.e., such that W*’s can decay either hadronically or leptonically).

If, as criteria for the observability of a signal, we require a rate 5 > 6 events
with a significance S/v/B > 4 for the detection of an isolated Higgs peak, while
for the case of Higgs peaks overlapping with Z° peaks we require S > 10 with
S/vV/B > 6 [57], then we see from Table (7.4) that the situation seems to be
discouraging, both for hadronic and leptonic W*- and Z°-decays, if M, > 60
GeV. It does not look much better if one tries to make an “inclusive” analysis,
summing the rates for signals and backgrounds, as done in Table (7.5). This
happens because the largest signal (i.e., W¥¢X) has a huge background, whereas
the other two signals (i.e., Z°¢X and ¢g#X), even though virtually free from

backgrounds, give very few events.

Therefore, in the case of overlapping peaks there does not appear to be any
possibility to disentangle the signal (see Tables (7.1) and (7.3)), even after a
few years of running. If [My — Mz| 2 5 GeV however, where only the continuum
backgrounds are effective, one can exploit (in the case of hadronic W*-decays) the
restriction |Myw_s;; — m¢| > 5 GeV. For this, in fig. (7.7) we plot the differential
distributions in Mj; of the tbX and ¢tX backgrounds, after applying the above
Myw cut (on just one W* in the case of t-production and decay). It is clear
then how this cut turns out to be extremely useful in rejecting the continuum
backgrounds, since their rates are now at least 10 times smaller than before. If we
insert this reduction factor in Tables (7.4), (7.5) the scenario changes completely,
since we have now to divide all B’s by ~ 10, and multiply all S/v/B’s times ~ 1/10.
This gives significancies larger that 4 over all the intermediate Higgs mass range.
At the same time, the reduction factor for W*¢X is just a few percent, since the

corresponding distribution in M,y is nearly flat (see fig. (7.8)).
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So far we have supposed a 100% acceptance and detection efficiencies for j/£’s
in the final states with the same for b-tagging. Assuming a 50% overall efficiency,
so all S/v/B’s are divided by /2, we still obtain a number of events and a signif-
icance large enough to cover almost all the intermediate mass region, even after
only one year of running (only for large My we do not have completely satisfactory
rates.).

Not even the reduction of /2 of the significances,; due to the e — + conversion
efficiency € = 0.5, should change the above conclusions. On the contrary, a larger
value of € (as it is likely, since, e.g., the performances expected at ete™ colliders
[71]) would definitely enhance the signal versus background ratios, as the large
tbX background would be further reduced.

Finally, we would like to stress here how processes like (7.1)-(7.3) could turn
out to be extremely interesting if one considers their counterparts, e.g., in the
Minimal Supersymmetric Standard Model (MSSM). In this model there are two
SU(2) Higgs doublets each with a different hypercharge Y, with ¥ = —1 couples
only to down type quarks and leptons and Y = 1 couples only to up type quarks
and leptons. The two Higgs doublets that break the symmetry have the following

particular vacuum expectation values|8)

< 0]®,]0 >= ( %‘ )

< 0j®,]0 >= ( 0 ) (7.14)
U
with
tan 8 = 02 (7.15)
Ui
and
vis
0<p< 3. (7.16)

The spectrum from the above mechanism is five physical Higgs fields: H°, h°
are neutral CP-even scalars, A° is a neutral CP-odd pseudoscalar and there are
two charged Higgses H*, H~. Here quark-Higgs couplings proportional to tan
can enhance the signals up to (9(1000) times for very large tan 8. This drastic
enhancemént happens when considering the contribution of diagrams involving

the bremsstrahlung of the pseudoscalar boson A° off massive down-type quarks
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(i.e., b-quarks: hence masses should be included). This occurs in all the Feynman
diagrams of process (7.3), while it only happens for the suppressed graphs 1-6 [and
9,10] in (7.2)[(7.1)]. These latter contribute to the total rate at the level of 1% for
the SM case but are the only surviving ones for the MSSM (since the pseudoscalar
boson A? does not couple to vector bosons at tree-level). In addition, in processes
(7.1)—(7.3), once we substitute ¢ by one of the MSSM neutral Higgses H®, h° and
A°® and we also include the flavour changing cases in which ¢ « H* and double
Higgs productions in ¢y fusion (W* « H* and Z° & H° k%, A®), we will have a
very rich laboratory where all the fundamental interactions of the MSSM can be
carefully studied.

For example in Table (7.6) and Table (7.7) the total production cross section
for the reaction (7.3) for the production of A% H? h° is given for two values of
tan 3 while A® varies over the whole of the intermediate mass range. The cross—
section is two orders of magnitude bigger than the SM Higgs production for the

larger value of tan 3.

7.4 Summary and Conclusions

In summary, we have studied the production cross sections of the SM Higgs ¢
with mass in the range 60 GeV < M, < 140 GeV at a next—generation ep collider,
with 500 GeV = \/Eep < 3 TeV, through the partonic processes

v9(q) — ¢(T)W*4,

v4(q) — q(7)Z°¢

and

97 — 999

for all possible (massive) flavours of the quarks ¢(g’), with incoming photons
generated via Compton back-scattering of laser light.

Special attention has been devoted to the case of the planned CERN
LEP®LHC ep collider (with /s,, = 1.36 TeV), where signatures in which the
Higgs decays to bb—pairs were studied, exploiting the possibilities given by b-
tagging techniques.
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We concluded that at this machine, apart from the case My ~ Mz which is
impossible to disentangle, Higgs signals should be detectable above all the possible
backgrounds over the rest of the intermediate mass range, after only one year of
running if My 5140 GeV (searching for the hadronic decays of W*’s and Z%’s in
processes (7.1) and (7.2) respectively). Due to the fact that the leptonic decay
channels of the W*’s give small rates and that a cut in the invariant mass Myw
is not applicable in this case, no possibility of detections exists if Wt — (i,
Therefore, in this respect, we disagree with the conclusions given in [65]. In the
case of Z° — #f decays in process (7.2), one can get significant number of events
only for a value of £ much bigger than the one assumed here.

In general, if the LHC detectors are not able to achieve the necessary perfor-
mances for all the foreseen Higgs measurements then the LEP x LHC collider
option would provide the prospects of detailed studies of the SM Higgs boson
parameters (i.e., My, I';, BRs, etc ...) in the intermediate mass range, in an
environment partially free from the QCD background typical of pp/pp accelera-
tors, especially if larger b-tagging performances and/or a higher luminosity can

be achieved, in advance of a possible future NLC.

95



o (fb)

My (GeV) qW*¢ A qq4
60 55.61 £0.34 | 6.134£0.10 | 3.806 £ 0.058
80 42.84 £0.25 |3.056 +0.052 | 1.765 = 0.029
100 34.53 £0.14 |1.581 £0.028 | 0.872 4+ 0.013
120 27.56 £0.11 | 0.798 4 0.024 | 0.4513 + 0.0068
140 | 22.048 £ 0.080 | 0.547 £ 0.018 | 0.2419 =+ 0.0039

Vs = 1.36 TeV HMRS(B)

Table 7.1: Production cross sections for processes (7.1)~(7.3), at 1/s,, = 1.36 TeV,
with My = 60, 80,100,120 and 140 GeV. The HMRS(B) structure functions are

used. The errors are the statistical errors on the numerical calculation.
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Flavours o (fb)

uy —» dWte + uy — dW™ ¢ 29.58 +0.15

dy > uW=¢+dy — aW*é | 19.37£0.30

sy =W ¢+ 35y > cWté 4.228 + 0.021

oy — sWHe+éy —» W4 | 1.620 £0.012

by 5 tW=¢ 4+ by - tW*g | 0.7995 % 0.0033

V5=136TeV  HMRS(B) M, =60 GeV

Table 7.2(a) Production cross sections for process (7.1) at /s, = 1.36 TeV, with
M, = 60 GeV, for all different flavour combinations entering in the partonic
subprocesses. The HMRS(B) structure functions are used. The errors are the
statistical errors on the numerical calculation.
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Flavours o (fb)

uy — uZ% + iy — 4Z% 4.535 £ 0.097

dy — dZ°% + dy — dZ°%¢ 0.982 & 0.025

sy — 8Z% + 57 — 52°% 0.2707 £ 0.0015

ey — cZ% + &y — 7% | 0.3018 + 0.0012

by — bZ% + by — bZ% | 0.03839 & 0.00017

Vs =136TeV  HMRS(B) M, =60 GeV

Table 7.2(b) Production cross sections for process (7.2), at 1/s,, = 1.36 TeV,
with My = 60 GeV, for all different flavour combinations entering in the partonic
subprocesses. The HMRS(B) structure functions are used. The errors are the
statistical errors on the numerical calculation.




Flavours o (fb)

gy — uug (60.4 +2.2) x 10~©

gy — ddé (51.09 £ 0.83) x 10~

gy — s8¢ (11.113 £ 0.071) x 1073

gy — céd 0.6572 = 0.0025

g7 — bbé 0.5188 % 0.0019

gy — tt¢ 2.6192 + 0.0049
V3=136TeV  HMRS(B) M, =60 GeV

Table 7.2(c) Production cross sections for process (7.3) at /s,, = 1.36 TeV, with
My = 60 GeV, for all different flavour combinations entering in the partonic
subprocesses. The HMRS(B) structure functions are used. The errors are the
statistical errors on the numerical calculation.
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Background o (fb)

ep — W*Z0X 2243+1.9

ep — X — bbW-X 1236.1 £ 5.6

ep — ttX — BBWHW-X | 1114.7 + 1.4

ep — Z°7°X 12.15 £ 0.50

ep — q§Z0X 4161 + 83

V5=136TeV  HMRS(B)

Table 7.3: Production cross sections for the background processes discussed in the
text. The HMRS(B) structure functions are used. The errors are the statistical
errors on the numerical calculation.
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Process S B S/VB | My (GeV)

gdWté | 99(42) | 351(150) | 5.28(3.43) 60
aZ% | 112) | 0(0) —(-) 60
T 10 0 - 60
gWtg¢ | 75(32) | 330(141) | 4.13(2.69) 80
¢Z°% | 5(1) | 0(0) -(-) 80
q§é 4 0 - 80

dW*¢ | 59(25) | 292(125) | 3.45(2.24) 100

q72% | 3(0) 1(0) 3(0) 100

93¢ 2 220 0.13 100

dWEg | 41(17) | 246(105) | 2.61(1.66) 120

aZ% | 1(0) 0(0) —(0) 120

93¢ 1 0 - 120

¢dWtg | 18(8) | 198(52) | 1.28(1.11) 140

q7% | 0(0) 0(0) 0(0) 140

9 0 0 0 140

Table 7.4: Number of signal (5) and background events (B) and their statistical
significance (S/vV/B), for the processes (7.1)~(7.3), at Vs, = 1.36 TeV, after
the cut |My; — My| < 5 GeV, for the usual selection of Higgs masses. Numbers
correspond to hadronic(leptonic) decays of the W*/Z%s. The HMRS(B) structure
functions are used. The symbol “~” indicates the case in which the backgrounds
do not constitute a problem in disentangling the signals.
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Stot Biot | Stot/VBiot | My (GeV)
120(44) | 351(150) | 6.40(3.59) 60
84(33) | 330(141) | 4.62(2.78) 80
64(26) | 513(345) | 2.8(1.4) 100
43(18) | 246(105) | 2.74(1.76) 120

19(8) | 198(52) { 1.35(1.11) 140

Table 7.5: Total number of signal (Siot) and background events (Bio) and their

statistical significance (Sior/ V' Biot), after summing the numbers in Table. (7.4) in
“inclusive” rates.
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79 — qq®°

o (fb) for tan 8 = 30

Mo (GeV) | Myo(GeV) | Myo(GeV) AP HO hO
60 129.2 59.9 | 449.85 + 1.64 | 0.274 £ .0006 | 428.25 £ 1.70
80 129.2 79.9 218.87 +.85 | 0.343 +.0008 | 209.13 + 0.83
100 129.4 99.7 117.97 £ .53 | 0.649 £ .0020 | 115.34 + .55
120 130.0 119.0 67.66 + .31 | 8.649 +.027 | 62.86 + .28
140 140.9 128.1 40.76 £.19 | 36.378 £ .167 | 4.51 £ .02
V5 = 1.36 TeV MRS(A)

Table 7.6: Production cross sections for process (7.3) at /s,, = 1.36 TeV, with
M40 = 60 — 140 GeV summed over all the different flavour combinations entering
in the partonic subprocesses for tan #=30. The MRS(A) structure functions [77]
are used. The errors are the statistical errors on the numerical calculation
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79 — 9%°
o (fb) for tan B8 = 1.5
Mo (GeV) | Mus(GeV) | My (GeV) A° HO RO
60 144.4 56.0 1.417 £.004 | 0.191 4+ .00047 | 2.10 £ .0059
80 150.7 63.7 0.681 £ .002 | 0.154 £.0020 | 1.66 £ .0051
100 159.3 70.6 0.364 £.001 [ 0.117 £ .00029 | 1.39 &+ .0036
120 170.1 76.4 0.208 £ .0007 | 0.084 £ .00025 | 1.21 &+ .0030
140 182.9 80.9 0.125 £ .0005 | 0.059 £ .00014 | 1.10 £ .0025
Vs = 1.36 TeV MRS(A)

Table 7.7: Production cross sections for process (7.3) at /s, = 1.36 TeV, with
Mo = 60 — 140 GeV summed over all the different flavour combinations entering
in the partonic subprocesses for tan § = 1.5. The MRS(A) structure functions
[77] are used. The errors are the statistical errors on the numerical calculation
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Figure 7.1 (8)
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(11) (12)

Figure 7.1(continued) Feynman diagrams contributing in lowest order to ¢y —
q'V¢, where ¢(q') represents a quark, V(V*) an external(internal) vector boson
and ¢ the SM Higgs boson, in the unitary gauge. In the case V = Z° and ¢’ = ¢
only the first eight diagrams of fig. 1 contribute.
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Figure 7.2: Feynman diagrams contributing in the lowest order to gy — ¢gé,
where ¢ represents a quark and ¢ the SM Higgs boson, in the unitary gauge.

107



400

! T T T
M, = 60 GeV __
350 ep->qW¢ M,=80GCeV ____ |
M, =100 GeV ...
300 | M, =120 GeV ... |
Mq) =140 GeV ___
250

200

o (fb)

150

100

50

Figure 7.3: Cross sections of process (7.1) as a function of \/s_,, for a selection of
Higgs masses. The HMRS(B) structure functions are used.
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Figure 7.4: Cross sections of process (7.2) as a function of /s, for a selection of
Higgs masses. The HMRS(B) structure functions are used.
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Figure 7.5: Cross sections of process (7.3) as a function of /s, for a selection of
Higgs masses. The HMRS(B) structure functions are used.
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Figure 7.6: Differential distributions in the invariant mass of the bb-pair M,; for
the bX — bOW~X and t#X — bOW*W~X backgrounds, at /s,, = 1.36 TeV.
The HMRS(B) structure functions are used.
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~ Figure 7.7: Differential distributions in the invariant mass of the bb-pair M,; for
the tbX — bbW~X and ttX — bbBW*W~X backgrounds, at /s,, = 1.36 TeV,
after the cut |Myw_4;; — m¢| > 5 GeV. The HMRS(B) structure functions are
used.
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Figure 7.8: Differential distributions in the invariant mass of the bW-system
My, for the tbX — bW~ X and t1X — bbW*W =X backgrounds, and the signal
WgX — WE(bb)X with M, = 60,140 GeV, at V3., = 1.36 TeV. The HMRS(B)

structure functions are used.
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Chapter 8

Conclusion

We first studied the reaction ete™ — W*W =~ and we showed that at LEP-II
energies, the cross section for W*+W =~ production, where the photon is soft, is
sensitive to the standard set of anomalous couplings used to parameterise the
general form of the electroweak boson interaction Lagrangian. The dependence
on these couplings is comparable in magnitude to, but qualitatively different from,
the corresponding behaviour of the total W* W™= cross section. Events with soft
photons could therefore provide complementary information on the form of the
electroweak boson interactions.

We have also studied the same reaction at the NLC, and have shown that
quartic couplings can provide a window on new physics beyond the Standard
Model. We have quantified the effect of various types of anomalous operators on
the W+ W=+ production cross section in ete™ collisions. The effects are largest in
the positive helicity cross section, although this represents only a small fraction of
the total cross section. This type of physics is best suited to high energy colliders
— there is an enormous increase in sensitivity in going from /s = 300 GeV to
Vs = 500 GeV - although some crude limits should be possible even from a
handful of events at LEP II.

We then examined soft photon radiation in if production and decay, the distri-
bution of soft photon radiation in the process ete™ — tt — bbW+W = is studied.
We have demonstrated that the initial state radiation can easily swamp the sen-
sitivity of the radiation pattern to the top decay width. However, for the case
when the final state particles are in a plane transverse to the beam direction and

when the photon itself is in this plane, then the initial state radiation effects are
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minimized, only contributing a small constant background to the overall pattern.
The dependence of the pattern on the top width, mass etc. is then apparent. It
became clear that the minimum of the initial state radiation is valid for a much
wider range of angles than just 90°. Thus, in practice, simply to keep the final
state particles (including the photon) well away from the initial beam should be
sufficient.

Finally, we have studied the production cross sections of the SM Higgs ¢ with
mass in the range 60 GeV = My = 140 GeV at a next-generation ep collider, with
500 GeV = /s, £ 3 TeV, through the partonic processes

v9(7) — ¢(@YW*4, (8.1)
19(9) — ¢(9)Z2°4 (8.2)

and
g7 — qq4, (8.3)

for all possible (massive) flavours of the quarks ¢(q’), with incoming photons
generated via Compton back-scattering of laser light.

Special attention has been devoted to the case of the planned CERN
LEP®LHC ep collider (with /5., =~ 1.36 TeV), where signatures in which the
Higgs decays to bb-pairs were studied, exploiting the possibilities given by b-
tagging techniques.

We concluded that at this machine, apart from the case My ~ Mz which is
impossible to disentangle, Higgs signals should be detectable above all the possible
backgrounds over the rest of the intermediate mass range, after only one year of
running if M, 140 GeV (searching for the hadronic decays of W*’s and Z%s in
processes (8.1) and (8.2) respectively). Due to the fact that the leptonic decay
channels of the W*’s give small rates and that a cut in the invariant mass My
is not applicable in this case, no possibility of detections exists if W* — £p,.
Therefore, in this respect, we disagree with the conclusions given in ref. [65]. In
the case of Z° — ¢ decays in process (8.2), one can get significant number of
events only for a value of £ much bigger than the one assumed here.

In general, if the LHC detectors are not able to achieve the necessary perfor-

mances for all the foreseen Higgs measurements then the LEP x LHC collider
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option would provide the prospects of detailed studies of the SM Higgs boson
parameters (i.e., My, 'y, BRs, etc ...) in the intermediate mass range, in an
environment partially free from the QCD background typical of pp/pp accelera-
tors, especially if larger b-tagging performances and/or a higher luminosity can be
achieved, in advance of a possible future NLC. It is also true that such an option

will provide a rich laboratory for studying the MSSM Higgs interactions.
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