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ABSTRACT

The Standard Model is discussed in general and the predicted
(but as yet unobserved) Higgs-boson and top-quark described.
Detection of a top-quark at electron-positron colliders and hadron
colliders is considered for m <80GeV. The detection of the iliggs-
boson is considered at the Z peak in electron-positron annihilation for
m,<60GeV, as well as in the continuum tor 100<m,<200GeV
(intermediate mass range). Ior this range of the Higgs-boson mass,
consideration is also given to its detection at the Superconducting
Supercollider through the tau-lepton decay mode. A dispersive
approach is considered for Higgs-boson with large mass (#m,,-500GeV)

in order to cstimate non-perturbative scli-interaction cltects.



RESUME

Une discussion générale du Modéle Standard est faite
ainsi qu'une description du boson de Higgs et du
quark-top, particules dont 1l'existence est prédite mais
qui sont a8 ce jour encore inobservées. La dé&tection aux
collisionneurs électron-positron et hadroniques est
cxaminée pour m*<80 GeV. La détection du boson de Higgs
dans 1'annihilation &lectron-positron & la résonance du 2

est ecxaminée pour m,<60 GeV, de méme que dans le

continuum pour 100<m_ <200 GeV (intervalle intermédiaire

de masgse). Pour ce méme intervalle de masse nous
considérons aussi sa détection au Superconducting
Supcetrcol Lider grace a un mode de  désintégration
tau—lepton. Une approche dispersive est employée dans le
cas d'une grande masse du boson de Higgs dans le but
d"estimer les effets non-perturbatifs de
self -interactions.
.._3._.
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PREFACE

The following is an extract from the guidelines concerning thesis
preparation of The McGill University FFaculty of Graduate Studies and

Research:

The candidate has the option, subject to the approval of
the Department, of including as part of the theses the
teat, or duplicated published test (see below), of an
original paper, or papers. In this case the thesis must
still contorm to all other requirements explained in the
Guidclines Concerning Thesis Preparation,  Additional
material - (procedural and  design data as well as
descniptions ol equipment) must be provided in sufficient
detail (c.g. in appendices) to allow a clear and precise
judgment to be made of the importance and originality of
the rescarch reported, 'T'he thesis should be more than a
mere collecion  of manusciipts  published or to be
sublished. It must include a general abstract. a full
mtroduction and literature review and a final overall
conclusion.  Connccting  teats which  provide  logical
bridges  between  dillerent manuscripts  are  usually
desirable m the interests ol cohesion.

[t s acceptable  tor theses to mclude as  chapters
authentic copies ol papers already published, provided
these  arce  duplicated  clearly  on  regulation  thesis
stationary and bound as an integral part of the thesis.
Photographs or other materials which do not duplicate
well must be mcluded in their original form. In such
instances.  connecting teats are mandatory  and
supplementary  eaplanatory material is  almost  always
NCCONSAry.

The inclusion  of  manuscripts  co-authored by the
candidate and others iy acceptable but the candidate is
required  to make an  eaplicit statement on  who
conttibuted to such work and to what extent, and
supervisors must attest to the accuracy of the claims, e.g.
before the Oral Committee. Sinee the task of the
Loxaminers is made more ditticult in these cases, it is in
the candidate’s interest to make the responsibilitics of
authors pertectly clear. Candidates following this option
must inform Department betore it submits the thesis for
review.
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The text of the above shall be cited in full in the

introductory sections of any theses to which it applies.

Several of the chapters arc, with the approval ot my supervisor
(A. P. Contogouris) and the Physics Department at MeGill
University, taken partially from papers co-authored by mysclt and
others.

Section 2.2 is taken from reference (1) which 1 am co-author
with A. P. Contogouris and Il. Tanaka. In this paper my main
responsibility was to write the computer programs to generate the
results as well as to check the algebraic calculations. [ "Tanaka
checked some of my numerical results while he and A. P. Contogouris
did most of the algebraic calculations. Most of the preparation of the
final text of the paper was done by A. P. Contogouris.

Section 2.3 is taken from reference (2) with the distribution of
responsibilities as in section 2.2.

Chapter 3 is taken from reference (3) in which I am co-author
with A. P. Contogonris, N. Mcbarki and 1. Tanaka. Again in this
case, my main contribution was to do the computer calculations which
were checked by H. Tanaka. The other authors did most ol the
algebraic work and A. P. Contogouris did most ol the work with
regard to preparation of the text of the paper.

Chapter 4 is taken from reference (4) in which I am co-author
with A. P. Contogouris and K. Takcuchi. In this casc I produced the
numerical results which were checked by K. Takcuchi. A, P,
Contogouris and K. Takeuchi produced most of the algebraic results
in appendix 4.B some of which I checked
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Chapter 6 is taken from reference (6) in which I am co-author
with A, P. Contogouris and N. Mcbarki and includes some results
from reference (7). In this paper I wrote the computer program to
numcrically solve the Ireaholm equations involved in the calculation,
‘These results were checked by N. Mcebarki. The dispersion theory
calculations were mostly done by AL P. Contogouris, N. Mebarki and
H. Tanaka; A. P. Contogouris did most of the work with regard to the
preparation of the text of the paper.

In all of these cases deciding the direction of the work and
consideration such as acceptance cuts cte. were discussed cxtensively
among the collaborators hence the exact contribution of each can not
be defined but was roughly equal.  Also the wording of all of the
above papers has been extensively modified and scctions added to
make them fit together in a cohesive teat.

Chapter 5 is based completely on my own work.
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CHAPTER 1
BASIC FORMALISM AND CALCULATIONAL METHODS

1.1 Introduction

The Standard Model of SU(3)xSU(2)xU(1) is basic to the
present day understanding of particle physics. Within its framework all
phenomena observed to date can be accounted for. This Model,
however, requires the existence of the top-quark and the Higgs-boson
which have yet to be observed. The observation of these particles is
essential to the Standard Model and understanding whatever physics
may lie beyond it.

The fundamental (in the sense that we believe them to be
fundamental) fermions which have been obscrved so far can be
arranged into three families. Within each family there is a massless
neutrino, a massive charge -1 lepton, a massive charge -1/3 quark and
a massive charge +2/3 quark where cach of the quarks carrics a

SU(3),,,, charge. Thus, for example, the first generation consists of v,

color
(the electron neutrino), the electron, ¢, the down-(d-)quark, and the
up-(u-)quark. The second generation consists of v, (the muon-
neutrino), the muon (g), the strange-(s-)quark and the
charm-(c-)quark. Following the same pattern the third gencration

contains the v_(tau-neutrino), the tau (r), the b-quark but as yet no

third charge +2/3 quark has yet been observed. Intuitively it scems
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reasonable to supposc that a third charge +2/3 quark exists and indeed
the Standard Model requires it, (referred to as the top-(t-)quark)
however so far experiments have been unable to observe it directly.

The other missing picce of the standard model is the Higgs-
boson. This particle is required to cxplain the SU(2)xU(1) breaking
mechanism and hence the generation of mass since an unbroken
SU(2)xU(1) theory requires that all fermions and bosons are massless.

In this thesis we consider the question of how to detect these
missing picces of the standard model at accelerators presently
operating or proposed lor the near future such as LEP, SLC, SppS,
the ‘T'evatron, and the SSC. In this chapter, we review the standard
model in scction 1.2 then in section 1.3 we review the Monte Carlo
method lor calculating cross sections. Section 1.4 is concerned with
algorithms f{or numerically calculating matrix el ments suitable for
computer calculations and scction 1.5 contains an algorithm for
cstimating  the jets observed in detectors based on  parton
subprocesses.

In chapter 2 we consider observing the t-quark at both electron-
positron and hadron colliders. Specifically we consider the pair
production of the top-quark for a mass range of 40<m <80GeV (m, is
the top-quark mass)

In chapter 3 we consider production of a Higgs-boson at an
clectron-positron collider with center of mass energy vs~M, where
the Higgs-boson is produced in association with a neutrino pair. This

could afford a method for detecting the Higgs-boson if its mass,

-11-




m,<60GeV.
In chapter 4 we study Higgs-boson production at electron-

positron colliders with v s=300-500GeV. This would provide a
method of detecting the Higgs-boson when 90<m, <200GeV. 1f m,, is
in this range it is particularly difficult to observe the Higgs-boson at
other proposed colliders. To illustrate this, in chapter 5 we
investigate the detection at the SSC (Superconducting Supercollider)
of a Higgs-boson in this mass range through the H—7* 7 decay mode.
Although this method is not especially successful, it illustrates the
typical difficultics onc has of secing the Iliggs-boson if its mass falls
within this mass range.

If m,, is very large, on the order of 17eV, perturbation theory is
not a reliable way to describe the Higgs-boson. In chapter 6 we
consider a dispersion model for such a Higgs-boson in order to try to

understand some of the non-perturbative aspects of this case.
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1.2 Tiie Need For The Higgs-Boson and The Top-Quark

In this section we develop the standard model following
refereace (8). The notation we shall use is as follows: we will denote

icft harded fermion fields by u,, d,, e, and v, and right handed fields
by u,, d,, and e,. Dirac spinors are denoted for example by u:(Zi)
cte. and the weak cigenstates are dcnoted by capital letters. Thus
U=(u,), D=(d.), E=(e), and Q:(Z.Z) and Lz(gl’:). Generation

indices arc indicated by subscripts I, J, K, etc. and DI‘ is the
covariant derivative to be defined in eq. 1.2.4.

When the 4-fermion structure of the weak interaction was first
recognized, it was realized that therc was a severe problem with the
theory. IFor example, the effective lagrangian of radioactive 8 -decay

(in terms ol quark ficlds) is

i — —
L= —EGF uy'P,d ey P+ hec.
where
1

1.2.1
‘This is a term of mass dimension 6 and therefore cannot be a
fundamental clement of a renormalizable theory; so that although tree
level calculations may be carried out, higher order calculations cannot

be made to give sensible results. A closely related problem with such
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a term is that it leads to a violation of unitarity at an encergy of about
300GeV (9a). The only way that these problems can be solved is to
suppose that the 4-fermion term in the lagrangian is an cffcctive term
resulting from the integration of massive particles not dircetly
observable at low cnergies. In 1957 Schwinger proposed the simplest
such theory (9b). He hypothesized that there is a massive
intermediate vector boson (thc W-boson) which couples to fermions.

Thus, if the lagrangian is

L =g (d/u + Eﬂy“u)WH + h.c.
+ Mi,W:W“_
1.2.2
the 4-fermion coupling can be explained as a contraction of the W-
boson exchange graph shown in figure 1.1. This hypothesis has since
been dramatically confirmed by the discovery of thec W-boson at SppS
(10).

Although all the terms in this lagrangian (cq. 1.2.2) arc ol
dimension < 4, this lagrangian is still not renormalizable. In fact, the
only theories with vector particles which arc known to be
renormalizable are gauge theorics where the vector particle is a gauge
boson. Thus one might try to make a thcory where the W-boson is
taken to be such a gauge particle. The W, however, is massive and
since gauge symmelries always force the corresponding gauge bosons
to be massless some mechanism is nccessary to break the symmetry

thereby giving the W-boson a non-zero mass.
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'This problem was solved by Weinberg and Salam in 1967 (11)
where the vector particles acquire their mass through the Higgs
mcchanism and, in addition, the weak force is unified with
clectromagnetism in a SU(2)XU(1) gauge theory.

The choice of this group is motivated by the fact that it is the
lowest rank group which can contain as generators both the W and the
U(1) of clectromagnetism and introduces no exotic fermions. This
group, howcver, has 4 generators leading to the prediction of an
additional gauge particle, the Z-boson which has since been
discovered at SppS (9).

In order to develop this theory we start with the most general
renormalizable lagrangian which one can write down with a scalar ¢,
left-handed Iepton doublet L, right-handed electron singlet E, left-
handed quark doublet Q, and right-handed quark singlet U and D.
‘The fermion content has been chosen to be the simplest which yields
the obscrved fermions within cach generation, i.e. a massless neutrino,
a massive lepton and two massive quarks with their observed charges
(In reference (12) it is shown that the observed fermion quantum
numbers are the ones needed to cancel the triangle anomaly). The
gauge content is described by a U(1) field B and a SU(2) gauge field
A, (with corresponding ficld strengths B, and A’ ). The relationship
between physically observable particles and these gauge fields will be
derived below (eq. 1.2.9).

This lagrangian is
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1 i 144 1 v
L=- ZA A" - 2BB

+ (D9 (D"9) + 16" — A(¢*4)"
+ N9 LE, + h.c.
+ N® 03U, + h.c.
+ N9 04D, + h.c.
+LiDL+EDE
+Q0OiDO+UIDU+DIDD
1.2.3

where the indices I and J range over the number of cxisting [ermion

families and D, is thc gauge covariant derivative given by

(s BN
Dl‘_(d# IZIA” tg’Ylf“).
1.2.4

In this equation ¢’ are the generators of the appropriate representation of
SU(2) (ie. the SU(2) Pauli matrices for left handed fermions and the
Higgs doublet; 0 for right handed fermions) and the assignment of

quantum numbers to the fermions and bosons is as follows:
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SUQ2) Y

E 1 -1
u 1 +2/3
D 1 -1/3
L 2 -1/2
Q 2 1/6
¢ 2 172
A 3 0
B 1 0

1.2.5

"The coupling strengths of SU(2) and U(1) are g and g' respectively which
will eventually be fixed by physically observable couplings.

Spontancous symmetry breaking occurs if x4 and ) are positive

which gives rise to the IHiggs potential shown in figure 1.2. This has a

non-zero minimum at

[SIE

V2lgl =v= (ﬁ:—) ;

1.2.6

henee in the ground state, the Higgs field will have a non-zero vacuum
expectation value v2|<¢>|=v.

At this point we are still free to choose any gauge we wish. One

may, in particular, choose to work in the unitary gauge where

6= _J_(V+2(x)) with  h(x) = h*(x) .

2
1.2.7

In this gauge we can eliminate the Higgs doublet so that the lagrangian
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becomes

2 B 2 i b "
L=2(g' (A, A" + 8 A7)+ (g0, - B, )(sA" - ¢'B")

+/12h2+/\vh3+-}h4

1 ) - u) — d) -5
+"/—-i'h(N( IJeLIeRJ+N( lf‘z,I“R]""N( udL,dR,) + he

+ M(e)I!ELIeRJ + M(u)lf_‘l.,“RJ + M(d)u‘ledRJ +h.c.

1 1 ’}“/
—ALA

1

Jv
i BMB

+LIDL+EDE+QDQ+UDU+QIDQ

1
where M”= —J_E-VN” .

Let us now rewrite the gauge ficlds as follows:

1
— Al 'AZ
w* ﬁ( FiA)

Z° = cos,A’—sing, B

A = sinf,A’+cosl,B,

-18-
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(¢)
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where we  have introduced the Weinberg angle 6, defined by
tan(0,)=g'/g. If we now rewrite (1.2.8a) in terms of these new fields, we

get

MW W2 MZ 7"
1.2.10
where M2, = %gzv2 and M. = %(gz-}-g’z)vz. Thus we have a massive W

and 7. boson satisfying the initial motivation of the intermediate vector
boson hypothesis of Schwinger as vo~ll as the A field which corresponds
to the clectromagnetic ficld. With this additional transformation (eq.
1.2.9), the Yukawa terms in the fermionic sector (1.2.8d) and the kinetic

terms (1.2.81) can be transformed to

C‘;.Pl.lzel.l + C‘;Q?RlzeRl + CZI_/RIZUR] +
CillyZutg, + C, Zu, + Gy Zd, + C,d, Zd,
- ¢, Ae, —~ €€ Ae,

_ 2 1 -
+ e, Au, + -S—eu,_lAuLl - -3-edeAde -

1

3 ed Ad, +

g -
+—\/—3-1411W*d,'l+h.c.

+ AI(()U?RI‘,LJ + M(u)lll7RIlle + M(d)HH.RId

Ly
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where e = gsinfl,

and

7 )
sz—g—-(-—zl - Qo)

- O
L™ cosp,, —£( Qpin Ow)

R cosb,,

1.2.11

Here T{= the third component of the weak isospin of fermion [ and
OFT+Y,

We now have the desired interactions between the fermions and the

bosons of the theory. If we interpret e as clectric charge, then the terms

proportional to A are the photon fermion interactions.  Setting
2 ~ 2 ' .

g =4V 2M G then the charged current interaction reproduces the correct

4-fermion interaction given in eq. 1.2.1.

The coupling of the Z-boson to fermions is given in terms of the
constants C; and C), defined above. It is often convenient to write the /-
fermion coupling as J(AL+B)y)y, where AL=(Cl+C})/2 and

B=(C/,—C])/2. These constants are thus given by

! ' __ 8w
A Scost. 20050 (7 Zlem Ow) B{"‘— 2c0s0w13 '

1.2.12
There are, a priori, no constraints on the Yukawa cocfficients M?

where f = e, u, or d. However, using thc polarization thcorcm, we can

rewrite these generation space matrices in the form
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MO=sP A7V
1.2.13
where S92 and 79 are unitary and A is diagonal. Using these matrices

the Tollowing ficld redefinitions are possible:

—_— u) ! _ u) !
”L,’T( iy, ”R,"‘S( 1 R,
g p —ld) 7w
dL,—’T( e Ly dR,_'S( e Ry ”L,—T( o
_qle) _cle)
eL,_T( I]e Ly eR]_S( ”e Ry
1.2.14
so that the Yukawa terms become
14 (e) - ’ Rl (“) =] ! (d) 3 ’
YA e, ¢, +XA u, u, +xXA da, d, +hc.
; mr S, il T M A T ¥
1.2.15

‘The above gives risc to mass terms for the fermions by coupling the right

handed ficlds to the left handed fields. We identify f as the physical
fermion states (mass cigenstates) and A(’)”:mfl as the mass of fermion f,.

Applying this redefinition to the W*— fermion interaction we find

that these terms become

» 4 — KAM) -
T/&_E (W l/Lle’RI+ 1% ”W*u’le’R1+h.c.)

KM) _ o)+ dd)
YR gt g1
1.2.16
where we have introduced the matrix V* . the Kobayashi-Maskawa

matrix, in the charged current sector.




The matrix V* is the product of two unitary matrices hence it is
itself unitary and since we still have the freedom to define the quark
fields up to a phase, V*** may be reduced to an orthogonal matrix if the
number of generations is 2. If the number of gencerations is 3 it may be
reduced to the following standard form (13) in terms of the parameters
0,,0,, 05, and ¢

Cl leS slSB
VEM=| —s ¢, €,0,¢,~5,5.€" €,C,C,45,c,e"

7] ]
—8,8, C8,C4+C,8,8" C,5,5,—C,C.¢

where s,=sind, and ¢ =cosl.
1.2.17
The terms in 1.2.8 proportional to h give risc to
2,2 31,4 | VvV o= .
wh +Avh +Zh +‘}1mf—‘7_§-fllfl, + hoc.
M
MWW gt /M7
My w8 cosf,, #
1.2.18

which describes a self interacting scalar that couples to lermions with a

strength m, and to the W and Z gauge bosons with strength gM,, for the

W*, and —& M, for the Z. This is the physical Higgs-boson.
cosf,,

This theory together with the SU(3) , gauge group for strong

colar

interactions is what is referred to as the Standard Model (SM).
In the bosonic sector of the model, as we have stated, the W- and

Z-bosons have been discovered. In the leptonic scctor we have three
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complete generations: e, v, p, Vs Ty Vye The quark sector, however, has
an incomplete third generation, only 5 quark flavors have been observed
namely u, d, s, ¢, and b. If our simple assumption about the fermion
content of the theory that we started with is correct the bottom-quark
should have an as yet unobserved partner, the top-quark. The physical
Higgs-boson likewise has yet to be obscrved.

Dircet scarches for the top-quark at SppS have so far proved
unsuccessful yielding a lower bound on its mass of about 45GeV (14).
Likewise, direct scarches for the the Higgs-boson through the reaction
T—H~y at C'USB have led to a possible experimental lower bound of
~3GeV (15) (sce discussion below).

Although the direct evidence for the existence of the top-quark is
still negative, there are some indirect theorctical reasons, besides the
need to complete the third genceration, suggesting that it should exist.

Iiirst of all, only if there arc three or more generations in the
Standard Model can V** have phases that cannot be transformed away
by ficld redefinitions such as the phase é in the standard parameterization
for 3 gencerations given above in equation 1.2.17.

Giiven that there is a complex term of the form

‘A —
e u uL’W dLJ+h.c.
1.2.19

in the lagrangian one finds that if a CP transformation (charge

conjugation and parity) is applied, the following is obtained:




>

KM)  —
W u‘ uLlW+dLJ+h.c.

hence such a term violates CP.

In nature CP violation is observed in the K°-K° system so it
therefore seems natural to attribute this obscrved CP violation to
complex terms in the KM matrix (16). If indeed this is the origin of CP
violation, it can only happen if therc are 3 or more generations.

Assuming that the standard model is correct, one can usc indircct
evidence to place an upper bound on m, by a comparison ol standard
model radiative corrcctions to experimentally measured quantitics. In a
recent article (17), data from measurements of ncutrino scatlering and
M:/M, are shown to put a limit (with 90% confidence) of
m, <175, 180, 200GeV according to whether m, =10, 100. or 1000GeV.
Clearly these radiative corrections arc not very sensitive to m,, although
if m, were determincd some restriction may possibly be placed on m,,.

The situation for the Higgs-boson is less clear. There is no reason
for its existence other than the need to give mass to the fermions and
vector bosons. Indecd theories such as technicolor do without it (18).

Since the Higgs-boson only couples to a particle with strength
proportional to that particle’s mass, experiments to date which involve
collisions of stable particles found in nature (eg. clectrons, protons, clc.)
that are light on the electro-weak scale, do not probe it very well. Thus
the lower bound on the Higgs-boson mass from T—H-~ is small comparced
to bounds on the masses other kinds of particles. In fact it is not
completely clear how firm this bound is. In reference (19) it is
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demonstrated that the one-loop QCD corrections to this process can be
as large as 90% suggesting that perhaps even the two loop corrections
might be similarly large. This brings into question the validity of any
theoretical predictions for this process. Furthermore it has been pointed
out in rclerence (20a) that there are some mass ranges <1GeV which
may not be totally excluded; m,,<13MeV however is firmly ruled out due
to the long range component to the nuclear force the exchange of such a
[iggs-boson would induce (20b,c¢).

If, however, one takes the standard model literally, and the top-
quark is rclatively light, the mass of the Higgs-boson must be >7GeV or
clse radiative corrections cause the minimum of the effective Higgs
potential to be at ( preventing spontancous symmetry breaking (20d).

In the other extreme, if the mass of the Higgs-boson is >700GeV
the Higgs-boson sclf coupling becomes so large that perturbation theory
is no longer uscful to describe it. Symptomatic of this is the fact that a
perturbative calculation of the width of the Higgs-boson yields a width
greater than its mass (21). A very heavy Higgs-boson, is also subject to
the triviality bound. This bound comes about because the self coupling
of a hcavy Iliggs-boson is so large that the renormalized coupling
diverges at a scale below the Higgs mass.  The theory is therefore
inconsistient if the Higgs-boson mass is larger than some bound.
Reference (22) gives a conservative triviality bound of m,<900GeV, as
well as more restrictive bounds based on less conservative estimates.
There are therefore at least two orders of magnitude of the Higgs-boson

mass to search.




The search for the top-quark breaks down into roughly 3 regions,
light, intermediate, and heavy. If the mass of the top-quark is light,
m,<M,/2, then it should be visible at LEP or SLLC from the decay Z-rt.
As it happens this range is almost, but not quite, ruled out by cxisting
results from SppS (14). If M, /2<m <M, the intermediate mass range,
then the top-quark should decay ecither leptonically or hadronically in
which case it should be visible at a hadron collider or an clectron-
positron collider with these signatures. In the heavy range where
m>M,, the top-quark can decay directly into a W giving a rather
different signature.

The search for the Higgs-boson breaks down into 5 important
regions. The ultra-light range covers Iliggs-boson with mass m,<1GeV
as considered in reference (20). If the Iiiggs-boson is in the light range,
1GeV<m,<M,, then it should be detectable through ete”™ — HZ* at LIIP
I or LEP 1II as, for example we consider in chapter 3. I M, <m, <2M,,
(the intermediate mass range), then the detection of the Iiggs-boson is
problematic, particularly if m,>2m, it is too hcavy to be produced at
LEP II and although it would be produced at a rate of 10° per year at
the SSC (23), the backgrounds would be formidable and it is not clear
that it could be seen in all cases (24a,b). Perhaps the only certain way to
see a Higgs-boson with mass in this range is at an clectron-positron
collider with V's ~ 300 — 500GeV through the process e'e 117 as we
consider in chapter 4. If the Higgs-boson is heavy, 2M ,<m,<800GeV,

then it would decay into two vector bosons and with this signature i
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could be identified at the SSC (24c¢,d,e). If m,>800GeV, the so called

obese range, its width becomes too large with respect to its mass and it is

hard to detect through any process since the peak is no longer distinct.




1.3 Monte Carlo Methods

In the calculation of signals and backgrounds, we very often want

to perform integrals of the form

o=F f IM(®)[* (6)de
1.3.1
where o is the cross section of some physical process, I+ is the {lua factor

|M(®)|? is the square of the matrix clement, @ is a point in the phasc
space of the final state of the scattering process and \(#) is a function
which represents some acceptance cuts; y(¢) = 1 if the cuts are satisficd
and O otherwise.

This form of integral is usually intractable analytically; hence a
Monte Carlo method must be used to calculate it numerically. To do

this we rewrite the above as
o=FM*x V
1.3.2
where V= f d® is the total volume of available phase space and |M[*y is
the average of |M|’x over the phase space. Numerically this average is
calculated by the formula
MPx = = £ M) x()

1.3.3

where the sum is taken over n randomly sclected points from the final
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state phasc space.

When considering processes in hadron colliders, we need to
generalize the above method. In such cases, the fundamental physics is
given in terms of a parton subprocess whereas it is only the inclusive
cross section which is scen experimentally. This inclusive cross section,
in terms of the parton cross section ¢ with the initial partons 1 and 2 is

given by

o= f F@3) f,(x) f,(x,) dx dx,
1.3.4
were x, is the momentum fraction of parton i, § = s xx, is the center of
mass cnergy squared of the parton subprocess and f is the structure

function ol the parton i. To evaluate this integral, we first perform the

transformation

2 v
Xl =W €
-+
;t’2 =W 26’-_),
1.3.5
so that the above integral becomes
c= f w2 5(3) f,(x)) £,(x,) dw dy
1.3.6




This form has the advantage that the factor f,(x,) fi(x,) w™ is usually a
relatively smoothly varying function therefore the Monte Carlo average
converges more rapidly.

To integrate the above we first select y and w from their allowed

ranges

1.3.7
in such a way that there is a constant probability per unit arca of picking
a point in the scction of the w-y planc within this range. Ilcre, 8, is the
minimum value of § we wish to consider for the subprocess.

Next, we calculate &(8) using the above method (cq. 1.3.3) and multiply
the resulting average by the total area in the w-y planc of the allowed

range:

() In(z=) - 5

min min min

1.3.8
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l 1.4 Matrix Element Calculation

Many of the processes which we consider, particularly

backgrounds to somec of our signals require

complicated I'eynman diagrams involving many fermion lines.
. . « 2 »
diagrams lcad lo intractable expressions for |M|°, the squared matrix

clement hence for practical caleulations it is useful to develop special

algorithms to handle these calculations numerically.

'The standard method of doing such a calculation is to convert the

spin summed |M[® into a trace of ¥ — malrices and evaluate the resulting
cxpression.  For example if the only diagram contributing to a process is

that of figure 1.3, we are required to evaluate the trace

(@ "Iy e AP P, BB ,) tri o Fy)

5 -31-

the calculation of

Il there are n Feynman diagrams contributing, then in general one is
required to calculate both squared terms and interference terms so that
once must do n(n+1)/2 trace calculations. In cases such as the 4-fermion
background to lHiggs-boson production on the Z resonance (see chapter
3), the linal cxpressions may be very complicated as can be scen for
caample in appendix 4.B (a symbolic manipulation package can be
helpful). In such cases it is often more convenient to use a method
where M is caleulated directly for cach diagram with a given assignment

of spins of the external particles; the total for all diagrams is summed

and then squared. |M|* is then appropriaicly averaged over particle spin




and phase space. Methods based on this principle have the advantage
that if there are n diagrams involved only n different calculations nced be
considered. Here we discuss two methods which are based on  this
principle. Since in our applications of these methods, the fermions may
be taken to be massless, our discussion will be of that casce.

The first method is to write all spinors in the Weyl basis. In this

basis

0 -1 o.l‘R 0
1.4.2
where oy, and o] are left and right handed Pauli matrices given by
0 01
0 0 1 1
o, = +0, = C, = —0, =
R 1o 1] R g [1 ()]
Uz_____az:O'i a3=—03=1 0 :
5 o R SR [V | |
1.4.3
these matrices satisfy the commutation rclations
[U;’U;] = +i(/wa/50;,?07?
[0'2,02] = —lcwaﬁaz’oﬁ
1.4.4

Spinors representing fermions with specific helicitics have only two
non-zero components which are the two component Weyl spinors. Ior a

specific helicity assignment we can therefore write all the spinorial
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products as products of 2x2 matrices. Note that such products can be
carticd out much faster than products of 4x4 matrix which would in
general be necessary in the Dirac basis.

For example in figure 1.3 if all the fermion lines are left handed,

the expression for the amplitude is

M “+L(p1)"7.“L Ak “+L(p3)"”1.(p4+ps+p6)u"ka"VLuL(p‘t) ‘

-1
uZ(pS)oﬁuL(pQ ' (4 pl'pZ P3’P4)

1.4.5
where u,(p) is the two component Weyl spinor. In practice, the
currents associated with the lines (1,2) and (5,6) may be cvaluated as a
four vector and substituted into the intermediate matrices of line (3,4).

Since it is important to have more than one way to calculate a
given diagram, we also usc the method outlined in (25). In this method,
eaplicit — chiral  spinors are constructed with the use of light-like
reference vectors a and b which will be fixed later.

We sclect as a reference spinor any left-handed spinor in a given
dircction a, and denote it by u,, thus 1, u,=P,d.

Using this reference spinor we can construct left and right handed
spinors for an arbitrary momentum vector p (provided p is not parallel to

a or b) where:
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1.4.6

so that

up(P)ayp) = p P,
u,(PYE () = B P,
1.4.7
In the case where all the fermions arc left handed we may write the

amplitude of figure 1.3 using the above identitics as

M= @pp)" @pgepg)~" &, ()7 u,(p,)

)y, w@)a, (p,)+u, (pJa (ps) +u, (pdu, () 1,4,0,)

4 (P u, (Pg)
1.4.8
The summed v, - matrices may be reduced using the identitics
u ) o,
7, (p)"u,(p,) B Py, = 4P, P) =
LN L\2 LVW3 g 153 ul.(pz)ll] ul, 3)
Zp,)
— o — = +4(p.. _ RMN°1
TP Pr) TP, = +4Cu) 7 T
1.4.9

and their conjugates as well as the corresponding identitics with LR,

If we define
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cxpression 1.4.8 becomes (after some simplifications)

11364114845t T65s)

SZ 1 TZISGS T65

14.11
We now make a standard choice of reference vectors a=(1,1,0,0)

and b=(1,-1,0,0) and so S and T defined above achieve the simple form

_(p,-p) P)+p)) - (B;+p)) (B -ip))
vV @l-p)) @l+p)

T .
g L)

1.4.12
in this way all diagrams and helicity combinations may be reduced to
simple products of § and T factors. For a given choice of momenta
therefore, one can first calculate S, and 7, and then sum the amplitudes.
'This method has the advantage of proceeding in some cases somewhat
faster than the first; there is however a less direct correspondence
between the initial amplitude and the computer code, hence a greater
chance of programming crror. In cases where we have used these
mecthods we have calculated cach cross section using two different

mcthods to assure that there is no programming error.
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1.5 Jet Algorithm

In some of our calculations, the matrix element which we produce
refers only to a specified final statc of partons. Because of QCD
confinement, colored partons cannot, of course, be scen directly by the
detecting apparatus. What is in fact scen arc  hadronic jets
corresponding to the final state partons

Unlike an clectron or muon, a hadronic jet is not a single particle
whose momentum and energy can be easily determined but rather a
collection of hadrons which go generally in the same direction as the
initial parton and carry its momentum. Detecting such a jet and
measuring its momentum is not an casy task and to accurately simulate it
one would have to lirst usc an algorithm such as ISATEST or PY'TIHIA
which simulates the fragmentation of partons into hadrons and then use a
detector simulator, which simulates the detection of these hadrons by a
specific detector.

The intent of our work is not to cnter into experimental details but
rather to make statements which will be independent of specific detector
design. We would also like to make our statements independent of QCD
processes of small transverse momentum (soft processes), becausce these
are not fully understood theorctically and, in addition, an cnormous
amount of computer time would have to be used to gain a limited amount
of additional information. To this end we introduce a jet algorithm which
simulates the production and detection of jets given the initial momenta

of the partons.
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Three general effects are taken into account by our jet algorithm.

First, the fact that any detector must have a blind spot where the beams
enter and icave it. 'Thus, a jet which is too close to this blind spot will be
poorly measured and, in a cautious simulation should be discarded.
Sccondly, jets which are too close in direction to one another will merge
and be seen by the detector as a single jet. Third, jets with too small
transverse momentum may not be prominent enough against the many
soft hadrons produced in all dircctions to be noticed as definite jets in
the analysis of an cvent hence should be discarded. The jet algorithm
which we use to accomplish these three objectives is that of reference
(26) which is similar to that of reference (27).

For a given cvent we are presented with the 4-momenta p, ... ,p,
for the n partons in the final state. T'he direction which each of these
partons is moving can be described by an azimuthal angle ¢ and either a

polar angle @ or a rapidity y given by

0
y = ln(cot?)

1.5.1
In the case of clectron positron collisions, we use the variable 6 since the
cvent is always in the centre of mass frame while for hadron colliders we
use the variable y, since it is traditional in the literature and because
differences in y are invariant under the longitudinal boost necessary to
transform between the frame of the parton subprocess and the lab frame.
We will discuss the algorithm in the electron-positron case, while in the

hadron case may be obtained by replacing 0 with vy,

-37-



For the parton labeled i we define the transverse momentum

Pr =V @) + @)

1.5.2
and for each pair of partons i,j we define a distance function
A = cos’l—ij’.—pL— mete” case
/ 2 2
B, D
A:] = J (y’—yl)2+(¢'_¢l)2 mn [)ﬁ case
1.5.3

The first step of the jet algorithm is to climinate all partons which
have transverse momentum less than pf’, and which are closer to the

beam axis than 0,* i.e.

|cost|<[cosd,¥|

Pr2Py
1.5.4
(in the case of a hadron collider, we climinatc partons with |y|>y, ).
Then we relabel the remaining partons in in such a way that they arc
arranged [rom largest to smallest transverse momentum, p,.

If parton 1 is far from all the other partons or jets in the sense that
A>A, then we consider it to form a jet in itself and place it on the final
list of jets. Then we repeat this step with parton 1 climinated from the
list of partons (relabeling partons as required)

If parton 1 is not far from all other partons, let j be the label of the
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parton such that 4, is smallest (hence 4, <4, ). Replace p; by p,+p,
climinating p, from the list of partons (relabeling as required) and repeat
this step.

At the end of this process one has a list of possible jets. Eliminate
any jet that does not satisfy the transverse momentum requirement and
scparation from the beam axis requirement as specified above for
individual partons. This situation could come about if partons near the
beam axis have been combined to form jets.

‘The jet algorithm is thus specified by the parameters A, Py, and
0, (v

Figurce 1.4 illustrates the action of the jet algorithm on some typical
cvents of the form e* e"— 4 massless partons. Each of the figures
1.4a-1.41 depicts a single event with /s=100GeV in the center of mass
frame. ‘The dircctions of the initial partons are indicated by X's on a
cos(f)—¢ plane with the size of the symbol indicating the momentum of
the parton. ach of the partons is surrounded by a curve representing a
cone of 15" hencee if two of these curves intersect the partons are closer
than 30° to cach other. The jet algorithm is then run with the parameters
A, =307, p)=10GeV, and cos(0,*)=0.9 with the resulting jets indicated by
Q)'s.

Figures 1.4a-1.4d show typical 4-jet events. Note that none of the
curves around the partons overlap hence all the partons are separated by
more than A=30° and none of thc partons are within the bands

indicating |cos(0)[>cos(0,*)=0.9.
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Figures 1.4e-1.4h show typical 3 jet cvents. Vigurc l.4c and 1.4f
each have one parton that does not form a jet because it falls too close to
the beam axis ([cos(0)|>0.9). Figurc 1.4g and 1.4h shows casces where

one of the partons failed to form a jet because it had transverse
0 . ' . s
momentum less than p,. Figures 1.4i-1.41 show similar cxamples where

two of the jets have been eliminated giving 2-jet events.

Figure 1.5 shows how thc results of the jet algorithin behave as a
function of the parameter A,. Events of the form e'e™— 4 massless
partons with ' s=100GeV where gencrated with a constant matrix
element and then the jet algorithm was run with the paramclers
Py=10GeV, cos(0,*)=0.9 and various value of .\,. As could be eapected
when A4, is increased, the 3- and 4-jet events become cvents with smaller

N, (mostly 2-jet events) duc to the merging of jets. Note, however that

for A,<50°, the region of practical interest, the proportion of cvents with
a given number of jets is fairly stable so that onc expects that predictions
based on the jet algorithm should not be drastically changed by the
experimental details or soft QCD cffects, since onc would expect that

such factors would be manifested as a change in the effective value of

A,



Figure Captions

I'igure 1.1
A 4-fermion term in the effective lagrangian at low energies may in

fact be due to a massive vector exchange.

Figure 1.2
The Iliggs potential necessary for spontaneous symmetry breaking.
The minimum corresponds to the vacuum expectation value of the Higgs

ficld.

Figure 1.3
An illustrative example of a process involving massless fermions, in

this casc ete —ete ete”

Iigurc 1.4

Typical examples of the jet algorithm in operation are shown.
Some events with 4 massless particles in the final state were generated
with an cven distribution in phase space with v's = 100GeV. The initial
directions of the partons in the cosf—¢ plane are indicated by X's while
the final jets are marked by Q's. The size of the symbol is related to the
momentum of the particle and the curve around each symbol represents a
cone of radius 15°. In the jet algorithm we have used the parameters
Py = 10GeV, A=30° and |cos(d,*)] =.9. (a)-(d) show typical events
where the jet algorithm found 4 jets. The upper and lower horizontal

lines on these diagrams represent |cos(d,*)] = .9. (e)-(h) show typical
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events where the jet algorithm found 3 jets and (i)-(1) show typical cvents

where the jet algorithm found 2 jets.

Figure 1.5

A plot of the fraction of events (generated from phase spacce)
versus A, satisfying N,=0,..,4 where the other parameters are
V5=100GeV, p) = 10GeV and |cos(8,*)| = .9. N,=0 is shown with the
solid curve; N=1 is shown with the dash-dot curve; N=2 is shown with
the dash-dot-dot curve; N=3 is shown with the dash-dot-dot-dot curve

and N;=4 is shown with the dash-dot-dot-dot-dol curve.
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Figure 1.1
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Figure 1.3
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CHAPTER 2
TOP-QUARK DETECTION AT HIGH-ENERGY
ELECTRON-POSITRON AND HADRON COLLIDERS

2.1 Introduction

As we discussed in Chapter 1, the standard model predicts that
there is a top-quark and present cvidence suggests that its mass must
lie in the range 45GeV<m <200GeV. In this chapter, we concern
ourselves with a top-quark whose mass falls within the light or
intermediate mass range defined in section 1.2, ic. with m,<80GeV. In
this range the top-quark decay will be predominantly a 3 body weak
decay (t—bqq’ or t—bl*v) as opposced to a top-quark which falls in
the heavy mass range, m,>80GeV where it will decay by (—bW'. The
light and intermediate mass ranges are of interest because they are
now cxperimentally accessible through hadron colliders such as the
Tevairon or clectron-positron colliders such as 1.ILP or SL.C. Scction

2 of this chapter dcals with detection ol such a top-quark at an

electron-positron collider produced though the reaction e'e™--tf. In
scction 3 we consider the detection of a top-quark produced though
the analogous strong process at a hadron collider. Note that the work
in this chapter was donc before the present restrictions on the top-

quark mass were cstablished, hence we consider some cases which at

the present time are disfavored.
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2.2 Top-quark Detection at Electron-Positron Colliders

I.ct us consider

ete tl— jets + 1+ §

2.21

(#= missing momentum) at LEP and SLC cnergics. We intend to

show that, with proper procedures involving a scries of acceptance

cuts, top-quarks with mass as large as m=~60-70GeV can be
identitied.

'I'he type of event which we shall consider is e*e™—(F via either

Z* or 4* (* denotes a virtual particle) where the Z* may be on

resonance or otherwise.  let p,, p,, p,, and p, denote the four

momenta of 7, e*, ¢, and T respectively as in figure 2.1(a). We then

detine the invariants

s=(p+p,)s 1=(p,=p,)°, 112(173—172)2,

9
9
(3]

and
[wr)=2 ((m,2 - u)2 + (mf - r)z)
223
Denoting by 7', the amplitude for efe™—Z*— 7, we find after summing
over linal spins and averaging over initial spins (neglecting the

cleetron mass)



1

. Z2 Z2 2 N2
IETZT; = N, ((1AZ] + 1BZ?) (AL + 1BIY () + 4077 = 1B Pyms)

1
(=Y + 1205

+ 4 Re(AB™) Re(A”B)f_(1,u))x

224
Likewise denoting by T the amplitude for e*e™—y*—17, we tind
1 2 2 241
IE I'_yT_;L = N_|A)]" |A]] (f,(,0) + 4m‘s)-‘—2,
2.2.5

and the interference term between T,and T7 is

1 o Lo 47 2 ;
TITLT] + TT) = N, AT ANAT* AP ()4 mis) BB (1))

(s—M)

X &

S(s=M)+15M7)

2776

o n b

In cgs. (2.2.4)-(2.2.6), I, is the width of 7 and N is the number
of colours (=3). For a fermion [ (=t or ¢) Af, B/, and A] are the

standard model couplings to the 7. and ~

8w .

A= Bv_ o 1
ZC()s()w

Z 2cos0,, 3

jsinhﬂw), /f;:

[——-)
A7~Lf

2.2.7

In the subscquent analysis we use the lollowing cuts: Jets are
identified using the jet algorithm defined in Chapter 1. Guided by jet
+ g/, scarches in e*e” annihilation (28), we usc the values tor the jet

algorithm paramcters: p)=3GeV, |cos(d,*)|=0.8, and A,=30". Wc
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require that in order for a lepton to be detected, p,(0)>pi({)=3GeV

and that |cos(0,*)|<|cos(6,*,)]=0.8 and in addition that each lepton be
scparated from any jet by an isolatic1 angle 6, > 0,=10°. Finally we

require all events Lo have a total missing momentum p,>p."=5GeV.

In our analysis we consider events with at least three jets in
order to reduce standard model backgrounds of the form e*e™—gg. In
particular, we  look for cvents where onec of the 1,7 decays
semileptonically (lor example ¢—bl"y, ) and the other decays into jets
(for example t—bqq’ ). When b quarks from such a decay themselves
decay hadronically, the decay products tend to be collimated hence
they form a single jet.

Figure 2.1(b) shows the cross section o for efe™—F with onc of
the 1,f decaying semileptonically and the other into jets for various
values ol m. We note that for high values of v's (>100GeV), in
addition to ete ™ Z*—1f, e*e"—y*—1f, is also important egs.
2.2.5-2.2.7. We see that for cach m, there 's an optimal valuc of s,

which we denote s, for which ¢ has a maximum o¢_,.. For m, in the

max*
tange 30-0m < 40GeV, onc has Vv s,=M,, as m, increases beyond
45GeV, /s, increases. Tigure 2.1(b) shows that for m=30GeV,

o 10pb: for m=40GeV, o

max

=3x10°pb; while for m =50GeV, o

max max

drops to 3pb and for m,=60GeV, o__=1.8pb.
Now consider a multi-jet event and select a particular subset of

the jets. Define E; and P, to be the total cnergy and the total

J-momentum of the selected jets, and
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3
%

m=y E-F,
228

To find the mass of the top-quark from ecxperimental data,
proceed as follows

(a) First sclect the events in which the final products of the f and
T decays contain only one neutrino as in figure 2.1(a); such cvents can
be sclected becausc the missing cnergy £ cquals the missing
momentum P. We find that they consist of about 8% of the total
number of cvents.

(b) Next, for such cvents, if the final state contains lour jels,
calculate the invariant mass #1, of cach possible combination o1 ihnce
jets, and rccord it on a histogram. I‘rom figurc 2.1(a) we sce that for
the combination of threc jets arising from b, ¢, and §’, we have m =M,

(c) If the final statc contains three jets, calculate m, for all two
jet combinations, and record it on a histogram. Again, lrom [ligure
2.1(a) we sce the following: First, supposc that the three jets arise by
coalescence of two of the jets of b, g, and g’ into onc jet, then for the
combination which includes that jet and the other parton from that sct,

m=m,. Second, suppose that thc jet arising from the b-quark of
1—bl*v, fails to qualily as a jet because, for example p,(j)<p'; then if
b, q, ¢’ Icad to three jets, we shall have m,=m, as well. Of course if
the b jet coalesces with onc (or more) of the jets of b, ¢, ¢’ then
m#£m,.

Figure 1(c) shows cross scctions o, for three and for jets at

s=$, as a function of m,.

Figure 2.2 shows the histograms as a function of m, obtainud by
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the above method. For /m,=30GeV we show the histogram for both
four-jet and three-jet events (dashed line) while for m,= 40, 50, and
60GeV, we show the histogram for four jet events only.

I'rom this we sce that four-jet cvents always give a strong peak
at m=m, while for 3-jet events the peak iv less prominent and may
appear clsewhere.

Now figurc 2.1(c) (two lower curves, the number of neutrinos,

N =1) shows *hat the four-jet cross scction is sizable for m<45GeV;

with a luminosity L=1.6x10"cm™s" in one day’s rcal running time (29)
we eapect >1 cvent. This suggests that the above method is more
usclul only il m1,<45GeV.

Morcover, the above method assumes that events with N =1 can
be separated from those with N >1 by the requirement that E=pg. If
m>M /2, cnergies above M, are necessary, and photon
bremsstrahlung becomes important. The photons will tend to go along
the beams, and £ will not be well determined.

To sce this cffect, we first estimate the cross section o, for
bremastrahlung of a4 photon  of momentum k  with

h o< hA C(s--dm)/2 Vs, radiated with respect to the beams at

RV
nn - Fe4TTRY

an angle 0¥<0,*. Most of o arises when the 5 is approximately

collincar with e¢'.  Then we find
lA“““ i, (1 —lcosf *|)s
o (s) =280 dhh C+ L —2Xy, 0 o(s — 2kVs)
D 2 k 2
T8 k 2me

min

2.29

Consider for example m ,=50GeV; then from figure 2.1(b) the optimal




energy is /5,=110 GeV (maximum ). Taking k_=1GeV we find

nun

0,=0.210. Note that because of the logarithmic dependence of 2.2.9

this result will not be strongly effected by the exact value of &

rmin®

Physically this means that it a photon contributes Iess than 1GeV to the
missing energy we supposc that the event will be effectively the same
as if it were without such a photon. If it contributes more than 1GeV
it will be counted as a N >1 cvent which therefore means that the
events with N =1 should be reduced by 21%. IHowever in an
experiment N =1 events would be indistinguishable from cvents with
N, >1and E-|p|<k,, and therefore such cvents should be added. ‘The
result is shown in figurc 2.2 (dash dotted line). Although the peak al
m,=m, (=50GeV) is still prominent, the m, distribution is somewhat
smeared out. Thus, if 71,>45GeV it is advisable to procced with an
alternative method.

Since in the above we are throwing out 82% of the events where
N >1, in the case of larger m, wherc the cvent rate is low, it would be
very helpful if we could find some way to include these events. Doing
this we could incrcase the four-jet and three-jet cross scctions by
about one order of magnitude (tigurc 2.1{c), upper curves).

Applying the above mcthod to cvents with N >1, we find that
for four-jet cvents there is still a peak at mp==m, but significantly
broader hence identification of the top-quark and dctermination of m,
becomc more difficult. Thus to consider N >1 cvents, we lollow a
different procedurc.

First denoting by E, and P, the cnergy and momentum of 7, we
define
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mz=y (E, - E) — (P~ P)

2.2.10
Next, we consider the four-jet and three-jet events for N >1 and their
distribution in the m,—#n, plane; this is shown for m=50GeV in figure
2.3(a). We sce that there is a concentration of cvents in a square of
about 10GeV x 10GeV with m,<m, and m>nr1,. Most of the events
plotted in this square are, in fact, from corrcct combinations (ie. like
b, q, and g, figurc 2.1(a)), and it turns out that 75% of the correct
combinations arc to be found in this squarc. Incorrect combinations
scalter continuously through the allowed range of the m -, plane.
Thus, we proceed by selecting events only in this square; their detailed

distribution is shown in figure 2.3(b).
IFor cvents satisfying these cuts, we now consider averages

between iy and i of the form

MQ) = (1-a)m, + am,

2.2.11
for various values of the parameter v, 0<y<1. With rcference to
tigwie 2.3(b), this average amounts to a projection along an axis
detined by the value of . Figure 2.3(b) also shows that for m,=50GeV
there is a relative concentration of events along the axis corresponding
to x-0.45. For m=30GeV, we find a similar concentration along
A 0.22, ete.. This suggests that for cach m, there is an optimal value
of a such that the histogram versus M(x) shows the most prominent
peak.

Figure 2.1(d) shows as a function of m, the value of x denoted
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o o

by x, which produce the most promincnt peak in the histogram vs
M(x,). Then figure 2.4, for m =30, 40, 50, and 60GeV shows the
histogram vs M(x,) for the above values of x,; there is cvidentially a
prominent peak for all these values of m,

To summarize, tor not too large m (<45GeV), we determine m,
via a histogram versus 1, for events with N =1 only. For lager m,
we first plot the cvents in the m,—fi, plane; a concentration occurs
which gives an approximate value of m,. Next, we introduce an
additional cut corresponding to a square of about 10GeVx10GeV, we
usc this approximate valuc to determine a valuce of v, as in figure
2.1(d); and, finally, we construct a histogram for the number of events
versus M(x,). The value of m, arises as a prominent peak in this
histogram.

Within the standard model, background to e'e”-sjets 4 1 -4
may arisc first from e'e"—bb with b andlor b decaying
scmileptonically. However, because of the smallness of m,, the
products of thec b and of the b decay will be very collimated; this will
give rise to two-jet back-to-back cvents in the e'e” center of muass
system. Since we look for cvents with three or lour jets, such a
background will be practically absent.

More important is the background from e'e —hh + ginoirs; the

cross sections are of order «, or higher as compared with e'e” -7 but

for rclatively low p.(j) they may be substantial.  On the other hand,
considering, for ecxample, e"e*—bbg with h—cul”, we note that

because of our lepten isolation cut in §] and of the smallness of m,, b
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must be rather soft and the gluon must be rather hard.

We have determined the cross section for e*e”—bbg (three jets)
subject to our acceptance cuts, corresponding to each valuc of m,
(tigure 2.1(c) dotted line). Clearly it is more than 1 order of
magnitude smaller than e*e”™—f for N >1. Thus it cannot significantly

interfere with our results when we apply the method discussed earlier

that uscs N 1 data. In this calculation we numerically determincd
the amplitude using the Weyl basis method described in section 1.4,

Compated with e"e*—¢7 for N =1, this background is significant
(ligurc 2.1(c)). However, its m, distribution is different. This is
shown as an cxample lor m,=30GeV in figurc 2.2 (dotted lincs):
whereas e7e' sl peaks at m1,<vs/2, e*e"—bbg shows some peak at
m, V312 . 'The latter is due to the lepton isolation cut which, as
mentioned, forces b to be soft causing the invariant mass of b, g to be
large.

For m>M,/2, the background from bbg decrcases in
importance (tigute 2.1(¢)) since the optimal Vs increases and it is less
likely that b will be soft enough to give an isolated lepton.

+

Finally, tor e*e”—bbgg, which is of higher order in o, the

cross section is estimated to be smaller by an order of magnitude (30).
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2.3 Top Quark Mass Determination in Hadron Colliders

Let us now consider f production in a hadron collider through
events of the type pp—f 4+ X with onc of the £ 1 decaying
semileptonically and the other into jets. Thus, for example,

pp—=t+ T+ X
—bqq’
—)[)1_1_/1
2.3.1

As before, the neutrino manifests itself by some missing transverse
momentum g, and some of the jets associated with b, b, ¢, ¢ may
coalesce or be rejected by our jet algorithm. We therefore look lor

events of the type

pp—1+X—njets+1+p, +X

2.3.2
with n=3 or 4. We intend to show that, with proper procedures, top-
quarks with m,<40GeV can be identificd at SppS (Vs = 630GeV) and
m <80GeV at the tevatron (V' s=2TeV). Our procedures are similar to

those of scction 2.2.

To determine the jets, we usc our jet algorithm cacept that we take
rapidity instcad of angle as described in section 1.5, The paramclers we
take arc pl()=7GeV; |y|<y,=2.5GeV and for the jet scparation,
AR =V Ay 4+ A > Ay=1. Furthermore, we require the lIepton be
produced with transverse momentum cxceeding pi(f)=12GeV and with
center of mass rapidity |y(0)|<y,({)=2.5; and the lepton be separated
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from cach jet by AR(lj)>AR,({)=0.5. Finally we introduce a missing

momentum cut jf,>1/,"=4GeV,

We now define mass variables analogous to those of section 2.2.
Denote by p, the lepton momentum and by £, and P, the energy and
momentum of the jet i(=1, .. ,n). Let us first consider the case n=4. For

cach subsct of 3 of the final jets define as before the invariant mass m,

by:

2 n—1 Lo n-1 2
m=( X L) - (Xp)
1=1 1=1

!Q
»
W

motcover, for the remaining jet deline the guantity

W= (4 1)+ 16,0 = 0, 4§+ )

2.3.4
tor cach such subset, m, and M, arc measurable quantities (31), m, is
identical with the quantity in scetion 2.2 while A4, differs in that since we
cannot  use  longitudinal  momentum  conservation  on  the  parton
subprocess, we must estimate the mass of the top-quark which decays
scmileptonically by using only the transverse part of the ncutrino
momentum,

Neat consider n=3. First, for cach subset of 2 of the final jets

detine 1, and M, as in (2.3.3) and (2.3.4), Finally, take all 3 of the final

jets and detine:

2 (‘3, % S %
m. ={2 I - -
J 1=1 ' (1=1 p'
2.3.3a

and
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M=(p) + 1P - @B, + B, + P,)"s
2.3.4a
To explain our approach take first the simplest case that all the final
quarks b, b, g, § producc only jets (nonc decays semileptonically).
Beginning with n=4, suppose that in cquation (2.3.3) the subsct of 3 jets
corresponds to b, g, and @'; then m,=m, Morcover in lig. (2.3.4) if
|B\=|P|, then M=m, as well. Thus considering the distribution ol
events in the m,—-M, plane, we expect to have a concentration at m, m,
and M,Zm,. On the other hand if in (2.3.3) onc of the jets corresponds
to b then m, and M, will be quite ditferent from m, and in general lrom
cach other.
To further enhance the relative concentration, [or cach cvent we
form all possible combinations of jets and calculate m, and A,. Then

among all such combinations, we choose the one for which
|m,—M | = minimum

Calling the corresponding values m, and Mm,. Then the distribution of
cvents in the -, planc is cxpected to show an cven  stronger

concentration at rmy=n, and m,<m,

Next we turn to the case n=3. I’irst of all, assume that two of the
jets coalesce.  If these jets correspond to two of the jets of b, ¢ and ¢,
then the reasoning proceceds as before, On the other hand, it once of the

coalescing jets corresponds to b, then m, and M, will in general

significantly differ from m, and in general from cach other so that the

events where this happens will be scattered about the m,—fm,, planc.
Finally, supposc that for onc of the jets the transverse momentum
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7, (N)<p(j) and therefore n=3. If this jet corresponds to one of b, g, or
g, with the definitions (2.3.3), (2.3.4) we reason as before. If it
corresponds to b, we use the definitions (2.3.3a) and (2.3.4a) to repeat
the same reasoning.

Now assume that some of b, b, ¢, ' dccay semileptonically. Then
m,<m, Regarding M, in general we can have M,<m_or M>m,; for
the “correct’ combination of jets therefore with respect to M, we expect a
broader distribution. However, we can argue that for a large fraction of
events, for the ‘correct’ combination of jets |M,~m | is not too large. The
argument is as follows: (i) We are missing the longitudinal part of the
momentum of the v, of the decay t—bl*y,.  (i1) Additional ncutrinos may
arise lrom the decays of b, g, or §'; and their momenta will, n general,
contribute to g,. Factor (i) tends to make M,<m,; however, the cffect
should be rather small, because on the average only 1/3 of the energy of
[ goces to the neutrino, and /3 of the ncutrino's momentum is
longitudinal.  Factor (i) tends to make /f/IJ>m,; however, only a small
lraction of the momentum of b, ¢, §' is taken by the ncutrinos of their
decays as m the efe” case. Thus, factor (ii) is expected to have a small
cffect, as welll In our Monte Carlo calculations, factor (i) and (ii)
together were found to give on the average IMj—an:lOGeV.

Thus our procedure to enhance the concentration should still work
since we expeet mg=im, for the combination of cvents with all  the
selected jets arising from 7.

The reaction pp—f proceeds via the subprocesses qg—1f and
gp »rf; their cross sections are given in reference (32). We use the

parton distributions of reference (33) (set 1) with 6 flavors and O'=s .
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We introduce a K-factor of 2 into our results (34).

To illustrate our approach, figurc 2.5(a) shows for SppS and
m,=40GeV the distribution do/ dm dM of cvents in the m,—M, plane;
there is a concentration near m=M=m, Then figure 2.5(b) shows the
corresponding distribution of do/dm  dim in the m -, plane; now the
concentration near my=H1,=m, is signiticantly stronger. Figures 2.5(¢)
and (d) show do/ dm, dri, at the tevatron for m =40 and 60GeV. Nole
that in all of (b), (c), and (d) the distribution with respect to 77, is

broader.

Figure 2.6 shows the distributions do/ dm tor various values ol m;
in each casc there is a clear peak at my=m,. The figure also shows the
level of 1 event/GeV at SppS corresponding to an integrated luminosity
of 600 nb; and at the tevatron for L=i0" nb" s', six months operation
at cfficiency 1/3. Thus at Spp§ if 171,=40GeV in the range 35< m < 45GeV
we anticipate about 14 events; however, at the tevatron in a range
m,—5<m,<m4+5GeV we anticipate at least hundreds of cvents tor all
m =30, 40, and 80GeV.

A possible background may arisc from:

pp — W4 gluons + X
2.35

with W—["7, and the gluons giving rise to jets. However with respect to
our process, (2.3.5) is of order aga, and its cross scction is therctore
cxpected to be insignificant.

A more important background may arise from
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pp — b + b+ gluons + X
2.3.6

with, say, b—cly, and b—jet. We calculated the cross section for
pp-+b+b+gluons+X using the expressions of reference (35) for the
subprocess  gg—qqg and gg—qqg; then we calculate b—cl ™y, taking
m=50GeV. Yigure 2.7 shows the distributions do/ dp,, vs p, at SppS and
the tevatron. Clearly at low p, (Sm,) this background is substantial, but
as p,, increases beyond m, it decreases very fast. We qualitatively
understand its shape in view of the smalluess of m, and of our Iepton-jet
scparation cut AR(f): Such a background event requires b to be soft so
then p,cannot much exceed m,,

Similar remarks hold for the background pp—bbge + X, which, in
Lact should be somewhat smaller than pp—bbg + X since it involves one

more gluon.

Our results of figure 2.7 suggest that we can somewhat reduce our
aceeptance cut in p to 1)“,]=SGeV. At Spp§ for m=40GeV, fligurc 2.6

shows (dashed line) the corresponding distributions; evidently the number

ol interesting events increases by a factor of about 2.
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Figure Captions

Figure 2.1

(a) A graph for e*e™—¢7 with t decaying semileptonically (1- bl 1)
and ¥ into jets (F—bqq’). (b) cross scction for e”et—rf with one of the t .
t bar decaying semileptonically and the other into jets. (¢) Cross seetion

for g, (ic at s=s;) for threce and four jets corresponding to N- 1 and
N >1. Dotted line, cross section for the background e*e™-sbbg. (d) The

values x, of the parameter x (cq. 12) producing prominent peaks in the

histogram versus M(x,).

Figure 2.2
Histograms vs m, for N =1 with the mcthod following L. (9), tor

m=30, 40, 50, 60GeV. 'The dotted line for m,=30GeV shows the
background e*e"—bbg.
Figurc 2.3

(a) Distributions of three-jet and four-jet events with N -1 in the

my—m, planc for m =>50GeV. Contours correspond to fixed number of

events per GeV™ in arbitrary normalization.  (b) The same in more detail.

Figure 2.4
Histograms vs M(x,) with the procedure of including N ~1 tor

m =30, 40, 50, and 60 GeV.
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Figure 2.5

a) Distribution do/ dm, dM, of events in the m,—M, plane at SppS
for m=40GeV. Contours correspond to fixed number of events per
GeV* in arbitrary normalization. b)Distribution do/ dm,, dri, of events in
the m—ra1, planc, as before (m,=40GeV) ; same normalization. c)The
same as for b), but at the tevatron (m,=40GeV); arbitrary normalization.

(d) As for (c¢) but with m,=60GeV.

Figure 2.6

Distributions daldm, vs m, at §ppS at the tevatron. Solid lincs
correspond Lo acceptance cut p,()=12GeV; dashed line (at SppS ) to
pi(l) 8GeV. Dash-dotted lines denote levels of 1 event/GeV  with
integrated Tuminositics as in the text.
Figure 2.7

Distributions  do/ dp,l vs the transverse momentum D, of the

fepton. Dash-dotted line: at $ppS; solid lines: at the tevatron. Dashed
tines denote the background from pp—bbg+X with b or b decaying

semileptonically.
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CHAPTER 3
HIGGS PRODUCTION AT OR NEAR THE Z
PEAK IN ELECTRON-POSITRON ANNIHILATION

3.1 Introduction

In this chapter we are concerned specifically with detecting a
Higgs-boson that has a mass in the light range discussed in Chapter 1,
in particular 10GeV<m <M, Perhaps the first opportunity to detect
such a Higgs-boson will be in clectron-positron colliders operating at
the 7 peak  (such as SLLC or  LEP) through the reaction
ele 7 7%, where 7% denotes a virtual 7 . Assuming that
m, 10GeV, the Higgs-boson decay is dominated by H—bb while if
3GeVe my 10GeV H— e will be the dominant decay mode.

There are in general  three main decay modes for  the
7 (0 acharged lepton), Z¥ =i and ZY—qgq. The cross
section for these processes are shown in figure 3.2.

It 74 I' and F=e* or ¥, then ete"—Z°—I'" has a
patticulatly clean signature, 2 jets and 2%/, although the rate is lower
than Z*- v This has been studied extensively in references (36)-(39)

In the case ol Z*¥—qg there is a high cvent rate however the
signal 1 fess elean sinee the final state (ggbb) consists of 4 jets and is
subject to standard model background from Z—qggg.

It Z*- s the event rate is higher than Z*—/["I™ and the signal

is relatively clean, 2 jets and cither missing momentum or missing




energy arising from the undetccted neutrinos. Thus, using this method

one could in principle hope to reach slightly higher values of n1,, than

using Z—/*I". In this chapter we will focus on this final mode as a
method of scarching for a light Higgs-boson at a clectron-positron
collider at or necar the Z peak.

In addition to these cvents (signal) of the torm

et Tl
L

311
we study possible standard model backgrounds: and by introducing
certain mass and cnergy variables, and making usc ol the properties of
the distributions with respect to these variables, we show how to
practically climinate or at lcast reduce these backgrounds by the
introduction of proper acceptance cuts. In suggesting some of these
cuts we are guided by similar procedures of the UAL and UA?2
collaborations in their analyses of collider cvents.

Production of the Iliggs-boson from 7, decay may not be the only
way to obscrve the Iiggs-boson in clectron-positron colliders. It the
top-quark cxists, as is rcguired in the standard model, onc would
anticipate toponium ('I') formation so that another important channcl
for Higgs-boson production is e*e™—T—»H~. Wc shall compare iggs-
boson production via the latter channel to that via (3.1.1) in the casce
where m <M, /2.

The outline of this chapter is as follows: In scct. 3.2 we bricfly

review some propertics of the Higgs-boson and analyze the process

e*e”—H f [ (f=fermion). In particular we study the distribution of the
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cvents (3.1.1) with respect to certain kinematic variables which we

define.  In sect 3.3 we study the background from e'e”—vigq
(g=quark) which is the main background if m>M,/2. We show that
with a judicious choice of cuts it can be practically climinated. In
Scet. 3.4 we study a possible background from e*e”—Z—¢f which is
present it <M ,/2; we show how it can be reduced by a series of
acceptance cuts,  In seet. 3.5 we consider production of the IHiggs-
boson though the toponium resonance, a method which would also be

usctul it m --M /2. Scction 3.6 contains our conclusions.
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3.2 Higgs Production at The Z Peak

In the standard model, the coupling of the Iliggs-boson to a
quark q is given by g, =gym /2M,, hence, the width I, for the decay

H—qq is:

N g2 m, m * s

- _Yedw My 2
I'= o (1 4——1-2)
32aM,, my,

3.2.1
where g =e/sind, and N is the number of colors. The cases of
interest here correspond to m <<M,, (m, is the mass of the b quark
or lighter) so that I, is very small (~0.6x10™ m,).

To the lowest order, the generic process e'e »Z 1 [
procceds via the graphs of figure 3.1a. When the tinal state fermion |
is not the t-quark only the first graph is important.  Introducing the

invariants (4-momenta defined in ligure 3.1a)

3 2
f‘:([ll——p’) ul:(p?_—pl) (=5, 6,
3.2.2
alter averaging over the initial and summing over the final spins, we
. . 2 .
obtain the squared matrix clement [M|” (with m ()

2

M_dl )2 2 {2 ),[ 2
w5 LAAL + 1B AT+ 18, e, v 1)
114

Lo gagt
—YMM" =2¢
3 4

1 1
2 2.2 22 2 P
(¢ -M) +1I'M, (p, -M,) + I'M,

+ 4 Re(AB*) 4 Re(ALBL ) gt — tu)]

3.2.3
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The standard model values for the coupling of the Z to a fermion f (e,

v, or ¢) are given in section 1.2 by

;o Ewo g .2 B 8w -
A= 17, — 204sin°0,), = .
7’ 2(()\()”,( 3 Qf w) z 2cosf,, *

and the H-7. coupling is g,,,,=g,M/M,, (sce section 1.2).

Applying (3.2.3) at ¢°=M we obtain as functions of m,, the total
cross seetions ol figure 3.2, In efe™— Hgg we have summed over the
quatk contributions (¢=u,d,s,c,b) and multiplicd by the numbcer of
colors N- 3 (we use M =91.6GeV, I',=2.81GeV and sin(0,,)=0.21).
Our results are in agreement with references (37),(38).  We arc
interested ine'e” -+ Zf- Hup. and with a luminosity L=1.6x 10™cm™s?
at the 7, peak (the anticipated luminosity at LLIEP). We see that for
m,, 60GeV we may anticipate several events in 3 months real running
time (one year with clticiency 1/4),

We consider identification of the Iiggs-boson via its decay
11 »qq and we supposce that the 3-momenta P, P, of the g, g and the
enctgies /70 f7 can be well determined. Let us introduce the invariant

mass #r, ol the rr system. We can casily see that

my, = (M~ BN — (9 + )

N
to
th

so m, sy indireetly, an experimentally measurable quantity,
In tigure 3.3(a) we present the distribution do/dm  as a
function of m, - for various values of m,,. We note that do/dm _ peaks

near the upper end of phase space m, x~M,—m,, (reference 37). The
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peaking can be qualitatively understood from an interplay between
phase space and the propagator

1
G, - M)+ 1

. 2 2 . . . . 2.
Le. when m; (=p;) incrcases, this propagator increases since p; is
" “
closer to the resonance value of M.
Instcad of the variable m | we may alternatively introduce the

total encrgy of v and v:

E,sE +1=M,~L -

3.2.6

E_ is also experimentally measurable and, over m, it has the

advantage that it requires determination only of the magnitudes
1p,l, |P;| of p, and p, and not the directions.

In figure 3.3(b) we present the distribution of de/ dF as a

[unction of E ; and of m,,. 'This distribution also peaks ncar the upper

in fact, the pceaks are morc

end of phasc space E ~M,-m,;

pronounced than in do/ dm, .

At this point it should be said that the channcel ete” '
(references (36)-(39)) gives more handles on Higgs-boson scarches; it
has a more clear sign and better and more accurate reconstruction.

On the other hand, first as figure 3.2 shows, it has a smaller cross
scction than (3.1.1). Sccond, if * is a 7 — lepton, there are problems
with the 7 — lepton, identification, and if [* is an clectron, there is
significant background from e*e”—e*e"gg via a two photon process

(sce reference (38) cq. 3.11). Finally for all leptons, there is some
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background from

ete - Z' 5 I qg
For example, for m,=47GeV, and l=c, the total cross section for this
process is comparable to that for e*e™—Z—He'e™ (reference 40).
Returning to our process ete”—Z—Hypy, with H—qq, if we
consider ~10 ¢vents in three months real running time as a reasonable
lower limit for the liggs-boson identification, figure 3.2 implies that
onc can sce a IHiggs-boson with a mass as high as m,=67GeV.
However, this assumes that in all cvents H—qg, the two jets resulting
from ¢, g arc well identitied, i.c., that jet-jet reconstruction into a
peak corresponding to a resonance proceeds with very high cfficiency.
The ditficulties of the UAT and UA?2 Collaborations at the CLERN pp
collider in altempting to cstablish resonances with jets do not justify
such an assumption: and, although jets from e*e” collisions arc known
to be more clean, similar difticultics may still be anticipated at LEP.
We theretfore eapect that in our case a Higgs-boson with a mass not

exceeding m,~60GeV can be identified.
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3.3 Background from Z—qquv

In this section we consider background contributions of the form

et e > Zqgui
3.3.1
where m_<<M, We show that with L=1.6x10"cm?s" this
background represents a few cvents; but that by taking advantage of
the smallness of I3, (eq. 3.2.1) and introducing an appropriate
acceptance cut we can practically climinate it.

The Feynman graphs contributing to (3.3.1) arc shown in ligure
3.1(b). Reaction (3.3.1) (with g=u,d,s,c,b) involves well-cstablished
particles of the standard model, so that such contiibutions are
definitcly present.

In figure 3.2 wc present the total cross scction for (3.3.1)
(denoted as "background”) for all g=u,d,s,c,b which we have
calculated using the Weyl spinor method described in section 1.4 and
checked using the method of reference (25) described in scction 1.4
This cross scction corresponds to only a few cvents which is to be
anticipated by the fact that the amplitudes ol the graphs in figurc
3.1(b) arec of order g;. Iowever, if cventually the luminosity
increases and one wishes to scarch for a Iiggs-boson with a larger
mass, onc would have o deal with this background.

Now we compare the background (3.3.1) with e*e”—Z— .
Figure 3.2 shows that if m,<50GeV, this background is significantly

lower; the Higgs-boson signal is well above this value. However, if
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m,~~60-710GeV the cross section is comparable. To practically
climinate the background consider the invariant mass M, of ¢g in

(3.3.1), which is the invariant mass of the two jet system. The

distribution do/ dM, with respect to M. for the background cvents

(3.3.1) is shown in figure 3.4; as one may anticipate, it is a smooth

distnibution.  Now we use the fact that the Higgs-boson is very narrow
(1, O(10"m,)): By introducing an acceptance cut in M. around m,,
we can climinate most of the events (3.3.1) without significantly
alleeting the cross section lor ete™—Z— v,

In actual practice the magnitude of this cut will be specified by
the resolution in determining M, rather than by I, itself.  For
cxanaple, for m,- 55Gev even if we assumed a resolution as poor as
10GeV, a cut requiring that 5()§Mq‘.]§6OGeV will eliminatc 90% of

the background cevents (3.3.1).
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3.4 Possible Top-Quark Backgrounds

The production of # could, in principle, cause a large background to
the signaturc we are looking for. If the mass of the top-quark. m,
cxceeds M, /2, the corresponding background is rather small and is

not a matter of concern more than the background of (3.3.1).

However if m <M, /2, at the 7 peak there will be copious 11

production, and this may prescnt a formidable problem for Higps-
boson detection.

The processes contributing to this background are

et — Z - Tt

\—J)qc—/’
(/"—’T’PJ i

lzadrons+1/T

3.4.1
etee - Z o7
[)I/TT+

hadrons+v,

hadrons+v_

3.4.2



the corresponding graphs are shown in figure 3.1(c). In (3.4.1) the four

jets in the tinal state (arising from b, b, g, and §’') may combine so that
they effectively produce two jets (see below). The mode 7~ —hadrons+v,
is a very important (~70%) fraction of r decays. Now, if these individual
hadrons arce detected {or if there is good 7 — lepton identification) the
rcactions (3.4.1) and (3.4.2) causc no problem. Ilowever, if only jets are
identificd, (3.4.1) and (3.4.2) produce a serious background. It is the
latter case we consider here.

In combining the lour final-state quarks of (3.4.1) to produce two
jets we use the jet algorithm described in section 1.5, lere we use the

jet algorithm parameters:

lcosg ¥ =08 pl() =3GeV A =307

3.43

which 1s simlar to eaperiments at LLEP and SLC reference (42). We of
course use shightly ditferent values.

To estimate the missing momentum associated with the neutrino in

shadrons v we use the following model for 7 decay: All such

decays are taken to be of one of the types 7—(r,K,p,A,) + v_; p is taken

to represent decays into two hadrons and the A, meson represents decays

into thice hadrons. It turns out that the results are not very sensitive to

the desenption ot the hadron system. Finally, to get the total missing

momentum  p, we  combine the missing momenta of the final 7 -

neutrinos and r — antineutrinos.

In figure 3.5 we present the distribution of do/ djf, as a function of

the total missing trausverse momentum g£,. for events of type (3.4.1)

(denoted as 1-7 events), of type (3.4.2) (denoted by 2-7), and of type
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Z—Hvy with m,;=40GeV and 50GeV. These distributions arce the result

of a Monte Carlo calculation. The first two (1-7 and 2-7) correspond

to a top-quark mass of #71,=42.5GeV (so that the corresponding t-
quarkonium mass is M;=85GeV, sce sect. 3.5). Clearly events (3.4.1)
and (3.4.2) form a formidablc background. We notice that an aceeptance
cut at, for example, g/, >p)=15GeV climinates a greater portion ol events
(4.1) and (4.2) than of Z—Hiwwr. so we proceed by introducing a cut
Pr="15GeV.

With the two jets resulting from (3.4.1) and (3.4.2) delined as

above, we introduce the variable

I*=M, - b - I

3.4.4
where E , and £ are the encergies of the two jets. Clearly, tor Z -/
with H—qqg this variable corresponds to 12 of Liq. (3.2.6) (I ).
Figure 3.6 shows the distributions tor do/ dE* vs E* for 1-7and 2

events (with m =42.5GeV) and tor Z—Hvp cvents (with m,,= 30, 40 and
50GeV) all calculated using the Monte Carlo  technique with an
acceptance cut pfi=15GeV. I or all such values ol m,, the cvents Z 1w
should show as an excess over the 1-—7 and 2—7 background.

Instcad of E* we may introduce the variable m* :

(m*)° = (1*)° - (#, + p}‘)2
3.4.5
where p and p_arc the momenta of the two jets, this variable

corresponds to m . of Liq. (3.2.5). We have also calculated dal dm™* vs,
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e ety

m* for 1-7, 2—7, and Z—Hyr events, with similar results.

We have also obtained good results with the following variable:

¥ = MZ - l"l‘ - l“]: - 'Imrlron.s

3.4.6

where £, is the total energy carried by the individual hadrons from

the 7 decay of (3.4.1) and (3.4.2) (not the ones forming the jets j, and

7). In Z 5w there are no such individual hadrons, so that E, , =0
and £ coincides with the variable £ ol ¢q. (3.2.6). In figurc 7 we
present the distributions do/ dE versus B for 1-7 and 2—7 cvents

(m, 42.5GeV) and tor Z—Hvo events (11,=30,40, and 50GeV) calculated
with p; 15GeV. Now the peaks of the I-r and 2—7 distributions arc
somewhat shifted towards smaller £.

F'urthermore, to eaploit the ftact that the Iliggs-boson is very
nanow  (section 3.3.2), in ligures 3.8(a) and 3.8(b) we present the
disttibutions da/ dM, versus M (Mm:: the invariant mass of the two
jets) tor the sum of 1- 7 and 2—7 events (m,=42.5GeV) and lor Z—Hvp
cvents with (a) m,=40GeV (figure 8(a), additional cut 40<E*<50GeV),
and (b) m,, - 50GeV (figure 8(b), additional cut 30<E*<40GeV); in all
cases ) =15GeV. It is clear that the events Z—Hvp well exceed the
combived 174 27 background.

We note that, in general the 1-7 and 2—7 background distributions
show a pedk (figures 3.6-3.8). This is due to purely kinematic reasons:
As the energy variable (E*, E, or Mmz) increases, the corresponding
distribution decreases because of phase space eftects; and as the variable

decreases, the distribution again decrcases because of the acceptance
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cuts,
Backgrounds similar to the ones discussed in this scction will arise

when one or both of the top-quarks decay semileptonically producing
I*=u* or e*, and, for some reason /* is not detected. For example,

ete” - Z o t(

\—)—5/[«;“

—bqq or byt

3.4.7
with p7 undetected.  Likewise if 75, or 7 in (3.4.1) and (3.4.2) decay
scmileptonically and the resulting fepton(s) are missed,  additonal
background will be similar to the 1—7 and 2 -7 ¢vents discussed above.

A rough cstimate of such additional backgiound can be made as

follows: Lct a, be the probability of not detecting a lepton ! (- o1 ¢).
Also let b, b, and b, be the branching ratios lor the decay of 7 into
e vy, , ;1 vp and hadrons respectively (b4 b, 1 h, 1) let o, be the cross
scction of the 1—-7 cevents of (3.4.1) (with h, included), and o, of the

additional background with onc e*,;* undctected. Then,

(22

17
b

"

o, =(a,+ a, + b, a_ -+ b“ a.)

3.4.8
Using the values b,=0.165, b, =0.185, and b, 0.65 (rclerence 10(b))

and taking as an example a,=a,=0.1 wc obtain

o= 0.35017

349
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Likewise, let o, be the cross section of the 2—7 events of (3.4.2) (with bi

included), and o, of the additional background with two leptons

undctected. Then

”21’

b

.
a, = (a, + a, + b, a, + h“ a“)

Py

h

3.4.10

and as m the previous example

0’,1 = 0.19 T,
=T

3.4.11
We see that events with undetected leptons will enhance our background

by only about 35%, therefore none of our conclusions will be aftected.
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3.5 t-Quarkonium Effects

I the t-quarkonium ‘T (=ff bound state, M,=2m ) is cstablished at
LI:P or SL.C, in general, the best way to deteet the Tiggs-boson is via
T—Hy. Reference (41), using a perturbative calculation obtains at tec

level

(=) _ Y% i

It dra AL

351
According to (42), however, a higher order caleulation may signilicantly
reduce this rate. Tor example cquation 2 of this relerence gives the |
loop correction to this process to be a 75% reduction given m, SOGeV
and M, =80GeV (the result is not sensitive 1o the eaact choice ol these
values). For the time being we will ignore these lugher order effects, the
total cross scction for efe™— T—H- is therefore

l(’l‘—«(‘_(")

a(T—11y) = o(T—hdrs.) 1(T=-hdrs.) T,

3.5.2

T

To cstimate this, for the partial width [(7- -¢'e ) we accept the value ol
S5KeV (reference (39)).  The total width [(T—hadrons) is maodel
dependent due to uncertaimty in the quark wave function. lor the
Richardson potential (43), which is supposcd to incorporate asymptotic
frecdom cffects, once linds [ (T—hadrons)=100KeV. "T'o get an idea of the
uncertainty we mention that another potentials give 127KeV (relerence

(44)).




In tigure 3.2 we present o(e'e”—T—H~y) as a function of m, for

M, =60, 80, and 85GeV (dashed curves). Comparing with the cross
scetion of Z—»flv we conclude the following: (i) If M,=80-85GeV,
a(l +H17). -a(Z HHup) eacept for m,,<20GeV ; (i) If M,=60GeV, for
m,30GeV, (T s117)>a(Z— Hup). Of course, for M,<60GeV T—H~ is
impossible  ‘Thus tor M,~060-70 or <30GeV, Z—Hyi is quile usclul.

[t is, perhaps, of interest to consider also

ete” — T—Ivw
3.5.3
This proceeds via the graphs of figures 3.1(d); in the third graph the 70 1s
oll shell, To determine the cross section we follow the pertutbative
approach ol reterence (41). Straighttorward but lengthy calculation gives

the tollowing ratio ol widths

i -

[ [ \
I A Y A [ ar, o, 2
I ) a(l-mi /) MY A
I ! Z Z
3 ’ } , 2 2 ©
(ryg) 1 anp o oM, (Lt (r-q)g-M) ~—l(l+ [)’17 (i (p-q) ):)]
(h" m;)‘ (W Mf,)"‘+12/hl:/ Mi(kz—mf 3 A;z -bn,zp2

3.5.4
The momenta p,. p, k. and q are defined in tigures 3.1(d). A, and B, are
given by 3.2.3. N =3 is the number of massless neutrinos. Finally the

range of integration of £, is

3.5.5

Then on the basis of (3.5.1) and (3.5.2) we can determine the cioss
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section o(T—Huwp).

Using for I(T—e*e”) and [{T—hadrons) the same values as before
we present in figures 3.2 the cross section of T—Hup as a function of m,,
for M, =85 and 92GeV (dash-doted curves). We see that for M-85,
o(T—-Hyp) is very small but that for M,=92 and m>S50GeV it is
comparable to o(Z—He"e"). ‘The smallness of o(T-Hii) lor M, <85GeV
can be understood by the lact that with respect to 7=+ £y the amplitudes
of graphs of figures 3.1(d) arc of O(g,)-

[Towever, for a ¢F bound state of spin 1, when its mass is close to

the mass of 7, namcly,

M, - M) < 00 )
3.5.6 there arc important ‘I-7, mass mixing and interlerence cllects
(references (44)-(46)).  Since our results in figure 3.2 negleet ‘1I-7, mixing,
they, may only serve as a rough estimate of the contribution (3.5.4) it

(3.5.0) is truc.
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3.6 Conclusions

We have considered Higgs-boson production via ete”—Z—Hyw
with subscquent decay H—¢g. We may conclude the following.

(i) 1t the top-quark has a mass m,>M,/2, or il m,<M,/2 but there
is good 7 - iepton identification, the above reaction allows detection of a
ITiggs-boson  with mass up  to  m=60GeV. The background
e'e” 2 Z - gqriy can be practically climinated via an acceptance cut in the
invariant mass M .

(it) it m,< M2, in particular il m,=40-45GeV, and if there is no
7 lepton identitication, the reactions (3.4.1) and (3.4.2) produce a
formidable background. Still, by introducing various acceptance cuts, it
is possible to detect a Higgs-boson with m1,,<50GeV.

Il the t-quarkonium ‘I" is established, in general detection of the
Higgs-boson via ¢'¢"—T— 1y is a better way. If M,x=80-85GeV and
1, 20GeV, both T H+ and Z— Hi can be used (the latter has a cross
scction comparable or even greater than the former). The same is truc if
M ~60GeV and 1, <30GeV.

In the case M, =060GeV and m, >60GeV, T—H+ cannot be used; then
Z M allows detection of a Tliggs-boson with m,x~60GeV it there is

good 7 - lepton identitication.
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Figure Captions

Figure 3.1.

(a) Lowest order graphs for efe™— 1 ff. (b) Graphs contributing to
the background e*e™—Z-qgr. (c) Graphs tor  the background
e*e 112 jets+p,. (d) Graphs for the perturbative  caleulation of

T—Hy.

I'igure 3.2.

Total cross scctions as functions of the Higgs-boson mass m,,. Solid
line: e*e™—Z—Hp. Dash-double-dotted lines:  Z-sHqg, HI' | and
He®e™. Dashed lines: T—Hy for M,=60, 80, and 85GeV. Dash-dotted
lines: T—Hw for M,=85GeV and M,=—M,. ‘The solid line denoted
background is the total cross section for ete™-» Z--qqup. The dashed hne
corresponds to 1 event in four months (1 year with clliciencey ol 1/4) real

running time with L=1.6x 10"cm s,

IFigure 3.3.
Distributions for e*e™—=Z— Hyir: (a) vs the invariant mass m,, (cy.

3.2.5); (b) vs the cnergy E (cq. 3.2.0).

Iigure 3.4.
Distribution do/ dM, ol the background et Z v vs the

ivariant mass M =M ..
112 q9

Figure 3.5.

Distributions do/ dp, vs missing transverse  momentum  p,
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]

calculated via the Monte Carlo method. Solid lincs: for Z—Hup

corresponding to m,,=40 and 50GeV. Dashed lines:for the background

liq. (3.4.2) (denoted 2-7), with m=42.5GeV.

ligure 3.6.
Distributions da/ dE* vs the variable E* of eq. 3.4.4: Solid lines:

lor 7 1w with m,,=30,40, and 50GeV. Dashed lines: for ¢q. (3.4.1)

(I 7) and for c¢q. 3.42 (2—r1) with m=42.5GeV. In all cases an

( .
acceptance cut pi=15GeV is used.

Figure 3.7,
Distributions da/dE vs the variable I of eq. (3.4.6). Solid and

dashed lines as in tigure 3.6.

Figure 3.8,
Distributions do/ dM,, vs M, with p;=15GeV. Dashed lines:
total contribution of cgs. (3.4.1) and (3.4.2) (17 + 27) with m,=42.5GeV.

(1) With additional acceptance cut 40<E*<50GeV.  Solid distributions
lor 1y, 40GeV.  (b) With 30<E*<40GeV. Solid distribution for

50GeV.

my, S
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(d)

Figure 3.1
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CHAPTER 4
PRODUCTION OF THE INTERMEDIATE MASS HIGGS-BOSON IN
FUTURE
ELECTRON-POSITRON COLLIDERS

4.1 Introduction

A range for which it is particularly hard to discover the Higgs-
boson is the intermediatc mass (IM) range discussed in chapter 1,

100GeV<m, <2M,, where M, is the W-boson mass. In this range, a
very important role is played by the valuc of the mass m, of the top-
quark (which is as yet unknown). If m,<2m, so that the decay H— (7

is impossible, an intermediate mass Higgs-boson (IMH) can still be
detected tor example at the SSC via H—bb (47) as well as via its rarc
decays H—oqy, 07, or ZZ* (see for example reference (48) and
Chapter 5).  lowever, if m,>2m, such decays are strongly
suppressed, and the possibilities of detection at SSC or LHC greatly
diminish (c.g. the possibility of detection via H—7'r practically
disappears sce chapter 5). It is preciscly the case m1,,>2m, which will
be discussed in this chapter. In fact, throughout this chapter we
suppose that the top quark with m <, /2 has been discovered, and its
mass is fairly well determineed.

In the IMII case, the best tool for detecting the Higgs-boson is
possibly a clectron-positron collider of cm energy v s>300GeV. Thus

we study IMIT production via the process

-100-




ete wH+Z

4.1.1
IMH production in eclectron-positron colliders at  s=1-2TeV has
already been studicd to some cxtent (49). At such cnergics the
dominant channel for IHiggs-boson production is through W'W™ and
ZZ fusion (49); the corresponding cross sections are targer than those
via (4.1.1). However, the construction ol clectron-position colliders
in the TeV range presents yet unresolved technical problems; in lact,
the difficully incrcascs with the energy. On the other hand, in the
range 300<v s<500GeV the process (4.1.1) dominates.

In this chapter we investigate in detail the latler range of
energies. Ilowever, we also present results at highcf Vs, for even if
Higgs-boson production via W*W™ and 7.7 [usion is advanlagcous the
mechanism (4.1.1) offers an additional way.

In scct. 4.2 we present the basic lormalism; we note that we
carefully take into account the cffect of photon bremsstrablung from
the initial statc of e* or e”. Scction 4.3 discusscs branching ratios and

acceptance cuts and presents our basic results. In scction 4.4 we
discuss the possible background from e*e”— Ztt. Scction 4.5 discusses

a more important background from e*e™—fF and presents resulls in

detail. Finally Section 4.6 contains our conclusions.
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4.2 Basic Formalism

With reference to figure 4.1(a) the cross section for efe”—»H4Z

is (reference (50))

2 1+(1—4.sin20w)2 M; m(1+ QZ )

W 860540“, (s—M;)2 Vs 3M;,

a(s) = ma

4.2.1
where e, =a/sin®0, and M, and |g| the mass and c.m. momentum of

the 7 the c.m. dillcrential cross section is:

de 3 BMi + |Z)|2 (1- coszt?)
- s ] ]
deos 0 4 3M-Z + mr

I 3

422

IMigure 4.2(a) shows the cross section (4.2.1) as a function of Vs for a

Higgs-boson mass m,=150GeV, and figurc 4.2(b) shows (42.1) as a

function of m,, al Vs=500GeV (solid line). The results are in

agreement with references (50) and (51) in kinematic regions of
overlap.

It is important to consider also the effect of photon

bremsstrahlung of the initial statc e* or e (figure 4.1(b)). Events of
interest for our purpose arisc not only from [igure 4.1(a), but also, in
general, from figure 4.1(b). Then denoting by o(s) the total cross
scction for our process without and with photon emission, an

appropriate expression from reference (52) is:
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K
o,(s) = A m[ﬂk’i .,(s_zm).[z_\% (% =D (143 (%r‘]
423
where o(s) is given by (4.2.1), k,_=(s—(M +m,)")/2/s and
A=2% (1 )
T
4.2.4

with m,= electron mass; the integration is over photon momentum k.

The expression (4.2.3) includes also hard photon bremsstrahlung, in
which case most of the contribution arises when the photons  are
emitted collincarly with the ¢* beam. It can be casily seen that, up to
order «a, the expression (4.2.3) reduced to eapression 2.2.9 which we
used in scction 2.2, TFor our purposcs we find that these two
expressions give very similar results.

Denoting by M, the invariant mass of the system that recoils

against the final Z and E, the c.m. cnergy of 7. we have:

4.2.5
Figure 4.3 (solid line) presents the distribution do/ dE, vs I£, for
v 5=500GeV and M,=150GeV ; this is cquivalent to the distribution

doldM, vs M

1y

Clearly there is a pcak at £ x230GeV,
corresponding to M, =m,,. Thus a clear signature for the Iiggs-boson

will be a distribution in E,, as in figurc 4.3 with a prominent peak.
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4.3 Branching Ratios, Acceptance Cuts and Results

We consider values of the top-quark mass m,>M,/2; such values
arc favoured by recent analyses of the UAL collaboration (53) and
from Argus data regarding B'~B° mixing (54). We present results
taking into account the following decay modes: For the Z decay we
consider Z ' as well as Z—gg; and regarding H-#f we consider
both , 7 dccaying hadronically as wcll as onc of ¢, ¥ decaying
scmileptonically and the other hadronically. We take the Z and t
branching ratios (BR) given by the standard model. In the
scmileptonic decays t—bl" v, we also include I=r — lepton.

In introducing acceptance cuts, when we consider hadronic
decays of 7, we must  establish  some  condition facilitating  the
obscrvation of jets from the 7. We denote by i, j the produced quarks
(jets), and by 0, the angle between the quarks i, j; we denote by 0, the
angle the quark 1 makes with the beam axis. We label by i=1,2 the
quarks lrom the 7. Consider first the casc that in H—¢f onc of ¢, F
decays semileptonically. Then we label by j=3,4,5, and 6 the quarks
arising trom the ¢, 7 system. Now we introduce the following

acceptance cuts

cos), < Cns()?l =09 i=1,2 j=1-6
lcoso | < cos()? = i=1.2
Pr = pro =3GeV 1=1,2
] !

4.3.1

In the case both +,7 decay hadronically, our procedure is the
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same except that the quarks arising from the (7 system are labelled by
i=3,...,8. If the Z decays leptonically, the cuts (4.3.1) arc not
required.

Furthermore, we should ensurc that the 7 pair is indeed a 7 pair
and not some other ¢g pair. Considcring first the decay ¢—blty, we
denote by 0, the angle between the Iepton and the quark 1. Thus for
the quarks 3-6 we require: Either that (a) they form 3 or 4 jets
according to our jet algorithm, or (b) they form 2 jets and the lepton
is separated from them by an angle 0,>0)=10".

In the case both ¢, 7 decay hadronically, we require that the
quarks j=3-8 form at least 3 jets. In the above we use the jet
algorithm of chapter 1 with paramcters |cosl,*|=0.9, |cosA,|=0.9 and
Pr(H=3GeV.

With the above cuts figure 4.2(a) shows the resulung cross

section as a function of V's for 11,=150GeV and m=65GeV (short

dashed line). For v/s<1.2TeV this is not much lower than o(s) without
cuts; however at the highest Vs it becomes smaller by more than an
order of magnitude. This is primarily duc to the above cut (a) or (b):
As /s increases the quarks originating from the Iiggs-boson tend
more and more to be collimated into a single jet, and this makes more
difficult the formation of 2,3, or more jets required by the cut (a) or
(b).

Figurc 4.2(b) shows the same cross scction as a function of m,,

at v/'s=500GeV and for m,-G65 and 50GeV (short dashed lincs); the

cuts decreasc the signal by a factor of about 3.
Figures 4.4(a) and (b) show the same cross scction as a function
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of m,, for V' s=300GeV and 1TeV.
It is important to show also the distribution do/ dE, (or
do/ dM, ) including the acceptance cuts. Here in enforcing the cuts

carc is nceded, and some details of our procedure arc given in

Appendix - 4.A. Figure 43  shows  this  distribution for

V$=500, m,=150 and m=65GeV (short dashed linc).
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4.4 Background from

ete =21t

One source of background arises from the processcs
ete” — Z 4*
— T
and
ete" » Z Z*
— It
4.4.1
depicted in figures 4.1(c),(c"). With respect to the main process (4.1.1)
(the signal) the above processes are of order « and, ol hand, onc might
tend to neglect thern. However the main process (figurc 4 1(a)) involves
an s-channel cxchange, so its cross section decrcases rather fast with §; in
contrast the backgrounds (4.4.1) involve a t-channcl cxchange and,
a priori, their intcgrated cross sections might be relatively sizable
especially in view of the initial state photon bremsstiahlung and the
acceptance cuts we consider. Since these backgrounds may also be of
interest in searches for other objects, we have carried an analytic
calculation; details and results arc given in Appendix 4.8.

Assuming for the f system a resolution AM, =20GeV (a valuc
rather generous (55)), figure 4.2(a) shows the resulting background (long
dashed line). Notice that this background cross scction involves no
acceptance cuts or branching ratios. Thus it should be compared with
the main process cross section shown with solid line. We conclude that

this background is small.
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We have also considered the effect of photon bremsstrahlung on

the background (4.4.1); the corresponding distribution do/ dE, is again

small compared to the main process. Introduction of acceptance cuts and
branching ratios further reduced the background.

Figurc 4.2(a) also shows the level of one event/year assuming a

luminosity L=10"cm”s™ and ecfficiency 1/3.

In the special casc m,~M, and if m<M,/2 so that Z—if is

possible, a troublesome background may arise from ete”—ZZ. We have

not investigated this casc.
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4.5 Background from e*e”—tt

A potentially morc important background arises from cvents of the

type:

ete” sy it

ete” = Z* > 11
4.5.1
depicted in figure 4.1(d). The point is that various dccay products of ¢, T
may appear to "fake” the final Z of the main process (4.1.1) (the signal).
Suppose for example that both ¢, 7 decay hadronically; then one of the
quarks from each of the t,7 may combine to producc a system of
invariant mass about M, (figure 4.1(d)). The same situation may arise it

one of ¢, ¥ decays scmileptonically and the other hadronica'v

Denote by m, the invariant mass of the two quarks i and j. We
accept an event from this background as producing a fake 7 il there are

two quarks i,j such that

)

Imq - M| < bm,,

4.5.2
and we take 6mP=10GeV. Furthermore, denote by /1, the invariant mass
of the system that recoils against thc two quarks i and j (i.c. of the
decay products of ¢, ¥ other than i and j). Then for cach value of the

Higgs-boson mass m,, we take the cvent to be a background to Iliggs-

boson detection if, in addition to (4.5.2),
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0)

[y, — myl < 6my,

4.5.3
we also take 6m()=10GeV,

The resulting background cross section for m=65GeV is shown

first for V's=0.5TeV in figurc 4.2(b) (short dash dotted line). Notice that
no acceptance cuts (other than (4.5.2) and (4.5.3)) are imposed on this
cross scction; thus it should be compared with the main process without
cuts (solid linc in figurc 4.2(b)). The same background cross section is
also shown for v/s=0.3 and 1TeV (IVigurcs 4.4(a) and (b)).

'The important point is that in all cases, although this background
has a large cross section, its phasc space properties are very different
from thosc of the signal. Referring for example to figure 4.2(b) we see
that it is quitc strong (it pcaks) at #1,~0.4TeV ; however, in the range
0.1<m,,<0.17TeV, where the signal is important, this background is far
below.

We can understand qualitatively the shape of this background as
follows. To be specific, consider figure 2(b), i.e., v §=0.5TeV. Referring
to figurec 1(d), assumec for simplicity that the quark i (j) is produced
collincarly from  (7) ; in view of m,=65GeV and of the fact that cach of
t, T is produced with energy v s=250GeV, this assumption is reasonable.
Now, since the quarks 1 and j fake the Z we have that their invariant
mass m,:

m, M, ,
4.5.4
where the top-quark mass has been neglected. Then, the remaining jets

will have an invariant mass of roughly
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ﬁ_——j
Vs-M, ~ 04TeV .
4.5.5
Then, the peak at m,~0.4TeV is understood. Somectimes the invariant
mass will be less than vs—M,, which gives risc to the long tail at

m,<0.4TeV.

We also consider the effect of a photon bremsstrahlung on the
background (4.5.1). Figure 4.3 shows the corresponding distribution
do/ dE, (short dash-dotted line) for V=500, m,=150 and m=65GeV.
Clearly this E, distribution peaks at low E,,, so that the pecak due to the
signal (4.1.1) remains very prominent.

Finally, we have calculated the cross scction of this background
when the BR and acceptance cuts of section 4.3 arc imposed (together
with (4.5.2) and (4.5.3)). For m,=65GeV the results at v s=0.3, 0.5 and
1TeV are shown with a short dash-dotted linc in Iigures 4.4(a), 4.2(b)
and 4.4(b). Of course, in all cases BR and acceptance cuts significantly
reduce the background cross section. Of particular interest is their cffect
at /s=0.3TeV (figurc 4.4(a)), where it is clear that with the same BR
and acceptance cuts the signal (short dashed line) well exceeds the

background.
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4.6 Conclusions

In conclusion, an intermediate mass Higgs-boson, with its mass
cxceeding 2m, so that it mainly decays to 7, could well be observed in an
clectron-positron ~ collider of  V§=300-500GeV  and luminosity
L=10"ems". Figurc 4.2(a) shows that for m,=150 and m =65GeV one

could anticipate about 100 events/year (at an efficiency of 1/3).
Construction of such a collider may become feasible in the future;

certainly it presents less formidable problems than that of an electron-

positron collider at Vs=1TeV.
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Appendix 4.A

As we stated near the end of Sect. 4.4, in calculating distributions
like do/ dE,, care is needed in enforcing the acceptance cuts. To
explain our procedure, let a(s) be such a distribution involving no

acceptance cuts. First we write &(s) in terms of the matrix clement

squared |M|*:

o(s) = [ 1MI* dos)
4.A.1
where d®(s) is the clement of phase space. To introduce cuts, let y(s)
be a function of phasc space such that y(s)=1if the cuts are satisficd and

x(s)=0 otherwise. then the distribution with cuts is

o(s,cuts) = f x(®) [M|2 di(s)
4.A.2
In calculating the cffect of photon bremsstrahlung we have uscd the

expression (4.2.3) containing the function

B(k)=A [2-1‘— LN\ % A) (—2%)*]

Vs Vs Vs
4.A3

In terms of this onc obtains for the total distribution 7 (s) without and

with photon bremsstrahlung:

k

max

5 (5) = f (s - 2k/'s) B(k) dk

0

4.A.4
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Then the correct way to introduce cuts into this expression is

k

max

q@m@:f dbM@fﬂ@@Wf@@
0

4.A.5
We remark that in most cases we consider y to be a function of k, so

that o (s,cuts) cannot, in gencral be expressed in terms of o(s,cuts).
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Appendix 4.B

Here we present analytic results regarding the background from
ete”—Ztt, i.e. arising from the processes (4.4.1).

We denote by M, and M, thc amplitudes of graphs 4.1(c) and
4.1(c’) respectively when the #f pair is produced via 4* exchange; we
denote by M, and M, thc amplitudes of the same graphs when (7 is

produced via Z* exchange. Summing over final spins and polarization
and averaging over initial spins, we shall decompose the final answer as

follows:

ZIMAMAMAM = 2 |M4M,[° + LM M+
+2Re M, M} +2Re¢ X M, M,
+2Re T M, M; +2Rc © M, M}
4.B.1
We write the Z f f coupling as -iv"(a,~b,) ; here f=clectron or top
quark and a, b, are the standard model couplings. We denote by e, the

charge of the t (=2¢/3). Then referring to the 4-momenta as in igures
4.1(c), (¢') we obtain:

) 2 gl ezel2
z |Ml + M,|" = 4A, +B )( 2)2[
q

2 I
—_—(G-—)] .,
(q-p)@q-p,)° M

L' )+ 2 s
(( _ 2.2 ’p2)+ M2 (p]’ ))
q-p,)") p

+ (pl""’pz) +

4.8.2

where:
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Fip,.p,) = m*(4p,q p,q—sq") + (s=2p,-9)(4p, P, PP, — P,q)

+ 2(2p,4-4") (P, Py P,P, + PPy PPy

4B.3
= 5q*Q2m*+q") + (9, G+Py4—5) 4P, P, PP +4P D, PoP3—5T)
~ PPy PPy Py 9+PyP3 PP P )
4.B.4
I = (2p,:q—4")2p,q—q")(SM242D P, Py P y+2P, P, PyPs) -
4.B.5
1'urthermore:
ez Z‘2 2
) (A, +B7 )
LM+ M= 4—L— —~((p,.p 2)+ J(pl,k))
(q-M, ) ((q—pl)) Mz
2 L
+ (@, —p) + —————=K-—)]
(q—pl) (q—pz) MZ
4B.6

where:

n
Jp, -p1)~Jf m(sq" ~4p,-q p,q) + (A}, +B )F P, M4 2_2M2)(2p, q- -q%)’s
4.B.7
_ t2 2 " " 2 12 2
K =4B, ms(Cp,-q+2p,q—s—2q°) + (A, +B, )G
”H (q ~2M3)(2p,-4—4") (2P, 4-4) s
M4
4.B.8
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) ol ]

L = 2B, m}s(2p,-9-4")2p,q—q") + (A, +B, )11

l

2 o] ] )
— By —- (¢'=2M3) (sq"~4p,-qp,-q) (p,-q~¢") Cpy-a—q7) .

Z
4.1B.9
Finally:
4A'7A8(Ae2+?3'2)ec 2p,-k
Re IM,M} = e (Hp p )+ F(p k)
(4" —M)q-p,) (a-p,)q M,
4ALAS A°2+3Bf2 e
Re st = 20z . 2
(@ -M)(q-p) (g-p,)q M,
4.8.10

EM, M is given by YM, M} with p,—p,. and YM,M] =) YMM, ‘The
above expressions should be multiplicd by a factor of N arising by
summing over the colors of the top quark.

The quantity X [M,+M,]’ has also been caleulated in relerence
(56); our result is in agreement. The expression of relerence (56)
contains an additional term (last term of their eq. (4.2.8)), which
vanishes by symmetry when (p,+p,) is kept fixed in the phasc-space
integral (56).

Apart from the graphs (c),(c’) there is additional background of the
type e e"—ZtF arising from graphs with a 7Z* or +* in the s-channcl.
However, such graphs arc of O(«a) with respect to the main process; and
since they also involve an s-channcl cxchange, their contribution is

expected to be unimportant. We have verified this by explicit calculation

at V/5>300GeV and this is also in accord with reference (56).
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. Note that cach of the amplitude sums M +M, and M,+M,

scparately satisfics gauge invariance in the sense that the sum vanishes
when the polarization vector of the final Z is replaced by its momentum

and M,—()

|
1
-118- ]
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Figure Captions
Figure 4.1.
Graphs for the processes considered. (a) The main process. (b)
The main process with photon bremsstrahlung from the initial clectron.
(c) and (c’) The graphs determining the background e”e*— Zf Graphs for

the background e*e™—tf

Figure 4.2.
(a) Total cross sections as functions of Vs for m,=150GeV. Solid

line: the main process without branching ratios (BR) and acceptance

cuts. Short dashed line: the main process with BR and aceeptance cats
as in scct 3, for m=65GeV. Long dashed: the background e et-»Zit
without BR and acceptance cuts, for m=065GeV 'The level of 1
event/year corresponds to luminosity L=10%cm *s™ at clliciency 1/3. (b)
Total cross scctions as a function m,, for V' s=500GeV. Solid and dashed
lines as in figurc 2(a) (upper (lower) dashed line corresponds to
m,=65 (50) GeV). Long dash-dotted linc: The Background e'e -»tf
without BR and acceptance cuts for m,=65GeV. Short dash-dotted: "The

same with BR and acceptance cuts.

Figurc 4.3.

Distributions do/dE, vs E, ( or vs M, ) al Vs-:500GeV for
m,=150GeV. Solid line: Main process (signal) without BR and
acceptance cuts. Short dashed: same with BR and acceptance cuts
(m =65GeV). Dash-dotted: Background e7e*—t7 without BR and

acceptance cuts (m,=65GeV).
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Figurc 4.4.
(a) Total cross scctions as functions of m,, for v/ s=300GeV. Solid,
short dashed and long dash-dotted lines as in figure 3. Short dash-

dotted: background e”e*—f with BR and acceptance cuts (1m,=65GeV).

(b) same as in (a) for Vs=1TeV.
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CHAPTER 5
DETECTING AN INTERMEDIATE MASS HIGGS-BOSON
AT THE SSC THROUGH ITS TAU-LEPTON DECAY MODE

5.1 Introduction

In chapter 4 we considered the detection of an intermediate

mass Iliggs-boson at a hypothetical electron-positton collider  with

Vv $=300-500GeV. Long before such a collider is built, however, the
Superconducting Supercollider (8SC) will be in operation; henee it
would be ot great importance if an intermediate mass Higgs-hoson
could be shown to be detectable there.

In fact, at the SSC an intermediate mass Higgs-boson would he
produced at a very high rate, 10° cvents per year, predominantly
through the gluon-gluon fusion graph with a quark loop shown in
figure 5.1a (reference (57)). The main obstacle to detection of such
Higgs-bosons is the high backgrounds present at the SSC. lor
example il m,;>2m, thc main decay of the Higgs-boson is /-1 where
the top-quarks appecar as multiple jets. QCD jet backgrounds,
however, render this kind of signal undetectable (58).  Lven il
m,<2m, so that thc dominant decay modc of the IHiggs-boson is
H—bb it may be difficult to sec though not impossible (59).

Given these difficultics in detecting the main hadronic decay of
the Higgs-boson, onc is led to consider other "rare” decay modces.

Some of these decays present in the intermediate mass case considered
in reference (60) arc H—~y, H—ZZ*, H—bb, and I/—1'7".
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Figure 5.2 (taken from (61)) shows some typical branching ratios
for liggs decay where the value of the top-quark mass m,=55GeV has
been chosen (reference (61)). In reference (60) these decay modes
arc considered and it is suggested that that they may be applicable for
the values of m, and m,, shown in ligure 5.3 (taken from (60a)). As
can be scen, the use of the H—7*7" decay mode could possibly be a
usclul alternative to some of the other decay modes and perhaps it
may be ol some hmited use when m1,>2m,.

In this chapter we shall consider the detection of the
intermediate mass Higgs-boson at the SSC though the H—7'7" decay
mode. In section 5.2 we consider the 7577 signal for the Higgs-boson
produced by the gluon-gluon fusion mechanism of figure 5.1a, and the
background to this trom the Drell-Yan process of figure 5.1b. We
then introduce acceptance culs and consider under what conditions

this signal may be scen and in section 5.3 we present our conclusions.

-126-




5.2 Detecting The Higgs-boson Using
pp—H—1 7

at The Superconducting Supercollider

The cross sections of the various Standard Model processes
contributing to Higgs-boson production at the SSC (Vs=407TeV) arc
calculated in reference (57) where the channels considered include
gluon-gluon fusion, ¢f fusion and vector boson (WW and 7.7.) fusion.
These cross scctions are show in figuie 5.4 (taken from rel. (60)).
Clearly, in the intermediate mass range gluon-gluon fusion is the
dominant production mode. Morcover, the cross section lor the
production of a Higgs-boson through this mechanism is to a large

extent independent of the mass of the top-quark in the loop. Taking
an integrated luminosity of fL dt=10"cm™=10"pb" (the estimated
intcgrated luminosity for onc ycar at the SSC), this cross scction
corresponds roughly to 10° cvents per year. Using the branching
rations shown in Figurc 5.2, il m,<2m, there will be 107107 events
wherc H—7'7", while if m,,>2m, this drops rapidly to ~10" cvents,

In spite of the large number of cevents the identification ol such

a signal is difficult. In principle, if the total momentum of cach ol the
7", 7 could be determined, such cvents could be identificd by the
invariant mass, m, of the 7 — pair since all 7-- pairs originating irom
H—7"7" would have m=m,. A 7 howcever travels only about 1 ¢m
before it disintegrates, hence its momentum cannot be  directly

observed and since the decay of the 75 always results in an
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undetectable v, the decay products will only carry part of the initial
momentum of the 7*. Let us denote the initial momentum of the * by
p, and the momentum of the 7~ by p,. When the 7 decays the

products will consist of a number of unobserved neutrinos and a
numbcr of other particles (hadrons and charged leptons) which can be
obscrved. Lt us denote the momentum of the neutrinos by p,, and
the momentum of the other obscrvable decay products by p, . hence
Pyt Py =P, Likewise the momentum of the neutrinos and observed
respectively.

particles from the 77 are denoted by p, | and p,

obs
In some instances of r* decay only a small part of the
momentum will be carried by the ncutrinos; hence, if we define the

quantity

’nnb\ = l[)l obs+p2 (zbcl
5.2.1
we eapect in those cases that wm, will give a good approximation to
. while in general m, <m,,.

Iigure 5.5 shows the distribution do/ dm , for m,= 80, 120, and

obs
35GeV where we have taken m=65GeV (solid lincs). Note that
O m , ~m, and in lact the distribution is smooth within the allowed
range. those events towards the upper edge being the ones with most
of the momentum of the 7* carried by observable particles.

The main background to pp—H—7"r is the Drell-Yan process
pp - qq—Z or 3 — r'r depicted in figure 5.1b; the distribution
do/ dm , from this background is also shown in figure 5.5 (dashed

line).
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Clearly, 7 pairs from the Z peak give cnormous backgrounds
for m_, <M, so that unless these events are cut away the signal from

the Higgs-boson will be undetectable. We therefore introduce a cut

0 -
JE { Y
m,. >m, = IS(e)

5'7’)

e

With this cut, a lliggs boson with mass m,<m, ~M, cannot be seen
and even in the range M,<m_,_ there is considerable backgiound from
the Drell-Yan process.  For instance taking /1 = 65Gel, the number ot
background cvents at the SSC in a  yemr in the  range
m’, <m,, <130GeV is 1.5x10° while the signal lor m, 120GeV s

53x10% If we take m,=135GeV, just above the 1/ thieshold, the

signal gocs down to 1.5x 10",

In principle the signal in the 71, =120GeV case has a statistical
significance of ~150 at SSC luminositics; however its obscrvation
would requirc knowing the backgrourd to a level of -13%. Detector
uncertaintics would make this difficult to achicve, hence it is usclul to
consider further possible cuts.

The main difficulty in reconstructing the Tiggs-boson mass is
that some of the center of mass cnergy of the initial Iliggs-boson is
lost to the neutrinos. It makes sensc therefore to sclect events where
this loss is a priori likely to be minimal. The best way to do this is to
select decay modes of the 7 which have many obscrvable final
products to carry the momentum. Isrom reference (62) we find that

the following decay modes satis{y this condition:
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- 0.0
T T, 7.5%

T - 7r'7r07r07r01/T 3.0%
T 7r_7r_7r+1/T 6.8%
roaar e, 21 7° 6.4%
total= 23.7%

523
We will call these decay modes 'multi-pi’ decay modes.  IFigure 5.6 shows
a histogram ol the lraction, x, of the initial cnergy ol a 7 carricd by the
obscrvable particles in multi-pi decays assuming that the initial energy of
the ttis  m,. We denote this probability by f.(x). As can be scen, there
is o well defined peak at x=0.§ demonstrating that most  of the
momentum ol the 7 will be carried by obscrvable particles.
Although the neutrinos themselves are unobservable, the transverse
component ol momentum carricd by them may be detected as missing

transverse momentum from the whole event. I‘or cxample if the Higgs-

. . I . . . e N T T
boson is initially produced with no transverse momentum, (p,, +p, ,.)

(Pt p:,) (1 indicates the transverse component). Using this exira

intormation with the more favourable multi-pi cvents, we will try to
construct a more accurate estimate ol the mass of the 77~ system.
An cfleet which must be taken into account if we are to use the

missing transverse momentum of the 777 system is the initial transverse
momentum of the Iiggs-boson due to initial state gluon radiation. To

estimate this effect, we ran the ISAJET 5.31 (63) simulation which takes
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into account the initial state gluons. Figure 5.7 shows the resulting

average transversc momentum of Drell-Yan cevents at various values of
v & where we find that §, the average initial transverse momentum

satisfies

§,=6.3 + 318 Vs
5.2.5
Bascd on this we will make the possibly crude assumption that lor both
the signal and background the valuc of §, 1s ~50GeV.
In our rcconstruction algorithm we will also use the assumption

that the m_ is small compared to the energy o the 7. This is justiticd

+

since the mass of the 7 1s 1.7GeV while the transverse momentum is

f

~100GeV. Tt x, is the fraction of cnergy of the 7' which appears as

1
observable particles and x, is the fraction ol energy of the 7 which
appears as obscrvable particles, the assumption that the 7' is massless

implics

pl obs T ll ’nl pl v = (l“"’l) l)l
p20bs:x2p2 1)2;/:(1“"'2)1).2

5.2.6

Thus in terms of the momentum fractions x, and the obscerved momenta

P, ., the initial transverse momentum of the 777 system is

b 1 1
Pi= }‘l'px obs T ;2'[’2 by

5.2.7

In order to determine the missing transverse momentum one must
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add up the total transverse momentum of the event including the
observed particles from the 7%, 7 as well as other hadrons produced in
the cevent.  Inevitably some crror is introduced when such a quantity is
measured eaperimentally.  T.et us denote the root mean square average

We take § ~30GeV and [{urther make the

mm* nim

vidue of {4, 1 by ¢
possibly crude assumption that it is Gaussian (64). We will denote by
B, the total obscrved missing transverse momentum duc to neutrinos
which includes the true missing  transverse momentum and missing
transveise momentum due to mismeasurcment.  Denoting the (falsc)

mm

missing transverse momentum due to mismeasurement by #,™ we have

the cquality

hun

of s
R N RN

5.2.8

mm

Thus, in terms ol the observed momenta and the momenta fractions, g

is given by

nun obs 1 2
l/ - // N .plnlvv - .p?.obs

5.29

[l we now make the assumption that the mismeasured transverse
momentum and the transverse momentum of the initial state gluon
radiation is roughly gaussian, we can construct the following likelihood

function of the variables X, and x, and the observed quantitics:




L(x,x,) =Inf (x)+ Inf (x,)

~ (p”)?_ _ (IITmm)Z
8 8

mm

5.2.10

where ¥, and p;, arc given in terms of the observed quantities and
and x, by egs. 5.2.8 and 5.2.6.

This function represents the logarithm of the probability that given
values of x; and x, will give risc to the observed value of g, and p,,.
Roughly speaking L(x,x,) gives an indication ol (the logarithm ol) how
likely it is that given values of these variables explain the observed
quantitics.

If we defline X and &, as the values of x, and x, which minimize £,

then, we will define the reconstructed mass as

q .
1 “ ])l ohs pZ obs
recon 21 i

5]

5.2.11

Figure 5.8 shows do/dm_ as a function of m _ with the cut lor

recon recon

various combinations of m, and m, wherc we  simulatec  the

i

mismecasurement of the missing transverse momentum before we  find

m,.. we have imposed the cut m, >m), =95GeV for the signal and

recon
Drell-Yan background and choscn me,~2m,.

If we take as a criterion of observablity that the signal be at least
10% of the background and that the signal have a signilicance of at Teast
5 o in a 15GeV range around the peak, the signal must lic above the
dotted linc in figure 5.8 over a 15GeV range. This critcrion is casily
satisfied for cases where m,,<2m, but the limit to the extent to which one
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can go into the region m,>2m, is only about 5 GeV.
Iigure 5.3 show the region of the m,—m, plane in which this
condition can be satisfied. 'The lower limit on m,, is due to the

overwhelming background from the 7 resonance.
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5.3 Conclusions

Using the serics of cuts and the maximum likelihood method
described above, it may be possible to deteet a IHiggs-boson of
intcrmediate mass through H—7 7 at the SSC', when the mass ol the
Higgs-boson and the top-quark arc as indicated in figure 5.9.  Although
this does not cxtend very far into the region m1,>2m it could provide an
additional mecthod of identification of the ITiggs-boson through other
decay modes.

In principle onc could obtain similar results by looking lor a

downwards step in the Histogram vs. m However since this step,

obs®

although statistically significant, would only be a few percent of

background, knowledge of the systematic crrors to that level would be
required.

If cither of these method is to be used, however, there is still the
cxperimental problem of the efticiency with which the r leptons may be
identified and the difficulty of identifying the mulli 7 cvents to be
rcsolved. Tor example, if even a small fraction of QCI) 2-jet cvenls are

mistaken for 7 pairs, the signal could be overwhelmed.
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Figure Captions

Figure 5.1
(a) Feynman diagram for gg—H—s7*7 through a quark loop. (b)
F'eynman diagram for the background process gg— 7. The intermediate

particle may be a real or virtual Z, or 7.

Iiguwie 5.2

‘T'he branching ratios for Iiggs-boson decay as a function of m,,
taking 11, 55GeV. "The branching ratio for H—t7 is shown with a solid
line; 11 »bb is shown with long dashes; H—7'7" is shown with a dash-
dot-dot-dot line; /{—+y is shown with small dots; H—WW?#* is shown with

luge dots and H—ZZ* is shown with short dashes. (from reference

(ol))

Iigure 5.3

Regions of the m,—m, plane where it may be feasible to detect the
Higgs-boson at the S§C. I these quantities fall between the two solid
lines, the Higgs-boson may be detected by H—yy; to the left of the long
dashes, it may be detected by H—bb; above the dash-dot line, through
H 777 and above the dash-dot-dot line, through H—7*7". The short

dashes indicate the line m1,=2m, and the hatched region is eliminated

because ni <45GeV. (laken from ref. (60a))
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Figure 5.4

The cross section for the production of the THiggs-boson at the §SC

(V' s=40TeV). The solid lincs indicate the cross scction through gluon
fusion (figurc S5.1a) with m,=30, 40, 60, 100, 150, and 2007¢V; the
dotted line indicates the cross scction for 77, or WW tusion; and the

dashed lines indicate the cross scction for f fusion. (taken from refl.

(60a))

FFigure 5.5

The quantity do/dm,_is shown as a function ol m , for the process
g8—H—-7"r" (solid lincs) taking m,=80. 120, and 135GeV  with
m,=65GeV. The background Drell-Yan process gg-»r'7 is shown with
the long dashed line. The numbers between the dashed lines indicate the
number of cvents which fall between these two lines (taking an integrated
luminosity of 10¥cm®) for the signal (with s, -120, 135GeV) and

background.

Figure 5.6
A graph of the function [ (x) as a lunction of x (arbitrary

normalization).

Figure 5.7
A graph of 6, as a function of V5. The dots indicate ISAIET

results and the line is a lincar fit to these results.

Figure 5.8

A graph of the quantity do/dm___ as a [unction ol m The signal

recon recon’

is indicated by solid lines for the values of (m,,m,) (55,115), (65,120),
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(75,155), and (85,175); the background is indicated by thc dashed line.
In order for the signal to satisfy the observability criterion, the peak of

the curve must be above the dotted line over a range of 15GeV.
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CHAPTER 6
USING A DISPERSIVE APPROACH TO A HEAVY HIGGS-BOSON

6.1 Introduction

For a sulficiently large Iiggs-boson mass (m,), it is expected
that the Thiggs scctor becomes strongly interacting; thus perturbation
thcory will fail.  This can be scen by rewriling the standard model
Higgs-boson sclf coupling from Chapter 1 in terms of the Fermi

2

constant: we find  g,,..=Gmy. This happens in particular when
-G, and so m,~O(1TeV). In this chapter we are led to consider a
non-perturbative  approach, dispersion  relations, particularly  with
regard to a iggs-boson with a mass in this range.

In this method, one constructs amplitudes satisfying analyticity
and unitarity constraints. TTowever, the approach necessarily involves
several assumptions and simplifications, and we cannot claim precise
quantitative predictions.  Our goal is far more modest and consists of
constructing certain models which may give some insight regarding the
tolfowing questions about a heavy Tliggs-boson: (a) How do the
actual amplitudes ditler from those of perturbation theory at tree
level? (b) Is there any indication of strong interaction effects, such as
bound states or resonances? (¢) Is there any indication that the Higgs-
boson itsell arises as a bound state or resonance?

At sufficiently high cnergies the interactions with longitudinally-

polarized gauge bosons (W,.Z,) dominate. In the high energy limit,
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we may use the ecquivalence theorem (66,67) which allows us to

replace W,,Z, by the corresponding Goldstone scalars (caten via the

Higgs mechanism to provide the longitudinal degrees of freedom) thus
yielding a thecory of scalar-scalar interactions. 'This (ormalism
considerably simplifies the mathematical treatment throughout.

In section 6.2 we consider the applications of dispersive methods
to Higgs-Iiggs scattering taking into account only Iliggs-boson sclf

interactions. In section 6.3 we consider the analogous case of Z, 7,

scattering through the exchange of a Iliggs-boson and in scction 6.4

we present our conclusions.
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6.2 The channel

HH-HH

We begin with the simplest case of clastic scattering of Higgs-
bosons. In perturbation theory (tree level) the amplitude for this
process is (ligure 6.1a) (67) :

1"(.s',t):A[~ SR S S — }

2 2 2
3m" m,—s m,, -1 m, —u

where

9
A= 9‘/:0‘1724 .
167 ¥H

In the center of mass frame of HH—HH let |g| = thce momentum of
the Higgs-boson, ¢ = scattering angle. Sctting |g|*=v, the invariants

ate given by
s A4+ my), 1=-20(1 -cos0), u=—2u(l+ cosf)
C'onsidering the partial wave expansion

(s, = 2}, @+ 1) F )P (cost)
6.2.2
the projections of the terms M(m}, — 1) and M (m3, — u) of cq 6.2.1

Y/ .
onto the I partial wave arc
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A-ex h A m .;-{

B0 = 000450
i-exch 1A "’2
F0) = (1) 500450

2

=

6.2.3
where Q,(€) are the Legendre functions of the sccond kind. The tirst

two terms of eq. (6.2.1) contribute only to I=0 with

]31(’/) - F.;-exah (I/) + 1‘;‘-exr’,(ll)
6.2.4

perturbation theory gives:

il _.1
I = B + M= o+ ——

3m” my —s

)‘810 .

6.2.5

In dispersion theory (68) we construct the amplitude as depicted

in figure 6.1b. Specilically, as a Born term (the "foree” in our model)

we take B(v) of cqgs. 6.2.4, 6.4.3. "To this we add the rescattering, o

two Higgs-bosons (intermediate as well as initial and linal particles on

the mass-shell). We assume that the higher mass exchanges (1o

example two Higgs-bosons in the t-channcl and u-channcl) can be

neglected; in the dispersion approach this means that they introduce
distant singularitics.

Then regarding the analyticity properties in 2 of F(1), Q&) has

a branch cut -1<£<1; this introduces a branch cut (the left-hand cut):

—co<v<—m’ /4, with the corresponding discontinuity in f4(v):
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. 14(=1) = my
Alifr) = A T4y P’[l+_2—u— )

6.2.6
In the physical region (s>4m?, or v>0), F(v) is bounded by unitarity.

I'or the range v>0 the following clastic unitarity condition holds:

Im F(v) = p(v) [F )|
6.2.7
where p(r)- Vuls; we use this condition for all »>0. Notice, for

lv] v, AF(r) -0, and this suggests an unsubtracted represcntation

for I'(v) ot the form:

‘I;I” [+ 3] /
o | Jl,(lf p(/) |F(V )[
e L f

vV —v—ic T V—v—ie

This is an integral cquation for F(v) which specifies our model.

Notice that our Born term B,() does not contain the s-channel
Higgs pole (the term M(mi;,—s) ol cgs. 6.2.1 and 6.2.5); we would like
to see whether it can be dynamically produced as a pole in F,(v).

We proceed with the N/D method (68,69). Writc:

N(»)

1‘}(1/) = ———I)I(V)

6.2.9
with Ny(r) containing the left-hand cut and D(») the right hand
singularities.  We are particularly interested in /=0, and we write an

unsubtracted representation for N(1):
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—mi,/d ,

1 AR D(v )

NG =— [ iy
T o vV —v—l€

6.2.10

For D(v) it is customary (68,69) to writc a once subtracted
representation. With no loss of generality we take the subtraction

point at y=0, thus

™ YN/
1(1/):] — lf _pg_.)_’_(_)_d,,

T v (1 —v—1I¢)

6.2. 10
Replacing this in cquation 6.2.10 we obtain 1 lincar integral cquation

for N/(v). Defining

f0) = L2 NG ) =) 200

the integral equation is

Jw) = B(v) + f (n1)f(x) dx
6211

where

m1 /4 L
- /»(1/)/:(1) VAL ”
K(U,X) = f =) oy

6.2.12

in this way K(v,x) is a symmetric kernel.
Now the important point is that with the Born term B,(v) given
by cgs. 6.2.4 and 6.2.3, ;3(v) is square integrable; and with Al(v)

given by ¢q. 6.2.6, the kernel 6.2.12 has a bounded form (Hilbert-
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Schmidt):

Ikl = f dv dx |K(v2)) <oo
0 0

6.2.13

Fiquation 6.2.11 is therefore a I'redholm integral equation, and can be

solved by standard methods. All this results from the fact that our

left-hand discontinuity AF, (and our Born term) is defined from scalar
particle exchange between scalars.

Below we treat  in detail the /=0 partial wave. Now,

Aly(v) - A /20 and

_ A ppt) 1 4"+'"}1]
Kl) = 27 VA -2 In

2
dr+m 1 J

6.2.14
L. 0.2.11 has an iteration (Neumann) solution provided that the norm

[IN]] 1. This is satislicd for

m,, < 1.0V
6.2.15
this value gives an idea of the limit of applicability of the perturbation
CApanston.
Since the kernel 6.2.14 is symmetric, it has real cigenvalues (70);
and since it s nonseparable, it has an inlinity of cigenvalues with
accumulation point at A=oc (M=oc) (70). We lind the first cigenvalue

at

MY 1 TRV
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and the second eigenvalue at ~4.17eV.

Bound states of the system correspond to

Dsp)) =0 0<s, <dm,
06.2.17

and possible resonances correspond to

Re D(s)=0 s, > 4m§, .
06.2.18
We remark that a differcnce between N,(s) and B,(s) is a measure of
strong interaction effects.

Considering m,, as a frec paramcter, lirst for m,, 0.57¢V, we
find no indication for a bound state or a resonance. Also N (s) and
B,(s) arc similar; strong interaction ctlects are absent, Regarding the
dispersive F(s), since D,(s) shows no zero in the amplitude (6.2.9) we
add by hand an s-channcl Iiggs pole term; the resulting amplitude s
similar to FY"(s). In general, for m,<0.6TeV there is no bound state,
however, for m,>1TeV there is a bound state.  As m,, increases the
position /s, of the bound state increascs (ligure 6.2). Fvidently this
can be interpreted as the IHiggs-boson itsclf. In fact, lor mi 3.5TeV
there is an almost scll-consistent solution (y s,xm,,).

We caleulate also the residuc r(s,) of the corresponding polce of
Fy(s), in terms of N(s,) (figure 2). Sclf-consistency requires 1(s,,) A,
for m,=3.5TeV, r(s,)~2.9X, so that this condition is not well satisticed,

but not grossly violated. 'This result can be interpreted to mean that

the forces assumed to produce the Iiggs-boson are qualitatively (but
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not quite quantitatively) correct (72). On the other hand, for
m,==1.5TeV, there is a self consistent solution with respect to the
coupling; correspondingly, +/ 5,~1.85m,,.

Now, for m,>1TeV we turn to the region s>4m’. N,(s) and
B,(s) arc very different, clearly suggesting strong interaction effects.
Interestingly, Re Dy(s) has a zero, suggesting a possible resonance in
the system of two Iliggs-bosons and its position \/3_0 mncreascs with 72,

(ligure 6.2).
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6.3 The Channel

2,2,—-2,7,

We turn to clastic scattering of longitudinal 7/s.  As a first clfort
we consider only Z's interacting with Higgs-bosons, leaving a more
realistic treatment (involving coupled 7, 7, and W W channcls {07)) tor
future work.

In perturbation theory (tree level) the amplitude (67) can be

written

A mn(— = b L

3
”111 I)lll-S I?III--I m u

6 3.1

(s,mf,>>Mi), where #=M9, In this form cach ol the ferms
corresponds to scalar-scalar interactions (cquivalence theorem).

With |g|= the center of mass momentum ol the 7 and ¢ ».

now s=4(v4-M.); t and u have expressions as belore. ‘The projections

of the terms x/(m;—t) and x/(m’—u) onto the partial wave A (v) arc

similar to eq. 6.2.3. We deline B, as shown in cquation 6.2.4 so that

3 1
+ a2 )blu

AG) = Bs)  w(=

9
<

”lll

6.3.2

In dispersion theory, (68,69) first two Z-bosons are exchanged

in the s-, t- and u-channcl; then there arce higher mass exchanges
(involving for example more 7Z-bosons).  Again, the cxchanged

particles are on the mass-shell (physical). We make the lollowmg two
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assumptions: (i) the most important state exchanged in the t- and u-
channcl corresponds to Z-bosons resonating to a Higgs-bosons. (i)
ITigher mass exchanges (corresponding for cxample to two Higgs-
bosons) can be neglected.

Thus as a Born term we take B,(v) defined similarly to egs.

6.2.3 and 6.2.4. lor 4M.<s<16M,, the partial wave amplitude A,(v)
satisties clastic unitarity in the form (6.2.7); again we use it for all »>0
(73).

The N/D method leads again to a I'redholm integral equation
similar to 6.2.11. Notice that again this is due to the fact that our left-
hand discontinuity (and our Born term) is defined from a scalar
patticle eachanged between sealars; and this was possible thanks to the
cquivalence theorem. (66,67) ‘This is different from a vector meson
(tor example a p meson) exchanged between two pscudoscalars (c.g.
pions)  (68,09) resulting in - an  asymptotically constant Icft-hand
discontinuity and thus requiring cither the introduction of some cutoff
or the solution of a singular (non-Iredholm) integral equation (74).

Treating /0, now the condition ||K]||<1 is satislied for
- OL837eV and the lirst cigenvalue is found at M'x1.4TeV.

Notice that in our models, in the Z, Z, system the cigenvalues
(itnd the strong interaction clfects) appear at a somewhat greater value
ot my, than in the HIL system. The difference arises as a result of two
competing factors: (i) The Born term and the kernel are multiplied by
a dilferent coupling (v tor Z,Z, versus A=% for HII). For Z,Z,, this
tactor tends 1o inercase the  limiting value of m,, satisfying the

condition [|K]|< 1, the position of the first cigenvalue M* etc. (ii) The
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kinematic factor p(v) is diffcrent. For Z,Z,: p()=y v(14+M)/2; for

HH: p(v)=y v(v+m’)/2 . This factor acts in the opposite direction
and partly (but not completely) compensates the effect ot (i).

For m,=0.5TeV we [ind again that N(s) and B/(s) differ very
little, and that Re D(s) shows no indication of a zero; again strong

interaction cffccts arc absent,

For m,>1.5TeV, however, N/(s) and By(s) ditfer considerably.
Also, it is interesting that Re Dy(s) has a zero. For example, fos
m,=2TeV, the zcro is at Vsl 1TeV: for m,=2.5TeV, at Vsl .8TeV.
This zero can be taken as indicating a resonance, and, in fact, the
IHiggs-boson itsclf, which now in the 77, channel should appear as a
resonance. With this interpretation, again we found qualitative scli-
consistency. 'The valuc m,=2.5TeV, singled out in the FHI channel,
evidently offers again a rcasonable possibility. (75)

In figure 6.3 we present the amplitudes [A(s)] (solid lines) and
|AF"(s)| (dashed lines) for mi,=1.5,2, and 2.57¢V, in the rang
2M,<v/ s<1.5TeV (76,77). Vor m,=1.5TeV, |A | caceeds |[AY] by a
factor of 2~4; |A | shows a broad bump at V§~0.65 retlecting the zero
of Rc Dy(s); Al increases as Vs—1.5TeV due to the s-channcl

Higgs-boson pole (cquation 6.3.2). Vor m,=2TeV, |A| and |A;"]| wic

comparable; for this value of m,,, AX™ (tree level) clearly violates the

unitarity bounds established in reference (67). We see that |4 | shows
a broad bump at Vs=1.1TeV, reflecting the zero ol Re D(s). As

V's=2TeV |AP"| increases due to the s-channcl Higgs-boson pole.
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Finally, for m,=2.5TeV |A,| is well below [AF™|; |45 violates the
unitarity bound (67).

Notice that for all valucs of m,, |A,(s)| reaches the maximum
value JA4,(s)]=2; in figurc 6.3 this is very clear for m,=1.5 and 27eV.
The maximum value |A,|=2 corresponds to saturating the unitarity

bound.

For m,>1.5TeV, D,(s) has a zcro at some distant s<0, for

. — . 2 ey e
example, if m;=2.5TeV, the zero is at s~-45TeV". ['his unpleasant

feature could be interpicted to mean that our final amplitudes A,(s)
corresponds o an eatra (attractive, see (78)) force in addition to that
of the Born term B(s).

We have also applied the N/ method to the wave I=2. We find

[A,(8)] smaller than [A(s)] by one order of magnitude or more thus

the /-2 and higher 7 partial waves may be neglected.
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6.4 Conclusions

Our conclusions can be summarized as follows:  Generally
speaking, for m,>1.5TeV: (a) The dispersive amplitudes dilfer in
structure from the corresponding perturbative  (tree-level).  For
m,~1.5TeV, in Z,Z, —~Z Z, the former exceed the latter by factors of
2~4 (b) Therc arc indications of strong interaction cffects, In
HH—HH therc is an /=0 bound statc. In Z,Z,—Z,Z there is some
indication of a resonance; as there is in HH—HI. (¢) 'I'he above [ O
bound state in HH—HH can be considered as the Higgs-boson itscll.
For m,~x3.5TeV there is an almost sclf-consistent solution with respect
to the mass; this solution is very roughly sclf consistent with respeet to
the coupling as well; likewise at m,~=1.5TeV there is a sell consistent
solution with respect to the coupling roughly sclt consistent with
respect to mass. There is also indication that the Higgs arises as a

resonance in Z,Z, .
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Figure Captions

Figure 6.1:

I'‘cynman diagrams for Higgs-boson Higgs-boson scattering. (a)
Tree level diagrams for a perturbative calculation of the Higgs-Higgs
scatlering amplitude.  (b) The construction of the amplitude in
dispersion theory,

Figure 6.2:

The results of the dispersion calculation for Higgs-boson Higgs-
boson scallering as a function of m,,. This graph shows \/S_B, the
cnergy ol the bound state (solid line); \/g, the cnergy of the
resonance (dashed line) and 1(s,)/A, r(s,) being the residue of the
bound state pole.

Figure 6.3:

The dispersive and tree level amplitudes for Z,Z, scattering as a
tunction of Vs for the values of Higgs-boson mass m,=1.5, 2, and
2.50eV. The dispersive amplitude |4 ] is shown with solid curves; the

tree level amplitude AR is shown with dashed curves.
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CHAPTER 7
CONCLUDING REMARKS

In conclusion, this thesis has considered strategics to find the Higgs-
boson and top-quark, the missing picces of the standard model, for a
wide rangc of their possible masses.

In chapter 2 we have shown that a top-quark with mass
m,<80GeV can be dctected aud its mass determined at e'e colliders
such as LEP and at pp colliders such as the Tevatron.

In chapter 3 we gave a possible strategy for Tiggs scarches at
the Z pcak which may be able to detect a lliggs-boson with mass

m,<60GeV. In chapters 4 and 5 we considered a Tiggs-boson where
m,, falls in the intermediate mass range at hypothetical ¢'e¢  colliders
and at the SSC. In chapter 4 it was shown that such a Higgs-hoson is

certainly detectable at a ete™ collider with v/ s2300—500Ge V. However
no such collider is planned in the near futurce so the most immediate
prospect for scarching for a Iiggs-boson in this mass range 1s through
decay modes such as H—7'7 at the SSC (which is planned)
considered in Chapter 5. As illustrated in figure 5.3, the various
decay modes of the Iliggs-boson cover most of the possible values ol
(m,,,m) (particularly if l'evatron results can  cstablish a  limit
m,>60GeV) where the redunda 2y that appears in some parts of that
figure is important sincc all these channcls are cexperimentally

challenging to study.
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It 1807m,<600GeV, the Higgs could be detected through its
decay H—-W'W™ at the SSC (79). If m,, is larger, however, it is not
detectable at the SSC. In this mass range, the Higgs-boson starts to
become strongly interacting and as was discussed in Chapter 6, it
begins to show non-perturbative  effects such as bound states and
resonances. Such a massive Higgs-boson would probably be a strong

hint of physics beyond the standard model.
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