
l 

• 

FINDING THE MISSING PIECES OI? THE 

STANDARD MODEl. 

by 

David Atwood 

David Atwood 
Dept. of Physics 
Mc Gill University, Montreal, 
Junc 1989. 

A Thesis submitted ta the FacuIty of Graduate Studics and rc~earch in 
partial fulfillment of the requircrncl1ts for the dcgree 01 Doctor 01 
Philosophy . 

(c) David Atwood 19X9 



ABSTRACT 

The Standard Model is discussed in gencral and the predicted 

(but as yet unobserved) Higgs-boson and top-quark dcscrihed. 

Detection of a top-quark at electron-positron L'ollidcrs and hadron 

colliders is considered for tn r<80GeV. The detection or the i Iiggs­

boson is considered at the Z peak in electron-positron annihilation for 

mll~60GeV, as weIl as in the continuum tor 1O()~mll~20()GeV 

(intermediate mass range). For this range of the lIiggs-boson mass, 

consideration is also given to its dc1l:ctioll at the SUrlL'rconducting 

Supercollider through the tau-lepton dceay mode. !\ dispersive 

approach is considered for IIiggs-bo:-,on with large mass (ml/~>5()()GeV) 

in order 10 estimate non-perturba1ive self-interaction ellects. 
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Une discussion générale du Modèle Standard est faite 

fl i nsi qu'une description du boson de Higgs et du 

quark-Lop, particules dont l'existence est prédite mais 

qui sont à ce j our encore inobservées. La détection aux 

coJlisionneurs électron-positron et hadroniques est 

C'Xilrnj née pour mi < 80 GeV. La détection du boson de Higgs 

dans l'annihilation électron-positron à la résonance du Z 

de même que dans le 

COll t i nuum pour 100<m" < 200 GeV (intervalle intermédiaire 

COll!; i dérons 

SlIP('l co] Uder 

Pour ce même intervalle de masse nous 

aussi sa 

grâce il 

détection au 

un mode de 

Superconducting 

désintégration 

t illl--lcptoll. Une approche dispersive est employée dans le 

t'il!, d 'LIlle grande masse du boson de Higgs dans le but 

les effets non-perturba tifs de 
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PREFACE 

The following is an extract from the guidelincs concernmg thesis 

preparation of The McGill University FacuIty of Graduate Studies and 

Rescarch: 

The candidate ha~ the option, subject to the approval of 
the Department, of including as part of the theses the 
teAt, or duplicatcd published test (see below), of an 
original parer, or papen,. In this case the the sis must 
still conlorm to al! other requirements explained in the 
(J lIideline~ ('ol1cernll1g The~i~ Preparation. Additional 
malenal (procedllral and de~ign data as welI as 
de~cllptl()IlS 01 eqlllpmcnt) mu"t be provided in sufficicnt 
ddail (e .g. in appendices) to allow a cIear and precise 
judgment to hL' made 01 the importance and originality of 
the rC~l'arch reportet!, The thl'sl~ ~hould be more th an a 
l11ere collection ot mal1u"clipt~ published or to be 
puhlished, It mll:-.t include ,1 gcneral abstract. a full 
II1tlOductlon and litcratllre review and a final overall 
conclusiol1, ('onl1ccting h:xts which providc logical 
hndge~ bctwecn dillcrcnt manuscripts are llsually 
desirahle 111 the interest~ 01 cohesion, 

ft I~ acceptable lor thc~e~ to II1cJllde as chapters 
autl1L'ntlC copie:-. 01 paper~ alrcady published, provided 
the~e arc duplicaled ckarly on rcgulation thesis 
~tclti()nary and houml as an intcgral part of the thesis. 
J>hot()graph~ or other materials which do not duplicate 
weil mu~t be JI1c111dcd in their original form. In such 
instancl'~, conneLting tcxts arc mandatory and 
~llppkl1ll'lltilly explanatory material is almost al ways 
n L' l'l' ~sa 1)' , 

'l'hL' il1clll~i()n 01 l11anu:-.cripts co-authored by the 
candidate and othL'r~ i~ acceptable but the candidate is 
requirL'd to make an explicit statcment on who 
contI ihulL'd to such work and to what cxtcnt, and 
SllpL'1 visors must attl'st to thL' accllracy of the c1aims, l'.g. 
hdmL' thL' Oral ('ommitkL', Since the task of the 
l'~:\aminer~ is made more dillicult in these cases, it is in 
the l'andidatl"~ intcrest to make the responsibilitics of 
alltlHlr~ perlectly clear. ('andidatcs following this option 
must inlorm Ikpartl11cnt helore it submits the the sis for 
rC\'IL'\\' , 
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1 The text of the above shaH be citcd in full in the 
introductory sections of any theses to which it applies. 

Severai of the chapters arc, with the approvai ot my supervi.,or 

(A. P. Contogouris) and the Physics 1 kpartment at Md Jill 

University, taken partially l'rom papcrs co-au thorcd hy my~cll and 

others. 

Section 2.2 is taken l'rom rcfcrcnœ (1) which 1 am co-author 

with A. P. Contogouris and II. Tanaka. In this paper Illy main 

responsibility was to writc the computer programs to gencrate LIll' 

results as weIl as to check the algebraic cakulations. II. Tanaka 

checked sorne of my numericai reslllts whiJe he and A. P. ('ol1togollri~ 

did most of the algebraic calculations. Most of the preparation 01 the 

final text of the paper was donc by A. P. (:ontogollris. 

Section 2.3 is taken l'rom rcfcrence (2) with the di:-.trihutÎol1 or 

responsibilities as in section 2.2. 

Chapter 3 18 taken [rom rcference (3) in which 1 am co-allthor 

with A. P. Contog,~l1ris, N. Mebarki and II. Tanaka. J\gain in this 

case, my main contribution was to do the computer calculatiolls which 

were checked by H. Tanaka. The other authors did most 01 the 

algebraic work and A. P. Contogouris did most of the work with 

regard to preparation of the text 01 the paper. 

Chapter 4 is taken [rom rcfcrence (4) in which 1 am co-author 

with A. P. Contogouris and K. Takcuchi. In this vase 1 produced the 

numerical rcsults which wcre checked by K. Takeuchi. J\. P. 

Contogouris and K. Takeuchi produced most of the algehraic reslllt~ 

in appendix 4.B sorne of which 1 checked 
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1 Chapter 6 is taken from refcrence (6) in which 1 am co-author 

with A. P. C:ontogouris and N. Mebarki and includcs sorne results 

1 rom rcference (7). 1 n this paper 1 wrote the computer program to 

numerically ~olve the Freuholm equations involved in the caIculation. 

'1 hesc rl"mlts were checked by N. Mcbarki, The dispersion theory 

calculation:-. wcn; mostly donc hy A. P. ('ontogouris, N. Mcbarki and 

II. Tanaka; A. P. ('ontogouris did mmt of the work with regard to the 

preparation 01 the tel...! of the paper. 

ln ail nI these cases deciding the direction of the work and 

COI1:-.idcratiol1 such as acceptancc cuts etc. wcr l.! discusscd cxtensively 

arnong the collahorator~ hence the exact contribution of each can not 

hl' ddined hut wa:-. roughly l'quai. Abo the wording of aIl of the 

ahove papers has becn cxtcnsivcly modilÏcd and sections added to 

makc lhcm fit togcther in a cohcsive text. 

('hapter 5 is bascd complctely on rny own work. 
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CHAPTERI 

BASIC FORMALISM AND CALCULA TIONAL METHODS 

1.1 Introductioll 

The Standard Model of SU(3)xSU(2)xU(1) is basic to the 

present day understanding of particle physics. Within its framework ail 

phenomena observed to date C(in be accounted for. This Mode!, 

howevcr, requircs the existence of the top-quark and the Il iggs-hosol1 

which have yet to be observed. The observation 01 thesc particles is 

essential to the Standard Model and understanding whatcvcr physics 

may lie beyond it. 

The fundamental (in the sense that we believe them to he 

fundamental) fermions which have been observed so far can he 

arranged into three families. Within each family therc is a mas~le:-;s 

neutrino, a massive charge -1 lepton, a massive charge -ln quark and 

a massive charge +2/3 quark where each of the quarks carries il 

SU(3)color charge. Thus, for example, the t'irst generation consists of Il, 

(the electron neutrino), the electron, e, the down-( d-)quark, and the 

up-(u-)quark. The second generation consists of VII (the muoll­

neutrino), the muon (Il), the strange-(s-)quark and the 

charm-(c-)quark. Following the same pattern the third generation 

contains the v
T 

(tau-neutrino), the tau (T), the b-quark but as yet no 

third charge +2/3 quark has yet bcen observed. Intuitively it seems 
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1 reasonaJ,]e to suppose that a third charge +2/3 quark exists and indeed 

the Standard Model requires it, (referred ta as the top-(t-)quark) 

however so far experiments have been unable ta observe it directly. 

The other missing piece of the standard mode! is the Higgs­

boson. This particlc is required to explain the SU(2)xU(1) breaking 

mechanism anù hencc the generation of mass since an unbroken 

SU(2)xU(1) theory requires that aH fermions and bosons are massless. 

In this thesis we cOllsider the question of how ta detect these 

mlsslI1g pieces of the standard model at accelerators presently 

operating or proposed for the near future such as LEP, SLC, SppS, 

the Tevatron, and the SSC. In this chapter, wc review the standard 

model in section l. 2 then in section 1.3 we review the Monte Carlo 

method lor calculating cross sections. Section 1.4 is concerned with 

algorithms for numerically calculating matrix el..:ments suitable for 

computer calculatiolls and section 1.5 contains an algorithm for 

estimating the jets observed in detectors based on parton 

subproccsses. 

ln chapter 2 we considcr observing the t-quark at bath electron­

positron and hadron collidcrs. Specifically we consider the pair 

production l)f the top-quark for a mass range of 40:::;ml:S80GeV (ml is 

the top-quark mass) 

In chaptcr ~ wc consider production of a Higgs-boson at an 

electron-positron collider with center of mass energy fStvMz where 

the lliggs-boson is produccd in association with a neutrino pair. This 

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

-11-
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mH~60GeV. 

In chapter 4 we study Higgs-boson production at clectron­

positron colliders with fS=300-S00GeV. This would providc a 

method of detectin~ the Higgs-boson when 90::;m Il::;200GeV. If 11/
11 

is 

in this range it is particularly difficult to observe the IIiggs-boson at 

other proposed collidcrs. To illustrate this, in chaptcr 5 wc 

investigate the dctcction at the SSC (Superconducting Supcrcollidcr) 

of a Higgs-boson in this mass range through the H-T+T- dccay mode. 

Although this method is not especially successful, it ilIustratcs the 

typical difficultics one has of seeing the I1iggs-boson if ils mass falls 

within this rnass range. 

If mH is very large, on the order of 1 TeV, perturbation thcOI'y is 

not a reliable way to describe the Higgs-boson, In chapter 6 we 

consider a dispersion model for such a IIiggs-bo:;,'n in order to try to 

understand sorne of the non-perturbativc aspects of lhis case, 

-12-



].2 The Need For The Higgs-Boson and The Top-Quark 

In this section wc develop the standard model following 

rcfcrcncc (8). The notation we shaH use is as follows: we will denote 

icft hm,dc(1 fermion fields by uL' dL' eL' and IlL and right handed fields 

by UR' dR , and el?' Dirac spinors are denoted for example by u=(uR
) uL 

etc. and the weak cigenstates are dcnoted by capital letters. Thus 

indices arc indicatcd by subscripts l, J, K, etc. and D is the 
/1 

covariant derivativc to bc defined in eg. 1.2.4. 

When the 4-fermion structure of the weak interaction was first 

l"ccognizcd, it was l"ealizcd that th cre was a severe problem with the 

thcory. For example, thc effective lagrangian of radioactive (3 -decay 

(in tcrms 01 quark fields) is 

whcre 

1.2.1 

This is a term of mass dimension 6 and therefore cannot be a 

fundamental clement of a rcnormalizable thcory; so that although tree 

kvel calculations may be carried out, higher order calculations cannot 

hl' made to give sensible rcsults. A closely related problem with such 
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a term is that it leads to a violation of unitarity at an cnergy of about 

300GeV (9a). The only way that these problems can be solvcd is to 

suppose that the 4-fermion tcrm in the lagrangian is an effective term 

resulting from the integration of massive partic1es not directly 

observable at low energies. In 1957 Schwinger proposed the simplest 

sueh theory (9b). He hypothesized that therc is a masslvc 

intermediate veetor boson (the W-boson) which couples to fermions. 

Thus, if the lagrangian is 

L = g ((j-/u + ë'y"v)W + h.c. 
W' /' 

1.2.2 

the 4-fermion eoupling ean be explained as a contraction of the W­

boson exchange graph shown in figure 1.1. This hypothesis has since 

been dramatically confirrned by the discovery of the W-boson at .5ppS 

(10). 

Although a1l the terms in this lagrangian (eq. 1.2.2) arc of 

dimension ~ 4, this lagrangian is still not renormalizable. In fact, the 

only theories with vector partic1es which are known to be 

renormalizable are gauge theories wherc the vector particlc is a gauge 

boson. Thus one might try to rnakc a theory whcrc the W-boson is 

taken to be such a gauge particlc. The W, however, is massive and 

since gauge symrnetries always force the cl)rresponding gauge I)()~ons 

to be massless sorne mechanism is nccessary to break the ~ymmetry 

thereby giving the W-boson a non-zero mass. 
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t This problem was solved by Weinberg and Salam in 1967 (11) 

wherc the vcctor particles acquire their mass through the Higgs 

mechanism 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 faet that it is the 

lowcst rank group which can contain as generators both the W and the 

U(l) of clcctromagnctism and introduces no exotic fermions. This 

group, how~ver, has 4 generators leading to the prediction of an 

additional gauge particle, the Z-boson which has since been 

discovcrcd at SjJpS (9). 

1 n order to dcvclop this the ory we start with the most general 

rcnormalizable lagrangian which one can write down with a scalar 4>, 

Idt-handed lepton doublet L, right-handed electron singlet E, left­

handcd 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 caeh gcncration, i.e. a masslcss neutrino, 

a massive lepton and two massive quarks with their observcd charges 

(In rdCrellCL' (12) it is shown that the observed fermion quantum 

numbcrs arc thc oncs llcedcd to cancel the triangle anomaly). The 

gaugL' content is described by a U(l) field BI' and a SU(2) gauge field 

A' (with corrcs,Jonding field strengths B and A' ). The relationship 
l' IIV IIV 

bctwccl1 physically observable particles and these gauge fields will be 

derivcd bclow (eq. 1.2.9). 

This lagrangian i8 
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J 
+ (DI'</>t(DI'</» + J?q/rjJ - À(</>+rjJf 

,.rt) -+ IV,e 1~/rjJEJ + h.c. 

+ NU)JJQJ?>U, + h.c. 

,.rtd) -+ IV' J,QJrjJD, + h.c. 

+ L iD L + E iD E 

+ Q iD Q + U iD U + D iD D 

1.2.3 

where the indices 1 and J range over the number of existing lermion 

families and DI' is the gauge covariant derivativc given hy 

1.2.4 

In tbis equ~tion l are the generators of the appropriatc represcntation or 

SÙ(2) (ie. the SU(2) Pauli matrices for left handcd fermions and the 

Higgs doublet; 0 for right handcd fermions) and the assignment 01 

quantum numbers to the fermions and bosons is as follows: 
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a SU(2) y 

E 1 -1 

U 1 +2/3 

D 1 -1/3 

L 2 -1/2 

Q 2 1/6 

tP 2 1/2 

A 3 0 

B 1 0 

1.2.5 

Thc coupling strcngths of SU(2) and U(l) are g and g' respectively which 

will eventually be /ïxcd by physically observable couplings. 

Spontancous symmctry brcaking occurs if /-l and À are positive 

which givcs rise to the IIiggs potcntial shown in figure 1.2. This has a 

non-zero minimum at 

1.2.6 

hencc in the ground statc, the Biggs field will have a non-zero vacuum 

expcctatiol1 value 12! < cf> > !=v. 
At this point wc arc still free to choosc any gauge wc wish. One 

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

with h(x) = h+(x) . 

1.2.7 

In this gaugc wc can eliminate the Higgs doublet so that the lagrangian 



becomes 

1 h(' ü) - ,.fu) - ,.fd) Ad) h + r;; N' /.fL eR + N' /PI UR + N' /rL R + .C. v 2 / J -1 J / 

M (e) - M(u) - M(d) "J d 1 + /.fL e R + /PI UR + /rL R + Le. 
T J '/ J 1 J 

+ l iD L + E iD E + Q ID Q + V iD U + Q ID Q 

where 

Let us now rewrite the gaugc fields as follows: 

z}1 = cosOwA3 -sin01vB 

A = sinOwA3 +cosO~, 

-18-
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1 whcrc wc have introduced the Weinberg angle ()w defined by 

tan (Ow)=g' tg. If we now rewrite (1.2.8a) in terms of these new fields, we 

gel 

1.2.10 

2 1 2 2 2 1 (2 rl2) 2 whcre Mw = 4'g v and Mz = "4 g +.5 v. Thus we have a massive W 

and Z boson satisfying the initial motivation of the intermediate vector 

hoson hypothcsis of Schwinger as ,;nU as the A field which corresponds 

to the c1cctromagnctic field. With this additional transformation (eg. 

1.2.<), the Yukawa terms in the ferrnionic scctor (1.2.8d) and the kinetic 

tcrms (1.2.80 can bc lral1sforrncd to 

C,t', Zef + C:ReR ZeR + C["VR ZVR + 
- -1 -1 1 1 - [ [ 

- cel Ael - eeR AeR -[ -1 1 [ 

R -+ r;::; III wr e[ +Iz.c. v 2 -/ -/ 

R -+ Fi III wrd[ +h.c. ,., [ -[ 
~ 
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1 where 

and 

~f p ~ ~ l:. =--'2._(_ - Qr\l1I~O ) 
L cosO 2 IV 

W 

1.2.11 

Here ~= the third component of the weak Isospm of fermion f and 

We now have the desired interactions between the fermions and the 

bosons of the theory. If wc intcrpret e as elcctric charge. then the terms 

proportion al to A arc the photon fermion interadions. Sl'tling 

g2=4!2M~vGF then the chargcd currcnt interaction reproduccs the correct 

4-fermion interaction given in cq. 1.2.1. 

The coupling of the Z-boson to fermions IS glven 111 tcrms of the 

constants C{ and C~ defined above. It is often convcnient tn writc the Z-

fermion coupling as where and 

B~=(C~-C{)I2. These constants arc thus given by 

1.2.12 

There are, a priori, no constraints on the Yukawa coefficients MfJ/1 

where f = e, u, or d. However, using the polarization thcorcm, wc l'an 

rewrite these generation space matrices in the form 

-20-



, 
1.2.13 

where sn and Tf! arc unitary and i1(J) is diagonal. Using these matrices 

the following ficld redefinitions are possible: 

1.2.14 

so that the Yukawa terrns bccornc 

".1k > -, e' + E.1(u> il' 1 + 1"'.1(d) d' i' + h ~ 1/ e R ['1 1 // RI U L ... 1/ RtL .C. 
1 1 1 1 1 1 

1.2.15 

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

handed fields to the left handed fields. We idcntify f as the physical 

fermion states (rnass eigcnstatcs) and tJ.(J)//=m
fJ 

as the mass of ferrnionh. 

Applying this rcdcfinition to the W- fermion interaction we find 

that thcse terrns become 

L (Wri- 7 1 • .iKM) .. ri- -1 l' h) 
r::\ Ile R + v' /J W U L t R + .C. 

v 2 '[ 1 J J 

1.2.16 

whcrc wc have introduccd the matrix y<KM) the Kobayashi-Maskawa 
/J' 

matrix. in the chargcd currcnt sector. 

-21-



The matrix V<KM) is the product of two unitary matricl's hcncc it is 

itself unitary and since we still havc the freedom to ddinl' t he quark 

fields up to a phase, V<KM) may bc reduccd to an orthogonal matrix if the 

number of generations is 2. If the number of generatio\1s is ~ it may hl.' 

reduced to the following standard form (13) in terms of thl' paramL'lcrs 

where s =sinO and c =cosO , 1 l ,. 

1.2.17 

The terms in 1.2.8 proportional to h give rise to 

M 
+gM WI'W" +g __ L_ZI'Z 

IV Il cosO IV Il 

1.2.1X 

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

strength ml and to the W and Z gauge bosons with strength RMw for the 

W, and go M z for thc Z. This is the physical lIigg~-ho~()I1. 
cos w 

This the ory together with the SU(3)rolor gauge group lor strong 

interactions is what is refcl'red to as the Standard Modcl (SM). 

In the bosonic sector of the model, as we have ~tated, the W- and 

Z-bosons have bcen discovercd. In the leptonic sector we have three 
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1 complete gcncrations: e, Ve , /1, vI-" T, vr ' The quark sector, however, has 

an incomplcte third generation, only 5 quark flavors have been observed 

namely u, d, s, c, 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 

1 Iiggs-boson likewise has yet to be observed. 

Direct searches for the top-quark at SjjpS have so far proved 

unsuccessfu) yielding a lower bound on its mass of about 45GeV (14). 

l,ikewise, direct searches for the the I-liggs-boson through the rcaction 

r -d-I--y at CUSB have led to a possible expcrimental lower bound of 

" ... .:1GeV (15) (sec discussion bc\ow). 

AIthough the direct evidence for the existence of the top-quark is 

still negativc, thcre are sorne indirect theoretical reasons, besides the 

need to complete the third generation, suggesting that it should exist. 

First of aH, only if there are three or more generations in the 

Standard Modcl can VilM) have phases that cannot be transformed away 

hy rield rcdcfinitions such as the phase ti in the standard parameterization 

lor J gencrations given above in equation 1.2.17. 

Ciiven that there is a complcx term of the [orm 

• .cK.U) - nrt-d 1 v' /J uL W L + l.C. 
1 J 

1.2.19 

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

conjugation and parity) is applied, the following is obtained: 
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./KM) • - n'+d h 
V' Il U LW· L + .C. 

1 1 

1.2.20 

hence such a term violates CP. 

In nature CP violation is observed in the [(l_KI system so it 

therefore seems natural to attribute this observed CP violation to 

complex terms in the KM matrix (16). If indeed this is the ()rigin or CP 

violation, it car. only happen if therc are 3 or more gcnerations. 

Assuming that the standard model is correct, one can use indirect 

evidence to place an upper bound on ml by a cornparison of standard 

model radiative corrections to experirnentally measured (juantities. In a 

recent article (17), data l'rom measurements or neutrino scatlering and 

2 1 ? 

M~V'M~ are shown to put a lirnit (with 9(YX) conl idence) of 

m l ::;175, 180, 200GeV according to whether m ll=10, 100. or 1000GeV. 

Clearly these radiative corrections arc not very sensitive to mil although 

if ml were determined sorne restriction rnay possibly be placed on Illl/' 

The situation for the Higgs-boson is less cIear. There is no reason 

for its existence other than the need to give mass to the fermions and 

vector bosons. Indeed theories such as technicolor do without it (lS). 

Since the Higgs-boson only couples to a particlc with strength 

proportional to that partic1e's mass, experiments to date which involve 

collisions of stable particles found in nature (cg. electrons, protons, clc.) 

that are light on the electro-weak scale, do not probe it very weil. Thu~ 

the lower bound on the Higgs-boson mass l'rom Y~H~( is small comparcd 

to bounds on the masses other kinds of particlc~. In lact it is not 

completely clear how firm this bound is. In rcfercnce (19) it is 
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1 dernonstratcd that the onc-loop QCD corrections to tbis process can be 

as large as 90% suggcsting that perhaps even the two loop corrections 

rnight be similarly large. This brings into question the validity of any 

theoretical predictions for this process. Furtherrnore it has been pointed 

out in relL:rence (20a) that there are sorne mass ranges S;lGeV which 

may not he totally excluded; milS; 13MeV however is firrnly ruled out due 

to the long range cornponent to the nuc1ear force the exchange of such a 

IIiggs-boson would induce (20b,c). 

1 l, however, one takes the standard model literally, and the top­

qlhlrk is rc\atively light, the mass of the Higgs-boson must be >7GeV or 

cise radiative corrections cause the minimum of the effective Higgs 

potcntial to he al 0 preventing spontaneous syrnmetry breaking (20d). 

In the other extreme, if the mass of the Higgs-boson is >700GeV 

the IIiggs-boson self coupling becomcs so large that perturbation theory 

is no longer uscful to describc il. Symptomatic of this is the fact that a 

pertllrbative ca1clllation of the width of the Higgs-boson yields a width 

greater than its mass (21). 1\ very heavy Higgs-boson, is also subject to 

the triviality boum!. This bound cornes about because the self coupling 

of il heavy II iggs-boslm is so large that the renormalized coupling 

diverges at a scalc bc10w the I-liggs mass. The the ory is thcrefore 

ineonsistient if the 1 Iiggs-boson mass is larger th an sorne bound. 

Reference (22) givcs a conscrvativc triviality bound of m H<900GeV, as 

well as more restrictive bounds based on less conservative estimates. 

Thcre arc thcrcfore at lcast two orders of magnitude of the Higgs-boson 

l11ass to l'l'arch. 
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The search for the top-quark breaks down into roughly ~ reglOlls, 

light, intermediate, and heavy. If the mass of the top-quark is light, 

m,$.M/2, then it should be visible at LEP or SLC l'rom the decay Z-tt1. 

As it happens this range is almost, but not quitc, rulcd out hy existing 

results from SjJpS (14). If M/2<mt$.Mw, the intermediatc mass range, 

then the top-quark should decay either 1cptonically or hadronically in 

which ease it should be visible at a hadron collider or an elcctron­

positron collider with these signatures. In the heavy range where 

m,>Mw, the top-quark can dceay dire~tly into a W giving a rather 

different signature. 

The search for the Higgs-boson breaks down into 5 important 

regions. The ultra-light range eovers IIiggs-boson with mass 111/1:::; 1 GeV 

as considered in refercnce (20). If the 1 Ii~gs-boson is in the light range, 

1 GeV$.mH$.Mz' then it should be dctcctablc through e~e- -~ IIZ'" at LEP 

1 or LEP II as, for example wc cOl1sider in chapter:t li M/:;JIlI/~2MIV 

(the intermediate mass range), thcl1 the detection of the IIiggs-boson is 

problematic, particularly if mJl>2mt it is too heavy to be produœd at 

LEP II and although it would be produced at a rate of 1 (t' per year at 

the SSC (23), the backgrounds would be formidable and it is not c\ear 

that it could be seen in aIl cases (24a,b). Perhaps the onl y ccrtai n way to 

see a Higgs-boson with mass in this range is at an electron-positron 

eollider with IS rv 300 - 500GeV through the proce~s e~e--IIfZ as we 

eonsider in chapter 4. If the Higgs-boson is hcavy, 2M w-':::mll~HOOGeV, 

th en it would decay into two vector bosons and with this signature il 
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1 could he idcntificd at the SSC (24c,d,e). If mH2800GeV, the so called 

obesc range, its width bec ornes too large with respect to its rnass and it is 

hard to detect through any process since the peak is no longer distinct. 
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1.3 Monte Carlo Methods 

In the calculation of signaIs and backgrounds, wc very orten want 

to perforrn integrals of the form 

1.3.1 

where (j is the .:;ross section of sorne physical process, F is the fllL\ factor 

IM(q»)1 2 is the square of the matrix clement, 4> is a point in the phase 

space of the final state of the scaltcring process and \ «(/)) is a functioll 

which represents sorne acceptance cuts; X(1)) = 1 ir the culs are satisficd 

and 0 otherwise. 

This form of integral is usually intractablc analytically; hcnce a 

Monte Carlo method must be used to calculatc it numerically. To do 

this we rewrite the above as 

u=FIMI\ V 

1.3.2 

where v= J diP is the total volume of available phase space and IMI\ is 

the average of IMI2x over the phase space. Numcrically this average is 

calculated by the formula 

1.33 

where the sum is taken over n randomly sclected points [rom the final 
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state phase spacc. 

When considering processes 10 hadron colliders, we need to 

gcneralizc the ab ove 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 secn expcrimentally. This inclusive cross section, 

in lerms 01 the parton cross section â with the initial partons 1 and 2 is 

given by 

1.3.4 

were x, is the momentum fraction of parton i, s = S X
I
X

2 
is the center of 

mass cncrgy squarcd of the parton subprocess and!, is the structure 

functioll 01 the parton i. 1'0 evaluate this integral, we first perform the 

transformation 

1 Xl 
Y = -In(-) 

2 x
2 

su that the above integral becomes 
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This fonn has the advantage that the factor [1(>':1) 12(-"2) w-2 is usuully a 

relatively smoothly varying function therefore the Montc Carlo avcmgc 

converges more rapidly. 

To integrate the above we first select y and w l'rom thcir allow~'d 

ranges 

l<w<_S_ 
- -~ 

mln 

13.7 

in such a way that there is a constant probabiIity per unit arca of picking 

a point in the section of the w-y plane within tbis range. 1 Icrc, '~I/IIII is the 

minimum value of fi wc wish to consider for the subprocess. 

Next, we calculate â(&) using the above method (cq. 103.3) and multiply 

the resulting average by the total area in the w-y plane of the allowed 

range: 

s) s s (- In(-)--
S S S 

min min mm 

1.3.H 
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1 
].4 Matrix Element Calculation 

Many of the processes which we consider, particularly the 

backgrounds to sorne of our signaIs requirc the calculation of 

complicated Feynman diagrams involving many fermion lines. Such 

diagrams lead to intractable expressions for IMI2
, the squarcd matrix 

clement hcncc for practical calculations it is useful to develop special 

algorithrns to handle thesc calculations numerica1ly. 

The standard rncthod of doing such a calculation is ta convert the 

spin sUl11lTIed IMI2 into li trace of 'Y - matrices and evaluate the resulting 

exprc:-,siol1. For cxarnplc if the only diagram contributing ta a process is 

that of figure 1.3, wc are requin~d to evaluatc the trace 

1.4.1 

If there are n Feynman diagrams contributing, then in general one is 

n:quirod to calculate both squared terms and interferencc terms sa that 

one must do n(n+ 1 )/2 trace calculations. In cases such as the 4-fermion 

hackground to Iliggs-boson production on the Z resonance (sec chapter 

3), the linai expressions may he very compJicatcd as can be scen for 

cxamplc in appcndix 4.13 (a symbolic manipulation package can be 

hclpt'uI). 1 n sllch cases it is orten more convenient to use a method 

where M is ~aIculated directly for cach diagram with a given assignment 

of spins of the cxtcrnal particlcs; the total for a1l diagrams is summed 

and thon squarcd. IMI 2 is then appropriately averaged over particle spm 
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1 and phase space. Methods based on this principlc have the advantage 

that if there are n diagrams involvcd only n different calculations nced he 

considered. Here we discuss two mcthods which are hascd on this 

principle. Sincc in our applications of the se mcthods, the fermions may 

be taken to be massless, our discussion will he of that case. 

The first method is to writc aIl spinors in the Weyl basis. In this 

basis 

-yP = 
o l' 

(T, 
!. 

(JI' 0 
R 

where a~, and a~ are 1eft and right handcd Pauli matrices given hy 

o 0 [1 01] aR = +aL = 0 

u~= -u~= [~ ~l ()"~ = _()"~ = [
1 0] o -1 

these matrices satisfy the commutation relations 

1.4.2 

1.4.3 

1.4.4 

Spinors representing fermions with specifie helicitics have only two 

non-zero components which are the two eomponcnt Weyl spinors. For a 

specifie helicity assignrncnt wc can thereforc writc a11 the spinorial 
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1 products as products of 2x2 matrices. Note that such products can be 

can :...:d out much faster than products of 4x4 matrix which would in 

general he ncccssary in the Dirac basis. 

1 "or examplc in figure 1.3 if aIl the fermion lines are left handed, 

the exprcs~ion for the amplitude is 

1.4.5 

Whl:IT III (p,) is the two component Weyl spmor. In practice, the 

currcnts assocÎatcd with the lines (1,2) and (5,6) may be cvaluated as a 

l'our vcctor and substituted into the intcrmediatc matrices of line (3,4). 

Since it is important to have more than one way to calculate a 

givcn diagram, wc also use the method outlined in (25). In this method, 

explicit chiral spinors are constructcd with the use of light-like 

rcferellce vcctors a and b which will be fixcd later. 

Wc sclect as a rcfcrcI1cc spinor any lcft-handed spmor In a glven 

direction a, and deI10tc it by lio' thus Uo uo=PLd. 

Using this rcfcrcnce spinor we can construct left and right handed 

spinors for an arbitrary lTIOlTIcntum vector p (provided p is not parallcl to 

a or h) whcrc: 
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so that 

UR(P)UR(P) = " PR 

UL(P)UL(P) = " Pl. 

1.4.6 

1.4.7 

In the case where aIl the fermions are lert handcd wc may writc the 

amplitude of figure 1.3 using the above idcntitics as 

1.4.X 

The surnmed '1-' - matrices may be rcduced using the idcntitics 

1.4.9 

and their conjugates as weIl as the corresponding identities with L'r-;R. 

If we define 
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1 S = T • = ÜR(p )UL(P) 
'1 l' '1 

S = T =0 
Il " 

1.4.10 

expression 1.4.R bccomes (after sorne simplifications) 

1.4.11 

Wc now make a stanùard choice of referencc vectors a=( 1,1,0,0) 

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

T * - ç -" -',,-
(Po 1) (po 1) (p2 3) (p2 . 3) , -P, ,+P, - , +IP, 1 -IPI 

J 0 1 0 1 (p, -p,) (p, +p) 

1.4.12 

III this way ail diagrams and helicity combinations may be reduced to 

simple products of Sand T factors. For a given choice of momenta 

thcrcforc, one can first calculate Sand T and th en sum the amplitudes. 
'I 'I 

This mcthod has the advantagc of proceeding in sorne cases somewhat 

faster than the l'irst; there is however a less direct correspondence 

bctwccn the initial amplitude and the computer code, hence a greater 

chance of programming crror. In cases where we have used these 

methods wc have calculalcd cach cross section using two different 

methods to assure that thcrc is no programming crror. 
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1.5 Jet A/garithm 

In sorne of our ealculations, the matrix e1ement which wc produCl.' 

refers only to a speeified final state of partons. Bccause of OCI) 

confinement, eolorcd partons cannot, of course, bc seen directly hy the 

detecting apparatus. What is 11l faet sc en arc hadronic jL't:-: 

corresponding to the final state partons 

Unlike an elcctron or muon, a hadronic jet is not a single partide 

whose momentum and energy ean he easily determined but rather a 

collection ot hadrons which go gcnerally in the sal11c direction as thL' 

initial parton and carry its mornenturn. Dct(.~cting :-:uch a jet and 

measuring its morncntum is not an easy task and to accuratcly simulatc it 

one would have to tirst use an algorithrn sueh as 1 Si\. J ET or PYTIII J\ 

which simulatcs the fragmentation of partons into hadrons and then use a 

detector simulator, whieh simulatcs the dctection of the se hadrons hy a 

specifie detector. 

The intent of our work is not to enter into expcrimental dctaÎIs hut 

rather to make statcrnents which will he indcpcndent of ~pccific dctcetor 

design. Wc would also like to makc our statcments independent of OCD 

proccsses of small tran~verse morncntum (soit proccsses), heCiluse the~e 

are not fully understood theorctieally and, in addition, an enormous 

arnount of computer time would have to he used to gain a limitcd amount 

of additional information. To this end wc introduce a jet algorithrn which 

sirnulates the production and detection of jets given the initial mornenta 

of the partons. 
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1 Three gencral cffccts are taken into account by our jet algorithm. 

First, the fact that any detector must have a blind spot where the beams 

entcr and ieave il. Thus, a jet which is too close to this blind spot will be 

poorly mcasured and, in a cautious simulation should be discarded. 

Secondly, jcts which are too close in direction to one another will rnerge 

and be secn by the detcctor as a single jet. Third, jets with too sm aIl 

transverse momentum may not be prominent enough against the many 

sort hadrons produccd in aIl directions to be noticed as definite jets in 

the analysis of an evcnt hence should be discarded. The jet algorithm 

which wc usc to accomplish these three objectives is that of reference 

(26) which is similar to that of rcference (27). 

For a given event we are prcscnted with the 4-momenta Pl' ... 'PT! 

for the n partons in the final state. The direction which eaeh of these 

partons is moving can he dcscribed by an azimuthal angle <p and either a 

polar angle () or a rapidity y givcn by 

y = In(cot!) 
2 

1.5.1 

ln the case of clcctron positron collisions, we use the variable 0 since the 

l'vent is always in the centre of mass frame whilc for hadron colliders we 

use tlu: variable y, since it is traditional in the literature and because 

difrl'rencl'S in y arc invariant under the longitudinal boost necessary to 

transform bctwecn the frame of the parton subprocess and the lab frame. 

Wl' will disl'uSS the algorithm in the electron-positron case, while in the 

hadron case may he obtaincd by replacing 0 with y. 
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For the parton labeled i we define the transverse morncntum 

1.5.2 

and for each pair of partons i,j we define a distance function 

/Il e + e - case 

III pp case 

1.5.:1 

The first step of the jet algorithm is to elirninate ail partons which 

have transverse rnomenturn less than p~ and which are doser to the 

beam axis th an 0'.)* i.e. 

1.5.4 

(in the case of a hadron collider, we climinate partons with lyl2Yo ). 

Then we relabel the remaining partons in in such a way that they are 

arranged l'rom largest to smaUest transverse momentum, PJ. 

If parton 1 is far from aU the other partons or jets in the sense that 

.d,j>L10 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 eliminated from the 

list of partons (relabeling partons as requircd) 

If parton 1 is not far from ail other partons, let j be the label of the 
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parton such that .11, is sm aile st (henee .11,<Llo). Replace Pl by Pt+p/ 

e1iminating P, from the list of partons (relabeling as required) and repeat 

this ster. 

At the end of this process one has a Iist of possible jets. Eliminate 

:\ny jet that does not satisfy the transverse momentum requirement and 

separation t'rom the beam axis requirement as specified above for 

individual partons. This situation could come about if partons near the 

beam ;u.is have bccn combined to form jets. 

The jet algorithm is thus specified by the parameters Llo, P~, and 

(Jo'" (Yo)' 

Figure lA illustratcs the action of the jet algorithm on sorne typical 

l'vents of the form e+ e- -4 4 massless partons. Each of the figures 

J .4a- JAl depiets a single event with 1S=100GeV in the center of mass 

frame. The directions of the initial partons are indicated by X's on a 

coS(O)-r/1 plane with the sizc of the symbol indicating the momentum of 

the parton. Eaeh or the partons is surroundcd by a curve rcpresenting a 

l'one of 15" hence if twu of these curves interscct the partons are doser 

than 30" 10 l'ach other. The jet algorithm is then run with the parameters 

-.Jo --=JO", ]J~ -cc lOGe V, and cos( 0(' * )=0.9 with the resulting jets indicated by 

( )'8. 

Figures lAa-l.4d show typical 4-jet events. Note that none of the 

l'urves around the partons overlap hence aIl the partons are separated by 

more th an ..10=30° and none of the partons are within the bands 

indicating lcos(O)I~cos(Oo *)=0.9. 
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Figures 1.4e-1.4h show typical 3 jet events. Figure l.4e and 1.4f 

each have one parton that does not form a jet because it rails too close to 

the beam axis (lcos(0)1>0.9). Figure 1.4g and 1.4h shows cases where 

one of the partons failed to form a jet because it had transverse 

momentum less than p~. Figures 1.4i-1.41 show similar cxampks where 

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

Figure 1.5 shows how the results of the jet algoritbtl1 behavc as a 

function of the parame ter .10 ' Events of the form e /-e- --) 4 masslcss 

partons with Vs=100GeV where generated with a constant matrix 

element and then the jet algorithm was run with the paramcters 

p~=lOGeV, cos(Oo *)=0.9 and various value of ~o. As could he cxpccted 

when .:do is increased, the 3- and 4-jet events become evcnts with smallcr 

N, (mostly 2-jet cvents) duc to the rnerging of jets. Note, howevcr that 

for .<10<50°, the region of practical intercst, the proportion 01 events with 

a given nurnber of jets is fairly stable 80 that one cxpccts that predictions 

based on the jet algorithm should not he drastically changed hy the 

experimental details or soft QCD cffccts, sincc one would expcct that 

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

.:do' 
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1 Figure Captions 

Figure 1.1 

A 4-fermion term in the effective lagrangian at low energies may in 

faet he duc to a massive vcctor exchange. 

Figure 1.2 

The I1iggs potential necessary for spontaneous symmetry breaking. 

The minimum corresponds to the vacuum expectation value of the Higgs 

IïcJd. 

Figure 1.3 

I\n illustrative examplc of a process involving massless fermions, in 

this case e+ e- -te+ e-e+ e-

Figure lA 

Typical examples of the jet algorithm in operation are shown. 

Sorne cvents with 4 massless partic1es in the final state were generated 

with an even distribution in phase space with IS = lOOGeV. The initial 

directions of the partons in the cosO-</> plane are indicated by X's while 

the final jcts arc marked by O's. The size of the syrnbol is related to the 

mOl11entum of the partic1e and the curve around each symbol represents a 

cone of radius 15°. In the jet algorithm wc have used the parameters 

p~ = lOGe V, .Jo=30° and /cos(Oo *)/ = .9. (a)-(d) show typical events 

where the jet algorithm found 4 jets. The upper and lower horizontal 

lincs on thCF.: diagrams represent /cos(Oo*)/ = .9. (e)-(h) show typical 
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events where the jet algorithm found 3 jets and (i)-(1) show typical cvcnts 

where the jet algorithm found 2 jets. 

Figure 1.5 

A plot of the fraction of events (gencrated from phase space) 

versus Llo satisfying NJ=O, ... ,4 where the other paramctcrs arc 

Vs=l00GeV, p~ = lOGeV and Icos(Oo *)1 = .9. NJ=O is shl)wn with the 

solicl curve; Nr l is shown with the clash-dot curvc; NJ=2 is shown with 

the clash-dot-dot curve; NJ=3 is shown with the dash-dot-dot-dol curve 

and N r4 is shown with the dash-dot-dot-dot-doL curve. 
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CHAPTER 2 

TOP-QUARK DETECTION AT HIGH-ENERGY 

ELECTRON-POSITRON AND HADRON COLLIDERS 

2.1 Introduction 

As we diseussed in Chapter 1, the standard rnodel prcdicts that 

there is a top-quark and present evidence suggcsts that its mass 11111~t 

lie in the range 45GeV::::;m,::::;200GeV. In this charter, wc cOllcern 

ourse Ives with a top-quark whose rnass falls within the light or 

interrnediate rnass range dcfined in section 1.2, ie. with fIl,<X()(ieV. III 

this range the top-quark dccay will he predominantly a 3 body weak 

dccay (t-tbqq' or f-,bl+v,) as opposed to a top-quark whieh lalls ill 

the heavy rnass range, nl,>80GeV where it will decay by l-fhWI
• 'l'he 

light and interrnediate mass ranges are of interest because they an: 

now experirnentally accessible through hadron colliders weh a~ the 

Tevatron or electron-positron colliders such as J J ~p or SI,{ '. Sœtio/1 

2 of this chapter deals with ddection 01 such a top-quark al ail 

electron-positron collidcr produccd though the reactioll el e- --tll. 1 n 

section 3 we consider the detection of a top-quark produccd though 

the analogous strong process at a hadron coll id cr. Note that the work 

in this chapter was done berore the present restrictions on the top­

quark mass were established, hencc wc consider sorne ca~(,s which at 

the present time are disfavorcd. 
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1 2.2 Top-quark Detection at Electron-Positron Colliders 

r Jet us consider 

2.2.1 

(p= mlssmg momentum) at LEP and SLC energlcs. We intend to 

show that, with proper procedures involving a series of acceptance 

culs, lop-quarks with mass as largc as ml~60-70GeV can be 

idenlilied. 

'J'he type of event which wc shaH considcr is e+e--l-/l via either 

Z* or Î* (* denotcs a virtual particJe) whcre the Z* may be on 

rcsonance or otherwisc. Let Pl' P2' P3, and P4 dcnote the four 

1110lllcnta of e-, e+, l, and l rcspectively as in figure 2.1(a). We then 

dL'l inc thc invariants 

,., ,., ,., 
~.- ..... 

and 

2.2.3 

lknoting hy 7~ the amplitude for e+e--l-Z*-l-tl, wc find after summing 

OVl'r final spins and avcraging ovcr initial spins (neglecting the 

clcdron mass) 
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z z z z l + 4 Re(A B *) Re(A,E, *)f_(/,u»x , , " 
t! t! «s-M~r + J')I~) 

2.2.4 

Likewise denoting by T-y the amplitude for e+e--y}*-~t1, we lind 

2.2.5 

and the interference term bctwcen TI. and T-y is 

(s-M~) 
x2 -----:..--, , /2 

s«s-MJ+J~M ) 

In eqs. (2.2.4)-(2.2.6), l~ is the width of Z and NI is the llulllhL'r 

of colours (=3). For a fermion r (=t or e) At, n;, and Al arc the 

standard model couplings to the Z and ~f 

At gw (Y ")Q " 20 ) 
Z 3 - ~ llll IV' 2cosOw 

Il = !;w 'l 
/. 2co~O l 

IV 

2.2.7 

In the subsequent analYhis wc use the lollowing cuts: Jets arc 

identified using the jet algorithm defined in Charter 1. (Juided hy jet 

+ liT searches in e+e- annihilation (28), we use the values lor the jet 

algorithrn pararneters: p~=3GeV, Icos(Oo * )1=0.8, and <10 =30". Wc 
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1 rcqUlrc that in order for a lepton to be detected, Pil»p~(l)=3GeV 

and that /cos(O/)/</cos(O/*o)/=O.8 and in addition that each lepton be 

scparated from any jet by an isolatlC.l angle (Jl/ 2: O~=10°. Finally we 

requin.: ail cvents to have a total missing momentum PT2:Pro=5GeV. 

1 n our analysis wc consider events with at Ieast three jets 111 

order to rl'duce standard model backgrounds of the form e+e-~qq. In 

particular, we look for cvcnts wherc one of the t,l dccays 

:-.cmilcptol1ic.:ally (Ior cxample t-+bltv/ ) and the other decays into jcts 

(lor eJ\tlmplc t-)hqlj'). When b quarks from such a decay themselves 

dccay hadronically, the ~Iccay products tend to be collimated hence 

thcy fonn li :-.ingle jct. 

l'ïglire 2.1(h) shows the cross section ()" for e+e--t(l with one of 

the t ,1 decaying scmileptonically and the other into jets for various 

vaIlles (lI 1/1/. Wc note that for high values of Vs (2:100GeV), in 

~.~.5-2.~.7. \Ve scc that for cach m, there 's an optimal value o[ s, 

which wc dCl10tc so' for which (J has a maximum (J la' For m in the n, x 1 

45Gt'V, Iso incn:ascs. Figure 2.1(b) shows that for m,=30GeV, 

dnlllS to ~l)h and for III ==60GeV, (J =1.8pb. / max 

N nw considcr a muiti-jct cvcnt and select a particular subsel of 

lIh.' jl'ls. Iktïnc EJ and PJ to be the total cncrgy and the total 

J-n1()l11cntUI11 of thl' sL'lcdcd jets, and 
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2.2.~ 

To find the mass of the top-quark from experim~ntal data. 

proceed as follows 

(a) First select the events in whieh the final products of the t and 

l decays contain only one neutrino as in figure 2.1(a); such evcnts Ciln 

be selected because the missing energy E equals the missillg 

momentum l We find that they consist of about WX) of the total 

Humber of events. 

(b) Next, for sueh cvents, if the final state con tains four jct~. 

calculate the invariant mass nz J of cach possible comhination 01 li li cc 

jets, and record it on a histogram. From figure 2.I(a) wc sec that for 

the combination of three jets arising l'rom li, q, and lj', we have III ]~= M, 

(e) If the final statc contains three jets, ealculate Ill] for ail two 

jet combinations, and record it on il histogram. Again, lrolll figure 

2.1(a) wc sce the following: First, supposc that thc threc jcts arise hy 

coalescence of two of thc jcts of li, q, anù q' into onc jet, tl1el1 for the 

combination which includes that jet and the other parton lrom that set, 

mr=m/. Second, suppose that the jet arising from the h-quark 01 

t---+bl+v1 fails to qualify as a jet because, for cxamplc p,(j)-::;p(;; th en if 

"5, q, q' lead to thrce jets, we shaH have m]=m/ as weIl. Of course if 

the b jet coalesccs with one (or more) of the jets of h, q, l/ then 

mjFm/. 

Figure l(c) shows cross sections O"max for three and for jets at 

s=so as a function of ml' 

Figure 2.2 shows the histograms as a function of m J obtainvJ Dy 
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the abaye method. For m,=30GeV we show the histogram for both 

four-jet and three-jet eyents (dashed liue) while for mt= 40, 50, and 

60GeV, wc show the histogram for four jet events only. 

J,'rom this we see that four-jet events always give a strong peak 

at lIl/"tn, while f(jr 3-Jet events the peak ho less prominent and may 

aprear ebewhere. 

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

N,,= 1) shows 'hat the four-jet cross section is sizablc for m,<45GeV; 

with a 1 umillosity L= 1.6x 1()31CI11 -\·-1 in one day's real running time (29) 

we cxpcct > 1 CYCIlL This suggests that the above method is more 

lIsdul only il 111 t:S:45GeV. 

MOI-cover, the ahoyc method assumes that eyenls with N =1 can 
v 

be separatcd ffom thosc with Nv '21 by the requirement that lE p. If 

IIIt>.M/2, encrgles above M7 are nccessary, and photon 

brclllsstrahlung bccolllcs important. The photons will tend to go along 

thc heams, and Il will Ilot hc wcIl dctermined. 

'1'0 sec this d'fect, we tÏrst estimate the cross section (J"-y for 

11rc I11~S t ra h lung of a photon of momentum k with 

/\ ",ur' j\ < -II ",./1 - (., -- 411/~)/2 J;;, radiated with respect ta the beams at 

an angle (}Td'o*' Most of Cl,! arises when the , is approximately 

collil1l'ar with t' 1. Then wc find 

2.2.9 

(\lI1sidCf l'or examplc I11 t=50GeV; thcn [rom figure 2.1(b) the optimal 
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energy IS A=110 GeV (maximum 0"). Taking k"un=lGeV wc find 

0"')'=0.210". Note that becausc of the logarithmic dependcnce of 2.2.9 

this result will not be strongly effectcd by the exact value of k . 
,nlll 

Physically this rneans that if a photon cont ributes 1css than 1 GeV to the 

missing energy wc suppose that the evcnt will he clTcctivl'1y thc salllc 

as if it were without such a photon. If it eontrihutcs more than 1 GeV 

it will be counted as a N v>l event which thercforc llleans that the 

events with Nv=l should be reduced hy 21 0!c). lIoweveJ' in an 

experirnent Nv=l cvcnts would he indisli"1guishable t'rom events with 

N >1 and E-Ipl<k and therefore such events should hc addcd. 'l'hl' v - 111111 

result is shown in figure 2.2 (dash dotted line). !\Ithough the peak at 

m J=111, (=50GeV) is stiJl prominent, the III J distribution is sOJl1cwhat 

smeared out. Thus, if m
t
;::::45GeV it is advisahle 10 proeeed with an 

alternative method. 

Since in the ab ove wc arc th rowing out 82% of the events whcre 

N v > 1, in the case of largcr m, whcre the event rate is low, il would he 

very hclpful if we could find sorne way to inc1ude thcse events. D()jng 

this we could increase the four-jet and thrce-jct cross sccti()n~ hy 

about one order of magnitude (figure 2.1(c), upper eurvcs). 

Applying the ab ove rnethod to cvcnts with N,,?l, wc find that 

for four-jet cvents therc is still a peak at mJ~=ml but significantly 

broader hence identification of the top-quark and detcrmination of m, 

becorne more difficult. Thus to consider N > 1 cvcnt~, wc lollow 11 v-

different procedure. 

First dt"loting by Ez and Pz the cncrgy and momcntum of Z, we 

define 
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2.2.10 

Next, we consider the four-jet and three-jet events for N v?.l and their 

distribution in the mJ-mJ plane; this is shown for 1n,=50GeV in figure 

2.3(a). Wc sec that therc is a concentration of cvents in a square of 

ahout IOGeV x lOGeV with mJ<m, and fizJ?.11l,. Most of the events 

plotted in this square arc, in fact, from correct combinations (ie. like 

7), q, and cr, figure 2.1 (a», and it turns out that 75(}'0 of the correct 

cOlllhinatiolls are to he found in tbis square. Incorrect combinations 

scaltcr continuous!y through the allowcd range of the mriiz J plane. 

'l'hus, wc plOceed by seIectillg events only in this square; their detailcd 

distrihution is shown in figure 2.3(b). 

For l'vents satisfying thcse cuts, we now considcr avcragcs 

I>elweell Ill) and IÎIJ 01 the t'orm 

2.2.11 

lor v.lnous values of the paramctcr x, O::::;x:::; 1. With rcfcrence to 

ligUle ~.~(h), this average amounts to a projection along an axis 

dl'lined hy the v.llul' nf x. Figure 2.3(b) also ShllWS that for 11l
1
=50GeV 

therl' is a relative concentration of cvents along the axis corrcsponding 

to :-..--0.45. For 11l,=30GeV, we find a similar concentration aIong 

x -O.~~, etc .. This suggests that for cach ml there is an optimal value 

of .\ sllch that the histogram versus M(x) shows the most promincnt 

Iwak. 

Figure ~.l (d) shows as a function of m, the value of x denoted 
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by Xo which produce the most promin'cnt peak in the histogram vs . 
M(xo)' Then figure 2.4, for m ,=30, 40, 50, and 60Gt'V shows the 

histogram vs M(xo) for thc above values of '\'0; therc is cvidentially a 

prominent peak for ail thcse values of m, 

To summarizc, lor not too large t1l ,(S45Gt'V), wc detl'rmine 11/, 

via a histogram versus m J for events with N,,= 1 only, For lalger 11/" 

wc first plot the evcnts in the mJ-II" plane; a cOl1l:entration occurs 

which gives an approximate value of ml' Next, wc introducc an 

addition al eut corresponding to a square of ahout IOGeVx lOGeV. wc 

use this approximatc value to determinc li value or.r() as in figure 

2.1(d); and, finally, we construct a histogram for the number of evenls 

versus M(xo)' The value of m, arises as a promincnt pc"k in Ihis 

histogram, 

Within the standard modc1, hackground to ("e- - ~jels -1 1 -1- /) 

may anse first l'rom e+e--+!Jh with band/or h decayil1g 

semileptonically. IIowcver, bccausc of the smallness of III,., the 

products of the b and of the b dccay will he very collimatcd; lhi:-. will 

givc rise to two-jet back-to-back l'vents in the e1e- center of ma:-.s 

system. Since we look for cvcnts with three or lour jets, :-.uch il 

background will be practically absent. 

More important is the background l'rom el e- -i/J/J + IJÎUOi l,\; the 

cross sections are of order Os or higher as compan.!d with e~e- --~tl hut 

for rclatively low Pr(j) thcy may be substantial. On the ot\1l:r haud, 

considering, for exampIc, e-e+ -+bbg with b-.cïiF, wc note that 

bccausc of our lepton isolation eut in ()~ and of the :-.mallne~s of m", h 
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must he rather soft and the gluon must he rather hard. 

Wc have determincd the cross section for ete- -+-bbg (three jets) 

subjcct to our acccptancc cuts, corresponding to each value of ml 

(ligure 2.1(c) dottcd line). Clearly 1t is more th an 1 order of 

magnitude sm aller them et e--ta for N,,?"1. Thus it cannot significantly 

interfere with our results whcn we apply the method discusscd earlicr 

that use~ N,,;:.1 data. In this calculation wc numerically determincd 

the amplitude u!-.ing the Weyl basis mcthod dcscribed in section 1.4. 

('ompaled with e-et-ttl for N,,=l, this background is significant 

(ligure 2.1 (c)). Ilowever, its m, distribution is diîferent. This is 

~h()wn a!'> an l'.\<Ill1plc lor fll
l
=30GeV in figure 2.2 (dottcd lînes): 

whereas ('-e 1 )1/ peah at fil ,</Sn, ete--tbbg shows some peak at 

Ill, . j~/2. Th\.' latter i!-. duc 10 the lepton isolation eut which, as 

1lH.'ntiolll'd, 1'01 Cl'!,> h to he !-.On causing the invariant mass of b, g to he 

large. 

1 :or 111,' M /~, the backgrouild from /Jhg dccrcascs 111 

importancL' (ligulL' ~.l(c») sinec the optimal Vs increases and it is less 

likl'ly that il will hL' soft enough to givc an isolatcd lepton. 

J.'illally. lor ('+e- -)"hgg, which is of higher order ll1 Qs' the 

l'mss section is estimated to he sm aIl cr by an order of magnitude (30). 
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2.3 Top Quark Mass Determination in Hadron Colliders 

Let us now considcr tl production in a hadron collidcr through 

events of the type pp~t7 + X with one of the t. 7 dCl'i1ying 

semileptonically and the other into jets. 'l'hus, for example, 

pp -t t + 1+ X 

-tbqq' 

-tb/-vI 

2.~.1 

As bcforc, the neutrino manifests itself by somc missing lIë\l1!'>Vl'l"M.~ 

momentum PT and some of the jets associated with h, /J, (l, il' may 

coalesce or be rejected by our jet algorithm. We thercforc look 101' 

events of thc type 

pp ~ Il + X -> 11 jelS + 1 + III -1- X 

2.~.2 

with n=3 or 4. We intend to show that, with propcr prorcd ure!'>, top-

quarks \Vith m/:S40GeV can he identified at 5jJpS (IS = o~OGl'V) and 

m/:S80GeV at the tevatron (1S=2TeV). Our procedures arc !-.irnilar ln 

those of section 2.2. 

To dctermine the jets, we use our jet algorithrn chcept that we take 

rapidity instead of angle as described in !-.ection 1.5. The paral11eter~ we 

take are p~(j)=7GeV; lyl::;Yo=2.SGeV and tor the jet :-.cparatio/l, 

t1R,,=J LJy2 + iJ".;} > d o=1. Furthermore, we require the lepton he 

produccd with transverse morncntum excccding ,/;(l)-=-12GeV and with 

center of rnass rapidity Lv(l) 1 <Yo(l)=2.5; and the lepton he separated 
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t'rom cach jet by ,1R(lj»,1Ro(lj)=O.5. Finally we introduce a missing 

momcntum cut fl,>/I/=4GeV. 

Wc now dcfine mass variables analogous to those of section 2.2. 

Denote by p, the lepton momcntum and by E, and p, the energy and 

momentum of the jet i( = 1, ... ,n). Let us first considcr the case n=4. For 

cach suh~el of 3 o( the 1 inal jcts dcfine as bc10re the invariant mass ln J 

by: 

" n-l .., 11-1 .., 
" - ( \' 1;)" (' ' .1)· IIIJ -- ~ J - ...., JI 

,=1' ,=1' 

2.3.3 

mOl\.:ovcr, lor thc rcmaining jet detin\' the quantity 

2.3.4 

10r each ~ul'h ~uh~d, Ill] and Kf] are rneasurable quantities (31), m] IS 

idelltical with the qUilntity in section 2.2 while M] differs in that since wc 

cannot ll~l' longitudinal momcntum conservation on the parton 

SUhPI m:c:-.s, wc must estimate the mass of the top-quark which dccays 

:--cmilcptonically hy using only the transverse part of the neutrino 

moment 111l1. 

Nl':\t l'Onsider n=3. l'ïr~t, for each subset of 2 of the final jets 

dctinl..' /li, ,llld XI] as in (~.3J) and (2.3.4), FinaIly, take aU 3 of the final 

jd~ and dctine: 

., :l , 
" (\' 1')" 111] = ~ ", 

,=1 

3 ") 
(~' p,r 
,=\ 

2.3.3a 

and 
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~.:t4a 

To explain our approach take first the simple st case that ail the final 

quarks b, b, q, q' produce only jets (none dccays semikptonically). 

Beginning with n=4, suppose that in equation (2.3.3) the subsd 01 J jets 

corresponds to b, q, and q'; then 11l)=I1l,. Moreover in Eq. (2.3A) if 

IPTI=Iï1I, thcn Ml=m, as weIl. Thus considering the distribution 01 

events in thc ml-Ml plane, wc expect to have a concentration at Ill, Ill, 

and M/<m,. On thc other hand if in (2.3.3) one of the jets wrrc!'>ponds 

to b then 111) and Mj will be quite dilferent t'rom 11/, and in general Irolll 

each other. 

1'0 further enhance the relative concentration, for l'ilch L'wnt wc 

l'orm aIl possible combinations of jets and calclllale III J and ÀI,. Theil 

among a11 such combinations, we choose the one for which 

Calling thc corrcsponding values 1110 and lilo' Then the distrlhution 01 

evcnts in the mo-li1o plane is cxpected to show an l'ven :-.lrollgl'r 

concentration at 11l()=f1l, and /il o<:'/1l,. 

Next wc turn to the case n=3. Fir:-.t of ail, assume thal two 01 the 

jcts coalcscc. If thcse jets c()rre~pond to two of the jd:-. 01 h, li and (/, 

thcn the reasoning proceeds as belore, On the other hamt, il olle (JI the 

coalcscing jcts corresponds to h, then ml and Ml will in general 

significantly diffcr l'rom m, and in gcneral l'rom each other w thal the 

events whcrc this happens will be scaltered ahout the mo-rÎlo plane. 

Finally, suppose that for one of the jet~ the tran:-.vcrse momenlllll1 
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/p.,U)/<p~(j) and therefore n=3. If this jet corresponds to one of 5, q, or 

q', with the dcfinitions (2.3.3), (2.3.4) wc reason as before. If it 

corresponds to b, we use the definitions (2.3.3a) and (2.3.4a) to repeat 

the sa me reasoning. 

Now assume that sorne of b, b, q, lj' decay semilcptonically. Thcn 

IIlJ<IIl,. Rcgarding Mj' in gcneral we can have Mj'S.m, or MJ>mt; for 

the 'correct' combination of jets therdorc with respect to M] we expcct a 

hroader di~tribution. Ilowever, wc can argue that for a large fraction of 

eVL:nts, lor the 'correct' combination of jeb /Mrlll,/ is not too large. The 

argument i~ as follows: (i) \Vc arc missing the longitudinal part of the 

momentul11 of the l', of the dceay t-"hlt/II' (ii) Additional neutrinos rnay 

éll i~L' lrom the decays of h, q, or lj'; and their morncnta will, 111 gcncral, 

L'Ol11ribulL' to ,J/, Factor (i) tends 10 make Mj<m,; howevcr, the cffect 

~hOllld he ratlwr small, becausc on the average only 1/3 of the cllcrgy of 

1 goes tn the neutrino, and 1/3 of the ncutrino's morncntum is 

longitudinal. }o';\ctor (ii) tends to make M,>Ill,; howcver, only a small 

(l'action of the momenlum of h, il, lj' is takcn by the neutrinos of their 

dccay~ as III the ('+e- case. Thus, factor (ii) is expcctcd to have a small 

dl'L'L'!. as \\ L'II. 111 our Monte Carlo calculatiol1s, factor (i) and (ii) 

logL'lhL'1 \Vere found to givc on the average /Mr11l,/=lOGeV. 

Thus our plOcedure to enhancc the concentration should still work 

~JIll'L' wc L'xpl'cl mo~/Ï1() for the combinatiol1 of cvents with aIl the 

sl'1cckd jets arising t'rom 1. 

The reaelion pp-ttl procccus VIa the subprocesscs qq-ttl and 

gg ·rt; Ihl'ir cross seclions are givcn in rcfcrencc (32). \Vc use the 

parton di~triblltions of rd'ereIlec (33) (set 1) with 6 tlavors and (j=s . 
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We introduce a K-factor of 2 into our rcsults (34). 

To illustratc our approach, figure 2.5(a) shows for SppS and 

m:=40GeV the distribution da/ dm dit of events in the m ,-f.t, plane; 

there is a concentration near 11lJ=~IJ=f1/" Then figure '2.5(h) shows the 

corresponding distribution of da/dmo d1ilo in the l1lo-IÎ1o plane; now the 

concentration near mo=IÎlo=11l1 is significantly strongcr. l'Ïgures 2.5(1:) 

and (cl) show dfJI dmo (ifil o at the tcvatron for 11l ,=40 and 60GeV. Nole 

that in aIl of (b), (c), and (d) the distribution with respect ln lilo is 

broader. 

Figure 2.6 shows the di~tributions dal dll/ o lor various values 01 /1/
1

; 

111 each case there is a cIear peak at 1I/()=I1l
I

• The figure also shows the 

level of 1 event/GeY at sppS corresponding tn an integratl'd Illmino:-,ity 

of 600 nb; and at the tevatron for L= W- 1 I1h-1 
SI, six lI1onth~ operation 

at efficiency 1/3. 'l'hus at sppS if m ,=40GeV in the range 35-:::-_111
0
< 45Gt'V 

wc anticipate about 14 l'vents; however, at the tev,ltron in a range 

11l,-5~mo~m,+5GeV we anticipatl' at least hundrl'ds of l'vents lor ail 

11l
1
=30, 40, and 80GeV. 

J\ possible background may arise lrom: 

pp ~ W -1- gluol/\ -+ X 

2.3.5 

with W-tl-v1 and the gluons giving ri~e to jds. Ilowever with respect to 

our process, (2.3.5) is of ortler nwo. and its cro:-,:-, section i~ thcrclorc 

cxpccted to be insignificant. 

J\ more important background may ari~c 1 rom 

-62-



1 pp -+ b + b + gluons + X 

2.3.6 

with, say, b~cL-v, and b~jet. We calculated the cross section for 

pp-.h+b+!:luons+X using the expressions of reference (35) for the 

sllhrrocess qq-tqqg and gg~qqg; then we calculate b~cr VI taking 

1Il{:-::50GeV. l'ïgure 2.7 shows the distributions dO'/ dp
'I 

vs P'I at SjjpS and 

the tl'vatron. C:Icarly at low p,/::;:.mb) this background is substantial, but 

é1~ 1"1 il1l'rea~es beyond mb it dccreascs very fast. We qualitatively 

11l1lk-r:-.tal1d il:-. ~hélpe in view of the smalhless of I11b and of our lepton-jet 

~L'par;1 liol1 cut .JR(lJ): Sueh a background event requires b to be soft so 

tlll'l1 /),/ l'.ll1llOl l1111ch exceed 1110' 

Silllilar rl'marks hold for the background pP-thbgg + X, which, in 

lart :--llOUld hl' sOl11cwhal smaller than pJ5-tblig + X sinee it involvcs one 

morl' gluoll. 

( )llr rc:-.ulls of figure 2.7 suggest that wc ean somewhat rcduee our 

al'l'L'ptallel' l'ut in IJ" to p\=SGeV. At SppS for 11l{=40GeV, figure 2.6 

~h(l\v:-- (dil~hcd line) the corresponding distributions; cvidcntly the number 

(lI illlL'rl'sting l'wnts increases by a factor of about 2. 
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Figure Captions 

figure 2.1 

ta) A graph for e+e-~t1 with t dccaying sl'l1lileptoniL'ally (t- .hl t 
",) 

and l into jcts (l-tbqq'). (b) cross section for e- ('+ -~t1 with om' 01 thl: t , 

t bar dccaying scmilcptonically and the other into jets, (c) Cro:-.s sL,ction 

for a (ic at s=so) for three and four J'ets corresponding to N - 1 and 
ntClX l' 

Nv '21. Dotted line, cross scction for the background e-+e-- 4 hl,g. (li) 'l'hl' 

valucs -"0 of the pararnetcr x (eq. 12) produeing promincnt IK'(lh in thL' 

histogram versus M(xo)' 

Figure 2.2 

Histograms vs ln] for N,,= 1 with the method rollowing Fq. (»), 1 01 

m/=30, 40, 50, 60GeV. The dotted line for 1ll/=30G'eV :-.hows the 

Figure 2.3 

(a) Distributions of three-jet and four-jet l'vents with N,,/I in the 

Ino-Hza plane for m/=50GeV. Contours correspond to lïxcd llul11hcr 01 

l'vents per GeV:! in arbitrary normalization. (b) The ~amc in more ddail. 

Figure 2.4 

Histograms vs M(xo) with the procedure or including N,/- 1 lor 

In/=30, 40, 50, and 60 GeV. 
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Figure 2.5 

a) Di~tribution dal dm] dM) of events in the mrM) plane at SppS 

for m,= 40GeV. Contours correspond to fixed number of events per 

Ge V2 in arhitrllry normalization. b )Distrioution da/ dmo dfilo of events in 

the 1n()-iÏl() plane, as hcforc (m,=40GeV) ; sarne normalization. c)The 

same as for h), but at the tevatron (m,=40GeV); arbitrary normalization. 

(d) As for (c) but with 1Il,=oOGeV. 

l'ïgurc 2.6 

Di:-.tnhutions tl(Tld/ll o vs mo at SppS at the tcvatron. Solid lines 

corrc:-.pond lo <1CCl:ptance eut p j (l)=12GeV; dashcd line (at SppS ) to 

l"; (l) X (Je V. Da:-.h-dotlcd lines dcnote levels of 1 eventlGe V with 

intcgralL'd IlIIl1inositi<.:s as in the tcxt. 

Figllll' '2.7 

Distributions d(Tl dPI vs the transverse morncntum PI of the 
1 T 

kptol1. 1 )a:-.h-dottcd line: at SppS; solid lines: at the tevatron. Dashcd 

linl's dcnok thl' background t'rom p]J~b]jg+X with b or b decaying 

Sl'I11ikptOI1!C ally. 

-65-



1 

.D 
a. 

b 

10 

50 

(a) 

( b) 

b 

1 

~ 
q 
q 

100 

66 

10
2 

...... 

.0 
a. 

la 
1( 

D 

bE 

-. la 
1 Ilvcmt / montn 

L..---....I
JO
------'--- -----ta -- &0 

mt (G<zV) 

----------

(d) 

(G<zV) 

Figure 2.1 



0\ 
-..J 

-....._. 

2.10
2 l 

1 

-2 
10 

m t = 50 GeV 4 jets 

102 

-> 
~ 

<.9 

'" 20 .n 
a... 
~ 

b 4 t- m
t

= 30 

3' 

21-

,..-, 
.... J 1 

L. , 
1 
1 

r.J 

1 
1 

.J 

20 

40 60 
m:r (GeV) 

80 

3 jets 

4jczts 

-3 
5.10 

2 

1 

40 60 80. 
mJ (GeV) Figure 2.2 

~ 

m
t

= 60 4 jets 

20 40 60 80 
m:r (G<lV) 

mt=40 ri 4 j<lts 

20 40 mJ 60(Gev}80 



l 

Fig. 3 

Figure 2.3 



0.8 0.4 

0.6 m
t

; 50 GrzV 0.3 m = 60 
t 

0.4 0.2 

0.2 0.1 ~ 
> 
:y 

\9 
44 52 56 60 64 "- (GrzV) .D ,'O1( )< 0) M (x

o
) (GrzV) 

a. 

160 -l 80 

b 
120 m t = 30 60 m t = 40 

1 

i 
40 ~ 80 

40 2°L 
...L 

26 
M ()\o) 

30 
(GrzV) 

34 36 
M (x o ) 

40 
(GqV) 

44 

Figure 2.4 



1 

du 

dmJdMJ 

a) 

60 

80 

dO" _ -.J 

dmdm 

>20 
(y 

C) 
--40 

~E 
60 

80 
c) 

rnJ (G(lV) 
20 40 60 80 

m (GaV) 
20 40 60 80 

2 T<lV 

m t =40 

der 
dmdm 20 

b) 

60 

dO---dmdm 20 

2 TQV 

m (G(lV) 
40 60 80 

m (G(lV) 
40 60 80 

>20 m t =60 
(y 

t9 
'-" 40 

lE 
60 

80 
d) 

Figure 2.5 

70 



--.J 

10
2 

-> 
~ 

C> 
"­.a 
Q. ....... 

10 
o 

E 
~ 
b 
"'C 

1 

,. rr 
1 

.r' ~.J ..... 

r' 
1 1 
1 1 
• 1 

630 G42V 

mt =40 
r'" 1 

O_O-sppso\o_o-

t42vatron 

40 50 60 

2 T42V 

m t =60 

mo 70 (G<2V) 80 

Figure 2.6 

2 T42V 

m t =80 



'"' > 
01 
t!) 

""'-!:) 
Q.. 

..... 103 

~ 
Q.. 

~ 
b 
'0 

10
2 

1 

-

0 PT (t) 

· 
1 

1 

bbg \ 
· 
1 

630~V \ · 
1 · 

\ 1 

10 

Figure 2.7 

T2 

2 TeV 

20 50 
Pt T (G<2V) 100 



1 CHAPTER 3 

HIGGS PRODUCTION AT OR NEAR THE Z 

PEAK IN ELECTRON-POSITRON ANNIHILATION 

3./ Introduction 

1 Il thi~ chal'tcr we are conccrncd spccifically with dctecting il 

Iliggs-hm,oll lhat has a ma!-.s in the light range discusscd in Chapter 1, 

in l'articular IOGI'V~m/f~M/" Perhaps the first opportunity to dctcct 

~lIl'h a 1 ligg,,-h()~(}n will he in electron-positron collidcrs operating at 

thl" Z l'C,lk (~uch a~ SLC or LEP) through the rCilction 

I,t (' ,/ .IIZ:t, where Z:t dcnotes a virtual Z, Assuming that 

III" IOGd', the lliggs-ho!-.on dccay is dominatcd by H-thh whik if 

3G,,\'. 11/,,< lOGe\' II-tee will hl.' the dominant dccay mode. 

TI1l'1 C arc in gcncral three main dccay modes for the 

/~. /~ ,ft / (l' a chargcd lepton), Z*-t/il"'1 and Z:t ----,;qq. The cross 

~l'l'Ii!lll Ill! thl"~I.· prol'c:-.~es arc shown in figure 3.2. 

Il /~ ,/1,- and fl=r± or ,/, then t:'+e--tT-t,t-r has il 

p.lltluJ!,lIly rk,lIl ~ignature, ~ jets and rr, aIthough the rate is lowcr 

th.lll /.* - 'l'l', This ha~ hcen studied extcnsivcly in rdercnces (36)-(39) 

ln the l."I~C 01 Z* --'(14 thcre is a high event rate howevcr the 

~lgJl,d l~ kss l'lean ~incc the final ~tatc (qqbh) consists of 4 jets and is 

~llhJl'l't tu ~t,\I1d,lf(.1 lllodcI hackground l'rom Z---"qqgg. 

Ir ./*- '/'1-. the l'VL'nt rate is highcr than Z*-trr and the signal 

I~ Il'l.ltin'ly l'kan. ~ jets and either mis~ing momentum or missing 
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1 

energy arising from the undetcctcd neutrino~. Thus. using this method 

one could in principle bope to rcach slightly higher values of 11I}/ than 

using z-trr. In this chapter we will t'ocus on this final mode as li 

mcthod of searching for a lighl lliggs-bo~ol1 al .\ dL'L'tron-positron 

collider al or near the Z peak. 

In addition to these cvents (signal) of thl' lorm 

3.1.1 

we study possible standard mode! backgrountb; .tlHI hy introtlul'ing 

certain mass and energy variables, and making ll~C (lI thL' plopcrtiL's (,1 

the distributions with respect to thesc variablc~. wc ~ho\V how 10 

practically climinate or at least n:duce thL'~e hal'kgroLJnd~ hy thL' 

introduction of proper acceptance cuts. In suggc~ling SOI11L' 01 tlll'~L' 

cuts we are guided by similar procedures 01 tlll' lJA 1 and lJJ\2 

collaborations in thcir analyses of colliller evcnts. 

Production of the IIiggs-hoson (rom Z dL'l'ily may Ilot he the only 

way to observe the 1 Iiggs-boson in c1ectron-p(}~itron collidL'rs. Il the 

top-quark exists, as is rCLjJircd in the standard model, one would 

anticipate loponium (1') formation so that another important channel 

for Higgs-boson production is e+ e- --1 T -d-/~f' Wc ~hall compare 1 1 igg~­

boson production via the laltcr channcl to that via (3.1.1) in the ca:-.e 

where nl,<M/2. 

The outline of this chapter is as follow~: 1 n :-.cct. 3.2 we hriclly 

review some propertics of the 1 Iiggs-bo~()n and analyze the proce:-.:-. 

e+e--+H fI (f=fcrmion). In particular wc :-.tudy the di:-.lributioll of the 
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1 l:vents (3.1.1) with respect to certain kinematic variables which we 

ddinl:. In sect 3.3 wc study the background from e+e--+vïiqq 

(q=quark) which is the main background if m,>M.j2. We show that 

with a judicious choice of cuts il can be practically climinated. In 

S~cl. 3.4 wc !'.tudy a possible background [rom e+ e- -+Z-+tl which is 

prc!'-ocllt if Ill, < M /2; wc show how it can be reduccd by a series of 

acccptalll'c cul!'.. 1 n sect. 3.5 we consider production of the IIiggs­

hO!'-oOJl though thl: toponium rcsonancc, a mcthod which \Vauld also he 

u:-.L'f III if 11/, -' M/:'. Section 3.0 contains our cOIH;lu~ions. 
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3.2 Higgs Production at The Z Peak 

In the standard model, the coupling of the IIiggs-bo:-oll to il 

quark q is givcn hy gllq,,=gnm/2MIV hence, the width l'II for the dccay 

H-+qq is: 

~.~.l 

where gIV=e!sinOIV and N, is the number of l'olors. 'l'hl' caSl':- ()I 

intere:-t here correspond to 111'1< <MIV (mq is the mass or the Il quai ~ 

or lighter) so that I~, is very small C"vO.6x 10-4 
111 11), 

'1'0 the lowest ordcr, the gcneric proce:-:- (' 1 (' ) Z ) 1/ J J 

proceeds via the graphs of figure 3.1 a. When the tinal :-tak fermioll 1 

i~ not the t-quark only the lïrst graph i~ important. Introducing thl' 

invariants (4-momenta dclïned in 1 igure 3.1 a) 

alkr averaging over thc initial and ~uml1lll1g over the f inal ~pln~, Wl' 

obtain the squared matrix clement IMI 2 (with fIliA): 

3.2.3 
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1 The ~tandard mode! values for the coupling of the Z to a fermion f (c, 

IJ, or q) arc givcn in section 1.2 by 

Af !;\V (,/1 2Q' 20 ) 
fl /- - .., 3 - l'In W' 

.... ( 0,,0 IV 
Iiz gw ~3 

- 2cosO w 

3.2.4 

and the II-Z coupling is KII//.=gl/'J~/ Mw (sec section 1.2). 

Applying (3.2.~) at {/=M~ wc obtain as functions of mu the total 

<':1'0:-':-' :-.cction:-. 01 figure ~'2' In e+e-~Hqq wc have surnmed over the 

quark conlrihution:-. (W"u,d,s,c,b) and muItiplicd by the number of 

color:-. N, - ~ (wc u:-.e M/o=<J1.6GeV, 1~=2.81GeV and sin(OIV)=O.21). 

()ur re:-.ults arc in agn:erncnt with rcfcrences (37),(38). "'vVe arc 

al the Z peak (tllL' anticipatcd luminosity at LEP). Wc sec that for 

mil (IO(/('V wc may alllicipaie several cvents in 3 months real running 

timL' (Olll.' year \Vith L'llicil'ncy 1/4). 

Wl' con:-.idLT idclllification of the IIiggs-boson VIa its decay 

Il ~q(1 <lnd \\'L' :-'lIppOSC lhat the 3-momcnta p , p- of the q, li and the q q 

l'nt'I ~il'S F . E l'an hl' weil determined. Let us introducc the invariant 
• '1 '1 

111.1:-':-' 11/" III the l'l' :-.y:-.lL'm. We l'an easily :-.ec that 

~ ., ., 
11/ == (M1-H -F r - (rl + p-r 

1/ '1 'i 'i q 

3.2.5 

!oH) 11/" 1:-'. indireclly. an cxpcrimcntally rncasurablc quantity. 

1 Il ligllr~ ~.3(a) wc present the distribution dahlmvïi as a 

fUllrtlO1l nI' l1/ for various values of mil' We note that da/dm _ peaks 
" "" 

rll'ar lhe uppa end of phase spacc m,,;-:::::;ML -f1l
1l 

(rcferencc 37). The 
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J peaking can be qualitatively understood l'rom an interplay betwccn 

phase space and the propagator 

1 

l.e. wh en m~ïï (=p!) incrcascs, this propagator I\1creascs sillec p~ IS 

c10ser to the rcsonance value of M~. 

Inskad of the variable 111 we may alternatively introducc the 
l'V 

total energy of 1/ and v: 

~.2.6 

Ev;, is al80 experimentally measurablc and, (·· .. cr III l'" il has the 

advantagc that it rcquircs detcrmination only of the magnitudes 

Ipql, Ip,,1 of Pq ami Pif and Ilot the directions. 

In figure 3.3(b) wc present the distribution of dlT/ tiR"" as il 

function of EVii and of ml/' This distribution also pcaks near the lIppL'r 

Pronounccd than in da/ dm . 
VI' 

At this point it should he ~aid that the channel et e - ~I IlII 

(rcfcrcnccs (36)-(39» givc~ more handJes on 1 ligg~-h():-.on :-'L'arcllc:-.; it 

has a more clear sign and better and more accurate recon:-.truction. 

On the other hand, first as figure 3.2 ~hows, it ha~ a ~Illallcr cro:-.:--

section than (3.1.1). Second, if [± is a T - lepton, therc arc prohkm:--

with the T - lepton, identification, and if [i i~ an e1cc1ron, thcrc i:--

significant background from e+e--te+e-qq via a two photon procc:--:-. 

(see rcfercncc (38) Cl). 3.11). Finally for ail Jept()n~, thcn; I~ ~()]m; 
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1 

background from 

e~ e- -io z!'1 -+ [+r qq 

For cxamplc, for m 11= 47 Ge V, and I=c, the total cross section for this 

proccss is comparable to that for e+e--+Z~He+e- (reference 40). 

Rcturning to our procc~s e+e--+Z~HvÏÎ, with H~qq, if we 

consider "-J 10 evcnts in thrcc months real running time as a reasonable 

lowcr limit for the lIiggs-bown identification, figure 3.2 implies that 

olle can :-.ee a Iliggs-boson with a mass as high as m ll=67GeV. 

IIowcver, this a~sumes that in ail evcnts H~(l{l, the two jcts rcsulting 

l'n)1ll il, li are weil identilied, i.e., that jet-jet reconstruction into a 

peak corresponding to a rcsonance procceds \Vith very high erficiency. 

'l'hl' dillicuJties of the UAI and UA2 Collaborations at the CERN pp 

coJJidl'l in attl'Illpting to e:-.tablish rcsonances with jets do 110t justify 

~uch tin as:-.umption: and, although jets l'rom e+ e- collisions are known 

to hl' mon: ciran, ~imilar dil1iculties may stilI be anticipated at LEP. 

\V l' thl'l cfon~ expect that in our case a lIiggs-boson with a mass not 

l'xl'l'l'ding lIl/lcv()()Gt'l' l'an hl' identified. 
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3.3 Background jrom Z~qqlJïi 

In this section we consider background contributions of the 1'orm 

3.3.1 

where mq«Mz. We show that with L=1.6x 10 11 cm 2s·1 this 

background represents a few events; but that by taking advantagc of 

the smallness of Fll (cq. 3.2.1) and introducing an appropriate 

acceptancc cut wc can practically eliminate il. 

The Feynman graphs contributing to (3.3.1) arc shown in ligure 

3.1(b). Reaction (3.3.1) (with q=u,d,s,c,b) involvcs wcll-estahlislllxl 

l'articles of the standard model, so that such l'onll ihutiom, arc 

dcfinitely present. 

In figure 3.2 wc present the total cross section for (3.3.1) 

(denotcd as "background") for aIl q=u,d,s,c,h which we have 

calculated using the Weyl spinor method described in section 1.4 and 

checked using the rnethod of re/erence (25) described in section 1.4 

This cross seetion corresponds to only a few events which is to he 

anticil'ated by the faet that the amplitudes or the graphs in ligure 

3.1(b) arc of order g~v. However, if eventually the luminosity 

incrcascs and one wishes to search for a IIiggs-boson with a larger 

mass, one would have LO dcal with this background. 

Now we compare the background (3.3.1) with e+e- -+Z-dlvv. 

Figure 3.2 shows that if m lI<50GeY, this background is significantly 

lower; the Higgs-boson signal is weIl abovc this value. lIowcvcr, if 
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1 ni j(JoO-70Ge V the cross section 1S comparable. 1'0 practically 

c1iminate the hackground eonsidcr the invariant mass M _ of qq in 
qq 

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

di~trihllli()n da/ dM with respect to M - for the background evcnts 
'N qq 

(].3.1) is ~howl1 in t igure 3.4; as one may anticipate, it is a smooth 

di:-lnhllli\ll1. Now wc use the fact that the Higgs-boson is very narrow 

(I~I 0(10
4/11,,»: By introducing an acceptance eut in Mqq around mil 

Wl' l'an eliminale 'TIost of the cvents (3.3.1) without signifieantly 

1 Il (teillaI praclicc the magnitude of this eut will bc spccified by 

the ) l'~()luli()n in detcrmining M rathcr than by /'11 itsclf. For qq 

l'XilJ.lpk, lor 111,,- 55Cel' cycn if wc assumed a rcsolution as poor as 

1 o (je V, il l'ut rcquiring that 50::;M
q
,/:S60GeV will climinale 90% of 

thl' h.td"ground cvcnts (3.3.1). 
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3.4 Possible Top-Quark Backgrounds 

The production of t7 could, in principlc, cause a large background 10 

the signature we arc looking for. If the mass of the top-quark. /1/
1

, 

cxcccds M/2, the corrcsponding background is rather small and is 

not a matter of con cern rdore than the background of (3.J.!). 

Howcver if I11t<M/2, at the Z peak there will hl..' l'Opiol1~ Il 

production, and this may present a formidahk ploblclll lor Iligg~-

boson detectiol1. 

The processes contributing to thb background are 

~-
h adrowH 11 

T 

14.1 

-+oïil-
, hadrons+v 

T 

3.4.2 
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the corresponding graphs are shawn in figure 3.1(e). In (3.4.1) the four 

jets in the tinal stale (arising from b, h, q, and (J') may combine so that 

they elfcctively produce two jcts (see below). The mode r- -'thadronstl'T 

is a very important (",70%) fraction of 7 decays. Now, if thcse individu al 

hadrons arc detcded (or if thcrc is good 7 - lepton identification) the 

reactiol1s (3.4.1) and (3.4.2) cause no problem. IIowever, if only jcts arc 

identificd, (3.4.1) and (3.4.2) producc a serious background. It is the 

la Uer ca:-,e wc coll~idcr herc. 

III lomhining the tour tinal-state quarks of (3.4.1) to producc two 

jets wc u~c thl: jet algotÏthm dcscribcd in section 1.5. lIere wc use the 

jd algolïthlll pdl.! I1lckl:-': 

..jo = 30°; 

3.4.3 

whil Il 1:-' :-'11llI!,1I to c:\]1l:rimcnts at LEP and Ste rcferencc (42). We of 

l'nUI :-'l' U:-.C ~Iightly dilklL'llt valucs. 

']'0 c~tlll1ak the mis:-.ing momcntum associated with the neutrino in 

-hl/lilOllS 1 l', wc usc the following model for 7 decay: AIl such 

dccays arc tah'n 10 he 01 one 01 the types T-'t(7r,K,p,A 2) + vT; pis takcn 

10 rcpll'!-L'l1t dccay:- into two hadrons and the A 2 meson represents dCC~lyS 

inln thl CL' hadr(ln~. Il tUI1lS out lhal the rcsults arc not very sensitive 10 

thl' (k~rrlpti(l11 o[ thl' hadron system. Finally, to get the tolal missing 

1ll01lll'l1tUI11 p, wc combine the missing momenta of the final 7-

nl'utrinos and r - antineutrinos, 

111 figurc 15 wc prcsent the distribution of dal dIIT as a function of 

tllL' hltal missillg trausversc momcntum PT for evcnts of lype (3.4.1) 

(dl'notcd as l-r events), of type (3.4.2) (dcnotecl by 2-7), and of type 
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Z-4Hvïi with mH=40GeV and 50GeV. Thcsc distributions are the r~sl1lt 

of a Monte Carlo calculation. The l'irst two (1-r and 2-T) correspond 

to a top-quark mass of 111 t=42.5GeV (sn that the corn:sponding t-

quarkonium mass is M/=85 Gt'V, s~e sect. 3.5). Clcarly ~vel1ts (:1.4.1) 

and (3.4.2) form a formidable background. We notice that an aCCl'ptaIlCl' 

eut at, for examplc. IJ/>/f,= 15GeV e1iminates a grenier portion nt ~Vl'nts 

(4.1) and (4.2) than of Z-t!-{l'Ïi. so \w proceed hy introdul'Ïng a cul 

/t;.= 15 Ge V. 

With the two jets resulting from (3.4.1) and (14.:n <.ktillL'd cI~ 

above, we introduce the variable 

where E , and E arc the cncrgic~ of the t wo jrt~. ('learly. tm Z - • /1/", 
/1 I~ 

with H--tqq this variable correspond~ to "':vv nt 1 ~q. (12.6) (I~'''" '~'",), 

Figure 3.6 shows the distributions for drr/ dE"" vs ,.::t lor 1 - T and 2 1 

cvents (with /1/ t-=42.5GeV) and lor Z-t/]"v l'vents (with 111
11

::: 10,40 and 

50Ge\!) aIl calculatcd using the Monte ('arlo technique with an 

acceptance cut If, = 15GeV. For a11 ~uch vaIlles (JI Ill" the cvcnts Z ,II/III 

should show as an excess over the 1--T and 2-T background. 

Instcad of E* wc may introducc the variable m* 

:~.4.5 

whcre p and p are the momenta of the two jets, this variahle 
Il 12 

corresponds to mvv of EC]. (3.2.5). We have abo calculated drJI drn* vs. 
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l' 
\ 
1 

1 m* for l-T, 2-T, and Z ........ Hvv cvcnts, with similar rcsults. 

We have also obtained good rcsults with the following variable: 

Il == Mz - I~' - I~ - E, d 
~ 1 \ 1 Z la Tons 

3.4.6 

wht:re F is the total t:nergy carried by the individual hadrons from 'wt!tr)fJ\ 

the Tt decay of (3.4.1) and (3.4.2) (not tht: ones forming the jets jl and 

J) 1 Il Z )/111 / 1 Iherc' arc no ~uch individual hadrons, so that E, d =0 
.' • Jll rOlls 

and U; coincide:-. \Vith the variable Ev, of t:q. (3.2.6). In figure 7 we 

pl t':-'Cilt the di~trihutions drrl dE versus E for l-r and 2-7 evcnts 

wilh ,,'; 1 SUd)', Now the pcaks of the I--ï and 2-r distributions are 

~()lI1l'\Vhat :-.hil!L'd to\Vard~ :-.maIlcr Il. 

Furthermore, to L'>..p]oit the lact that the IIiggs-boson is very 

Il.1110W (section 3.3.2), in ligurt::-. 3.H(a) and 3.H(b) we present the 

di:-.ll ibution:-. drrl dM ver:-.us f..! (M = the invariant mass of the two 
'I/~ '11'- lll,-

Jd:-.) lor tht: :-'UI11 of 1- T and 2- r l'vents (1ll
1
=42.5GeV) and lor Z-tHvv 

l'VCllts with (a) 1I/1I=40Gt'V (figure 8(a), additional eut 40<E'" <SOGeV), 

dllli (h) 1/11/ - 50Gd' (figure ~(b), additional eut 30<E*<40GeV); in aIl 

caSt':-' ,1; -=ISGeV. Il i~ clcar that the events Z--'tHlijj weil excecd the 

l'Olllhi pet! 1 T 1 ~ T hackground. 

\Ve note thaL in gel1eral the I-T and 2-r background distributions 

show il pl'.Ik (figures 3.6-3.g). This is due tn purcly kincrnatic rensons: 

As the elll'rgy variable (E*, /E, or M}li) increascs, the corresponding 

di:-.trihution delTeases because of phase space effeets; and as the variable 

lkcI ClIses, thl' distribution again deercases because of the acceptanee 



cuts. 

Backgrounds similar to the Dues discussed in this section will arise 

when one or bD th of the top-quarks decay semileptonically produl'Ïng 

[±=,/ or e±, and, for sorne reason l± is not dch:ch:d. For namph.:. 

3.4.7 

with Il- undctected. Likewise if T+, or T 111 (3.4.1) ami (~A.~) dl'Cdy 

semileptonkally and the rcsulting kptOll(:-') al e Illis~ed. addltJ()JJ,d 

background will be similar 10 the I-T and :2 -T cwnts disclIsscd ahovL'. 

i\ rough estimate of such additional hackglouml l'an hl' made a, 

follows: Let al be the probability of Ilot deh:ding a lepton 1 (. l' 0/ 1'). 

i\lso let b , b , and h, be the branchinb(l ratio:-, lOI li)/' decay of Tinto r l' , 

e-Ii 1/ , l,-Ii // and hadrons respcclively (h -1 h 1 h, 1) kt (TI he the t'ro:-,:-, 
f' T J! ï t l' 1 r 

section of the 1-7 l'vents of (3.4.1) (wilh h" includcd), and n Il 01 the 

addilional background with one ë,ll-t. undctecll'd. 'J'hen. 

!TI 
(ill = (a + a + h li + h (l )-' 

e l' r r l' l' h 
1/ 

1.4.X 

Using the values b =0.]65, b =O.lXS, and hl 0.05 (rekn.:ncl: lO(h» 
t! Il. , 

and taking as an example ae=a
Jl
=O.1 we obtain 

3.4. CJ 
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1 J jkL'wi~t;, let fT
2r 

be the cross section of the 2-r cvcnts of (3.4.2) (with b! 

includcd), and fT21 of the additional background with two leptons 

undetccted. Theil 

3.4.10 

and a~ 111 thl: previoll .... e"amplc 

3.4.11 

\VL' ~l'l' th.!t l'vent.... \Vith lIJHktL'cted kptons will cnhance our background 

il)' (lllly ,t1H Hlt 35';~), thel L'fore none 01 our conclllsion~ will he aftccted. 



., 

3.5 t-QuarkOllill11J EJTects 

If the t-quarkonium T (=t1 bound ~tatc, MI=-- '2/11,) i:-. eslablished al 

LEP or SLC, in gencral, the be~t way to ddcl'l the Iligg:-.-hoSllll j ... via 

T -~HÎ' Reference (41), using a rcrturhative caleulation ohtains al tll'l' 

lcvc1 

According tu (4::), howcvcr, a highcr ortler calculatioll 1ll,IY ~ignilll .Il1tly 

reducc lhi" rate, For examplc cquation '2 of thi ... rclcrl'Ilce givl'!-. tlll' 1 

loop corrL'ction to thi~ proCL'~S to hl' a 75'1.. ll'dul'lIOIl givL'1l II/II '::>()(jl'l' 

and Mr-=-SOGd! (thl: Il'sult is not sell~itivL' to thl' eXiIct ch()il'l' (lI tlll':--l' 

value:-), l'or thc time bcing wc will ignore thc~l' hlghl'I ortler l'Ikl h, thl' 

( '/' Il) ('/' 1 J ) 1 ( 'f'-~ l' - l' 1 ) CT _., =cr -+2(n, r 
I(ï-.I/(I(\.) Il, 

'1'0 L'stimak this, for the partial width I('/'- d,le) we dccept the value (JI 

5KeV (rdcrence (39». The total width f'('J'--,!uulmfl.\) i~ model 

dcpcndent duc to unccrtainty in the quark wavL' lunctiol1. l'or the 

Richardson potential (43), which is suppo~ed 10 incorporate a~yJ11pt()tic 

frccdom cffecls, one linds J'(T -~}/{l{lr()I/.~)= 100KeV. '!'o get an idea oJ the 

uncertainty we mention that anothcr potcntials give 127KeV (relercllce 

(44 » . 
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J Il ligun: J.2 wc present a(e+e-~ T -tH,) as a function of InJf for 

M/==60, XO, and X5GeV (dashed curves). Comparing with the cross 

:-,cclion 01 Z-~lI/lïi wc conclude the following: (i) If M7=80-85GeV, 

11/,(~()GI'V, n( l' ,f h ) > rr(Z--+H/!v). Of course, for M ,<60GeV T -tH~r IS 

imp0..,..,lhle Thu,> lor i\1/--60-70 or ::;30GeV, Z-d-I/IV is quite usclll!. 

1 t i~, pnlL'p:-" o! interest to consider also 

3.5.3 

Thi:-. prot'l'l·d-. via thL' graph!-o of figures 3.1(d); in the thinl graph the Z i" 

011 :-.ht')l. Tu dcll'rmillc the cross section we follow the perturbative 

.tpplllal'h ul r t'f l'Il'!ll'L' (<-lI). Straightlorward but kngthy cakulation gi\'c~ 

thl' lollowÎllg I.ltro of width!-o 

1 (/ ./11'1'1 --- --- - ---
1 (1 ,JI-;) 

([1 (il t ~/Il, [1 
1---1 

u: Ill,) 

3.5.4 

'l'hl' rnol11l'llt.ll'w p. k. and q arc dcfincd in figures 3.1(d). Af and Bf an: 

giVl'1l hy :1,2.3. N, -- 3 is the number of massless neutrinos. Finally the 

rangl' nr inkgratinn nI' EIJ is 

3.5.5 

Thl.'l1 ()11 thl' ha:--i:-. of (3.5.1) and (3.5.2) we can determine the CïOSS 
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section a(T -+HI/ïï). 

Using for IXT-+e+e-) and IXT-tlzadrons) the samc values as hcfol"l.' 

we present in figures 3.2 the cross section of T ~H,'-ji as Cl function of 111 Il 

for MT=85 and 92GeV (dash-dokd curws). \Ve sec that for M/:-X5. 

a(T-tHvïi) is very small but that for M/=92 and 11/1/~50Gd' il is 

comparable 10 a(Z-tHe+e-). The ~1l1allncss of rr( T--fIlIJjï) loI' M 1 ~X5(id' 

can be understood by the fact 1hat \Vith re~pect 10 '1'---+11) the amplitu<.k:-. 

of graphs of figures 3.1 (d) arc 01 OC~\\)-

1 Iowcver, lor a tl hound :-.tak of :-.pin 1. whl'n it:-. lIla~s is close 10 

the mass of Z, namely, 

11.1 / - hl Il 'S ()(I) 

3.5.0 therc arc important T-Z mass mixing and intcrkrelH:e l'Ileets 

(rcfcrenccs (44)-(46». Sine\.: our rl'sult:-. in figure 3.2 I1cglect 'J'-l, l11ixing 

thcy, may only serve a:-. a mugh l'~timatc of the contnhutioJ1 n.5.4) il 

(3.5.6) is truc. 
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3.6 Conclusions 

Wc have considered IIigg~-boson production VIa e+e--+Z-tHvv 

with subsequent decay H-tqq. We may concludc the following. 

(i) Il the top-quark has a ma~s l1Z,>M/2, or if m,SM/2 but there 

is good T - lepton identification, the above reaction allows dctection of a 

1 Iigg~-h()~()11 with ma~~ ur 10 11Z,=60GeV. The background 

el ('- ~Z - 'lJ(/IJÎJ can he practically eliminated via an acceptancc cut in the 

invariant ma~,~ M . 
,l<' 

(ii) n 1Il,<J\,!/2, in particular if 1/l,=40-45GeV, and if there is no 

T kptoll idcnlilication, the rcactions (3.4.1) and (3.4.2) producc a 

!ormidahk background, Still, by introducing various acceptance cuts, it 

i~ p()~~ihle to dl'lL'cl a IIiggs-hoson \Vith 111 J/<50GeV. 

Il thL' t-quarkolliul1l T i~ L'stahli:-hcd, in generaI dctection of the 

IIigg~-bo!-.oll via e'('---,T-;/h is a hetlcr \Vay. If M;:::::80-85GeV and 

1111/'- 20GeV, I>oth T-~lfi and Z-+HI,/i can he used (the latter has a cross 

!-.L'Ctioll comptlrahk or L'VL'1l greatcr than the J'ormer). The same is truc if 

/ ;/11'1' allow~ ddL'ction 01 a IIiggs-hoson \Vith 11l11~60GeV if there is 

good T - lepton idL'ntilication. 
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Figure Captions 

Figure 3.1. 

(a) Lowest order graphs for e+e--dJ fI (b) (ilaphs l'onlrihuting 10 

e+e- ---)(f---+-2 jets+Pr (d) Graphs for the perturhative calculatioll of 

Figure 3.2. 

Total cross sections as lunctioll~ of the 1 1 igg~-h()~()11 lllilSS III Il' Solid 

background is the total cross section for e t('- -- ,Z--'l/l/II/Ï. 'l'hL: da~hed IlIll~ 

corresponds to 1 cvcnt in four months (1 yetlr with cllicicncy 01 1/4) rcal 

running time with L==1.6x 1031cm-2s-1
• 

Figure 3.3. 

Distributions for e+e- ---tZ-t/h/ïi: (a) vs [he invillian[ lI1a~s III (etl. 
/'1' 

3.2.5); (b) vs the cnergy EV" (eq. 3.2.6). 

Figure 3.4. 

Distribution da/ dM of the background e1 e---,Z-,qcjl'ïï v':. the 
J 112 

invariant mass M =M-. 
Jllz qq 

Figure 3.5. 

Distributions dal dPI vs mlssmg tranWCf':.e morncntum P, 
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cakulated Vlél the Monte Carl() rnethod. Solid lines: for Z-tHvv 

corre~ponding tn m,r=40 and 50GeV. Dashcd lines:for the background 

Eq. (3.4.2) (dcnotcd 2-r), with m(=42.5GeV. 

l·'jgurc 3.0. 

Distributions dal dE~ vs the variable E* of eq. 3.4.4: Solid lines: 

lor Z -,1//1/1 with mll=30,40, and 50GeV. Dashcd lines: for eq. (3.4.1) 

(1 T) ilnd for eq. 3.4.2 (2-r) with m(=42.5GeV. In aIl cases an 

ill'l'Cptal1l'~ eut p';-=-15GeV is uscd. 

l'ïgulT 3.7. 

Distributions daldE vs the variable 12 of cq. (3.4.6). Solid and 

da~hL'd lil1~s a~ in ligure 3.6. 

1" '"' LI 'Igun: ,).0. 

Distributions der/ dM vs M with p07=15GeV. Dashed Iines: 
l!1z 1112 

total contribution of eqs. (3.4.1) and (3.4.2) (1 T + 2T) with 11l(=42.5GeV. 

(,1) \Vith ,Idditional acccptance eut 40<E* <50GeV. Solid distributions 

1'01 111/1 40GcV. (h) With 30<E*<40GeV. Solid distribution for 
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CHAPTER4 

I)RODUCTION OF THE INTERMEDIATE MASS IDGGS-BOSON IN 

FUTURE 

ELECTRON-POSITRON COLLIDERS 

4.1 Introduction 

A range for which it is particularly bard to discover the Higgs­

boson is the intcrrnediatc mass (lM) range discussed in chapter 1, 

100GeV<I1lI/<2Mw' whcrc Mw is the W-boson mass. In this range, a 

very important role is playcd by the value of the mass m, of the top­

quark (which is as yet unknown). If 11l/{<2m, so that the decay H--ttl 

is impossible, an intermediate mass IIiggs-boson (1MB) can still be 

lkkctcd lor ex ample at the SSC via H-tbb (47) as well as via its rare 

tkcays 11-) "n, T+T-, or ZZ* (sec for cxamplc rcference (48) and 

('haptcr 5). IIowevcr, if l1l1/>2m, such decays arc strongly 

SUppITS~Ld, :lI1d the possibilitics of detection at SSC or LI-IC grcatly 

dimillish (e.g. the possibility of detcction via H-H+T- practically 

di""ppcars sec chapter 5). It is precisc1y the case 11Z//>2m, which will 

hl: disclIsscd in this charter. In fact, throughout this chapter we 

Sl1ppOS~ that the top quark with l7l ,<m }!2 has bcen discovercd, and its 

milss is fairly weil determincf!. 

In the 1MII case, the best tool for detecting the Higgs-boson is 

possibly a electron-positron collidcr of cm encrgy Vs2:300GeV. Thus 

wc study IMII production via the proccss 
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e+ e- -+ H + Z 

4.1.1 

IMH production in electron-positron collidcrs at VS:.::l-2 TeV has 

already been studied to sorne extent (49). At such encrgies the 

dominant channel for IIiggs-boson producti<)n is through W~ ~V' and 

ZZ fusion (49); the corresponding cross sections arc hu'ger than thnse 

via (4.1.1). Howcver, the construction of electron-positIon colliders 

in the TeV range presents yet unresolvcd tcchnical probkms; in tart, 

the difficulty incrcases with the energy. On the other hand, in the 

range 300:::; 1S::S;500Ge V the process (4.1.1) dominatcs. 

ln this chapter we investigate in <.tetail the latll'r range of 

energies. IIowever, wc also present rcsults at highe~ ;-;; for cYen if 

Higgs-boson production via w+w and ZZ fusion is advantagcolls the 

mechanism (4.1.1) offcrs an addition al way. 

In sect. 4.2 wc present the basic formalism; we note that we 

carefully take into account the cffect of photon brcmsstrahlung lrom 

the initial state of e+ or e-. Section 4.3 discusses branching ratios and 

acceptance cuts and presents our basic results. In section 4.4 we 

discuss the possible background l'rom e+e--~Ztl. Section 4.5 discusscs 

a more important background l'rom e+e--)!l and presents rcsults in 

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

With refcrcncc to figure 4.1 (a) the cross section for e+e-~H+Z 

is (relcrcnce (50») 

4.2.1 

where n: ... =n/sin2
0 ... and M/ and Iql the mass and c.rn. mornentum of 

the Z; the c.m. dilft;rential cross section is: 

1 2 ., 
dIT 3 2M~ + !q! (1 - cos-O) 
-- -= -IT(.\) ." 
dc()~ 0 4 3M~ + !ëJ!" 

4.2.2 

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

lIiggs-boson mass 11/1/=150GeV, and figure 4.2(b) shows (42.1) as a 

fum:tion of IIl ll at !S=500GeV (solid Iinc). Thc results are 111 

agreement with referenccs (50) and (51) in kinernatic regions of 

overlap. 

1 t IS important to consider aiso the cffeet of photon 

hremsstrahlung of the initial statc e+ or e- (figure 4.1(b». Events of 

in1crest for our purposc arise not only [rom figure 4.1(a), but aIso, in 

general. l'rom figure 4.1 (b). Thcn denoting by O',(s) the total cross 

section for our plOcess without and with photon emission, an 

appropriatc expression l'rom rcfcrence (52) is: 
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k max 

O",(S) =,\ J dk 0"(s-2kISH2~ (~ - 1) + (1 + ~ ,\) ( 2k )'\ ] 
ok ISIS 4.fS 

,\ = 2 ~ (In~ - 1) 
'Ir nt 

~ 

4.2.3 

4.2.4 

with m~= electron mass; the intcgration is ovcr photon rnommtulTI k. 

The expression (4.2.3) includes also hard photon hrcl1lsstrahlllng, in 

which casc most of the contribution arises wh en the photons arc 

emittcd collincarly with the e± beam. It ean be easily seen that, up to 

order 0', the expression (4.2.3) rcdllccd to cxpn:ssiol1 2.2.9 whieh Wl:. 

used in section 2.2. For our purposes wc IÏnd that the~e two 

expressions givc very sirnilar rcsults. 

Dcnoting by MIl-y the invariant mass of the system that rccoib 

against the final Z and Ez the c.rn. cncrgy of Z we have: 

4.2.5 

Figure 4.3 (sol id line) presents the distribution da,! dE? vs F.'/ for 

Vs=500GeV and MI/=150GeV ; this is cquivalent to the distribution 

da/dM vs M Clcarly thcre IS {'t pC('lk ,'ll E/~:>.'l()G'('V, li..., • Il-y' , • . __ .J 

corresponding to M'I-y=mll' Thus a clear signature for the 1 Iiggs-bo~()n 

will be a distribution in Ez as in figure 4.3 with a promincnt peak. 
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1 4.3 Branching Ratios, Acceptance Cuts and Results 

Wc considcr values of the top-quark mass mt?.Mj2; sueh values 

arc favoured by recent analyses of the UAI collaboration (53) and 

from Argus ddta regarding nO-Bo mixing (54). We present resuIts 

taking into account the following dccay modes: For the Z decay we 

eonsider Z -)/+/- as weil as Z-)q(j; and regarding H-)t1 we consider 

both f, l decaying hadronically as weIl as one of t, l decaying 

scmileptonically and the othcr hadronically. Wc take the Z and t 

hranching ratios (BR) glven by the standard model. In the 

scmileptonic decays !-)"r /l, we also inc1ude l=T - lepton. 

ln introducing acceptance cuts, when we consider hadronic 

decays of Z we must estahlish some condition facilitating the 

observation of jets l'rom the Z. Wc dcnotc by i, j thc produced quarks 

(jets), and hy (J,) the angle bctwecn thc quarks i, j; we denote by 0, the 

angle the qUiIl k i makes with the beam axis. Wc label by i=1,2 thc 

quarh 1 rom the Z. Consider lirst thc casc that in H-)!l onc of t, l 

dccays scmilcptonically. Then wc label by j=3,4,5, and 6 the quarks 

arising Irol11 the l, l system. Now we introducc the following 

acceptance cuts 

l'osO < l'osOo = 0.9 i=1,2 j==1-6 
1) 1) 

o l(mO,1 < cosO, = i=I,2 

Pr ~Pro=3GeV 1=1,2 
, 1 

4.3.1 

ln the case both t.l decay hadronically, our procedure is the 
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same except that the quarks arising from the t1 system are labelled by 

j=3, ... ,8. If the Z decays leptonically, the cuts (4.3.1) are not 

required. 

Furthermore, we should cnsure that the t1 p<\ir is indeed a Il pair 

and not sorne other qq pair. Considering first the dccay t-)hl~I'1' we 

denotc by 011 the angle betwccn the lepton and the quark i. Thus for 

the quarks 3-6 we requirc: Either that (a) they t'OrIn 3 or 4 jets 

according to our jet algorithm, or (b) thcy l'mm 2 jets and the lepton 

is scparated l'rom them by an angle OII>O~= 10". 

In the case both t, l decay hadronically, we leqlllre that the 

quarks j=3-8 form at lcast 3 jets. In the abovc wc use the jet 

algorithrn of chapter 1 with pararneters IcosOo~·I=O.9, ICOSDol=O.<J and 

p~(j)=3Ge V. 

With the above cuts figure 4.2(a) shows the resultll1!" CI'OSS 

section as a function of VS for m ll=150GeV and I1l t=65GeV (short 

dashed line). For Vs<1.2 TeV this is not much lower than (J'(s) without 

cuts; however at the highest !S it bccomcs smaller hy more than an 

order of magnitude. This is primarily duc to the above cut (a) or (h): 

As Vs increases the quarks originating from the Iliggs-bosoll tend 

more and more to be collimated into a single jet, and this makes more 

difficult the formation of 2,3, or more jets rcquired by the eut (a) or 

(b). 

Figure 4.2(b) shows the same cross section as a function of mil 

at .JS=500GeVand for m/=-65 and 50GeV (short dashcd lines); the 

cuts decrease the signal by a factor of about 3. 

Figures 4.4( a) and (b) show the same cross section as a function 
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of mil for 1S=300GeVand 1 TeV. 

1 t is important to show also the distribution da/ dEz (or 

da,! dMII) including the acceptance cuts. Here in enforcing the cuts 

care is nccdcd, and sorne details of our procedure arc given in 

i\ppcndix 4.A. Figure 4.3 shows this distribution for 

h=500, 11l1l= 150 and m,=65GeV (short dashed line). 
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4.4 Background [rom 

e+e--+Zt1 

One source of background arises from the processes 

e+e- -+ Z ,* 
-+a 

and 

e+e- -+ Z Z* 

-+a 

4.4.1 

depicted in figures 4.1(c),(c'). With respect ta the main proccss (4.1.1) 

(the signal) the above processes arc of arder 0' and, 011 hand, one mighl 

tend to neglect thern. However the main process (figure 4 1 (a» involvcs 

an s-channel exchange, sa its cross section decreases rather fast with s; in 

contrast the backgrounds (4.4.1) involve at-channel exchange and, 

a priori, thcir intcgrated cross sections might be relativcly si'l.able 

especially in view of the initial statc photon brem~~ttahlung and the 

acceptance cuts we consider. Since thcse backgrounds may also be of 

interest in searches for other abjects, wc have carried <ln analytic 

calculation; details and results arc given in J\ppendix 4.B. 

Assuming for the a system a resolution L\M'J=20GeV (a value 

rather generous (55», figure 4.2(a) shows the rcsuIting background (long 

dashed line). Notice that this background cross :-'CCtiOIl involvcs no 

acceptance cuts or branching ratios. Thus it should he comparcd with 

the main process cross section shawn with solid linc. Wc conclude that 

tbis background is small. 
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Wc have also considered the effect of photon bremsstrahlung on 

the background (4.4.1); the corresponding distribution dul dEz is again 

small compared to the main process. Introduction of acceptance cuts and 

branching ratios [urther reduced the background. 

Figure 4.2(a) also shows the level of one eventlyear assuming a 

luminosity L=1033cm-2.~.-1 and efficiency 1/3. 

ln the special case 11211",Mz and if m,<M/2 so that Z~tl is 

possible, a troublesome background may arise from e+e--+ZZ. We have 

not investigatcd this case. 
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4.5 Background [rom e+e--+t7 

A potentially morl, important background arises from cvents of the 

type: 

+ - ... ee ~'Y ~t1 

4.5.1 

depicted in figure 4.1(d). The point is that various dccay products of f, l 

may appear to "fake" the final Z of the main process (4.1.1) (the signal). 

Suppose for example that both t, l dccay hadronically; then one of the 

quarks from each of the t, l may combine to produce a system of 

invariant mass about Mz (figure 4.1(d)). The same situation may arise if 

one of t, l decays semileptonically and the other hadronica 11" 

Denote by m" the invariant mass of the two quarks i and j. Wc 

accept an event from this background as producing a fake Z il therc arc 

two quarks i,j such that 

4.5.2 

and we take 8m~)=10GeV. Furthermore, denotc by mJl the invariant mass 

of the system that recoils against the two quarks i and j (i.e. of the 

decay products of t, l other th an i and j). Then for each value of the 

Higgs-boson mass mJl we take the event to he a background lo 1 Iiggs-

boson detection if, in addition to (4.5.2), 
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4.5.3 

wc also take t5m~~)-= lOGe V. 

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

first for Vs=0.5TeV in figure 4.2(b) (short dash dotted line). Notice that 

no acceptancc cuts (other than (4.5.2) and (4.5.3» are imposed on this 

cross section; thus it shoulcl he compared with the main process without 

cuts (solid line in figure 4.2(b». The same background cross section is 

also shown for VS=0.3 and ITeV (Pigures 4.4(a) and (b». 

The important point is that in aIl cases, aIthough this background 

has a large cross section, its phase space properties are very different 

from those of the signal. Rcferring for ex ample to figure 4.2(b) we see 

that it is quite strong (it peaks) at m,l""O.4TeV ; however, in the range 

0.1 ~iilll~0.17TeV, where the signal is important, this background is far 

below. 

We (...111 understand qualitatively the shape of this background as 

follows. To he specifie, consider figure 2(b), i.e., Vs=0.5TeV. Referring 

to figure 1 (cl), assume for simplieity that the quark i (j) is produced 

col1inearly from t (7) ; in view of m,=65GeV and of the fact that each of 

t,lis produccd with encrgy Vs=250GeV, this assumption is reasonable. 

Now, sincc the quarks i and j fake the Z we have that their invariant 

mass III : 
'l 

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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4.5.5 

Then, the peak at mll",O.4TeV is understood. Sornctimes the invariant 

mass will be less th an Vs-Mz' which gives rise to the long tail at 

mll<0.4 TeV. 

We also consider the effect of a photon bremsstrahlung on the 

background (4.5.1). Figure 4.3 shows the corresponding distribution 

dol dEz (short dash-dotted line) for 1S=500, 11l1/= 150 and 1Il,=65Ge V. 

Clearly this Ez distribution peaks at low Ez' so that the peak duc to the 

signal (4.1.1) remains very prominent. 

Finally, we have calculated the cross section of this hackground 

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 J\:=O.3, 0.5 and 

ITeV are shown with a short dash-dotted line in Figures 4.4(a), 4.2(b) 

and 4.4(b). Of course, in a11 cases BR and acccptance cuts sigllilïcantly 

reduce the background cross section. Of particu)ar interest is their efTec1 

at JS=O.3TeV (figure 4.4(a», where it is clear thnt with the same BR 

and acceptance cuts the signal (short dashed line) weil excceds the 

background. 
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4.6 Conclusions 

In conclusion, an intermediate mass Higgs-boson, with its mass 

exceeding 2m, so that it mainly decays to tl, could weIl be observed in an 

electron-positron collider of Vs=300-S00GeV and luminosity 

L=1033cm-2s-1
• Figure 4.2(a) shows that for mlI=150 and m,=65GeV one 

could anticipate about 100 events/ycar (at an efficien\...j of 1/3). 

Construction of such a collider may become feasible in the future; 

ccrtainly it presents less formidable problems than that of an electron­

positron colJidcr at Vs=l TeV. 
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Appendix 4.A 

As we stated near the end of Sect. 4.4, in calculating distributions 

like da/ dEz' care is needed in enforcing the acceptanœ cuts. '1'0 

explain our procedure, let a(s) be such a distribution involving no 

acceptance cuts. First wc write a(s) in terms of the matrix clement 

4.1\.1 

where diP(s) is the clement of phase space. '1'0 introduce cuts, lct .\ (s) 

be a function of phase space such that X(s)=l if the cuts are satisficd and 

X(s)=O otherwise. then the distribution with cuts is 

4.1\.2 

In calculating the e[[ect of photon bremsstrahlung we have uscd the 

expression (4.2.3) containing the function 

4.1\.3 

In terms of this one obtains for the total distribution a,es) without and 

with photon bremsstrahlung: 

ü(s - 2k/S) JJ(k) dk 

4.1\.4 
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1 Then the correct way to introduce cuts into this expression is 

k max 

ü,(s,cuts) = J dk B(k) J x(IP,k) IMI2 dl/>(s) 
o 

4.A.5 

Wc remark that in most cases we consider X to be a function of k, so 

that (7,(s,cuts) cannot, in generai be expressed in terms of a(s,cut.s). 
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1 Appendix 4.B 

Here we present analytic results regarding the background l'rom 

e+e---+Ztl, i.e. arising from the processes (4.4.1). 

We denote by MI and Mz the amplitudes of graphs 4.1(c) and 

4.1(c/) respectively when the tl pair is produced via 1* exchange; wc 

denote by M3 and M4 the amplitudes of the sarne graphs when Il is 

produced via Z* exehange. Summing ovcr final spins and polarization 

and averaging over initial spins, wc shaH decompose the final answcr as 

follows: 

4.B.l 

We write the ZfJcoupling as -i7'(af -bf ); hcrc f=clcclron or top 

quark and al' bl are the standard modcl couplings. Wc den ote by e, the 

charge of the t (=2c/3). Then referring to the 4-rnornenta as in Figures 

4.1(c), (c') we obtain: 

4.B.2 

where: 
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4.B.3 

4.BA 

4.B.5 

l.'urthcrmorc: 

4.B.6 

wlwrc: 

4.B.7 

4.B.8 
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4.B.9 

Finally: 

, , 
t f! f!&.. ft.. 

+ 4A' ÂZ(AZ +3IJZ )ee Il 
Re "M M = Z:' _. . 1 (c--) 

LJ 1 4 2. 2 2 2 2 1 2-
(q -M z)(q-P1) (q-p) q M /. 

4.B.1O 

above expressions should be multiplied by a factor 01 N, arising by 

summing over the colors of the top quark. 

The quantity E IM3+Ml has also bccn calculatcd in rclcrencc 

(56); our result is in agreement. The expression of rel crem:e (50) 

contains an additional term (last term of their eq. (4.2.X», which 

vanishes by symmetry when (P3+P4) is kept fixed in the phase-space 

integral (56). 

Apart from the graphs (c),(c') therc is additional background of the 

type e-e+ ~Ztl arising from graphs with a Z* or "1* in the s-channcl. 

Howevcr, such graphs arc of D(a) with respect to the main proccss; and 

since thcy also involvc an s-channel exchangc, their contribution is 

expected to be unimportant. Wc have vcrified this by cxplicit calculation 

at Vs;::::300GeV and this is also in accord with rcfcrcnce (50). 
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Note that cach of the amplitude sums M1+M2 and M3+M4 

separately satisfies gaugc invariance in the sense that the sum vanishes 

whcn the polarization vcctor of the final Z is replaced by its momentum 
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Figure Captions 

Figure 4.1. 

Graphs for the processcs considcrcd. (a) The main proœss. (h) 

The main proccss wÎth photon brcmsstrahlung from thl~ initial l'kl'tron. 

(c) and (c') The graphs determining the background e-e+ --.Ztl Graphs for 

the background e+ e---.11 

Figure 4.2. 

(a) Total cross sections as functions of IS for III 11= 150Gt'V. Sol id 

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

cuts. Short dashcd linc: the main process with BR and (\(:n:ptancL' cuts 

as in sect 3, for m t=65GeV. Long dashed: the hackground e-/'+ - )ZIl 

without BR and acceptancc cuts, for I1l t=65GeV The kwl 01 1 

event/year corresponds to luminosity L=1013
CIIl \-1 at elTiciellcy I/~. (h) 

Total cross sections as a [unction 11111 for VS=500GeV. Solid and da-;hed 

lines as in figure 2(a) (upper (lower) dashed line corresponds to 

mt=65 (50) GeV). Long dash-dotted line: The Background (' t e- - )1/ 

without BR and acceptance cuts [or mt=65GeV. Short dash-doUed: 'J'he 

same with BR and acceptance cuts. 

Figure 4.3. 

Distributions da/dE vs E (or vs M,,_/) at vs~~500GeV lor z z 

m u=150GeV. Solid line: Main proccss (signal) without BR and 

acceptance cuts. Short dashed: samc with BR and acccptancc cut~ 

(m t=65GeV). Dash-dotted: Background e-e+ --.a without BR and 

aeceptance cuts (m t=65GeV). 
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Figure 4.4. 

(a) Total cross sections as funetions of m H for 1S=300GeV. Solid, 

short dashcd and long dash-dotted lines as in figure 3. Short dash­

dottcd: background e-e+ -4t1 with BR and acceptance cuts (m
t
=65GeV). 

(h) sa me as in (a) for JS=l TeV. 
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CHAPTER 5 

DETECTING AN INTERMEDIATE MASS HIGGS-BOSON 

AT THE SSC THROUGH ITS TAU-LEPTON nECAY MODE 

5.1 Introduction 

In chaptcr 4 we considered the detection of an intcrll1ediillL' 

mass IIiggs-boson at a hypothctical electron-positIOn eollidn \Vith 

1S=300-500GeV. Long bdore such a collidcr is built, howevcr, the 

Superconducting Supcrcollicler (SSC) will he in operation; IlL'nee it 

would be 01 great importance if an intcrmcdiate mass Iligg~-h()!'l()n 

could be shown to be detcctable there. 

In faet, at the SSC an intermediatc mass Iliggs-hosoll would he 

produced at a very high rate, 106 events pcr year, predol1linilntly 

through the gluon-gluon fusion graph with a quark loop shown in 

figure 5.la (rcl'crencc (57)). Thc main ohstacle to ddection of !'lUl'h 

I-liggs-bosons is the high backgrounds present at the SSC·. Io'or 

example if mll>2m{ the main decay of the 1 Iiggs-hosol1 is 1/--,1/ where 

the top-quarks appcar as multiple jets. OCD jet hackgrounds, 

howcver, render this kind of signal unddcctahlc (5X). Even il 

m lI<2m{ so that thc dominant clccay mode 01 the 1 Iiggs-h()~()n IS 

H-.bb it rnay be difficult to sec though not impossible (59). 

Given thesc difficultics in dctccting the main hadroJ1ic decay 01 

the Higgs-boson, one is lecl to consider other "rare" clecay modes. 

Sorne of the se dccays present in the intermcdiatc mass case con:-.idered 

in reference (60) arc H---o,~rt, H~ZZ*, H-,bn, and 1/--;7+7-. 
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1 Figure 5.2 (takcn l'rom (61» shows some typical branching ratios 

for IIiggs deeay wherc the value of the top-quark mass m,=55GeV has 

heen chnscn (rcference (61». In rcference (60) these decay modes 

arc considered and it is suggested that that they may be applicable for 

the values 01 Ill, and Ill" shown in ligure 5.3 (taken from (60a». As 

can be seen, the use of the H-~T+7- dccay mode couIc! possibly be a 

lIseful alterJl,ltive to sorne of the othcr deeay modes and perhaps it 

may he 01 ~()me limited use whcn m 1/?'2m/. 

1 n thi~ chaptcl we ~hall consider the detection of the 

intcrl1lL'diatc mass IIigg:-.-bt)sun at the SSC though the H-+T+T- decay 

mode. In ~L'ction 5.'2 wc considcr the 7+7- signal for the Higgs-boson 

producl'd hy the gluon-gluon fusion mcehanism of figure 5.1a, and the 

hackglOund to this Jrom the DreIl-Yan proccss of figure 5.1b. We 

lhcn inlroducc acceplancc cuts and considcr under what conditions 

this :-.ignal may hl' seen and in section 5.3 we present our conclusions. 
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5.2 Detecting The Higgs-bosoll USiflg 

pp-.J!-+T+T-

at The Sllpel'conducting Supercollider 

The cross sections of the vanous Standard Mode! pmL'L'SSL'S 

contributing to Higgs-boson production at thc SSC ({.Ï:=401i.'V) arL' 

cnlculatcd in rcfcrcncc (57) whcre thc channcls considcrcd includl' 

gluon-gluon fusion, t1 fusion and vcctor boson (WW and Z'/,) lu:-.ioll. 

Thesc cross sections arc show in figlilc 5.4 (taken l'rom rd. (60)). 

Clearly, in the intermcdiate mass range gluon-gluon fusion is the 

dominant production mode. Moreover, the l'ross section 101' the 

production of a Higgs-boson through this Illcchanisl11 is tn a large 

extent indepcndcnt of thc mass of the top-quark in the loop. Taking 

an intcgratcd luminosity of J L dt= 1040
cl1(2 --= 104ph-1 (the cstÎmalL'd 

integrated luminosity for onc yenr at the SSC), this CIOSS sectio!l 

corresponds roughly to 106 evcnts per year. Using the hranchi!lg 

rations shown in rigure 5.2, if 111/l$.2111, then.: will be 10'1_] O~ cvcnb 

wherc H-tT+T-, while if 11l1I>2f1l/ this drops rapidly to 'VJOl ~vcnh. 

In spite of the large number of evcnts the identification 01 :-.uch 

a signal is difficult. In princÎplc, if the total Il1Ol11entUI11 of each 01 the 

T+, r- could be determined, such events could he itkntil ied by the 

invariant mass, 1110 of the r - pair sincc a1l T-- pair:-. originating Irol11 

H-tr+T- would have mo=m//, 1\ r± however trave\:-. only about 1 CI11 

before it disintcgratcs, hence its rnornentum canllol be direc...tIy 

observed and since the decay of the r± alway~ rc~ulb in an 
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undetectable v
1

, the decay proclucts will only carry part of the initial 

momentum of the -1. Let us denote the initial momentum of the r+ by 

PI and the rnomentum of the r- by l',. Whcn the T+ decays the 

products will consist of a number of unobscrved neutrinos and a 

llumhcr of other partiel es (hadrons and chargcd leptons) whieh can be 

()h~crved. l,et us denote the momentum of the neutrinos by Pl v and 

Ihe Illomcntum of the other observable decay produets by Pl ob. henee 

1'11,1 PI 0/,\==1'1' J ,ikewise the ITIOll1entum of the neutrinos and observed 

partidcs l'rom the r- are denotcd by P2 l'and P2 ('/" rcspectively. 

J Il :mmc instances of T± decay only a small part of the 

1l1()Il1L'ntUI1l will he carriet! by the neutrinos; hellce, if wc dcfine the 

qllill1tity 

11/ = Il) +p / ob, lob, 2. ob, 

5.2.1 

Wl' L'~pcct in those cases that Ill"", will glVe l\ good approximation to 

FiglllC 5.5 shows the distribution d(J/ dm,,!>s for /1l/{= 80, 120, and 

D5(i('V wherL' wc have lakcn IIl
t
=65GeV (solid lines). Note that 

() 111,./,,' ,1111/ and in faet the distribution is smooth within the allowed 

range. tho:-,c L'VL'llts towards the upper edgc bcing the one5 with most 

of the 1110I1ll'ntUI11 of the l rarried by observable particles, 

Th~ main hal.:kground to pp--tH-+T+T- is the Drell-Yan process 

[JI' -~ ljl/ -~Z or Î -~ T+T- dcpicted in figure S,lb; the distribution 

dlT/ dm,.,." l'rom this background is also shown in figure S.5 (dashed 

linc). 
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l Clearly, T paIrs frorn the Z peak give enorl11011~ hal'kground~ 

for mobs~Mz so that unless thcsc evcnts arc eut away thL' signal l'rom 

the Higgs-boson will be undetectablc, \V.:: therdmL' introdul'L' a cut 

5,2,~ 

With this eut, a lIiggs boson with mass 11/1I"S:11l:~I,\~M/ call1lot he Sl'CIl 

and even in the range M z;;'l11obs there is considl'l"ahk hackglOund hom 

the DreIl-Yan proccss. For instance taking 111,'- Cl5GI'V, thl' nlllllhl'( 01 

background cvents al the SSC III il yl'iI( III thc (illlg'-' 

5,3xl03
, If wc take m ll=135GeV, just above thl' It thll':-.hold, the 

signal goes down to 1.5 x 103
, 

In principle the signal 111 the 11l1J= 120GeV ca:-.c ha:-. a ~tati:-.tical 

significance of ",150" at SSC luminositics; howcver its ohservatioll 

would require knowing the baekgroupd 10 il Icvcl 01 <3'Y,), J ktcctor 

unccrtaintÏLs would make this difficult 10 achicve, hl'llcC it i:-. lIsdul ln 

consider furlhcr possible cuts. 

The main diffieulty in rccollstruc..:ting the Iligg:-.-bo:-,oll mas:-. IS 

that sorne of the center of mass energy 01 the initial Iliggs-\)oson I~ 

10st to the neutrinos. It rnakes sense thererore 10 :-.e/ect evel1t~ wherc 

this Joss is (J priori likc1y 10 he minimal. The be~t way to do this i:-. t<) 

select decay modes of the T± which have many observable linal 

products to carry the morncntum. From rcfercnce (62) we J ind that 

the following dccay modes satisfy this condition: 
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T 

- - + 
T --, 7r 7r 7r IJ 6.8% 

T 

T 6.4% 

23.7% 

5.2.3 

\Vl' will l'alltIH:M: decay modes 'muIti-pi' dccay modes. Figure 5.6 shows 

a hi~t()g,rdl11 (lI the Ir action, x, of the initial cncrgy of a 7± carricd by the 

()I>~l'I vaille particks in multi-pi dccays assuming that the initial cncrgy of 

tlll' ,1 i~ 1//,. \Vc dcnotc thi:-. probnhility by f,,(x). As can bc scen, therc 

i~ il weIl dd ined peak at x~O.8 dcmonstrating that most of the 

1l101lll'lltlll1l 01 the Tl will he carried by observable particles. 

Although the ncutrinos themsclvcs arc unobscrvablc, the transverse 

l'0l11pllllL'nt (lI momcntum carried by them may bc dctcctcd as missing 

t r d Il~VlT~C mOl11cnt li 111 l'rom the w holc event. For example if the I-liggs-

hosnll i~ initially produccd with IlO transverse momentum, (P~~bs +P~Ob) 

(/':" f {J.~,) ('1' indicates thc transvcrse componcnt). Using this extra 

illlollllalion \Vith the more favourablc multi-pi evcllts, we will try to 

L'OllstrllL'l a morc aœuratc estimatc of the mass of the T+7- system. 

An dlcct which must he taken into account if wc are to use the 

missing transverse momentum of the T+T- system is the initial transverse 

1ll0n1l'ntum of the 1 Iiggs-boson due to initial statc gluon radiation. To 

L'stimatc thi~ dfect, wc ran the ISAJET 5.31 (63) simulation which takes 
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into account the initial state gluons. Figure 5.7 shows the rcsulling 

average transverse rnorncnturn of Dreil-Yan l'vents at various valu~s of 

n whcre wc find that br the average initial transverse lllonK'nlum 

satisfies 

5.'2.5 

Based on this we will rnake the possibly cnide assumplion Ihal Illr hulh 

the signal and background the value of bl is ""SOGeV. 

In our reconstruction algorithm wc will also lise the as:-,ulllptiol1 

that the I1l
T 

i~ small compared 10 the encrgy DI the Tl. This is jl1~llIil'd 

sincc the mass of Ihe T± is 1.7GeV whilc Ihe tral1:-.vcr~e I11Ullll'nlulll i:-. 

",lOOGeV. Il .\'1 Î~ the fraction of cllergy of the TI which aplKar:-. a:-. 

observable particles and -'"2 Îs the 1 raction 01 ellergy 01 the T whi<..:h 

appears as observable particles, thc assumptiDI1 that the Tl i:-. ma:--sle:-.s 

implies 

{Jo = (1-.\0) P, 
.. 1,1 ......~ 

Thus in krms or the momentum fractions x and the ohscrved 1l1011H.:nta 
1 

P,obs the initial transverse momcntum 01 the T+T- :--y:--tL:111 is 

5.2.7 

In order to dctermine the mis:--ing tranSVL:r:--{; l110mcntum OI1{; must 
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add up the total tran~vcrse mornentum of the event including the 

observcd particlcs from the T+, r- as weil as other hadrons produced in 

the event. Incvitably sorne error is introduced when such a quantity is 

I11ca~lJrcd expcrirnentally. l,ct us del10te the root rncan square average 

value of' IIi 1/11//11 hy (\"1//1' We take b"I/,/,-,30GeV and further makc the 

po:->sihly crudc assumption that it is Gaussian (64). Wc will dcnote by 

,4/" the total observed l11i~sing tran~vcrsc momcntum duc to neutrinos 

wllich il1lludes the true J11i~~ing transverse momentum and missing 

tl:lll:-'Vl'I....,C 1110lllentUI11 duc to mismeasurcl11cnt. Denoting the (faIse) 

. . t t 1 t' t b .1. 111111 l 11l1:-':-'llIg r.tll:-'Vl'I:--C Il1Ol1len 1I1ll (ue 0 ITIISIllCaSurernen y PT wc Ulve 

Ihl' l'ljllality 

l ,,/ \ ri III'" 
1/ :-1'",+1'2,,+/'1 ' 

5.2.8 

Thu:-.. in IL'rm:-. n\ the oh:-'L'rved 1110me11ta and the mornenta fractions, jI;'1/11 

i~ givell hy 

5.2.9 

Ir wc now make the asslll11ptioll that the l11isl11easured transverse 

I1lnn1L'ntU1l1 and the transverSe morncntum of thc initial statc gluon 

r.ldiati\ll1 i:-. rollghly gaussian, wc can construct the fullowing likelihood 

11Inl'tilll1 of tllL' variables x, and .\'2 and the observcd quantitics: 
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, 
! 

L(xl'x2) = ln 1 .. (x l ) + ln j~(x) 

(P7lf- (JJ/"")2 

5.~.1O 

wherc p /"/11 and PT! are givcn in tcrms of the ob~erved qllantitil'~ and .\', 

and x, by eqs. 5.2.8 and 5.2.6. 

This function rcpresents the logarithm of the prohahility that glvL'n 

values of Xl and x2 will give rise to the obsrrvcd value of lb 1 and Il 1/' 

Roughly speaking L(xl'x2) gives an indication 01 (the logarithm (1) how 

likely it is that giVCll -,alues of these variables explain t1lL' (lh~L'rVL'd 

quanti tics. 

If wc ddinc '"\-1 and 'Y2 as the valuc~ of x, and x.1 which minimi/L' /, 

then, we will ddine the rcconstrudcd mass as 

2 Il 'IJ 1 (J/lf 20bç 
IJl = renU! 

5.~.11 

Figure 5.8 shows dŒ/dm as a function of III with the l'ut lor 
~oo ~M 

vanous combinations of Ill" and ml where we :-.illlulak the 

misrncasurerncnt of the missing transverse 1110lllcnluIll hclore wc lind 

III we have imposed the eut m b >mob =.-:<J5GeV for the ~ignal :lI1d recon 0 sos 

DreIl-Yan background and chosen m ll",,2m
l

• 

If wc take as a criterion of obscrvablity that the ~ignal be al Iea~t 

10% of the background and that the signal have il ~ignilicancc 01 al Iea~t 

5 Œ in a 15GeV range around the peak, the signal mu~t lie ahove the 

dotted line in figure 5.8 oyer a 15GeV range. This <.:rileriol1 i~ ea:-.ily 

satisficd for cases whcrc m ll<2m
l 
but the limit to the extent to which olle 
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1 Ciln go into the rcgiol1 mll>2mt is only about 5 GeY. 

}'ïgurc 5.3 show the region of the mJl-mt plane In which this 

condition can he satisfied. The lowcr Iimit on m JI is duc to the 

owrwhelming background [rom the Z resonancc. 
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----_.-----------------------------------------------------------

5.3 Cone/usions 

Using the senes of cut~ and the maX1I11U111 likelihood I11l'1hod 

described abovc, it may he possible to tleket a 1 Iiggs-ho~on of 

intermediatc mass through H-tT+T- at the SSC. when the mass 01 the 

Higgs-boson and the top-quark arc as indieated in figure 5.(). I\lthough 

this does not cxtend very far into the region 111 Il?. '2111 t it l'nuld provide an 

addition al method of identification of the IIiggs-hosoll through olher 

decay modes. 

In principlc one cOllld obtain similar results hy looking lor a 

downwards step in the Histogram vs. 1Il"'H' 1 Iowcver ~inœ thi~ :-.Il'p, 

althollgh statistically significant. would ol1ly hl' a few pern'nl of 

background, knowlcdge of the systematic crrors to lha t Icvel would hl' 

reqllircd. 

If cithcr of thcse rncthod is to he uscd, howcvcr, therc is still tlle 

experimcntal problcm of the c11iciency with which the T kpt()n~ may he 

identified and the difficulty of identifying the Jl1ulti TI events to I>e 

rcsolved. For examplc, if evcn Cl small fraction 01 ()(:J) '2-jcl evenh arc 

mistaken for T pairs, the signal could be overwhc1med. 
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,1 Figure Captions 

) 'ïgllr~ 5.1 

(a) Feynman diagram for gg-tH-+T+T- through a quark Ioop. (b) 

l:cynl11<1n diagram for the background process qq-+T+T-. The intermediate 

partick: may he a rcal or virtllal Z or /. 

l'ïgulc 5.2 

'J'h~ branching ratios for Higgs-boson dccay as a function of mIl 

taking /III 55GeV. The branching ratio for I-l-ttl is shown with a solid 

lilll'; Il )/Jl"j is ~howl~ with long dashcs; J-l-+T+T- is shown with a dash­

dol-dol-dol line; II-)Ti is shown with small dots; H-· vVW* is shown with 

I.ll gc doh and //-)7:7,* is shown with short dashes. (l'rom referencc 

(hl)) 

J.'rgIIJ·l' 5.1 

Regi()n~ of the Il/Il-ml plane whcrc it may be fcasiblc to detect the 

Il iggs-hoson at the SSC. Ir thesc quanti tics faIl bctwcen thc two solid 

linn., the Iliggs-hosol1 rnay he detcctcd by H-t'y/; to the left of the long 

d.l~I1t's. it may hl' dcteckd hy H-)b7i; abovc thc dash-dot linc, through 

/1 ,/:/.:1; and ahove the dash-dot-dot line, through H-+T+T-. The short 

da~lll's indicalL' the line 1Il1/=2mt and the hatchcd region is eliminated 

l)L'cause IIlIS45GeF. (takcn l'rom ref. (60a)) 
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1 Figure 5.4 

The cross section for the production of the IIiggs-boson at the SSC 

(Vs=40TeV). The solid lines indicate the cross section through gluon 

fusion (figure 5.la) with I1l r=30, 40, 60, 100, 150, and ~(}()J(,V; the 

dottcd line indicatcs the cross section for ZZ or W\V fu:-.Îon: and the 

dashed lincs indicatc thc cross section for Il fusion. (takl'n l'rom rd. 

(60a)) 

Figure 5.5 

The quantity d(J/dm b is shown as a fundion 01 11/ 1 for Ihe 11rocess o v Il)'1. 

m{=65GeV. The background DreIl-Yan proccss (/(1- fT
1 

T- i:-. sl!oWIl with 

the long dashcd line. The numbl'rs betwl'en the da:-.hcd linc:-. indicate the 

number of l'vents which fall between thcsl' two lincs (taking an inlcgratcd 

luminosity of 104°cn(2) for the signal (with /111/ -120, U5(j('V) and 

background. 

Figure 5.6 

A graph of the i'unction J~(x) as a 1 undion of x (arhitrary 

normalization). 

Figure 5.7 

A graph of 0/ as a function of IS. The dots indicatt: ISAIFT 

results and the line is a lincar rit to thcse results. 

Figure 5.8 

A graph of the quantity d(J/dm as li function 01 m . The !-.ignaJ 'l'con ,ri {JII 

is indicated by solid lines for the values of (ml,ml/) (55,1J5), (05,120), 
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(75,155), and (X5,175); the background is indicated by the dashed line. 

In order for the signal to satisfy the observability criterion, the peak of 

the curvc must he above the dottcd linc ovcr a range of 15GeV. 
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,1 CHAPTER 6 

USING A DISPERSIVE APPROACH TO A HEA VY HIGGS-BOSON 

6.1 Introduction 

h)r a sulficiently large IIiggs-boson mass (mil)' it is expected 

that the IIiggs sect or becomcs strongly interacting; thus perturbation 

thcory will rail. This can be seen by rewriting the standard model 

IIiggs-hosoll self coupling l'rom Chapter 1 in tcrrns of the Fermi 

constant: wc lind KIII/lI=G/ll~l' This happens in particular when 

1I1/~rJGI and so 111 11,,-,0(1 TeV). In this chaptcr wc arc led to consider a 

non-pcr1urbativc approach, dispersion relations, particularly with 

Icgard 10 a lliggs-boson with a mass in this rangc. 

ln this mdhod, onc constructs amplitudes satisfying analyticity 

illld 1I1litarity constraints. IIowcvcr, the approach ncccssarily involves 

~cvl'ral a~slll11ptions and simplifications, and wc cannot daim precise 

qu,\I1titatiw predictions. Our goal is far more modest and consists of 

L'ollslructing ct:r1ain modcls which rnay give sorne insight regarding the 

Inllowing questions ahout a heavy IIiggs-boson: (a) How do the 

.tctual amplitlldt'~ ditrer l'rom those of perturbation the ory at tree 

kw!'! (h) Is thcre any indication of strong interaction cffects, such as 

hound :-.lalL's or rL'I>OllaIlCL'S'! (c) Is therc any indication that the Biggs-

ho~on it~l'Ir arises as a bound I>ta1c or resonancc'! 

At suflïciently high L'nergies the interactions with longitudinally­

Pl'larilcd gaugL' bosons (\\'1. ,Zl) dominate. In the high energy limit, 
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1 we may use the equivalence theorem (66,67) which allows us 10 

replace WL'ZL by the corresponding Goldstone scalars (caten via the 

Higgs mcchanism to provide the longitudinal dcgrccs of frccdom) thus 

yielding a thcory of scalar-scalar interactions. This formalisl11 

considerably simplifies the mathematical treatment throughollt. 

In section 6.2 we consider the applications of dispcrsivL' mL'lhods 

to Higgs-Higgs scattering taking into accollnt only Iliggs-bosol1 :-.l'If 

interactions. In section 6.3 wc considcr the analogolls case 01 ZI/I 

scattering through the cxchangc of a IIiggs-boson and in sl'l'Iiol1 (lA 

we present our conclusions. 
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6.2 The channel 

HH-dlH 

We bcgin with the simplest case of clastic scattering of Higgs­

bosons. In perturbation thcory (tree Jevcl) the amplitude for this 

prOl:C~~ is (ligure 6.1a) (67) : 

1'(.1',/) = À[--~ + 2
1 + 2

1 

3111 Il 112 Il -- .\' mil -- 1 

6.2.1 

Wlll'Il' 

1 Il tlll' t'l'Illl'r of l11ass frame of HH-+HH let Iql = the momentum of 

the Il iggs-hoson, () = scattcring angle. Sctting IqI2=/I, the invariants 

.Ill' giVl'11 hy 

.\' --- 4(11 + 111~/), 1 = -- 2/1(1 -- cosO), Il = -- 2/1(1 + cosO) 

( '()I1~idl'rillg the partial wave expansion 

6.2.2 

the proJl'ctiol1s or the terms Vem;/ -- t) and I\/(m;{ -- Il) of eg 6.2,1 

1 l ',, . 1 Ol1to t lL' partw wave are 
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1 

~ 

F.,.m"(v) = (-li ~Q(I+ 11/;/) , 
1 2v 1 2v 

0.2.:1 

where Q/(Ç) are the Legendre t'unctions of the second kiml. The tin;t 

two tenns of eg. (6.2.1) eontribute only to Id) with 

perturbation theory gives: 

In dispersion theory (68) wc construct the amplitude ilS dt'plcll'd 

in figure 6.1b. Specifically, as a Born term (the "force" in our lIlotkl) 

wc take Bf(V) of cqs. 6.2.4, 6.4.3. '1'0 this wc add the rcsLalkt ing 01 

two Higgs-bosons (intermediate as weil as initial and tinal particlc:-. O!1 

the mass-shc11). We assume that the higher ma:-.s exchangl':-' (lOI 

example two Higgs-bosons in the t-channel and u-channel) l'an hl' 

neglected; in the dispersion approach this me ans that they introducc 

distant singularities. 

Then regarding the analyticity propcrtics in II or FI(II), Q/O ha:-. 

a branc11 eut -1::;~::;1; this introduccs a branch cut (the IcJt-hand cut): 

-oo<v'5:.-m~/4, with the corresponding discontinuity in l'~(II): 
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1 
6.2.6 

In the physical region (s>4m7/ or v>O), Flv) is bounded by unitarity. 

For the range 1/20 the l'ollowing elastic uni tarit y condition holds: 

6.2.7 

wherc (1(//)- j;~ï~'; wc use lhis condition for aU 1/>0. Noticc, for 

1/11 )''(', .Jlf~(I!) ,0, and this suggests an unsubtrackd represcntation 

6.2.8 

This is ;111 integral equation for ff~(I!) which specifies our modeI. 

Notil'L' tl1at our Born term B,(II) does not contain the s-channel 

Iligg~ poil' (the krill ,\/(I11~/-S) 01 eqs. 6.2.1 and 6.2.5); we would like 

to ~l'l' whL'ther it can hl' dynamically produccd as a pole in FI(I/). 

Wc prm'l'l'd \Vith the NID mcthod (68,69). Write: 

6.2.9 

\Vith N,(") l'olltaining the left-hand eut and D,(F) the right hand 

singularitics. Wl' are particularly intcrestcd in 1=0, and we writc an 
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6.2.10 

For DI(v) it is customary (68,69) to writc a once suhtrarled 

representation. With no loss of generality we takc the suhtraction 

point at v=O, thus 

'" !!..J 
iT 

o 

6.2.10' 

Replacing this in equatiol1 6.2.10 Wl' ohtain .\ lincar integral l'quatioll 

the intcgral equation is 

,~, 

J(II) = (3(/J) -\- f K(/I,.t)J(x) (ü 
() 

where 

K(v,x) = 

in this way K(IJ,x) is a ~ymmetric kl'rIlel. 

v' L1F/I/) 
·-.:--dl/ 

(11- ,/ )(X-I/) 

(l.2.1 1 

(l.2.12 

Now the important point is that with the Born terrn BJ Il) given 

by eqs. 6.2.4 and h.2J, ,'1(IJ) i~ ~quare integrahle; and with ;J/'/II) 

givcn by cC}. 6.2.6, the kl'rnel 6.2.12 ha~ a hounded !orm (lIilb<.;rt-
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1 

Schmidt): 

00 00 

IIKII2 == J J dv dx IK(v,>.)1
2 

<00 

o 0 

6.2.13 

) ~quation 6.2.11 is thcrcforc a 1 ~rcdholm integral equation, and can be 

solved by standard methods. Ali this rcsuIts from the faet that our 

klt-hand discontinuity !J.F, (and our Born tcnn) is defined from scalar 

parlicle exchangc hetween scalars. 

Iklow wc treat in ddail lhe 1=0 partial wavc. Now, 

..J/';)(/I) --,\7r/2/1 and 

6.2.14 

)':q. (1.2.11 has an itcration (Neumann) ~olulion providcd that the norm 

111\11 1. This is satisficd for 

6.2.15 

1 hi:-. valul' giw~ an idl'a of the limit of applicability of the perturbation 

l'\.p.II1!'-IOIl. 

Sinl'l' lhl' kcrnc\ (l.2.14 is syl11l1ll'lric. il has rcal cigcnvalues (70); 

.ll1d ~il1cl' il is nonsl'parablc, it ha~ an inlinity of cigenvalucs with 

.1CClIIllulation point <lI ,\=oc (M=C0) (70). Wc lind the first cigcnvalue 

al 

6.2.16 
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and the second eigenvalue at ",4.1 Te V. 

Bound states of the system correspond to 

6.~. 17 

and possible resonances correspond to 

Wc rcmark that a difference bctween Nl'i) and Bl'i} is a I11l'a:-.ure or 

strong interaction effects. 

Considcring mil as a free parameter, tirst 101 /1/1/ O.5ïi·V, Wl' 

find no indication for a bouml state or a resonancc. J\lso No('\) and 

Bo(s) arc similar; strong interaction eHccts arc absent. Regal ding the 

dispersive Fo(s), since Do(s) shows no zero in the amplitude (().~.<» wc 

add by hand an s-channel IIiggs pole term; the rcsulting amplitude is 

similar to Pt/Cs). In goneral, for ml/<O.oTeV t1wre is IlO houlld :--LIlL', 

howcycr, for 111//> 1 TeV there is a bound ~talL'. J\~ Ill" illl'll'il~L''' thl' 

position !Sn of the bound ~tatc increases (ligure 0.2). )',vidl'l1tly thi~ 

can be interprL'ted as the IIiggs-boson ibelf. In fact, lor IIIJ/;::-;:'.S'/('V 

there is an almost self-consistent solution (~';:::,Illll)' 

We calculate also the re~idue r('\·/J) 01 the corn;:-,polldil1g pole 01 

for ml/=3.5TeV, r(slJ)::::::2.9À, so that thi:-- condition i!'l Ilot weil :-,ati!'lllcd, 

but not grossly violatcd. This result can be interpn:ted to /llean that 

the forces assumed 10 produce the IIigg!'l-bo:-,on are qualitativcly (but 
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,1 

Ilot quite quantitatively) correct (72). On the other hand, for 

/llll::::-; 1.5Te V, thcrc is a self consistent solution with respect ta the 

coupling; correspondingly, VSnt;:;;,1.85m
ll

• 

Now, for mil> 1 TeV wc tum ta the reglOn s~4m~1' No(s) and 

80 (,\) are very diffcrent, clearly suggesting strong interaction effects. 

Inl crcslingly, Re Do(s) has a zero, suggcsting a possible resonance in 

IhL' ~y~lem o{ two IIiggs-bosons and its position ISo incrcases with mil 

(1 iglln.' ().~). 
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6.3 The Channel 

Wc turn to clastic scattcring of longitudinal '/,'s. As il firsl el forl 

we eonsidcr only Z's intcracting with Higgs-hosons, kaving tI more 

rcalistic treatment (involving coupled Z '/, and W W channds (h7)) lor 

future work. 

In perturbation theory (trec levcl) the amplitude ((17) l'.tll hl' 

written 

() 3.1 

(s,m~/> >M), where /, =.\!<J. In this fOl"ln eaeh 01 Iht' \l'111l:" 

corresponds to scalar-scal ar i Il teractions (equivalcnce 1 heorL'Il1). 

With Iql= the eenkr 01 mass momentum 01 the ,/, and Ic}I' l'. 

now s=4(IJ+M~); t and li have expressions as hdon.~. The projerliollo.., 

similar to cq. ô.1.3. Wc <.\cline B, as shown in equation (1.1.4 :"0 Ihal 

l'ri 1 ( ( (3 1 11 \) = fi \) -1- /, - - -1- --)1> 
/ / 2 2 /1) 

mil MI/-'\ 

In dispersion thcory, (6X,09) t'irst two :;,-h()~()n:-, are exehanged 

111 the S-, t- and u-channel; then there arc higher ma~~ cxchangc,> 

(involving for cxample morc Z-bo~on~). Again, the cxchangcd 

particlcs arc on the ma~~-~hcll (physical). Wc make the lollowl/lg two 
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as~umptions: (i) tht; most important state exchanged in the t- and u­

channel corresponds to Z-hosons rcsonating to a Higgs-bosons. (ii) 

1 Iigher ma~s c>.changes (corrcsponding for cxamplc to two Higgs-

1)(),>ol1s) can ht; nt;glected. 

Thu~ a~ a Born term we takt; BI(ll) defined similarly ta eqs. 

('.2.j and 0.2.4. !-'or 4M~<s< 16M~ the partial wave amplitude AI(ll) 

~ati~lie~ e1astic unitarity in the form (6.2.7); again wc use it for aIl v>O 

(n). 

The NID lllL'lhot! leatls agall1 to a Fredholm integral equation 

~ill1ilal to ('.2.11. Notice that again this is duc to the faet that our lcft­

halld di~l'OlltIllUlty (and our Born term) is defincd l'rom a scalar 

palticle e.\changed hL'lwL'en ~L'alars; and this was possible thanks to tht; 

eqlllvaknl'l' thL'OI l'Ill. (<l6.07) Thi~ is different from a vector rncson 

(101 example a 1/ l11e~(}n) L'Xchanged betwecn two pscudoscalars (c.g. 

piolls) «(,X,(ll» rC~lIlting in an asymptotically constant lcft-hand 

di~l'\lnt inllity élnd thll~ requiring cither the introduction of some eutoff 

or the ~olllti()n 01 a ~inglilar (non-Fredholm) integral equation (74). 

'l'rl'aling 1 O. now Ihe condition IIKII<l is satisfied for 

II/,t' (U':3'//'\' and Ihe lir~t eigenvalue is round at Ml~1.4TeV. 

Nolicl' that in our modets. in the ZI ZL system the eigcnvalucs 

(and IhL' slrong inll'raction L'llects) appear at a sornewhat greatcr value 

01111/1 than in thl' Illi ~ysll'l11. The difrerence arises as a result of two 

l'lllllpL'ling lal'tor~: (i) The Born term and the kernel arc multiplied by 

a dillL'\"L'l1t l'ouplillg (" for ZIZI. versus ,\=9" for IIII). For ZLZL' this 

1 artlll tends to inl'rease the limiting value of mil satisfying the 

l'olldition 111\11< l. the position of the t'irst cigenvalue Ml etc. (ii) The 
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1 
HH: p(v)=V v(II+11I;/)/2 . This factor aets in the opposite direction 

and partly (but not complctcly) compensates the cfrect of (i). 

For ml/=O.5TeV wc [ind again that No(s) and B()(s) differ very 

little, and that Re Dll) shows no indication nt a zero; again strong 

interaction cffccts arc absent. 

For ml/> 1. 5 Te V, howcvcr, No(s) and Bo(.'» di/fer considerahly. 

AIso, it is intercsting that Re Do(s) has a zero. For exampk, 1'01 

ml/=2TeV, the zero is at /:Ï:~1.1 l'l'V; for 1l/1/=2.5TeV, at Js~l.Xn'v. 

This zero can be takcn as indicating a resonancc, and, in filet, the 

Higgs-boson itsdf, which now in the ZZ channel should appear a~ il 

resonancc. With this interprdation, again wc round qualitative :-.e1I-

consistcncy. The value 1111/=2.5 Te V, singled out in the 1111 chanllel, 

evidcntly offers again a reasonable possibility. (75) 

In figure 6.3 wc present the amplitudes IA()(s)1 (sol id lines) and 

factor of 2",4; IAol shows a broad bump at /S",O.05 rdketing the I.e 1 () 

of Re Di'i); IA;;crll increase~ as /S-t 1.5TeV duc to thL: :-.-challllci 

lIiggs-boson pole (equation 0.3.2). For mJJ=--2TeV, k\,1 and IA;;,'/I ,IIG 

comparable; for this value or ml/' A~rr/ (trce lL:vel) ckarly vi()latc~ the 

unitarity bounds establbhed in reference (67). WL: :-.eL: that IAol ~how~ 

a broad bump at f\:;:::: 1. 1 Te V, rcllecting t1w zero 01 RL: Do(")' Â-:.. 

JS~2TeV IA~Pr/1 incrcasc-:.. duc to the s-channcl IIigg~-h():-.()n poL 
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1 Finally, for mJr-2.5TeV IAol is weIl beIow IA~er'l; IA:"I vioIates the 

unitarity bound (67). 

Notice that for ail values of mil IAo(s)1 reaches the maximum 

value IA o(s)I=2; in figure 6.3 this is very c1ear for mH=1.5 and 2TeV. 

The maximum value IAol=2 corresponds to saturating the unitarity 

hound. 

h)r mil;::: 1.5 Te V, Do{s) has a zero at sorne distant s<O, for 

champlc, if 11l1/=2.5TeV, the zero is at s",-,-45 TeV2
• This unpleasant 

l'catUle could hl' intcrplekd to Illcan that our final amplitudes Ao{s) 

correspondl\ 10 an c».lra (attractive, SCl' (7X» force in addition to thnt 

01 the Born krill B()(.\). 

Wc have abo applied the NID method to lhe wave 1=2. Wc find 

lA 2('\ >1 sl11allcr than IAo(·\)1 hy one order of magnitude or more thus 

the L 2 and highl'r 1 partial wavc~ ll1ay be ncglectcd. 
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6.4 Conclusions 

Our conclusions can be summarized as rol1o\V~: ("jcnerally 

speaking, for mH> 1.5 Te V: (a) The di~persiw amplitudes ditrer in 

structure from the corrcsponùing perturbatiw (tree-Ievcl). h)r 

2,.,-4 (b) There arc indication~ of ~troIlg interaction elTect~. 1 Il 

HH-'tHH there is an 1=0 bouml ~tate. In LI Z/-~Zl /'1. thcre is ~OJl1L' 

indication of a resonance; as therc is in J-/I-J--~III1. (c) 'l'he ahove 1 0 

bound statc in HH----+HH can be considel'ed as t1lL' Il igg~-hoson it~L'1 r. 

For mll~3.5TeV thero is an almost self-consistent ~ollltion with rl'~pL'd 

to the mass; this solution is very roughly ~dr cOIl~i~tl'llt \Vith rL'~,pl'l'l tn 

the coupling as weil; likcwise at I1lI1~l.5'f(,V thl'Il' i~ a SL'J1 c()ll~i~knt 

solution with respect to the coupling roughly ~L'II l'()n~I~lL'nt with 

respect to mass. Thore is also indicatioll lhat the Iligg~ ari~L'~ a~ éI 
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1 Figure Captions 

'·'jgurt; 6.1: 

Feynman diagrams for Higgs-boson Higgs-boson scattering. (a) 

Tn.:c level diagrams for a pert urbativc calculation of the Higgs-Higgs 

:-.catlning amplitudc. (b) The construction of the amplitude in 

di:-.persion tJwory. 

l'ïgurc 6.2: 

The resul1s or the dispersion caJculation for IIiggs-boson Higgs­

ho:-,oll scatkring as a fundion or //lll' This graph shows ~, the 

l'lll'rgy of the houml state (sol id lino); ~, the encrgy of the 

1 L':-'OllélIlCC (dashcd linc) and 1 (SfI)/'\' r(.\·,,) bcing the residue of the 

houllli ~talc pole. 

l·igurL' 6.3: 

The dispcr:-.ivc and trcc lcvc\ amplitudes for ZLZ,. scattcring as a 

IUlll'lioJ1 of I.v l'or tl1L' values or IIiggs-boson mass m
ll
=1.5, 2, and 

2.) Id '. 'l'hL' di:-,pcl'sive amplitude IAnl is shown with sol id curvcs; the 

tn.'l' kvel amplitude IA;;"II is shown \Vith dashed curvcs. 
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CHAPTER 7 

CONCLU DING REMARKS 

---- ----------------

In conclusion, this thcsis has considered strategies to l'inti the Iliggs­

boson and top-quark, the missing pieees of the standard mode\, for a 

wide range of their possible masses. 

In chaptcr 2 wc have shown that a tnp-quark \Vilh mass 

m/<80GeV can be detccted alld its mas~ dctcrmincd al Cl «' t'ollidcrs 

such as LEP and at pp collidcrs sueh as the Tevatron. 

In chapter 3 wc gave a possible stratcgy for Iliggs :-'L'arcilL's at 

the Z peak whieh may be ablc to deted a Iliggs-hoson \Vilh mtlss 

mll<60GeV. In chapters 4 and 5 wc considercd a 1 liggs-Illl:-.on whnc 

mil l'ails in thc intermcdiate mass rangc at hypothdical (,' (' l'llllidcrs 

and at the SSC. In chapter 4 il was shown that such a Iligg:-.-hoson is 

ccrtainly detectable at a e+ e- collider with /s~3()()-5()OGl' V. Ilowcver 

no such collider is planncd in the near future so the 1110:--t i mllled i <Ile 

prospect fG.c searching for a IIiggs-boson in this ma:-.s range 1:-- lhrough 

deeay modes such as H-)r+r- at the SSC (which i:-. planncd) 

considcrcd in Charter 5. 1\s ilIustrated in figure 5.1, the various 

decay modes of the IIiggs-boson cover most 01 the possihle value:-- 01 

(mll,m) (particularly if Tevalron rcsults can c:--lahli:-.h a limit 

m t >60GeV) where th~ rcdundtl' ';y that appears in !-.ome parts 01 that 

figure is important since ail thesc channel~ an; experimcntally 

challenging to study. 
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1 Il 1 kO r 11/ lI~ô()OGe V, the Higgs could be detectcd through its 

dccay 11-, WtW- at the SSC (79). If mil is largcr, however, it is Ilot 

dctcctable at the SSc:. 1 n this mass range, the Higgs-boson starts to 

hccomc :-,trongly interacting and as was discussed in Chapter 6, it 

bcgins to :-,h()w non-perturbativc cffccts such as bound states and 

re:-,onélncc:-,. Such a mas:-,ive IIiggs-boson would probably bc a strong 

hint 01 phy:-,ic" heyond the :-,tandard mode!. 
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corresponds tn d pair 01 complcx conjugatc poles O\l the M'lOlld 
shect 01 thc col11plcx !'>-plane. A linear cxpan!-oioll 01 Re n(,,) .Il 
s=so givcs the \\cll- known cxprc:-sion 10r the width 

J,;::.( lm D(.,) d l{c D(.,)). lJ' l' l' .... c'I' \' 1 ;:::: !'>lIlg t liS or 111/1 ~"l (' / \V 1t'I1 Vs d, '" 
V;~U';Tt'V wc ohtain II'J ... ·..ATeV hut l'dl. Wc in\cl prd thl!-o tn 
mcan that thi!'> c:\pll's!'>ion I!'> unrdiable; due to thL' large di:-t.tlll'l' III 
the poks lrol11 thc Il'al :--axis, the lincar l''\pal1~ioll 111 Ih' 1>(.\) 
may wcll bl' inadcqu.ltc. 

Rcgarding the magnitudc 01 the cro!'>s section tfrr/dll/ //. kl'l'jllllg 
only Al') and lIsing the ZI ~tructurc lunctio!1 01 Il'krl'I1L'L'~ (77), 

for the contrihution 01 the li-quark (one colm) at J., 1/1//,; Il d" 

we l'inti drr/dll/ / /::(),o,/ 1 () ''/ IA,J. 

(a) Ci, Kanc. W, Rl'pko. and B. Rolnick, Phy~. I.ctt I,t:-m, Î()7 
(1 <JS4); 

(b) M, Duncan, (i. Kallc and W. Rcpko, NuL'. PlJy~ B27~, :117 
(1 <JSfi). 

(7S) The corre:-pollding PIlIo: in /\J') ha!'> rc!'>iduc I(\IJ)"O ~LJch d pllk 
might hl' takcn to rcpl c'-.cnt di'-.tant :-,ingulantic'-., illitially llL'gkLlnl. 
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Supercollider, (Bcrke1y 19S7) 20. 

(1)) E J>ai~e and E. Wang, "Standard Model Neutral Higgs 
Subgroup", 111 From Colliders {o Super Colliders , (Madison 1986) 
<)5. 

(c) J. Io'. (iunion and II. E. IIaber, "Probing the IIiggs Scctor at 
the SSC", FIOI1l Colliders 10 Super Collide/s , (Madison 1986) 67. 
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