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Abstract 
Throughout this thesis we test some aspects of the Standard Model (SM) at 

fu ture high energy colliders. We start by examining the SU(2)x U ( l ) non-abelian 

nature of the SM. We consider the effect of anomalous couplings on the reaction 

e +e~ —> W+W~*y, at y/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 f r o m , 

the dependence of the leading order e+e~ —» VF + VF~ 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, e +e~ —• 

W+W~iy, at high-energy e +e~ colliders to investigate the effect of genuine quartic 

W+W~Ty and W+W~ Z'y anomalous couplings on the cross section. Deviations 

f r o m the Standard Model predictions are quantified. We show how bounds on the 

anomalous couplings can be improved by choosing specific in i t i a l 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 e +e~ —* ti —* bW+bW~. The radiation pattern is shown to depend 

sensitively on the top mass, w i d t h and energy, as well as the relative orientation 

of the in i t i a l and final state particles. Op t imum conditions i n which in i t i a l 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 <j> w i t h intermediate mass at the proposed C E R N L E P ® L H C 

ep collider i n 79(9) —• (faq1 (q'), *yq(q) —» Z°<j>q(q) and g-y —> qq<f> events is 

studied. This is done for al l possible (massive) flavours of the quarks q(q') and 

using photons generated via Compton back-scattering of laser l ight . We study 

signatures i n which the Higgs decays to 66-pairs and the electroweak vector bosons 

and Z° decay either hadronically or leptonically. A l l 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 h im. 

I n his quest for knowledge and in his effort to solve the ul t imate 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. W i t h 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 t radi t ion, 

based on pure thought. Only w i t h the advent of controlled experiments, many 

centuries later, were these theories developed into modern science. I n 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", i t d id , 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, ul t imately leading to the 

identification of the proton, the neutron and the b i r t h 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 
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Figure 1.1: Deep inelastic experiment where a proton is h i t 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 i t has structure, particle physicists today perform similar 

experiments i n principle. In these deep inelastic scattering experiments a proton 

is h i t by a high energy lepton which emits a v i r tua l photon, a W or a Z boson 

w i t h high enough energy to probe the proton. They saw that the proton has 

structure. They found point- l ike 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 h 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 te rm 

used for describing the election, the neutrino and the particles that are direct 

generalisations of the electron [1]. 
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THE FUNDAMENTAL FERMIONS -

LEPTONS AND QUARKS 

Particle Symbol Charge (e) Mass (GeV/c 2 ) 

Electron e~ - 1 5.1099906(15) x 10~4 

e-Neutrino 0 < 5.1 x 10- 9 

Muon -1 0.105658389(34) 

/i-Neutrino v» 0 < 2.7 x 10~4 

Tail T~ -1 1.7771(5) 

T-Neutrino V R 0 < 3.1 x 10~2 

Down d 1 
3 0.010 ± 0 . 0 0 5 

Up u 2 
3 0.005 ± 0.003 

Strange s 1 
3 0.2 ± 0 . 1 

Charm c 2 
3 1.3 ± 0 . 3 

Bottom b 1 
3 4.3 ± 0 . 2 

Top t 2 
3 176 ± 8 ± 10 

Table 1.1 
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THE FUNDAMENTAL BOSONS 

Particle Symbol Spin Charge (e) Mass (GeV/c 2 ) 

Photon 7 1 0 0 

Neutral weak boson Z 1 0 91.1888(44) 

Charged weak bosons W± 1 ± 1 80.23(18) 

Gluons 9u-,98 1 0 0 

Higgs H 0 0 > 64.3 

Graviton G 2 0 0 

Table l . l ( con t . ) The fundamental particles of the Standard Model. The masses 
are given in the usual particle physics units of 1 G e V / c 2 = 1.78 2 6 76 x 1 0 - 2 7 kg. 
The lepton masses are f rom the PDG (1994) and the quark masses are "current" 
masses. 
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Let us tu rn our attention now to the second question: the forces between the 

particles. We believe that there are four forces i n 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 i t " (letter f r o m Newton to Bently) [3]. Then came electromagnetism that 

was quantified and described fu l ly by Maxwell's equations and was endorsed by 

the discovery of the electron and its recognition as the uni t 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 inf ini te 

range (since the photon is massless) both of these forces have a very small range, 

the weak force having a range of and the strong force a range of The 

weak force is what is responsible for the nucleus decaying, the familiar /3 decay: 

n —> p + e~ + ve w i t h a lifetime of 15 minutes. I t is only weak w i t h respect to 

the electromagnetic force i f 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 

just if ied when the W,Z were discovered in pp colliders and the gluon in e + e" 

collisions. This turns out to be closely related to a symmetry principle which i n 

tu rn 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, l ifetime, etc.) and interactions to high 

precision at high energy colliders, e.g., the pp, e+e~ and ep colliders. Some of 

these colliders are listed in Table (1.2). The aim of these precision measurements 

is to look for deviations f r o m 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 

w i t h respect to this thesis. 

I n the SM the W boson is a fundamental particle. Due to its charge, the W 

boson interacts w i th the photon; this interaction is predicted exactly by the SM. 

I f the W boson is not fundamental but has some structure (a composite object) 

this w i l l manifest itself in the W 7 interaction since at high enough energy (small 

enough range) we w i l l start to see deviations f r o m the point - l ike structure. So, 

one way of testing this theory is by measuring the WWj coupling precisely. This 

can be done, for example, using the LEP I I 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 i n pp collisions at 1.8 TeV[4]. 

I t is an important discovery as the top quark was predicted before its detection. 

I t is again crucial to measure its properties such as mass, l i fet ime, charge and 

spin to check that i t is indeed the sixth SM quark as predicted. I n 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 w i l l be devoted to this for the fu ture 

e+e~ and pp experiments. Less well studied is Higgs production in ep collisions 

which is the subject of chapter seven. 
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Some High Energy Colliders 

Collider Reaction V^(GeV) 

LEP I e+e~ » 90 

LEP I I e+e~ < 200 

Fermilab Tevatron PP 1.8 x 10 3 

L H C PP (10 - 14) x 10 3 

HERA ep 314 

NLC e+e~ 300-2000 

Table 1.1 Some high energy colliders which are either planned or are already 
running. 
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Chapter 2 

The Standard Model 

I n Quantum Field Theory the field equations of a system specified by several 

fields (j>i(x), where x is the space-time four-vector and a Lagrangian density C 

(the kinetic term minus the potential energy per unit volume) can be derived f r o m 

the action 

S = J dAxC (2.1) 

by imposing the principle of least action 

8S = 0 , (2.2) 

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

dC _ dC n . . 

wra'WM=0 (2-3) 

With = | * r . 

Symmetries are very important in physics, since they manifest themselves i n 

conservation laws which can be tested experimentally. "A symmetry operation 

[transformation] is what you perform on an object [wave funct ion, field] that 

leaves i t unchanged [invariant] under the operation." [5]. 

Let $ be one of those fields and let us vary <fi such that 

4 -> <j>' = <f> + 8<f> . (2.4) 

The change in the Lagrangian is given by 

sc-T/^msa'*=aAwj)H]- (2-5) 
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Now for the Lagrangian to stay invariant under the transformation there must be 

a conserved "symmetry" current such that 

aMJM = 0 , (2.6) 

where 

and the conserved quantity (charge Q) here is 

Q = J d3xJQ . (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 w i t h the Hamil tonian, 

so [U, H] = 0. I f G is a Lie group, then 

U = exp^Tiatix)] (2.9) 
i=l 

where a,-(x) is a continuous parameter which is a funct ion of space-time and T, 

are the generators of the group w i t h 

[Tt,Tj] = i C i j k T k , (2.10) 

where C,jfc are the structure constants of the group. Theories that are invariant 

under such transformations are called local gauge theories. I f C,-jfc 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(l) abelian and SU(2), SU(3) non-abelian 

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

2.1 Gauge Invariance 

I f the Lagrangian 1 is invariant under a symmetry group then Noether's theorem 

states that the system has some conserved quantity. 

JWe use the term Lagrangian from now on to mean the Lagrangian density 
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2.1.1 Abelian Gauge 

Let us consider Maxwell's theory of electromagnetism. When this theory is quan­

tised i t gives Quantum Electrodynamics or QED. In the following the CQED 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 

^ _> e - '«(*)$ ^ (2.H) 

where a(x) is a function of space time. 

The Lagrangian for an electron with mass m (which satisfies the Dirac Equa­

tion, (i^d^ — m)ty = 0) is given by 

£ = * ( i 7 " ^ - m ) * . (2.12) 

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

introduce the covariant derivative to replace dM such that 

0 M = d„ - ieA^ (2.13) 

with the covariant derivative transforming as 

D f l -» eia^x)D^ (2.14) 

and the field transforming as 

—• + -d„a . (2.15) 
e 

This group of transformations is called the U(l) group and the field A^ is the 

gauge field. The Lagrangian becomes 

C = * ( i7"(3 M - ieAJ - m)tf (2.16) 

which can also be written as 

£ = * ( t 7 " 0 M - m ) t f - A^J11 . (2.17) 

10 



The presence of the gauge field and its coupling to the electron is only due to 

requiring the invariance of the above Lagrangian under the (7(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 

(DflDu-D„D„) = ieFtlu (2.18) 

with 

i > = d»Au - dvA» . (2.19) 

We introduce the gauge invariant kinetic term 

CA = - J V " (2.20) 

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

following QED Lagrangian: 

CQED = * ( » ' 7 M ^ - ™ ) * ~ \ V V • (2-21) 

Note here that we do not have a mass term for the field A^ of the form 

CM = \ M \ A ^ , (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 

= e

i a ( x ) Q y . (2.23) 

Now Q is the generator of the U(l) group and is identified as the electric charge. 

The interaction term now reads 

J M „ = -e^YQ^K • (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]. 
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2.1.2 Non-Abelian Gauge 

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

where ^ is a column vector. The transformation is then 
3 

* -» = exp[i^,aii(x)T^ . (2.25) 

The free fermion's Lagrangian is again 

CF = WYd^ - • (2-26) 

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

infinitesimal phase transformations of the field 

V = [1 + icti{x)TAV . (2.27) 

Under the above transformation the change in the Lagrangian is 
3 

6C = - ^ ' £ T i d ^ . (2.28) 
»=i 

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

transforms as 

D„ -> D'^W) = c t < ^ - i a i ( l ) T i ] D M * , (2.29) 

where 

D ^ ^ + isEW;. (2.30) 
1=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 

WM - + W» - -d^a - a x W p . (2.31) 
9 

Treating the above fields as physical fields, we will define the field strength WM„ 

exactly as in QED so that 

[Dli,Dv] = igf.Wllv (2.32) 

where the SU(2) field strength is 

= < W - - gW,, x Wv . (2.33) 
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Note the extra term due to the non-abelian nature of SU(2). Thus the interaction 

Lagrangian is 

Cw = -\wl„Wr • (2.34) 

Expanding the above interaction term gives 

Cw = -\{d„Wi - d„Wi)(d*Wr - PWt) 

-^jkW?WfamWlW? . (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 5/7(2) invariant Lagrangian is 

£ = z*7"5 M * - m * * 

-g £ ^YTiW^ 

- ^ W r • (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(l) 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 x —+ —x); 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 j3 decay can be written in terms of an 
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interaction Lagrangian of the form 
4 

£ Fermi = fermiJixJ^^ (2.37) 

where the current J* can be written as 

J" ~ i j ryi i f (2.38) 

where Gfermi ~ 1.16 x 1 0 - 5 GeV~2 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 Co60 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 

^ = ^ 7 " ( ^ p ) e + --- , (2.39) 

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

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 

ones2. 

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 wil l have 

the following behaviour [3] 

G U i j ^ - (2-40) 

Now, if we introduce an ultra violet cut-off A, the integral will diverge as G2jermiA2 

and the situation wil l get even worse at each order of perturbation theory, as 

we wil l 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{\) gauge groups with the following 

gauge transformations 

# L -> r L = exp [ i g ai{x)Ti + i g'P(x)Y] V L 

*Pfl -» ' R = exp [ i g' j3{x)Y] (2.41) 

with 

* B = (I±Jl)*. 
(2.42) 

The left handed fermions form isospin doublets and the right handed fermions 

are isospin singlets WR. For example, ^ ^ ^ a n < ^ ( e )̂ a r G * n ^ e < ^ o u ^ > ^ 

representation, while the right handed fermions uR, dR, and eR, 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 / of the form 

m f f = m ( f L f R + f R f L ) (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 £/y(l) groups and g, g' are the respective couplings. They are related to the 

electromagnetic charge Q by 

Q = r 3 + | . (2.44) 

The electroweak Lagrangian that is invariant under (SUL(2) X Uy{l)) is then 
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CEW = J2(i^Lr[d, + igf.W, + i g ' - B ^ L 

'.9 

- \ w l w r - \B„B^ (2.45) 

where 5 M is the field associated with £/y(l). The covariant derivative that is 

invariant under the (SUL{2) X t / y ( l ) ) is then 

D» = d» + igf.W^ + . (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]. I t 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(l) 

gauge theory with a complex scalar field <j> — -^{<t>\ + ^2)- The Lagrangian is 

then 

C = C„ = ( D ^ i D ^ ) - fi2<j>U - \(<f>Uy - j V • (2-47) 

The above Lagrangian is symmetric when <f> —* — (f>. Let us now consider the 

potential 

V{4) = n2^4> + K<t>U)2 • (2-48) 

For fi2 > 0 and A > 0 the minimum of the potential is at \<f>\ = 0 and the 

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

1*1 = T2 = V^r • ( 2 ' 4 9 ) 

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 at random. Thus the vacuum of the theory no 

longer respects a symmetry of the theory, namely <fi —> — <f>. This is called SSB. In 

order to see how this wil l give rise to mass terms consider expanding around this 

minimum 3 

$ ( 3 ) = - ^ + »/(*)+ . (2.50) 

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

1 f 
4>(.T) « ~^/2<V ~^ ^ e x P 1 

= + h(x))exp [i6-^-] , (2.51) 

where 0(x) is chosen such that h(x) is a real field. The field transforms as 

Afl —> A^ + —dp9(x) . (2.52) 
ev 

Now substituting the above into (2.47) gives 

C = ^ h ) 2 - Xv2h2 + l-e2v2Al - Xvh3 - hh4 

+\e2A\h2 + ve2A\h - \F,UF^ . (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 

Mh = y/2h£ . (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(l)) gauge invariant Higgs Lagrangian is 

CH = ( D ^ ) t ( D ^ ) - ^<f> - \{<t>U)2 , (2.55) 

where <f> is a complex scalar SU(2) doublet of the form 

^ V2\<l>3 + ^<i>4 
(2.56) 

We are interested in the case where fi2 < 0 and A > 0; the potential then has a 

minimum at \<f>\ such that 

= ( i r ) a • 
Thus we can choose the particular vacuum to be 

(2.57) 

y/2 \ " 
(2.58) 

The above choice is a very special choice; it is chosen such that the vacuum does 

not break the U(l)em symmetry. The above choice has T 3 = —| and Y = 1 so 

the generator of U(l)emQ remains unbroken and Q<& = 0. In order to see how 

this SSB gives rise to gauge boson masses and coupling to the Higgs, we expand 

around the minimum 

+W=[v+°h(x)) 

and substitute into the Lagrangian. The relevant terms are 

(2.59) 

\D^\2 = 

g2v\wiwr+w2w2n + - i g 2 + g ' 2 ) 

8 

+inter action term 

8 

W?g - g'B, 

= \ M 2

W W ^ + 1 - M 2 Z ^ + ^ M 2 A ^ 

+interaction term (2.60) 

18 



where 

w; = ^(wl + iwl), 

W^g-g'B, 

with 

= Wl cos 0W — sin 6W , 

yj(92 + 9'2) 

= W j s i n ^ + ^ c o s ^ , (2.61) 

M w = y , 

M A = 0 . (2.62) 

Note that = 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 6W is defined as 

— = tan 9W . (2.63) 
9 

The interaction terms are 

interaction terms = gMwhW+WH + (g2 + g'2)^-hZflZ'1 

Li 

a2 J(g2 + g'2) 
+Lh2W+W» + V

 Q h 2 Z ^ , (2.64) 
4 8 

with the first two terms giving rise to the triple HWW, HZZ 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 

-Hj 
V2 

tyL(v + h)tyR + VR(v + h)t!L 

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

Hfv 

(2.65) 

y/2 
(2.66) 

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

the fermion. Finally, let us see what the boson coupling is to the fermions. The 

relevant part of the Lagrangian is 

X C = dr + igT.Wr + ig'-B^ 

Y 

- f l f * L 7 T 3 ( c o s 6 ^ + sin 0WAJVL 

-Q^Ll^Q - T 3 ) ( - sin + cos 6 W A ^ L 

-g'^Rl^Q - r 3 ) ( - s i n ^ Z M + cos^AJvp* (2.67) 

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 
-g 

cos 8, 
(2.68) 

with 

V = y - Qsin 20w , 

A -
A ~ 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: 

# -» exp [if.a(x)}$ (2.70) 

with the generators of the group obeying 

[TuTj] = i f i j k T k . (2.71) 

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

(2.12)), we need to introduce the covariant derivative 

D ^ d . + ig^TiG^ , (2.72) 

where gs is the strong coupling constant and G^ are the eight gluon fields with 

GJ, - G; - -d^cti - fijka3Gl . (2.73) 
9s 

Treating the above as a physical field, we introduce a kinetic term as before such 

that 

G^ = d& - d„Gi - gJukGiGt ; (2.74) 

so now 

CQCD = * ( i 7 M 5 M - m ) * 

»=1 

-[-G^Gr • (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(fi2) —> 0 as fi2 (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 

fi2 —> 0) we have g2(n2) —> oo which leads to the confinement of quarks and gluons 

inside the hadrons (infra-red slavery). This is to be contrasted with QED where 
e e m ( ^ 2 ) ~~* 0 0 a s f*2 ~* 0 0 ' ' , e - ' t n e 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)L X U{\) 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 couplings, the mass and other particle properties wil l also 

at least hint at the existence of new physics beyond the SM. For example, the 

LEP I e +e" collider has been running for a few years as a Z factory through the 

reaction e+e~ —> Z —» / / , which has enabled tests to be performed on the Z f f 

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 I is a Z factory, LEP I I wil l be 

a W factory through the reaction e+e~ —> W + W - and again W couplings to 7 

and Z wil l 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 ~ 7 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 ( l ) non-abelian na­

ture of the SM. We consider the effect of anomalous couplings on the reaction 

e+e~ —> W+W~j, at y/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 e+e~ —> VF+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, 

e+e~ —* W+W~y, at high-energy e+e~ colliders to investigate the effect of gen­

uine quartic W + W ~ f j and W+W~ Z^f 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. 

I t is important to establish that the quark recently discovered by the CDF 

and DO 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 e+e~ —> ti —> 

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 <f> with intermediate 

mass at the next proposed CERN LEP(g)LHC ep collider in ~iq(q) —* W±(j)q'(q'), 

79(9) —* Z0<f>Q(Q) a n d gj —• qq(t> events is studied. This is done for all possible 

(massive) flavours of the quarks q(q') and using photons generated via Compton 

back-scattering of laser light. We study signatures in which the Higgs decays to 

6&-pairs and the electroweak vector bosons W ± and Z° decay either hadronically 

or leptonically. Al l 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 f f interactions in both W production and decay; and, sec­

ondly, testing the trilinear and quadrilinear WW7, WWZ, WW77 and WWZ-y 

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 

£ = i * 7 " [ e<?A„ + (T+W+ + T-W;) 
2y2 sm&w 

+ «nf l Lfl ( ^ ( l - 7 5 ) T 3 - Q s i n 2 M ^ ] ^ - (3-1) sin Uw COS uyv I 

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 i t exhibits a V - A structure: 

-ue 
(3.2) 

\/2 sin $w 

This is very well tested in pp colliders where the dominant W production mecha­

nism is 

ud -> W+ , 

du -> W~ . 
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Then the W decays either leptonically or hadronically into its various decay chan­

nels: 

W ^qq' . 

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

W —> eue , 

W —> fiv^ . 

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 M\y is fitted and the result is in excellent agreement 

with the prediction. This is important as measuring the mass of the W boson 

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

the SM 

Mw - Mz cos 0 
Mz 

V2 [ V2M2

zGfermi(l-Ary 
(3.3) 

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

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(l) 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 e+e~ machines are excellent colliders with which to investigate W 

and Z physics. LEP I I will act as a W factory through the reaction e+e~ —> 

W+VF - in the same way that LEP I is a Z factory. One of the main physics 

objectives of LEP I I is to investigate the reaction e+e~ —> to study 

the W mass, width and decay channels but, most importantly, the *)WW 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(l) 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 —* oo), with the ue exchange diagram giving the largest contribution [12]. 

The lowest order production cross-section cr0 is given by [13] 

(T0 = W1(rw) + 
As sin 0 
1 - 4 s i n ' ^ + 8 sin 4 5 

+ (r , - 1 2 

1 - 2 s i n 2 0 , 
r * - l 

w W3(rw) 

w W2(rw) 

(3.4) 

with 

s (Pi +P2) 2 , 

M, 
s 

M l 

W2 

1+/? (1 + — + - j ) / n ( 
1 - 3 

1 + /? 20 12 1 1 
1 + 8rw(l + — + —) 

r t * 
' w 1 w 

1-8 12 2r W 111 
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where pi, p2 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 fi = e/Mw The loop diagrams of 

Fig. (3.4) give the higher order corrections to fi, 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(\) gauge invariant electroweak boson interaction 

Lagrangian. Details can be found, for example in Ref. [15]. The anomalous 

couplings are then denned by 

9wwv A £ a n o m = i ( K v - 1)W+W„V'"' + i^-Gx.G^Vl , (3.6) 

where V" is either the Z or the 7 field, W is the W~ field, = 9MW„ - d„VVV, 

Vtiv = 5/iV„ — dvVp are the corresponding field strengths and = — 

ie(AfiWl, — W m j 4 „ ) , with AM 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*i = — e , 

9wwz = - e cotOw , (3.7) 

where e denotes the positron charge and 9W the Weinberg angle. 

The SM values of the parameters are 

KZ = K-y = 1 , 

A2 = A 7 = 0 , (3.8) 

/c7 is conventionally called the anomalous magnetic moment of the W. The 

couplings K.y and Â , are related to the magnetic moment fiw and the electric 

quadrupole moment Qw of the W+ by 

m = 2 i b ( 1 + ^ + A ^ ' 

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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(sinGw cosGw) sinG w 

The above are very well tested 

e cotG w 

e2 cot2G w 

Not yet tested directly 

ure 3.1: SM couplings for f, 7, W and Z. 
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Figure 3.2: Feynman diagrams contributing to the process e+e —»• W+VF at 
tree level, A stands for photon. 

w w 

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 
e+e" -> W + W ~ at L E P I I 

4.1 Introduction 

In the Standard Model (SM) of electroweak interactions, the SU(2)xU(l) 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 e+e~ —> W+W~. 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 e+e~ —> 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-II . 

In contrast, the process e+e~ —> W+W~j 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 

.Ely > 0.05a/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 
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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 « 7 and A 7 , obtained from W j production in pp collisions, 

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

are [17] 

-0.11 < « 7 < 2.27 , 

-0.81 < A 7 < 0.84 . (4.1) 

There are no limits on KZ and Xz- In the Standard Model, non-zero values of 

(« — 1) and A 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 7 — 1) ~ 5 X 1 0 - 3 

and A 7 ~ —5 x 10~4 [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 jWW vertices which contribute 

to the lowest order e+e~ —• VF+VF~ cross section we have (see Figure (4.1)) 

+ {Pp9na - Pag^){l + Kv + Xv)} . (4.2) 

As mentioned above, the e+e~ —> VF+VF~ amplitude contains at most one 

tri-linear coupling, and the cross section therefore depends quadratically on the 

anomalous couplings. In contrast, the e+e~ —> WA +H^~7 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 K . 

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 V l ^ + I V _ 7 cross 

section at y/s = 200 GeV, with a view to establishing the region of validity of 

33 



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 

u > 2.5 GeV , 

|J/7| < 1 (40° < 01 < 140°) , (4.3) 

where u> and r/7 are the photon energy and pseudorapidity respectively and 0y 

is the photon angle relative to the beam direction. In all the results presented 

below we use Mw = 80 GeV, Mz = 91 GeV, sin 2 0W = 0.23 and T z = 2.55 GeV. 

Figure (4.2) (solid histogram) shows the distribution daww-r/du). Note that the 

total W + W ~ 7 cross section for these cuts is 0.26 pb, which is roughly 1.5% of the 

total cross section. 

When the photon is 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 Ai be the matrix element for the process 

e~(pi)e+(p2) —* W+ (q\)W~ (q2)~f(k). When the photon momentum k11 is much 

smaller than any of the other momenta, we can write 

\M\2 ~ \M0\2e2T , (4.4) 

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

=

 Mw Mw 2gi-g2 m2

e m2

e 2Pl.p2 

I t \ O / 1 \ 0 ' 1 1 / 1 \ 0 / 7 \ 0 ' (qi.k)2 {q2-k)2 qi.k q2.k (pi.k)2 (p2-k)2 P\.k p2.k 
2q2-Pi 2ql.p2 2q1.p1 2q2.p2 

+ , u + T-rzn: • (4-5) q2.k pi.k q1.kp2.k q^.k px.k q2.k p2.k 

To obtain the cross section we integrate over the phase space of the final state 

particles: 

< t ( W + W - 7 ) = 2 7 ? / |A4 | 2 d$ 3 ^ 2 ^ / | .Mo| 2 d$ 2 du dcos0 7 d^ 

(4.6) 

where d $ n denotes the phase space integration and F is the flux factor. Now 

suppose that the W+ is emitted at angle 0W to the beam in the e+e~ centre-of-

mass frame. If we integrate over all <̂>7 and over photon polar angles such that 

| 7 / 7 | < 77, then the inclusive photon energy distribution is 

u 7~ - / 1 d ( 7 ° ^ S(V»cos ^ ) d cos 0W = Cs , (4.7) du> J dcos0,„ 
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where the soft-photon emission probability is 

e2 f 
S(r}, cos 9W) = / u f j 7 dcos# 7 d< 7̂ . (4-8) 

lD7r J J 

This soft approximation is compared to the exact distribution in Figure (4.2). We 

see clearly that the approximation is good for u> < (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 W+W~j and W+W~,yj vertices. 

Therefore, the distribution of soft photon emission, T, 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 , A ) dependence would simply cancel in the ratio a^dor/du. The key point 

to note is that the soft-photon factor S in (4.7) has a non-trivial 6W dependence, 

and therefore weights the (K , A)-dependent 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 6W spectrum— 

could be exploited. Our analysis using soft photons provides another method of 

probing this distribution. 

Note, also, that we treat the bosons as on-shell, stable particles. It would 

be straightforward to include the additional contributions to T which arise from 

emission off the decay products in W —> / / ' ; 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 u>0 < u < u>i and 

|T77| < 1 respectively) depends on the anomalous K and A couplings defined in 
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Section (3.1). We therefore define the ratio 

r<«, A) = _ ! _ f ^ > = ̂ 1 log (51) . (4.9) 

Wi th Standard Model couplings and u>0 = 2.5 GeV,u>i = 10 GeV we find r = 
rSM = 8.7 x 10~3. Figures (4.3(a-d)) (dashed lines) shows the ratio 

R ^ X ) = ^ 1 (4.10) 

as a function of the anomalous couplings ( K 7 , KZ, A 7 , XZ) 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 e+e~ —> W^+VT- cross sections without 

photon emission, i.e. 

The fact that the solid and dashed curves are different means that the soft 

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 RQ curves are quadratic), which can be resolved with additional 

information from R. 

Finally, we study how the dependence of the W+W~~f cross section on the 

anomalous couplings varies with the photon energy. Figures (4.4(a,b)) show the 

inclusive photon energy distribution 

1 M ^ R . ( 4 . 1 2 ) 

(TO(K,X) aw 

normalised to the corresponding SM distribution (i.e. the solid histogram in Fig­

ure (4.2). In Figure (4.4(a)), K 7 is fixed at its SM value and KZ 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 K 7 , while being maximally sensitive 

to Kz- 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 + VF~7 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 VK+VK- cross section. 

Events with soft photons could therefore provide complementary information on 

the form of the electroweak boson interactions. 
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Figure 4.1: The fW+W~ and ZW+W~ vertices T^^P, qu q2). 
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Figure 4.2: The photon energy distribution da(W+W~i)/du at y/s — 200 GeV 
with |?77| < 1, in the Standard Model. The solid histogram is the result of the 
exact calculation and the clashed histogram is the soft approximation defined in 
(4.7). 

39 



1.25 

R o 
R 1.2 

a) 
1.15 

1.1 

1.05 

1 

0.95 . 

0.9 . 

0.85 I i i i i I 

0 0.5 1 1.5 2 2.5 

Figure 4.3(a)The ratios R (dashed lines) and Ro defined in (4.10) and (4.11) re­
spectively, as a function of the anomalous couplings defined in (3.6). « 7 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 Ro defined in (4.10) and (4.11) re­
spectively, as a function of the anomalous couplings defined in (3.6). ftz is varied 
while the others are kept fixed at their SM values. 
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Figure 4.3(c) The ratios R (dashed lines) and RQ defined in (4.10) and (4.11) re­
spectively, as a function of the anomalous couplings defined in (3.6). A 7 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 RQ 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. 
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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 K 7 with (KZ, A 7 , \Z) fixed at their SM 
values. 
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Figure 4.4(b) The inclusive photon energy distribution defined in (4.12), nor­
malised to the SM distribution for different Kz with ( K 7 , A 7 , \Z) fixed at their SM 
values. 
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Chapter 5 

Anomalous Quartic Couplings in 
W ^ ~ W ~ ' y production at e + e ~ 

Colliders 

5.1 Introduction 

As stressed in chapters three and four, in the Standard Model (SM) of electroweak 

interactions, the SU/,(2)x U y ( l ) 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, W+W~j and W+W~Z, and four 

quartic vertices ^ + ^ - 7 7 , W+W~^Z, W+W~ZZ and W+W'W+W'. Only 

recently have experiments begun to test these vertices directly. At the CERN and 

FNAL pp colliders, a handful of W ± f events have been used to place limits on 

the anomalous T y + j y - 7 trilinear couplings. The LEP I I e+e~ collider will also 

test the trilinear vertices through the total W+W~ 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 e+e~ —> W+W~'j, 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 Ws 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 

e + e ~ —> W + i y - 7 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 W+W~'y 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 ful l U ( l ) 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 ( l ) e m symmetry requires derivatives [22]. These operators1 are: 

C° = -J^aoFaPF^(W,.W^) (5.1) 

Cc = -^acF^F^iW'-Wv) (5.2) 

Cn = i^aneijkW^W^W^aF^ (5.3) 

1Note that the operator C° 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 are the U ( l ) e m and the SU(2) 

field strengths respectively. The parameter A is an unknown 'new-physics' scale 

which, following convention, we take to be Mw 

The physical Lagrangians are obtained when the above are written in terms of 

the physical fields W+, W~ and Z° = W3 cosdw. The physical basis for C° and 

Cc is obtained by the substitution [22] 

W.-Wy-* 2W+W-+-^-Z^ (5.4) 

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

W,a-(W,xWa) -> \(d,W+- daW+)(ZuW~a - zaw;) 
cos uw

 1 

+(d,W~ - daW~)(ZaW+ - ZuWa+) 

+(d,za - daz^){w;w+a - w+w-a)} (5.5) 

The effective Lagrangians C° and Cc give rise to an anomalous W+W~n coupling, 

whereas Cn 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_), 7 a (p i ) and f p ( p 2 ) (or Z0(p2) for Cn) are 

llTCt 
i—nr o,o9^[ga(i{p\-P2) - P2aPip\ (5.6) 

and 

7TQ; 
«2^2 ac [{P\-P-l)(9na9vp + 9nP9au) + gap{PlnP2u + P2fiP\v) 

-P\0(9anP2v + 9avP2n) ~ P2a(gpnPl» + 9pvPln) ] • (5.7) 

Finally, 

net 
''J^J~/^2an k^[<Wl-(P2 - P+) ~ Plv(P2 ~ P+)a] 

-9up[gmP\-{.P2 - p - ) - Pl»(P2 - P-)a] 

+9nv[gam-(p+ ~ p - ) - P \ P ( P + - p - ) a ] 

-P2ti(9a»P\(3 - gaPPlv) + P2v{ga»Pll3 ~ SWJPl/x) 

-P-p(9anPlu ~ gavPln) + P+p{9auP\ti ~ ga,xP\u) 

+p+u(gapp\tl - gatlpip) + p-»{gapp\v - gavP\p) ] • (5.8) 
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Note that the operators studied here do not respect the fu l l local SU/,(2)x 

U y ( l ) gauge invariance. The Lagrangians C° and Cc 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 a 0, ac and 

an on the total V F + j y - 7 production cross section at a 500 GeV e+e~ collider [21]. 

The anomalous cross sections are quadratic functions of the parameters do, ac and 

an. 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 

M < 2 , £ 7 > 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 2 , sin 2 0w = 0.23 and Tz = 2.55 GeV. With 

these parameters, the Standard Model total cross section (a0 — ac — an = 0) is 

123.4 fb, which corresponds to a total of N(W+W~j) = 1234 events for an 

integrated luminosity of C = 10 f b - 1 . The two horizontal lines in Fig. (5.1) 

correspond to a ±3cr statistical variation of the Standard Model result, i.e. 

SC-SM = ± 3 (5.10) 

where the integrated luminosity is again taken to be C = 10 f b - 1 . The ±3<r band 

corresponds to the following variation in the anomalous couplings: 

-0.64 < a0 < 0.42 

-1.38 < ac < 0.65 

-3.9 < an < 4.25 , (5.11) 

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

an parameter.2 We next investigate the dependence of the cross sections on the 
2 I n 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 distribution at y/s = 500 GeV, with the 

same cuts and parameters as before. Fig. (5.2(a)) shows the distributions for 

do = 0 (Standard Model, solid line), a0 = ± 1 (dashed lines) and do = 0.42 (the 

3cr 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 E-, —• 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 ac and an 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 

e+e~ —» W+W~ contains two different types of contribution: s-channel Z,j ex­

change and i-channel neutrino exchange. The anomalous quartic coupling con­

tributions to W+W~y production, however, only receive contributions from the 

former, i.e. e+e~ —> Z*,7* —> W+W~j. It follows that the effects will be largest 

in the positive helicity initial-state configuration, A e-A e+ = + 1 , since this receives 

no contribution from the 'Standard Model background' neutrino-exchange dia­

grams. Fig. (5.3) shows the distribution da^(a,)/dE^ (i = 0,c) at 500 GeV for 

(a) the positive helicity A e-A e+ = +1 cross section (cr+) and (b) the negative he­

licity A e-A e+ = — 1 cross section (cr~). For the same variation in the aj, 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 V K + W - 7 Standard 

Model cross section as a function of £beam- There is a difference of some two 

orders of magnitude between a~ and a+. 

Finally, we address the question of whether there is any possibility of seeing 

an effect in VK + i y~7 production at lower e+e~ collider energies. We consider 

variations in a 0 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 cr, <r+ and cr~ for a0 = 1 to that of the corresponding 
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Standard Model cross section, as a function of .Ebeam, with the same photon cuts 

as before. Below JSbeam = 150 GeV the effects are negligible. The increased 

sensitivity to an in <T+ is partially offset by the much smaller cross section in this 

channel. Taking C = 10 f b - 1 for both the positive and negative helicity channels, 

we calculate from Fig. (5.5) that at 500 GeV, a0 = 1 gives a 7.5a increase of a~ 

and a 47<r increase of <r+. The corresponding numbers for 300 GeV collisions are 

0.4cr and l.Ocr respectively. 

Of course we do expect to obtain a handful of W+W~,y events even at LEP I I , 

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~j cross sections for > 

20 GeV, |?/7| < 2 photons in e+e~ collisions at 200 GeV, as a function of a0 and 

ac.3 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+W~i 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 

y/s = 300 GeV to y/s = 500 GeV - although some crude limits should be possible 

even from a handful of events at LEP I I . 

3the dependence on a„ is negligible at this energy 
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Figure 5.1: The total cross section for the process e+e~ —> VK + W~7 at A/S = 
500 GeV as a function of the anomalous couplings a0, ac and an. The ±3<r 
variation about the SM cross-section is indicated by the horizontal lines. 
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Figure 5.2(a)The photon energy distribution da/dE1 for different values of the 
parameter, at y/s = 500 GeV. 
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Figure 5.2(b)The photon energy distribution dajdE^ for different values of the 
parameter, at y/s = 500 GeV. 
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Figure 5.2(c)The photon energy distribution da/dE^ for different values of the 
parameter, at y/s = 500 GeV. 
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Figure 5.3(a) The positive-helicity cross sections dcr^^a^/dE^ as a function of the 
photon energy, at y/s = 500 GeV. 
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Figure 5.3(b) The negative-helicity cross sections da±(ai)/dEy as a function of the 
photon energy, at y/s = 500 GeV. 
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Figure 5.4: The positive- and negative-helicity contributions to the Standard 
Model e +e~ —> W+W~*y cross section as a funct ion of the beam energy. 
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Figure 5.5: The ratio of the total , negative-helicity and positive-helicity cross 
sections for ao = 1 to those of the Standard Model (<io = 0), as a funct ion of the 
beam energy. 
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Figure 5.6: The dependence of the total e + V K + W 7 cross section on the 
anomalous couplings ao and ac at LEP I I (y/s — 200 GeV) 
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Chapter 6 

Soft Photon Radiation in 
e + e " -* bbW+W-

This chapter presents a detailed analysis of soft photon emission in top quark 

production and decay. In particular, the radiation pattern i n the process e +e~ —» 

tt —> bW+bW~ at high scattering energies (of order 600 GeV) is considered. The 

motivat ion behind this is as follows. The recent results f rom the DO and CDF 

experiments places the mass of the top [150-200] GeV, thus suggesting an exciting 

possibility of a great experimental input f r o m the next generation of linear e + e" 

colliders. Previous work on the subject [25, 26] w i t h soft gluons (i.e. gluons w i t h 

energy u ~ T where T is the top width) shows that the radiation pattern depends 

sensitively on the top mass and wid th . 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. A n apparent disadvantage however, is 

that for photons in i t i a l state radiation is a potentially important background to the 

interesting effects due to radiation off the top quarks and their decay products. I n 

this chapter we present the analogous calculation to [25] for soft photon radiation, 

taking the in i t ia l state radiation contribution fu l l y into account. We shall see that 

for certain configurations of in i t ia l and f inal state particles, the radiation pattern 

does indeed have a very rich structure, depending on the top mass, w id th and 

energy as well as on the orientation of the b quark and the W boson w i t h respect 

to the parent Vs and to each other. The conditions under which in i t i a l state 

radiation is minimised are investigated. 

Consider the production of a stable heavy quark pair i n e +e~ annihilation at 
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high collision energy 2E. The soft photon emission probabili ty is 

—da — — 
M2 

+ \ 
+ 2eQee 

( f t . * ) 2 

2 
+ 

+ 
M 2 

m 
2 

m 

(9i-*)(92.fc) 

/ 92 .A + 

(Pa^.k) 
9 i A 

(q2.k)(P1.k) (qi.k)(P2.k) 

q^.P] q2.P2 

(qr.k^.k) (q2.k)(P2.k) J J 
(6.1) 

where e is the electromagnetic coupling constant, Pi is the e - momentum, P2 is 

the e + momentum, are the quark momenta, k is the photon momentum and M 

is the quark mass. 

The result for soft gluon emission is obtained f r o m (6.1) by setting eQ = 1, ee — 

0 and e 2 = Cp g2

s, where gs is the strong coupling constant. For emission angles 6 

close to the quark direction and ignoring photon emission f r o m the electron lines, 

this reduces to 

0o 
da 

2 "em duj 
2Q-

92d92 

7T W [0 2 + (M/E)2}2 
(6.2) 

where £7 is the energy of the quark in the quark centre of mass frame and OJ is the 

photon energy. In the high energy l i m i t E/M >• 1, (6.2) exhibits the 'dead-cone' 

effect: the emission is suppressed for angles 0 & 60 — M/E [27]. As the energy 

increases, the cone becomes more narrow. 

I f the top quark is then allowed to decay, a simple modification of the above equa­

t ion taking the top wid th into consideration leads to [25] 

1 2

 aem du 62d02 

O~Q = e Q ^ r ^ [ 6 2 + e2}2 + (MT/Eu)2 • { 6 , 3 ) 

The above equation now exhibits the dead-cone effect in an angular region depen­

dent on r and the mass of the top. However, i t ignores emissions off the b quarks 

and the W bosons. Depending on the orientation of these particles, these emis­

sions may lie wi th in the top dead-cone, thus deforming the cone and exhibit ing 
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dead-cone effects themselves in their directions. The orientation of these par t i ­

cles (which can be controlled experimentally) has a major effect on the radiation 

pattern as we shall see. 

I n Section (6.1) we shall derive f rom first principles the soft photon radiation 

pattern in e+e~ —* ti —» bbW+W~. I n Section (6.2) we present some numerical 

results that can be realized in the next generation of e +e~ colliders. I n Section 

(6.3) we present the conclusions. 

6.1 Calculation of the Radiation Pattern 

I n this section we describe the calculation of the soft photon radiation pattern i n 

e+e" -> tt -> bbW+W-. 

6.1.1 Lowest Order Cross-Section 

We consider photon radiation in the process e+e~ —> ti —> bW+bW~ at high 

energies, well above the ti threshold. First we define some variables: W is the 

centre of mass energy, E = W / 2 is the energy of the t and i, M is the mass of the top 

quark, T is the total decay wid th of the top quark, d£lt is the solid angle element of 

the ti pair in the lab (e + e~ centre of mass ) frame, and 6b{0i) a r e the polar angles 

of the b(b) quarks w i t h respect to the t(i) direction. The momenta of the particles 

are labeled by e-(Pl)e+(P2) -» b(Pl)W+(r1)b(p2)W-(r2) and q{ = p,: + r{ ( i = l , 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 in i t ia l and final state radiation. I t is also wor th 

mentioning that our analysis is exact for the process e+e~ —> —> llvv^ 

where the formula derived applies total ly w i t h an appropriate modification of the 

charge factors (as the eikonal factor is the same for a photon coupling t o a l f and 

a photon coupling to a quark). 

The lowest order cross section (no photon emission) [25] is 

d a 1 .. l r l l l r 2L ... /, / w i , n ,.. w 
dntdnbdn-b i 2 8 i y 2 ( 2 7 r ) 8 E 2 
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dq\ dq\ 
M2)2 + M2T2 (q2 - M2)2 + M2T2 

1 
4 

x -J2 \M'(e+e- bbW+W~)\2 (6.4) 

where the sum is over the spins. The t>'s are the quark velocities in the lab frame: 
vt = I Q I / E i vb(S) = |Pi 1/^6(5) a n d the internal t quark propagators have been 

factored out of the matr ix element M1. To perform the integral over the t quark 

virtuali t ies the narrow width approximation is used [25] 

dq2 

I 7T (6.5) 
(q2 - M2)2 + M2T2 MY 

w i t h the matr ix element evaluated at qf = 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 l i m i t k <C Pi,ri the phase space can be wr i t t en 

as 

d<&4 UJ duj dcos0 7 d$ 7 /2 (27r ) J (6.6) 

where # 7 is the polar angle of the photon w i t h respect to the top direction, 4>7 is 

the azimuthal angle wi th respect to the top direction, u> is the photon's energy 

and the mat r ix element can be wri t ten in terms of J M : 

M ~ M' e J • ex (6.7) 

where is the photon's polarization vector and J M is the current. 

Af te r absorbing the internal quark propagators into the definition of the cur­

rent and making use of the identity 

1 1 / 1 1 \ 

(q2 - M2)((q + k ) 2 - M 2 ) 2 q - k \ q 2 _ M

2 ( 9 -(- k ) 2 - A f V 

the following result is obtained for J**: 

(6.8) 

9i 
q2-k q-i.k 

+ ee 

P? P£_ 
Px.k ~ P2.k 

1 

(q2 - M2)(q2 - M2) 
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+ eb 

Pi 

+ -et-
<72 

+ e-b 
P2 

q2.k p2.k 
+ ew+ 

ri-Ary ( ( g i + fc)2_M2)(9|-M2) 

r2-k) ( q l - M

2 ) { { q 2 + k Y - M 2 ) 

where M = M - iT/2. 

The current J'*1 for the analogous process e +e~ —> W+W~f —• llvv^ is 

(6.9) 

J ' " 

+ 

9? 

ii u 
9i + Pi 

+ 
1 

(<7i2 - M2){ql - M 2 ) 

qi-k Pi.kJ + Jb)a _ M ){q2

2 - M ) 

1 92 + P2 

92-fc P2-kJ (q\ - M )({q2 + k f - M ) 

where the momenta of the final state particles are labeled by 

(6.10) 

e"(P i )e + (P 2 ) -> W+(q,)W-(q2) -» l ( P l ) l(p2) i / (n) u{r2) j ( k ) . 

A l l the individual terms are separately gauge invariant: A.k = B\.k = B2.k = 0. 

I n overall structure the result in (6.9) is very similar to the gluon result [25] but 

note the presence of extra terms which arise f rom the fact that photons can also 

be emit ted off the in i t i a l e+ and e~ and off the W boson. 

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

integrating over the qf virtualit ies, which gives 

j dq\dqlY,\M\^(-^fY,\M'\2 

where the quantity T is defined by 

I d£dq\[-J.r\. 
7T J 

Now using the above definit ion of J M , T is simply 

T = \A? + \B,\2 + \B2\2 - 2Re[BlB*2] + 2Re[A{B2 - B,)*} 

(6.11) 

(6.12) 

(6.13) 
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w i t h 

(92.fc)2
 (qi.k)(q2.k)J 

T (P 2.fc)2 ( P ^ k ^ . k ) 

o f g2-Pi . 9i-P 2 2e t e e - 7 , w „ J X + 
(q2.k)(P1.k) ^ {qx.k){P2.k) 

qx.Pi q2.P2 \ 

l # i | 2 

(q1.k)(P1.k) (q2.k)(P2.k)J 

e2m2 e 2

w + M ^ e2

tM2 

2 ( P l . k y ( r i . k y ( q i . k ) 

+ 2etew+ 

(pi.fc)(ri .fc) (<7i.^)(pi.A;) 

|S 2 | 2 = 

(^ 1.fc)(r 1.A;) 

e 2 m 2 e ^ + M 2 ^ e2M' 
(p2.k)2 (r2.k)2 (q2.k)2 

2e\,ew+ -,—P, \ , 2 , x + 2ete(, 9 2 P 2 

+ 2etew+ 

{P2-k)(r2.k) (q2-k)(p2.k) 
q2-r2 

(q2.k)(r2.k) 

P\-P2 | 2

 r l ' r 2 , 2 91-92 
-2Re[BxB*} = [e2 ^ , , + 

(Pl.fc)(p2.*) ^ > i . * ) ( r a . * ) ^ * (qi.k)(q2.k) 
px.r2 p2.rx 

+ e b e w + [ ( P l . k ) ( r 2 . k ) + (p 2 . f c ) ( r 1 . f c ) j 

/ Pi-92 91-P2 v 
C i e i l (p , . f c ) (9 2 . f c ) " , " (9 i . f c ) (P2 . f c ) ; 

/ n-92 91-^2 \ 
C l C H r + l ( r 1 . f c ) ( 9 a . A : ) + ( 9 l . ib ) (r 2 . jb ) i / 

X 2M2T2D1D2{q1.kq2.k + M 2 T 2 ) 

+2Re[A(B2 - Bxy] = 
2/ M 2 91-92 , 

e t ( 7 — / . , . w . , . J '(q2.k)2 (qi.k)(q2.k)' 
, 92-P2 gi-Pa v 

) 

, _ / J l - 9 2 J 2 ' f 2 >, 
C e " e H (P i .* ) (ga . Jb) (P 2 ^)(92 .A; ) ; 

ee- eb(7TTTT7 7\ ~ 77TTT7 77) 

, HI-1 £ 
[(q2.k)(r2.k) (gi.fc)(r 2 .fc) 

Pi-92 P2-92 
(Pr.k)(q2.k) (P 2^)(92 .A;) 

Pl-P2 P 2 -p 2 

( P i . k ^ . k ) (P2.k)(p2.k) 
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- ee-ew+( 

x 2M2T2Do 

Pi-r2 

(Pi.fc)(r 2.fc) (P2.k)(r2.k) 

+ 
M2 

92-9i 

+ e te 6( 
92 -Pi 9l-.Pl 

+ etew+( 

+ e e-e t( 

(?2.*;)0»i.fc) (9i.*)(pi-*) 
Q2-ri qi-ri 

) 

(q2.k)(r!.k) (gi.fc)0"i.fc) 
P2.qi Pi.qi 

(P2.k)(gi.k) {Pr.k^.k) 

(

 Pl-Pl P2-Pl x 

^ V l - * ) ^ - * ) (P2.k)(Pl.k)) 

Pi.ri P2.n 
+ e e-ejy+( 

(P,.k)(ri.k) (P 2 .fc)(r 1 .A ; ) ) J 

x 2 M ' P A (6.14) 

A = (5TibFrW' < = 1 ' 2- ( 6 - 1 5 ) 

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

photon energy and angular distr ibution in the form: 

1 d<7-y a 
7 - e m - j F . (6.16) 

a0 dud cos 07d<^7 iir2 

Notice that the separation of the current into three pieces can be understood 

as dividing the emission into a contribution which can be at t r ibuted to emission 

off the in i t i a l e + e~and a stable it pair (A11) and contributions {B^B^) associated 

w i t h the emission off the t, b quarks and the W + boson in the decay t —> bW+ and 

ib quarks and W~ boson in the decay i —> bW~. Thus, the radiation pattern (the 

current squared) contributions come f r o m three antennas {e+e~ti, tbW+, ibW~} 

together w i th interferences between them. 
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6.2 Numerical Analysis 

In this section we present the numerical results for the photon distr ibut ion and in 

particular the angular distr ibution given by 

dN 1 da* 
dcos6* ~ a0dw dcos9*d^=5GeV^° 

~ 4^2 W ^ L=5GeV,* 7 =0 • 

(6.17) 

Since we assume the photon is soft, i t 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 t and i momenta are back-to-back in the e +e~ 

centre of mass frame, the b W~ are taken to be in the same plane as the 6 W + 

and the 66 pair is taken to be back-to-back in the lab. A l l the angles are mea­

sured w i t h respect to the t direction, or the tbW+pl&ne, i.e. $ 7 = 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 1 , o> = 5 GeVand a e m is taken to be 

Note that we choose u = 5 GeV not only to correspond to a potentially measur­

able photon but also because the greatest sensitivity to the w i d t h is for u> ~ T [25]. 

Fig. (6.2) shows the radiation pattern w i t h 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, i t is constructive to consider i t in order to gain an 

understanding of the problem. The figure shows the photon's total angular (9y) 

distr ibution (Tot) as given in (6.17) w i t h 6b = 45°, 6e = 90° and T = 0.7 GeV, 

the standard model value for M=140 GeV. The distr ibution is symmetric when 

0y —• 0-y + 180° due to the symmetric configuration chosen. The contributions 

according to the decomposition (6.13) are also shown. I t is obvious f r o m the 

figure that the biggest contribution comes f r o m the in i t i a l state radiation \A\2 

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

1Although this value is slightly less than the recently reported C D F value, see Table(l.l), 
non of the conclusions depend sensitively on the actual value. 
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the in i t i a l state radiation has to be minimized. This w i l l be discussed extensively 

below, where the \A2\ term w i l l be examined more closely. 

The remaining contributions come f r o m the tbW+ antenna, |J3i | 2 ( B l ) and the 

ibW~ antenna | i ? 2 | 2 (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 f inal state radiation off the decay products f r o m the 

decay * -> bW+ and i - * bW~ is the -2Re[j5i_B^] (B1B2) contribution. This term 

is sensitive to T but is not the biggest interference contribution. Finally, the last 

contribution comes f rom the interference between in i t ia l and f inal state radiation, 

2Re[A(l?2 — Bi)*] ( A B ) . This is the biggest of the two interference contributions. 

I t also has a destructive part which gives the dead-cone structure as discussed in 

the introduction. The above contribution depends sensitively on T as suggested 

by (6.14). However, the in i t i a l state radiation has the strongest effect on the pat­

tern and all the other contributions are swamped by i t . 

Fig. (6.3) shows the photon's angular distr ibution (w i th all particles s t i l l i n the 

same plane) for the case of 0^ — 45°, 9e- — 90° for three values of T, 0.7 GeV (the 

standard model value), in f in i ty 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 in i t i a l state 

radiation which is independent of T. The main features to be noticed here are: 

1. Dead-cone-like distr ibution [25] : the emission is at a m i n i m u m 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 distr ibution about the b and the b direction. This 

depends quite sensitively on T, and so by changing the value of Y one can change 

the shape of the curve. 

3. There is a shoulder at 180° which is the direction of the t. By changing the 

value of r the shape of the radiation pattern is changed, i n particular the shoulder 

alters its shape and become less pronounced for increasing V. This is mainly due 

to the fact that the bigger the value of T, the bigger the interference terms and 

the same is true for the t direction. 
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4. There are singularities in the radiation pattern at 90° and 180° due to in i t i a l 

state radiation. Since the leptons are taken to be massless, the dot products like 

( P i . k ) can vanish and the distr ibution is singular. 

From the above observations i t is clear that the in i t i a l state radiation should 

be minimized to gain greatest sensitivity to T. 

Fig. (6.4) shows how the radiation pattern changes when the separation of the 

in i t i a l state and f inal state particles is increased. We do this by keeping all the 

final state particles in a plane and by rotat ing the in i t i a l e+e~ beam directly out 

of plane by an angle (j)e, keeping 6e = 90°. As we can see f r o m the figure, the 

contribution f r o m the in i t i a l state radiation dies quickly, in fact i t almost has 

reached its m i n i m u m by the t ime the e+e~ beam is at around 30° out of the tbW+ 

plane. Note that fig. (6.2) is the <j)e = 0 plane in the three-dimensional plot . 

Thus, as the e+e~ beam moves away f r o m the rest of the particles the in i t i a l state 

radiation effects die out rapidly. 

The \A\2 te rm can be wri t ten as a contribution f r o m the ti quarks A\, the 

e+e~ beam A2, and interferences between them A3, i.e. 

\A\2 = A1 + A2 + A3 (6.18) 

where 

9 / M2 M2 . o 91-92 
A i = - e 2 ( — 1 - , + 7 - T r , ) + 2e2 

(ch.k)2 (q2.k)2' 1 (qi.k)(q2.k) 

A - - ( e )2( m ' | m e o pi-p2 ) 
{ee-> \Pr.k)2 + (P2.k)2 Z(P1.k)(P2.k)) 

A3 = - 2e ( e e -
92-A 9l-^2 

.(g2.*)(iV*) (qi.k)(P2.k) 

q\-P\ q-i-P-i 
(ql.k)(P1.k) (q2.k)(P2.k)\ 

(6.19) 

Fig. (6.5) shows these contributions wi th 0^ = 45° and 6e = 90°. The A\ part 

is identical to the gluon case wi th in a multiplicative factor, and is independent 
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of the orientation w i t h respect to the e+e~ beam. In the case where the photon 

is i n the tbW+ plane, the second part (A2 term) is largest when the e +e~ beam 

is in the plane of the rest of the particles. Note that when the beam is i n the 

transverse plane {(f>e = 90°) this term is constant i.e. independent of 91 . Note 

also that we have a symmetry when <j>e —» 180° — <f>e as can be seen in the figure. 

Finally, the A3 interference term is antisymmetric when (j>e —• 180° — (j>e and thus 

is identically zero at <j>e = 90°. I t is also worth mentioning that for a wide range 

of angle (/>e the A2 term is constant and the A3 te rm is very small. 

Fig. (6.6) shows the angular distribution under m i n i m u m in i t i a l state radiation 

conditions w i t h 6^ = 45°. I t is interesting to compare this figure w i t h f ig . (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. I n this configuration the in i t i a l 

state radiation does not dominate the pattern and does not f i l l the angular region 

between the f inal state particles. 

I n order to focus on the effects of the in i t i a l state radiation we have so far 

restricted the photon to lie in the plane of the f inal state particles. I f we take the 

plane of the f inal state particles to be transverse to the beam direction (<f>e = 90°) 

and then allow the photon to be emitted out of this plane (<I>7 > 0°) then we 

again see the influence of the in i t ia l state radiation. Fig. (6.7) shows the radiation 

pattern for different the e +e~ beam is in the completely transverse plane so 

<f)e = 0e = 90°, 0b = 45° and T = 0.7 GeV. The % = 0° curve is essentially 

identical to the T = 0 GeV curve in f ig . (6.6) (i.e. the difference between the 

r = 0 GeV and the T = 0.7 GeV is very small). The dead-cone effect is again 

swamped by in i t i a l state radiation since the dot product terms like (P\.k) are angle 

dependent and so the A2 term which is the biggest contribution to the in i t i a l state 

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

6.3 Conclusion 

I n this chapter the distribution of soft photon radiation in the process e +e~ —> 

it —> bbW+W~ is studied. We have demonstrated that the in i t i a l state radiation 
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can easily swamp the sensitivity of the radiation pattern to the top decay wid th . 

However, for the case when the f inal state particles are i n a plane transverse to the 

beam direction and when the photon itself is in this plane, then the in i t ia l state 

radiation effects are minimized, only contributing a small constant background 

to the overall pattern. Thus the radiation pattern depends sensitively on the top 

w id th . For purposes of i l lustration 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 i f the mass is increased to the most recent CDF value of 

176 GeV. I t is clear f r o m fig. (6.5) that the min imum of the in i t i a l state radiation 

is valid for a much wider range of angles than just 90°. Thus, in practice, simply 

to keep the f inal state particles (including the photon) well away f r o m the in i t i a l 

beam should be sufficient. 
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Figure 6.1: A n example of a Feynman diagram for photon emission in e + e 
it —> bW+bW~; the decomposition corresponds to that in (6.9). 
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F i g u r e 6.2: D i s t r i b u t i o n of sof t p h o t o n r a d i a t i o n i n e + e —> tt —> bW+bW . 
dN/dcos(6^) (denned i n (6 .17)) fo r M = 140 G e V , W = 600 G e V , T = 0.7 G e V 
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F i g u r e 6.4: T h e effect of i n i t i a l s tate r a d i a t i o n w h e n the e+e~ b e a m is m o v e d away 
f r o m the f i n a l s ta te par t ic les . T h e pa ramete r values are 6\, = 4 5 ° , T = 0.7 G e V , 
M = 140 G e V a n d W = 600 G e V . T h e x - a x i s is <f>e i n degrees w h i l e t h e y-axis is 
0-y i n degrees. 
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Chapter 7 

The intermediate mass SM Higgs 
boson at L E P 0 L H C ep collider 

7.1 Introduction 

T h e Higgs sector of t he S tanda rd M o d e l ( S M ) [7, 9] is one of i t s mos t inves t iga ted 

sectors, ye t is cont inues t o be ve ry elusive. So f a r the Higgs p a r t i c l e has evaded a l l 

searches. Nevertheless, a lower l i m i t on the mass of t he S M Higgs <f> o f 64.3 G e V 

was e x t r a c t e d f r o m the lack of e + e~ —» Z° —> Z°*<j) events at L E P I [28]. A n 

uppe r b o u n d of ?» 1 T e V is expected . T h i s is de r ived by r e q u i r i n g the v a l i d i t y 

of p e r t u r b a t i o n t heo ry [29] and the u n i t a r i t y of the m o d e l [30]. The re fo re , i f t he 

S M Higgs <f> exists , we cou ld expect i t t o be discovered by the nex t genera t ion 

o f C E R N h i g h energy col l iders : L E P I I ( y / s e e = 1 6 0 - 2 0 0 G e V ) [31] and the L H C 

( A , P = 1 0 , W T e V ) [ 3 2 ] . 

L E P I I w i l l be able to cover t he mass range < 8 0 - 1 0 0 G e V . A Higgs 

w i t h a larger mass should be searched f o r at the L H C . A t L E P I I <f> can be 

de tec ted 1 t h r o u g h a large va r i e ty of decay channels, t he mos t f a v o u r e d b e i n g 

Z°(j) —> n~)(bb). A Higgs boson w i t h mass ~ 130 G e V is c lear ly de tec table 

at t he L H C us ing the f o u r - l e p t o n mode (f> - » Z°*Z° - > i l l l 2 . D u e t o the Q C D 

backgrounds t y p i c a l of had ron col l iders , i t is s t i l l cont rovers ia l whe the r i t is pos­

sible t o detect an in t e rmed ia t e mass H i g g s 3 i n t h e mass range 90 ~ ~ 130 G e V 

(where <f> m a i n l y decays t o bb pa i r s ) . I n th i s mass range <j> can be searched f o r 

x And produced via the Bjorken bremsstrahlung process e+e~ —* Z°* —• ZQ<j> [33]. 
2 With <f> produced via gg- [34] or W±W^- and Z°Z°-fusion [35]. 
3 V i a the associated production with a boson (decaying leptonically to Iv) [36, 37] or a 

ti pair (with one t decaying semileptonically to blv) [38, 39]. 
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t h r o u g h the rare 77 decay mode and th i s relies o n the fac t t h a t b o t h a h i g h l u m i ­

nos i ty and a ve ry h i g h d i - p h o t o n mass reso lu t ion m u s t be achieved a t the L H C 

[40]. I t is also unclear whe the r i t is possible t o c leanly detect t he i n t e rmed ia t e S M 

Higgs i n the <j) —» bb channel us ing the fe-tagging capabi l i t i es of ve r t ex detectors 

[41 , 42] . T h e m a i n d i f f i c u l t i e s be ing the expected l ow s ignal rates a f t e r recon­

s t r u c t i o n , t he necessity t o have an accurate c o n t r o l on a l l t he possible b a c k g r o u n d 

sources a n d t o achieve a ve ry h i g h 6- tagging pe r fo rmance [43]. 

I n the d i s t an t f u t u r e , cleaner env i ronmen t s f o r s t u d y i n g the Higgs boson 

parameters w i l l be the e + e~ l inear accelerators ( \ / s e e = 350 — 2000 G e V ) 

[8, 44, 45, 46, 47] . 

A t the N e x t L inea r Co l l i de r ( N L C ) , w i t h y/see = 300 - 500 G e V [46], t he 

Higgs boson can be searched f o r t h r o u g h a large n u m b e r of channels over t he 

whole i n t e r m e d i a t e mass range [48]. T h e d o m i n a n t p r o d u c t i o n mechan i sm is t he 

B j o r k e n reac t ion fo r y/see below 500 G e V w h i l e t he W^W*- a n d Z ° Z ° - f u s i o n 

processes [49] w i l l d o m i n a t e at larger energies. A t \ f s e e ~ 500 G e V [45] a heavy 

Higgs can be detec ted i n the f o u r - j e t modes (j) —> W^W*, Z°Z° —» j j j j [50, 51] 

i n a d d i t i o n to the 4 £ - m o d e . A t higher energies, \ / s e e = 1—2 T e V [47], the same 

search strategies s t i l l h o l d w i t h the f u s i o n mechanisms b e c o m i n g the d o m i n a n t 

ones. 

T h e conversion of t he l inear e + e~ N L C s i n t o 7 7 a n d / o r e~( co l l iders , by photons 

generated v i a C o m p t o n back - sca t t e r i ng of laser l i g h t , w i l l p r o v i d e new poss ibi l i t ies 

f o r de t ec t ing and s t u d y i n g the Higgs boson [52]. I n 7 7 coll is ions t w o of t he 

i m p o r t a n t channels w i l l be: the p r o d u c t i o n of a heavy Higgs ( u p to ?» 350 G e V ) 

b y a t r i a n g u l a r loop o f heavy fe rmions or W*, w i t h t he de t ec t i on v i a t h e decay 

mode <$> - > Z°Z° - > qq£+£- at y f e e e = 500 G e V [53], and the process 7 7 -> U<j), 

w h i c h appears more use fu l t h a n the corresponding e + e _ one i n measur ing the top 

Y u k a w a coup l ing t(f>, at v^ee = 1 — 2 T e V [54]. T h e e~f o p t i o n at l inear col l iders 

can be exp lo i t ed f o r s t u d y i n g Higgs p r o d u c t i o n v i a the process e~f —• veW<f), at 

y/see = 1 - 2 T e V and over the mass range 60 G e V S $ 150 G e V [55, 56] , 

us ing the s ignature W~<j> —• {jj){bb) [57]. T h e cross sect ion f o r t h e above process 

at such v ^ e e ' s i s c o m P a r a b l e t o the f u s i o n process e+e~ —> VgVeW^W^* —* ueve<f> 

a n d larger t h a n the b r e m s s t r a h l u n g reac t ion e+e~ —» Z°* —> Z°4>. F i n a l l y , i t 
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has been shown i n [58] t h a t the process e j —> c y j —> e(j> is t he mos t i m p o r t a n t 

m e c h a n i s m f o r ^ - p r o d u c t i o n at \ f s e e — 500 G e V , f o r M4, ~ 140 G e V . 

L e t us now consider the p r o d u c t i o n of t he S M Higgs boson at ep machines . 

T h i s seems t o be beyond the capabi l i t ies of H E R A [59], w h i c h has been p r i m a r i l y 

designed f o r p r o v i d i n g accurate da ta on the p r o t o n s t r u c t u r e f u n c t i o n s i n t he 

s m a l l - x reg ion , m o r e t h a n f o r Higgs searches [60]. I n t he f u t u r e , another ep 

col l ider is c o n t e m p l a t e d , the C E R N L E P ® L H C accelerator: i t w i l l combine an 

e l e c t r o n / p o s i t r o n b e a m f r o m L E P I I a n d a p r o t o n b e a m f r o m the L H C [32, 61] . A 

de ta i l ed s t udy on the d e t e c t a b i l i t y of an i n t e r m e d i a t e mass S M Higgs boson at such 

a m a c h i n e has been presented i n [62]. T h i s is based on the W^W*- and Z°Z°-

f u s i o n processes [60, 63, 64] , w i t h <f> decaying t o bb. I t has been shown t h a t i t shou ld 

be possible t o detect <j> p r o v i d e d t h a t a h i g h l u m i n o s i t y a n d / o r an excellent b-

f l avou r i d e n t i f i c a t i o n can be achieved. O n l y recen t ly has the pos s ib i l i t y of r e so r t ing 

t o back - sca t t e r ed laser photons at t he ep C E R N col l ider been suggested [65], 

searching f o r , e.g., jq —> q'W±(j) events, w i t h </> —> bb and —> iv or j j , w h i c h 

shou ld g ive de tec table Higgs signals i f good Mbi i nva r i an t mass r e so lu t ion can be 

achieved and e f f i c i en t fe-tagging can be p e r f o r m e d . 

T h e purpose of th i s chapter is t o s t u d y the f o l l o w i n g react ions at the 

L E P & L H C ep co l l ider 

qi - q'W±<l>, (7.1) 

<n - > qZ°4>, (7.2) 

91 - » 9 # , (7-3) 

i n t h e i n t e r m e d i a t e mass range of <f>, f o r a l l possible ( an t i ) f l avou r s of t he 

( a n t i ) q u a r k s q(q'), us ing laser back-sca t te red pho tons . W e discuss t he i r relevance 

t o t he de t ec t ion o f the S M Higgs and the s t u d y of i t s parameters , w i t h t he Higgs 

decaying t o fefe-pairs and assuming f l avou r i d e n t i f i c a t i o n on i t s decay p r o d u c t s . 

A l t h o u g h process (7.1) has a l ready been s t ud i ed i n [65], and the p a r t of t he 

analysis devo ted t o i t here largely overlaps t h a t s tudy, we decided nevertheless 

t o i n c l u d e i t f o r completeness and since, i n p r i n c i p l e , we can s l i g h t l y i m p r o v e the 

results p rev ious ly ob ta ined . I n f ac t , since we consider heavy quarks we i n c l u d e ad­

d i t i o n a l Higgs b r emss t r ah lung o f f quarks i n the amp l i t udes , even t h o u g h these are 

suppressed w i t h respect t o c o n t r i b u t i o n s c o m i n g f r o m diagrams i n v o l v i n g <f)W+ W~ 
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ver t ices . W e also c o m p u t e d a l l t he necessary rates f o r a l l the re levant backgrounds 

exac t ly , whereas these l a t t e r c o n t r i b u t i o n s were o n l y e s t ima ted i n [65]. Reac t i on 

(7.3) has been analysed i n [66] f o r M S S M n e u t r a l Higgses, fe-quarks a n d us ing 

b r e m s s t r a h l u n g photons b u t t o our knowledge , ne i the r the larger energy o p t i o n 

avai lable at L E P ® L H C nor the pos s ib i l i t y o f us ing laser back- sca t t e red photons 

has been e x p l o i t e d . 

T h e r e are at least t w o i m p o r t a n t m o t i v a t i o n s f o r ana lys ing processes ( 7 . 1 ) -

(7.3) at t he L E P ® L H C col l ider . F i r s t , i f t he S M Higgs boson t u r n s o u t t o have 

an i n t e r m e d i a t e mass greater t h a n the m a x i m u m value t h a t can be reached b y L E P 

I I a n d i f t he L H C detectors are no t able t o achieve the necessary per formances 

f o r t h e p r e d i c t e d Higgs measurements [43], t he ep C E R N col l ider w i l l be the 

f i r s t a l t e r n a t i v e o p t i o n available f o r s t u d y i n g such a Higgs, as i t w i l l c e r t a in ly 

be o p e r a t i n g before any N L C . Second, a l t h o u g h b o t h the cross sections and the 

l u m i n o s i t y at L E P ® L H C are expected t o be sma l l i f compared w i t h t he L H C ones, 

t he C E R N ep o p t i o n w i l l cons t i t u t e the first T e V energy e n v i r o n m e n t p a r t i a l l y 

f ree f r o m the enormous Q C D b a c k g r o u n d t y p i c a l of p u r e l y had ron ic col l iders . 

Moreover , processes (7.1)—(7.3) have the advantage, compared t o t h e W^W*-

a n d Z°Z°-fusion mechanisms, t h a t the a d d i t i o n a l heavy par t ic les and Z° 

( a n d also t, i n p r i n c i p l e ) can be used f o r t agg ing purposes by searching f o r t he i r 

decays, thus increas ing the signal t o background r a t i o . 

T h e p l a n o f the chapter is as fo l lows . I n Sect ion (7.2) we give deta i ls of the 

ca l cu l a t i on a n d the n u m e r i c a l values adop ted f o r t he various parameters . Sect ion 

(7.3) is devo ted t o the discussion of the resul ts , w h i l e t he conclusions are i n Sect ion 

(7.4) . 

7.2 Calculation 

F i g . (7.1) shows a l l the Feynman diagrams at t ree level c o n t r i b u t i n g t o t he reac­

t ions (7.1) a n d (7.2) i n the u n i t a r y gauge, where (q,q', V ) represent t he possible 

combina t ions (d, n, W~), (u, d, W + ) and (q, q, Z°) respect ive ly ( i n t he case of pro­

cess (7.2) o n l y t he f i r s t e ight d iagrams o f f i g . (7.1) c o n t r i b u t e ) . F i g . (7.2) shows 

the F e y n m a n diagrams at tree level f o r process (7 .3) . A l l quarks have been con­

sidered massive, so d iagrams w i t h a d i rec t c o u p l i n g of <j> to the f e r m i o n l ines have 
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been t aken i n t o account . 

T h e a m p l i t u d e s squared have been c o m p u t e d b y means o f t h e spinor techniques 

o f [67, 6 8 ] 4 . T h e m a t r i x elements f o r t he processes d j —* uW+<j> / u j —> dW~(j> a n d 

q j —• qZ°<j) can easily be ob t a ined b y t r i v i a l opera t ions of cha rge -con juga t i on . A l l 

of t he above a m p l i t u d e s have been tes ted f o r gauge invar iance . W e were also able 

t o " r o u g h l y " 5 reproduce , w i t h app rop r i a t e coupl ings , had ron d i s t r i b u t i o n s a n d 

l u m i n o s i t y f u n c t i o n of the photons , t he results of [65] and of [66]. Moreover , since 

a s imple a d a p t a t i o n o f the i m p l e m e n t e d f o r m u l a e (by changing p h o t o n coupl ings 

f r o m quarks i n t o leptons and se t t ing the q u a r k masses equal t o zero) a l lowed us 

t o reproduce the c o m p u t a t i o n of [57], we have checked our h e l i c i t y a m p l i t u d e s i n 

t h i s way also. 

A s p r o t o n s t r u c t u r e f u n c t i o n s we adop ted the H M R S set B [70] ( th i s was 

done i n order t o make comparisons w i t h a l ready pub l i shed w o r k easier), s e t t i ng 

the energy scale equal to the cen te r -of -mass ( C M ) energy at t he p a r t o n level 

( i .e . jx = \ / I p a r t o n ) - T h e s t rong c o u p l i n g constant a s , w h i c h appears i n the 

g l u o n i n i t i a t e d processes, has been eva lua ted at t w o loops, f o r AQCD = 190 M e V , 

w i t h a n u m b e r N j = 5 of ac t ive f l avours and a scale // equal t o t h a t used f o r 

t h e p r o t o n s t r u c t u r e f u n c t i o n s . W e are conf iden t t h a t changing the energy scale 

a n d / o r d i s t r i b u t i o n f u n c t i o n choice should n o t affect our results by m o r e t h a n a 

f a c t o r of t w o . 

For t he energy spec t rum of the back-sca t t e red (unpo la r i zed) p h o t o n we have 

used [71] 

* r / . ( * ) = ^ ) 

whe re D(£) is t he n o r m a l i s a t i o n f a c t o r 

a n d £ = AEoUo/ml, u0 is the i n c o m i n g laser p h o t o n energy and E0 t he (unpo la r ­

ized) e l e c t r o n / p o s i t r o n energy. I n (7.4) x = u>/E0 is t he f r a c t i o n of t he energy 

4 We 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. 

1 - x + 
Ax + 4a;2 

(7.4) 
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of t h e i n c i d e n t e l e c t r o n / p o s i t r o n ca r r i ed by the back-sca t t e red p h o t o n , w i t h a 

m a x i m u m value 

a W = Y ^ - £ - ( 7 - 6 ) 

I n order t o m a x i m i s e u> w h i l e avo id ing e+e~ p a i r c rea t ion , one takes U>Q such t h a t 

£ = 2 (1 + y/2) and one gets the t y p i c a l values £ ~ 4.8, x m a x ~ 0.83, D(£) ~ 1.8. 

I n t he case of q(g)*f s ca t t e r ing f r o m ep col l is ions, t he t o t a l cross sect ion a 

is o b t a i n e d b y f o l d i n g the subprocess cross sect ion a w i t h t he p h o t o n F 7 / e a n d 

h a d r o n F q ( g y p l uminos i t i e s : 

a ( s e p ) = dx> f ~ * rfx'WF,/e(x^)F,w/p(x'W)a(S90rh = x>x*)aep), (7.7) 

where is the C M energy at p a r t o n ( i .e . , q(g)'j) l eve l , w h i l e 

,7 „<?(<>) _ C ^ f i n a l ) 2 

se 

**'min J /min ' \ ' • ° ) 

where is t he sum of the f i n a l s tate p a r t i c l e masses. 

T h e m u l t i d i m e n s i o n a l in teg ra t ions have been p e r f o r m e d n u m e r i c a l l y us ing the 

M o n t e Ca r lo r o u t i n e V E G A S [72]. 

T o our knowledge , a de ta i l ed s tudy, as f o r the cases of e~f and 7 7 coll is ions [71], 

on t h e e f f ic iency of the laser back - sca t t e r i ng m e t h o d i n c o n v e r t i n g e —> 7 a t ep 

col l iders does no t exis t . I n th i s chapter we assume f o r the e f fec t ive 'yp l u m i n o s i t y 

a conservat ive es t imate of ha l f t he ep one. For the discussion o f t he results we 

have adop ted an overa l l t o t a l i n t eg ra t ed l u m i n o s i t y C — 3 f b - 1 per year, a d o p t i n g 

the value of [65]. 

For the n u m e r i c a l p a r t of our w o r k , we have t aken a e m = 1/128 and s i n 2 6\y = 

= 0.23, w h i l e f o r the gauge boson masses and w i d t h s : Mzo = 91.175 G e V , 

Tzo - 2.5 G e V , Mw± = MzocosOw = Mzocw and I V ± = 2.2 G e V . For t he 

f e rmions we have: me = 0.511 x 1 0 ~ 3 G e V , m „ = 0.105 G e V , m T = 1.78 G e V , 

mu = 8.0 x 1 0 ~ 3 G e V , md = 15.0 x 10~ 3 G e V , ms = 0.3 G e V , m c = 1.7 G e V , 

nib = 5.0 G e V and m t = 175 G e V , w i t h a l l w i d t h s equal t o zero apa r t f r o m T t « 

1.58 G e V , a d o p t i n g i t s t r ee - leve l expression) . A l l neu t r inos have been considered 

massless: i .e. , m „ e = m „ = m „ r = 0. T h e b r anch ing ra t ios ( B R s ) of t he Higgs 

boson were ex t r ac t ed f r o m [73]. 
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W e have analysed t h e processes (7.1)—(7.3) over t he mass range 60 G e V ~ 

Mcf, ~ 140 G e V a n d f o r ep C M energy r ang ing f r o m 0.5 t o 3.0 T e V , w i t h special 

a t t e n t i o n devoted t o t h e case y/s = 1 . 3 6 T e V , cor responding t o the co l l i s ion of 

an e l e c t r o n / p o s i t r o n b e a m f r o m L E P I I and a p r o t o n b e a m f r o m L H C [65]. 

7.3 Results 

I n f igs . (7.3)—(7.5) we present t he dependence of processes (7.1)—(7.3) on the col­

l ider C M energy, f o r a select ion of Higgs masses: = 6 0 , 8 0 , 1 0 0 , 1 2 0 and 140 

G e V . S u m m a t i o n s over a l l possible combina t ions of ( an t i ) f l avour s have been per­

f o r m e d ( the top c o n t r i b u t i o n s i n the f i n a l states are i n c l u d e d 6 ) , as w e l l as the 

i n t e g r a t i o n over t he i n i t i a l g/q(q)- and 7 - s t r u c t u r e f u n c t i o n s . A general f ea tu re 

i n f igs . (7.3) and (7.5) is the r a p i d increase of a l l the p lo t s w i t h y/s , especial ly f o r 

y/sep ~ 1 T e V . T h i s is because f o r y/sep m u c h larger t h a n the f i n a l p a r t i c l e masses, 

phase space effects are q u a n t i t a t i v e l y u n i m p o r t a n t . T h e same effect is less ev ident 

i n f i g . (7 .4 ) , since process (7.2) is a f fec ted by t h e s -channe l s t r uc tu r e of t he corre­

spond ing F e y n m a n d iagrams , whereas [par t of ] these are i n i - c h a n n e l f o r process 

[ (7 .1 ) ] (7 .3 ) . W e also no t i ce t h a t the cross sect ion f o r the process ep —> W^fiX 

is m u c h larger t h a n t h a t of ep —> Z°<f>X. T h i s is due t o t w o reasons: f i r s t , the 

coup l ing cf>W+W~ is larger t h a n (j)Z°Z° and second, i n process (7.1) there are 

a d d i t i o n a l d iagrams ( i . e . , # 9 -12 i n f i g . ( 7 .1 ) ) , some of w h i c h ( i .e . , # H and 12) 

are n o t suppressed by Y u k a w a coupl ings . 

I n Tab le (7.1) we g ive the cross sections at the L E P ( g ) L H C C M energy \ / s e p — 

1.36 T e V . To show the i m p o r t a n c e of t he r e l a t ive c o n t r i b u t i o n s of t he var ious 

f lavours en te r ing i n the subprocesses (7.1)—(7.3), we give t he i r separate rates i n 

Table (7.2) at Mj, = 60 G e V . For reac t ion (7.1) at a f i x e d \/s , increas ing the 

Higgs mass reduces the top qua rk c o n t r i b u t i o n s , th i s is due t o the l i m i t e d phase 

space avai lable , w h i l e t he l i g h t f lavours c o n t r i b u t i o n s ( i .e . , q = u,d,s,c and 6) 

do n o t change s ign i f i can t ly . For example , t he top c o n t r i b u t i o n t o process (7.1) 

d imin ishes f r o m 1.4% t o 0.12% when increases f r o m 60 t o 140 G e V , whereas 

the c o n t r i b u t i o n s f r o m up (down) [strange] { c / i a r m } - i n i t i a t e d processes va ry f r o m 

6 A s 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. 
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m 53 (35) [8] { 3 } % t o « 64 (29) [5] { 2 } % . For process (7.2) there is no subs tan t i a l 

phase space effect of t h i s k i n d , since we cannot have top c o n t r i b u t i o n s here. T h u s 

the numbers do n o t d i f f e r as m u c h : they are fa 74 (16) [4] { 5 } < 0.6 > % to fa 80 

(14) [3] { 3 } < 0.33 > % , w i t h t he numbers i n the "brackets" < > cor responding t o 

6 - con t r i bu t i ons . For r eac t ion (7 .3) , th ings change d r a m a t i c a l l y because, on the 

one h a n d , top- l ines are no t connected t o the i n i t i a l s ta te as i n (7.1) and the phase 

space suppression due t o the large top mass is i m p o r t a n t o n l y i f y/s ~ 1 T e V , 

and o n the o the r h a n d , the Higgs always couples t o t he ve ry massive t o p - q u a r k 

t h r o u g h the ( ~ mt) Y u k a w a coup l ing , i n a l l F e y n m a n diagrams at t ree- leve l . 

Because of t h i s ~ m , c o u p l i n g the very l i g h t flavours q = u,d and s g ive here 

comple t e ly neg l ig ib le c o n t r i b u t i o n s , w h i l e c- and fe-fractions are suppressed b y a 

f a c t o r of fa ( m t / m c ) 2 fa 10 4 a n d fa ( m t / m { , ) 2 fa 1225, respec t ive ly w i t h respect 

t o t h e t o p ones. The re fo re , f o r process (7 .3) , t he t o p - c o n t r i b u t i o n is by f a r t he 

d o m i n a n t one f o r y/s ~ 1 T e V and a l l ^-masses 7 . T h e cor responding numbers 

at t h e L E P i g i L H C energy, v a r y i n g A f y i n the range 60 - 140 G e V , are: « 0 . 0 0 1 6 -

0.0013% f o r m- , ^ 0 . 0 0 1 3 - 0 . 0 0 1 1 % f o r d-, wO.29-0 .28% f o r s-, « 1 7 - 2 0 % f o r c-, 

« 1 4 - 2 1 % f o r b- and « 6 9 - 5 8 % f o r t - q u a r k s . 

N e x t , we checked i f neg lec t ing diagrams 1-6 [and 9-10] of process (7 .2) [ (7 .1) ] 

inside the m a t r i x elements , as done i n [65], where a l l qua rk masses were set equal 

t o zero, cou ld be a source of e r r o r 8 . I n do ing th i s we needed to a p p l y some 

cuts t o avo id col l inear and sof t s ingular i t ies ( i n t he coupl ings of t he i n c o m i n g 

p h o t o n t o the o u t g o i n g quark q o u t ) t h a t w o u l d o therwise make our amp l i t udes 

d ivergent . To do t h i s , we requi re , e.g., | c o s # 7 9 o u t | < 0.95 a n d | p 9 o u t | > 3 G e V : 

res t r ic t ions w h i c h are reasonably compa t ib l e w i t h even tua l r equ i rements f r o m the 

de tec tors 9 . S e t t i n g again \ / s e p = 1.36 T e V a n d — 60 G e V , we have f o u n d 

percentage differences o n l y of the order of 1 i n 1000 i n the case of l i g h t f l avou r 

f i n a l states, a n d of fa2% f o r the c o n t r i b u t i o n b'y —> tW~(f> + c . c , i n process (7 .1) . 

For r eac t ion (7 .2 ) , differences are appreciable o n l y i n t he case o f c - and ft-quarks, 

7Whereas for y/s ~ 1 TeV the c-contribution is the largest one: in this case the effect of the 
qj electromagnetic coupling, which favours c-quarks, is dominant on the Yukawa q<f> electroweak 
one, which favours 6-quarks. 

8 We expect differences coming from phase space and propagator effects to be negligible for 
the light flavours u,d,s, c and 6, since ra, << y/sep 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 be ing £$3% a n d « 1 3 % , respectively. These mass effects are a p p r o x i m a t e l y 

the same over the who le i n t e rmed ia t e range. However , due t o the r e l a t ive 

f l a v o u r c o n t r i b u t i o n s o f Tables (7 .2 (a ,b ) ) , w h e n one sums over a l l o f these the 

effects are la rge ly washed o u t . W e also no t i ce t h a t t he errors due t o neg lec t ing 

the qua rk masses are larger f o r process (7.2) t h a n f o r (7 .1 ) , since i n t he l a t t e r 

there are also c o n t r i b u t i o n s ( d o m i n a n t w i t h respect t o t he Higgs b remss t r ah lung) 

c o m i n g f r o m 7 —> V K + W ^ - s p l i t t i n g whereas at t r ee - leve l there is no cor responding 

7 —> Z°Z° coup l i ng . Obv ious ly , t a k i n g i n t o account the masses i n process (7.3) is 

c r u c i a l , since there t h e Higgs is always p roduced t h r o u g h the Y u k a w a coupl ings 

q<f>. 

W e k n o w t h a t i n t he mass range 60 G e V ~ M4 ~ 140 G e V the d o m i n a n t 

Higgs decay m o d e is <f> —> bb. T h e cor responding B R i n t h e above i n t e r v a l varies 

f r o m « 0.85 at = 60 G e V to » 0.38 at M 0 = 140 G e V , where the o f f - s h e l l 

W^W^ decay channel begins t o be c o m p e t i t i v e [73]. So, i n order t o m a x i m i s e 

t h e n u m b e r of s ignal events we look f o r t he <f> —* bb s ignature . W e f u r t h e r requi re 

flavour i d e n t i f i c a t i o n of 6-jets , e x p l o i t i n g the poss ib i l i t ies o f fe red by fc-tagging 

techniques , t o reduce the large Q C D backgrounds . 

I n processes (7.1)—(7.3) we have a d d i t i o n a l decaying p a r t i c l e s 1 0 : a W*1 i n q j —» 

q'W±(f), a Z° i n q j —> qZ°<j) a n d t w o it's i n t he #7 —> ticj) c o n t r i b u t i o n . So we expect 

t h e f o l l o w i n g possible f i n a l s igna tu re s 1 1 : 

ep -> W±<f>X -> {ivt){bb)X, 

ep -> Z°<f>X 

or 

ep -> W±(j>X 

(ll){bi)X, (7.9) 

( j j ) ( b b ) X , 

( j j ) ( b b ) X , (7.10) ep —* Z°<f>X 
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1 0 I n principle, we also have t-quarks in process (7.1) which could decay to 6W-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. 

n W e know that in all processes (7.1)—(7.3) we can have additional 6's from i /Z°-decays or 
&7/<77-fusion, but we assume that complications coming from the fact of taking in those events 
a wrong combination 66 can be largely avoided if we restrict to keep 66-invariant masses in the 
window \Mbi — MA < 5 GeV (see later on). 



(where X represents t he r e m n a n t jet a n d / o r e lec t ron) depend ing on whe the r 

t he electroweak massive vec tor bosons decay l e p t o n i c a l l y or hadron ica l ly , 

r e s p e c t i v e l y 1 2 . As f o r process (7.3) we expect the s ignature 

ep^qq<f>X^jj{bb)X (7.11) 

f o r l i g h t qua rk c o n t r i b u t i o n s , and 

ep - » tUX - » bbW+W-{bb)X (7.12) 

f o r f o p - q u a r k s ( w i t h BR(t -> bW) w 1). 

The re fo re o u t of t he fa 56 —22[6 —0.6] i n i t i a l f emtoba rns o f r eac t ion (7 .1)[ (7 .2)] 

at y/s — 1.36 T e V a n d f o r = 60 — 140 G e V , assuming C = 3 f b - 1 , we expect 

w 99 — 18[11— < 1] events f o r hadron ic decays, and fa 42 — 8[2— < 1] f o r l ep ton ic 

modes , whereas f o r reac t ion (7 .3 ) , s t a r t i n g f r o m fa 3.8 — 0.24 f b , we end u p w i t h 

fa 10— < 1 events (7 of these come f r o m tt(j> p r o d u c t i o n w i t h Mj, = 60 G e V ) , per 

year. 

T h e i r r e d u c i b l e b a c k g r o u n d s 1 3 t o the above signatures are ep —> W±Z°X —» 

W±{bb)X a n d ep -> tbX -> bbW~X f o r process (7 .1 ) , ep -> Z°Z°X - » Z ° ( 6 6 ) X 

f o r (7 .2 ) , a n d ep —> qqZ°X —> qq(bb)X f o r (7 .3) . These are a lways present, i n ­

dependen t ly of the W ± / Z ° decay modes i n processes (7.1)—(7.2). I n a d d i t i o n , 

m u l t i - j e i p h o t o p r o d u c t i o n , W ± + jets, Z° + jets and tiX —> 6 6 W + V F _ X pro­

d u c t i o n a n d decay events m u s t be also considered. 

A f ew remarks concern ing the tbX b ackg round are needed here. W e have 

m e n t i o n e d ear l ier t h a t we take the e —> 7 conversion e f f ic iency e ( i n t o back-

scat tered pho tons ) equal t o 0.5. T h e ideal case of e f f ic iency equal t o 1 w o u l d i m p l y 

t h a t a l l t he i n c o m i n g electrons are conver ted i n t o photons and hence r emoved f r o m 

the i n t e r a c t i o n site. I n p rac t ice , however, th i s w i l l never be the case, as, even f o r 

v e r y h i g h per formances of the conversion mechan i sm, a f r a c t i o n (1 — e) d i f f e r en t 

f r o m zero o f t h e ep i n i t i a t e d processes w i l l r e m a i n . The re fo re , we consider here the 

tbX b a c k g r o u n d i n i t i a t e d by ep sca t te r ing t h r o u g h the subprocess eg —• vW*g —> 

vtb, w h i c h is expected t o have very large rates [76], whereas we neglect the j p 

1 2 We do not exploit here possible missing energy decays Z° —• vv in process (7.2). 
1 3 For simplicity, and also because in general they are an order of magnitude larger if compared 

to brernsstrahlung photon initiated processes, we consider only background processes via back-
scattered incoming 7's (apart from the <6-process which proceeds through W<?-fusion). 
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ini t iated one, as i t has a much smaller production cross section [65] and can be 

fur ther drastically reduced by a cut in the invariant mass Mbb and, especially, in 

the Mbw (see later). For a generic value of e the f inal rates for the -yp ini t iated 

processes should be mult ipl ied by a factor of c whereas the ep in i t ia ted ones by 

(1 — e). Our choice of e implies that both the rates for the 7p and the ep ini t iated 

processes must be at the end mult ipl ied by 0.5, hence the significances divided by 

the factor a /2-

Whi le 6-tagging identification should drastically reduce the backgrounds where 

6-quarks are not present in the f inal states, this requirement is not generally 

enough i f they are. In this case, one has to look for invariant masses of the 66-

pair i n a window around M ^ , since most of the signals lie w i th in this region. I n 

the case of iop-resonant backgrounds (i.e., ibX and tiX) we can also exploit the 

cut, e.g., \Mbw->bjj — m.£| > 5 GeV, which should be very effective i n reducing 

hadronic VF ±-decays since top-peaks are quite narrow (in fact, Ft ~ 1.58 GeV for 

m« = 175 GeV). Finally, i f the Higgs mass turns out to be close to the Z ° - m a s s , 

the absolute normalizations of the processes involving Mbb resonances are needed. 

Assuming good 6-tagging performances such that i t is possible to drastically 

eliminate the non-6 multi-jet photoproduction, W ± + jets and Z° + jets back­

ground events [65], and that the Mbb cut is sufficient to suppress the above pro­

cesses in the case of j/g* —> 66 splittings, we end up having to deal only w i t h the 

backgrounds ep -* W±Z°X -» W^bfyX, ep -> ibX bbW~X, ep -+ Z°Z°X -> 

Z°(bb)X, ep -+ tiX -» bbW+W'X and ep -> qqZ°X -> qq(bb)X. Moreover, we 

should not forget that an additional drastic rejection factor on the m u l t i - j e t re­

ducible backgrounds comes f rom requiring that Mjj/M^ n, has to reproduce Mw± 

or Mz° for processes (7.1)—(7.2), and that Mbw->bjj ~ m>t f ° r (7.3) when q = t 

(since this flavour is by far the largest partonic contribution at the L E P ® L H C 

energy). 

I n order to study the background rates, we have implemented their matr ix el­

ements in F O R T R A N codes generated by MadGraph [74] and HELAS [75] 1 4 . The 

total cross sections of these processes are displayed in Table (7.3), at .yjs^ = 1.36 

1 4 S i n c e processes ep —* tbX —* bbW~X and ep —* ti —* bbW+W~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 ^-production and decay). 
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TeV, for the same 7 - and g/(/((^-structure functions and parameters employed 

for the signal processes. We notice that backgrounds are i n general much larger 

than the corresponding signals, both for the top-resonant cases (continuum back­

grounds) and for the Z° —• bb ones (discrete backgrounds). Whi le in the former 

case this happens because of the top-resonant peaks, i n the latter we have that 

the qZ° coupling does not depend on the o-mass (contrary to the Higgs one), so 

light quarks give large contributions here. This is especially evident i n the case 

of the reaction ep —> qqZ°. The rates for ep —» Z°Z°X are of the same order of 

magnitude as the signal ep —* Z°(j)X, since in this case this is the contributions 

f r o m Z ° - b r e m s s t r a h l u n g off quarks in the background (we do not have tr iple vec­

tor boson vertices in this case) are comparable to those of the signal i n which <j> 

is emitted f r o m a Z° - l ine . 

However, in principle these very large rates should not be a problem since pro­

cesses ep —> W±Z°X, ep —+ Z°Z°X and ep —> qqZ°X are really important only 

when M 0 « Mzo, whereas ep -+ ibX -* bbW'X and ep -» tiX -» bbW+W~X 

are highly reduced when applying a cut in the bb invariant mass (i.e., Mbb « M$) 

and, eventually for VF ± -hadronic decays, the cut Mbw ~ mt can be used. I n 

f ig . (7.6) we give the differential distributions in the invariant mass Mbb for 

those backgrounds in which the 66-pair does not come f r o m a Z° - re sonance : 

i.e., ibX -» bbW-X and tiX -» bbW+W'X ( W ^ - B R s 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 6 j — AZ^o | < 2T^o = 5 GeV. 

Since we are concentrating on 66-invariant masses in the M^-region, we require 

that Mbi of all events is in the window \Mhb — < 5 GeV, assuming that 10 

GeV w i l l be the mass resolution of the detectors. The fractions of the total cross 

sections f r o m ibX- and fLY-produc t ion which pass this cut are given by the area 

under the Mbb distributions of f ig . (7.6) between — 5 and + 5 GeV, while 

we assume that those of the Z ° - r e s o n a n t 66-events are given by the formula [57] 

Kn(7°\ T r ^ ™ * ( 0 , 1 0 G e V - l M ^ - M z o | ) 

( ) = < Z ) ioGeV ' ( 7 - 1 3 ) 

I n using the above equation we taci t ly assumed that the <f) —> bb peaks are also all 

contained in a region of 10 GeV around the <^-pole 1 5. The number of signal (S) 
15 I n fact, the Higgs width at M4 = 140 G e V is « 0.01 G e V . 
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and background (B) events and their statistical significance (S/y/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 Mbi cut. Branching ra­

tios of hadronic and leptonic / Z ° - d e c a y s i n processes (7.1)—(7.2) as well as i n 

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 q = t in pro­

cess (7.3) and on the second W ± in the background tiX, treating them completely 

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

I f , as criteria for the observability of a signal, we require a rate S > 6 events 

w i t h a significance S/V~B > 4 for the detection of an isolated Higgs peak, while 

for the case of Higgs peaks overlapping w i t h Z° peaks we require 5* > 10 w i t h 

S/y/B > 6 [57], then we see f r o m Table (7.4) that the situation seems to be 

discouraging, both for hadronic and leptonic and Z ° - d e c a y s , i f M$ > 60 

GeV. I t does not look much better i f 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±<f>X) has a huge background, whereas 

the other two signals (i.e., Z°(f)X and qq<f>X), even though v i r tua l ly free f r o m 

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. I f \M^> — Mzo \ ~ 5 GeV however, where only the continuum 

backgrounds are effective, one can exploit ( in the case of hadronic VF ±-decays) the 

restriction \Mb\v->bjj ~ m t \ > 5 GeV. For this, in f ig . (7.7) we plot the differential 

distributions i n Mbi of the ibX and ttX backgrounds, after applying the above 

Mbw cut (on just one W ± in the case of ^ -p roduc t ion and decay). I t 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. I f we 

insert this reduction factor in Tables (7.4), (7.5) the scenario changes completely, 

since we have now to divide all JB's by ~ 10, and mul t ip ly all S/y/~B's times ~ y/lO. 

This gives significancies larger that 4 over all the intermediate Higgs mass range. 

A t the same t ime, the reduction factor for W^^X is just a few percent, since the 

corresponding distr ibution in Mbw is nearly f lat (see f ig . (7.8)). 
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So far we have supposed a 100% acceptance and detection efficiencies for j/Ts 

in the f inal states w i t h the same for 6-tagging. Assuming a 50% overall efficiency, 

so al l S/y/B's are divided by V 2 , we st i l l 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 we do not have completely satisfactory 

rates.). 

Not even the reduction of \/2 of the significances, due to the e —> 7 conversion 

efficiency e = 0.5, should change the above conclusions. On the contrary, a larger 

value of e (as i t is likely, since, e.g., the performances expected at e+e~ colliders 

[71]) would definitely enhance the signal versus background ratios, as the large 

tbX background would be fur ther reduced. 

Finally, we would like to stress here how processes like (7.1)—(7.3) could tu rn 

out to be extremely interesting i f one considers their counterparts, e.g., i n the 

M i n i m a l Supersymmetric Standard Model (MSSM). In this model there are two 

SU(2) Higgs doublets each wi th a different hypercharge Y, w i t h Y = — 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 |$ a | 0 > = 

< 0 |$ 2 | 0 > = 

0 

0 
(7.14) 

w i t h 

tan/? = — (7.15) 

and 

0 < / ? < | . (7.16) 

The spectrum f r o m the above mechanism is five physical Higgs fields: H°, h° 

are neutral CP-even scalars, A0 is a neutral CP-odd pseudoscalar and there are 

two charged Higgses H+,H~. Here quark-Higgs couplings proportional to tan(3 

can enhance the signals up to 0(1000) times for very large tan j3. This drastic 

enhancement happens when considering the contribution of diagrams involving 

the bremsstrahlung of the pseudoscalar boson A0 off massive down-type quarks 
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(i.e., 6-quarks: hence masses should be included). This occurs i n all the Feynman 

diagrams of process (7.3), while i t only happens for the suppressed graphs 1-6 [and 

9,10] i n (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 A0 does not couple to vector bosons at tree-level). I n addition, i n processes 

(7.1)—(7.3), once we substitute <j) by one of the MSSM neutral Higgses H°, h° and 

A0 and we also include the flavour changing cases in which <f> and double 

Higgs productions in qj fusion ( W * <-• and Z° <-> H°, h°,A°), we w i l l have a 

very r ich 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 /? while A0 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 /?. 

7.4 Summary and Conclusions 

In summary, we have studied the production cross sections of the SM Higgs <j> 

w i t h mass in the range 60 GeV ~ ~ 140 GeV at a next-generation ep collider, 

w i t h 500 GeV ~ y/sep ~ 3 TeV, through the partonic processes 

7?(?) - WW**, 
77(9) - * q{<i)z0(f> 

and 

91 -> ?# » 

for all possible (massive) flavours of the quarks q(q'), w i t h incoming photons 

generated via Compton back-scattering of laser light. 

Special attention has been devoted to the case of the planned C E R N 

L E P & L H C ep collider (wi th \/s ~ 1.36 TeV) , where signatures i n which the 

Higgs decays to 66-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 fa 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 (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 Mbw 

is not applicable in this case, no possibility of detections exists if —> l\>i. 

Therefore, in this respect, we disagree with the conclusions given in [65]. In the 

case of ZQ —» 11 decays in process (7.2), one can get significant number of events 

only for a value of C much bigger than the one assumed here. 

In general, i f 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., M ^ , T^, BRs, etc ...) in the intermediate mass range, in an 

environment partially free from the QCD background typical of pp/pp accelera­

tors, especially i f larger 6-tagging performances and/or a higher luminosity can 

be achieved, in advance of a possible future NLC. 
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<x(fb) 

(GeV) q'W±^ qz°4> qq<f> 

60 55.61 ± 0 . 3 4 6.13 ± 0 . 1 0 3.806 ± 0.058 

80 42.84 ± 0.25 3.056 ± 0.052 1.765 ± 0 . 0 2 9 

100 34.53 ± 0 . 1 4 1.581 ± 0 . 0 2 8 0.872 ± 0 . 0 1 3 

120 27.56 ± 0 . 1 1 0.798 ± 0.024 0.4513 ± 0.0068 

140 22.048 ± 0.080 0.547 ± 0 . 0 1 8 0.2419 ± 0.0039 

Vs = 1.36TeV H M R S ( B ) 

Table 7.1: Production cross sections for processes (7.1)—(7.3), at \/sep = 1.36 TeV, 
w i t h = 60,80,100,120 and 140 GeV. The H M R S ( B ) structure functions are 
used. The errors are the statistical errors on the numerical calculation. 
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Flavours « 7 ( f b ) 

1/7 —> dW+(j) + « 7 —> dW~<f> 29.58 ± 0 . 1 5 

d j —> uW~</> - f J7 —» uW+(f> 19.37 ± 0 . 3 0 

5 7 —> cH^ _^» + 5 7 —> cW+4> 4.228 ± 0.021 

cj —» sWA+<^ + C 7 —• ,sW ~̂<^ 1.620 ± 0 . 0 1 2 

67 -> <W~0 + 67 -> t W + ^ 0.7995 ± 0.0033 

V? = 1.36 TeV HMRS(B) = 60 GeV 

Table 7.2(a) Production cross sections for process (7.1) at \ f s = 1-36 TeV, w i t h 
= 60 GeV, for all different flavour combinations entering in the partonic 

subprocesses. The H M R S ( B ) structure functions are used. The errors are the 
statistical errors on the numerical calculation. 
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Flavours a ( f b ) 

«7 —> uZ°<j) + U7 —> uZ°<f> 4.535 ± 0.097 

0.982 ± 0.025 

S 7 —* •sZ'V + 5 7 — * sZ°cj> 0.2707 ± 0.0015 

07 -» cZV + cj cZV 0.3018 ± 0.0012 

67 -> fcZV + 67 -> 6Z°</> 0.03839 ± 0 . 0 0 0 1 7 

V I = 1.36 TeV H M R S ( B ) = 60 GeV 

Table 7.2(b) Production cross sections for process (7.2), at \ / s e p = 1.36 TeV, 
w i t h 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 <r( fb) 

<77 —> uu(j) (60.4 ± 2 . 2 ) x 1 0 - 6 

gj -> dd(j) (51.09 ± 0 . 8 3 ) x 10 - 6 

grf _» sS(f) (11.113 ± 0 . 0 7 1 ) x 1 0 - 3 

<77 —• eĉ > 0.6572 ± 0.0025 

#7 - • 66^ 0.5188 ± 0 . 0 0 1 9 

57 -> 2.6192 ± 0.0049 

v/5 = 1.36 TeV HMRS(B) M 0 = 60 GeV 

Table 7.2(c) Production cross sections for process (7.3) at y/s = 1.36 TeV, w i t h 
= 60 GeV, for all different flavour combinations entering in the partonic 

subprocesses. The H M R S ( B ) structure functions are used. The errors are the 
statistical errors on the numerical calculation. 
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Background <r(fb) 

ep -» W±Z°X 224.3 ± 1 . 9 

ep -» ibX -> 1236.1 ± 5 . 6 

1114.7 ± 1.4 

ep -> 12.15 ± 0 . 5 0 

ep —> qqZ°X 4161 ± 8 3 

V ^ = l - 3 6 T e V H M R S ( B ) 

Table 7.3: Production cross sections for the background processes discussed in the 
text. The H M R S ( B ) structure functions are used. The errors are the statistical 
errors on the numerical calculation. 
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Process s B Sjy/B (GeV) 

q'W±(f> 99(42) 351(150) 5.28(3.43) 60 

qZ°<t> 11(2) 0(0) - ( - ) 60 

qq<t> 10 0 — 60 

q'W±(f) 75(32) 330(141) 4.13(2.69) 80 

qZQ<t> 5(1) 0(0) - ( " ) 80 

qq<f> 4 0 — 80 

q'W±<l> 59(25) 292(125) 3.45(2.24) 100 

qZ°<f> 3(0) 1(0) 3(0) 100 

qq(f> 2 220 0.13 100 

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

qZ°4> 1(0) 0(0) - ( 0 ) 120 

qq(j> 1 0 120 

q'W*^ 18(8) 198(52) 1.28(1.11) 140 

qZ°<t> 0(0) 0(0) 0(0) 140 

qq<j> 0 0 0 140 

Table 7.4: Number of signal (5") and background events (B) and their statistical 
significance (S/VB), for the processes (7.1)—(7.3), at \^sep = 1.36 TeV, after 
the cut \Mbi — < 5 GeV, for the usual selection of Higgs masses. Numbers 
correspond to hadronic(leptonic) decays of the W^/Z0^. The H M R S ( B ) structure 
functions are used. The symbol " - " indicates the case in which the backgrounds 
do not constitute a problem in disentangling the signals. 

101 



Stot Btot Stotl ^/Btoi M 0 (GeV) 

120(44) 3 5 1 ( 1 5 0 ) 6 .40 (3 .59 ) 60 

8 4 ( 3 3 ) 3 3 0 ( 1 4 1 ) 4 . 6 2 ( 2 . 7 8 ) 80 

6 4 ( 2 6 ) 5 1 3 ( 3 4 5 ) 2 . 8 ( 1 . 4 ) 100 

4 3 ( 1 8 ) 2 4 6 ( 1 0 5 ) 2 . 7 4 ( 1 . 7 6 ) 120 

1 9 ( 8 ) 198(52) 1 .35(1 .11) 140 

Table 7.5: Total number of signal (^tot) and background events ( J 5 t o t ) and their 
statistical significance ( S t o t / \ / S t o t ) i after summing the numbers in Table. ( 7 . 4 ) i n 
"inclusive" rates. 
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jg -> qq<f>° 

a ( fb) for tan 0 = 30 

M^o (GeV) M H o ( G e V ) Mho(GeV) A° H° h° 

60 129.2 59.9 449.85 ± 1.64 0.274 ± .0006 428.25 ± 1.70 

80 129.2 79.9 218.87 ± . 8 5 0.343 ± .0008 209.13 ± 0 . 8 3 

100 129.4 99.7 117.97 ± . 5 3 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 

v 5 = 1 . 3 6 T e V M R S ( A ) 

Table 7.6: Production cross sections for process (7.3) at \ f s = 1.36 TeV, w i t h 
MAO — 60 — 140 GeV summed over all the different flavour combinations entering 
in the partonic subprocesses for tan 0=30. The MRS(A) structure functions [77] 
are used. The errors are the statistical errors on the numerical calculation 
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i g -> qq<Z>° 

a ( fb) for tan/3 = 1.5 

M^o (GeV) MHo{GeV) Mho(GeV) A0 H° h° 

60 144.4 56.0 1.417 ± . 0 0 4 0.191 ± .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 

^ = 1 . 3 6 TeV MRS(A) 

Table 7.7: Production cross sections for process (7.3) at \ / s e p = 1.36 TeV, w i t h 
M^o = 60 — 140 GeV summed over all the different flavour combinations entering 
in the partonic subprocesses for tan (3 = 1.5. The M R S ( A ) structure functions 
[77] are used. The errors are the statistical errors on the numerical calculation 
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Figure 7.1(continued) Feynman diagrams contributing in lowest order to 97 —> 
q'Vcj), where q(q') represents a quark, V(V*) an external(internal) vector boson 
and <f> the SM Higgs boson, in the unitary gauge. In the case V = Z° and q' = q 
only the first eight diagrams of fig. 1 contribute. 
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Figure 7.2: Feynman diagrams contributing in the lowest order to 07 
where q represents a quark and <f> the SM Higgs boson, in the unitary gauge 
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Figure 7.3: Cross sections of process (7.1) as a function of y/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 y/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 66-pair Mbi for 
the tbX -> bbW-X and tiX -• bbW+W'X backgrounds, at ^ e p = 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 66-pair Mbi for 
the ibX -• bbW-X and ttX -» bbW+W~X backgrounds, at y/lep = 1.36 TeV, 
after the cut \Mbw-+bjj — nit\ > 5 GeV. The HMRS(B) structure functions are 
used. 
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Figure 7.8: Differential distributions in the invariant mass of the feW-system 
MWb for the ibX —> bbW'X and ttX -* bbW+W~X backgrounds, and the signal 
W±<f>X -* W±[bb)X with M+ = 60,140 GeV, at y f i e p = 1.36 TeV. The HMRS(B) 
structure functions are used. 
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Chapter 8 

Conclusion 

We first studied the reaction e+e~ —> W+W~j and we showed that at LEP-II 

energies, the cross section for i y + VK~7 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 VF+V^ - 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~i 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 >/s = 300 GeV to 

A / I = 500 GeV - although some crude limits should be possible even from a 

handful of events at LEP I I . 

We then examined soft photon radiation in ti production and decay, the distri­

bution of soft photon radiation in the process e+e~ —» ti —> 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 <f> with 

mass in the range 60 GeV ~ ~ 140 GeV at a next-generation ep collider, with 

500 GeV ~ \ f s e p ~ ^ TeV, through the partonic processes 

79(9) -» q'fflW** , (8.1) 

79(9) -> q(q)Z°t (8.2) 

and 

91 -» 9 # , (8-3) 

for all possible (massive) flavours of the quarks q(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 \/sep ~ 1.36 TeV), where signatures in which the 

Higgs decays to 66-pairs were studied, exploiting the possibilities given by b-

tagging techniques. 

We concluded that at this machine, apart from the case w Mzo 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 ~ 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 M^w 

is not applicable in this case, no possibility of detections exists if —> £i?(. 

Therefore, in this respect, we disagree with the conclusions given in ref. [65]. In 

the case of Z° —> 11 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., M ^ , T^, 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 6-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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