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General Introduction 

There i s a Yiddish saying "Hay the Lord preserve you from an i n t e r ­

es t ing l i f e , " but we are probubly *ot sorry that l i f e in high energy 

physics has been qui te in t<- :es t i .^ l a t e l y . Indeed we seen to be passing 

through an archetypal s c i en t i f i c resolut ion, wherein gathering contra­

dic t ions dissolve into apparent chaos and confusion, and a (u*w orthodoxy 

emerges and defines a framework f j r the next phase of novazil accumulative 

s c i e n t i f i c development. I t i s not yet c lear whether the gauge revolut ion 

wi l l hn«e any indi rec t effects outs ide fundamental physics , but i t s In­

fluence ce r t a in ly colours the questions we now ask in our high energy 

experiments. The purpose of these lectures i s to review the phonoceno-

log ica l i ° p : i c u t i a n s of the modern spontaneously broken gauge theories of 

the weak and electromagnetic In te rac t ions , ni.d make some obuervations 

about which high energy experiments probe what aspects of gauge theor ies . 

I t should be emphasized at the outse t tbot Che evidence in iavour of gauge 

theor ies Is l a rge ly circumstantial—_c h.'«" yet to find d i rec t ly Incrimi­

nat ing evidence lor gauge ideas, and these lec tures arc presumed in the 

hope that they cuy I'urnish useful eluos for future de tec t ive wnrk. Aim..st 



no reference w i l l be made to a l t e r n a t i v e s to the gauge orthodoxy. This 

I s not because I abhor heresy, but because of a personal feeling that the 

most f ru i t fu l way forward Is to take the "standard model" at face value 

and use I t as a paradigm for generating phenoitenological questions and 

experimental t e s t s . And the he re t i c cause 13 admirably served by the 

ingenuity and pers i s tence of Bjorken-

These l ec tu res should be devoted to the weak i n t e r a c t i o n s , but I t 

would be disingenuous to Ignore the "standard model" for the strong i n t e r ­

actions—quantum chromodynaraics or QCD. On a phi losophical l e v e l , i t 

seems quixotic not to believe tha t i f the g r a v i t a t i o n a l , weak and e l e c ­

tromagnetic in t e rac t ions are described by gauge theo r i e s , then so a l so 

a re the Strong Interactions—QCD i s an unalienable par t of the gauge 

package. On a p r a c t i c a l l eve l , many t e s t s of gauge theor ies of the weak 

and electromagnetic Interact ions re ly on the quark-parton model for 

hadrons a t large momentum t r ans fe r s . We surely need some theore t i ca l 

underpinning for the phenonenolugical parton model, as a way of exploring 

i t s domain of app l i cab i l i ty and understanding how i t reay break down and 

need modification. On a sentimental l eve l , i t would be Invidious to 

exclude the gluon from a shopping H u t of gaugc-thooi 'etical des idera ta . 

L< . ture 1 wi l l review some basic QCD phenomenology, including, most-ntua 

dependent c f f e c t i v e quark d i s t r i b u t i o n s , the dvalsc of the p tu to t f , 

and the search for gluons as sources of hadron j e t s . 

He wil l then move on to tin' n.iin business, the phenomenology of weak 

and electromagnetic in terac t ions at high energies . l e c t u r e 2 wi l l review 

the s ta tus and prospi""is for the spectroscopy of fundamental fcrnlona 

(quarks and lep tons) , .uid how fcrmiotii raay be used to probe .lspi-cis of 



the weak and th-ctromasnollc gauge theory. Lecture 3 wi l l deal with the 

pursui t , capture and invest l e a d e n of the an t ic ipa ted intermediate vector 
9 

bosons. Lecture i discusses miscellaneous p o s s i b i l i t i e s suggested by 

gouge theories—ranging from the Higgs bosons, which l i e at the heart 

of the spontaneous symmetry breaking mechanism th.it i s supposed to pro­

vide the masses of ether p a r t i c l e s and hence make massive vector b03Dn 

theories renormali iablo, t-.' speculat ions about proton decay. 

The p o s s i b i l i t i e s discussed In these lec tures are generally ra ther 

conservative and ninimal. For example, the simplest SU(2) * U(l) 

Weinberg-Sulam model i s often U3cd to i l l u s t r a t e t e s t s of the unif ied 

theor ies of weak and electromagnetic in t e rac t ions . I t has the bare mini­

mum of three massive interned"late vector bosons, one physical Hlggs 

boson, and perhaps as few as six quarks. All other gauge models are 

more profli3.1 re in thei r generation of new p a r t i c l e s and weak In te rac ­

t i o n s . However, wo wil l see thnt even in th i s model, the predic table 

discoveries alone amount to an ent ic ing cornucopia. 

1 . Will the StronR Internet Ions be Weak at Hlc,h Energies? 

1.1 Motivation 

Since ther.e lec tures are supposed to concentrate n» the weak i n t e r ­

ac t ions , i t may be necessary to present soae addi t ional apologia for 

f i ro t discussing '.he strong In te rac t ions . 

The f i r s t reason Is (hat it i s d i f f i cu l t to d iscuss manifestations 

of weak IntiT.irt i.>:•.*. ac M^li vneri',it* without relying on some background 

theory of the strvnj; ' -^ter.ict Ions. For example, in e e annihi la t ion we 

need the parton r.i.k'l ef Tig. I for to t a l and Jot cross sec t ions , for 
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calculating weak/electromagnetic Interferences, estimating U' and 2 de­

cay rates, and so on. In order for the parton model to be a reliable 

tool for incorporating hadrons Into the calrulatl n of weak amplitudes 

end cross sections, we need some way of estimating corrections to the 

naive parton calculations. * Such a systematic correction procedure 

can only come from a theory which explains the apparent, weakness of strong 

interactions AC high tsoaentum transfers and the basic validity of the 

parton model In this limit. As another example, consider deep Inelastic 

lepton-hadron scattering (Fig. 2 ) , where Bjorken scaling Is a good 

first order approximation to the systematic* of the data, but where 

deviationa from scaling seem to have a coherent pattern. We oust nock 

S O B * understanding of these scaling deviations if vc are to disentangle 

the appearance of new quark thresholds from other effects in deep Inelas­

tic lepton-hsdron scattering. Another process where It is important to 

understand whether the parton model of Fig. 3 is applicable is the Dtell-

Ysn process: hadron + hadron -" lepton pair + anything. This process 
a 

Is being proposed as a way to produce the Intermediate vector bosons 

and Biggs particles in hadron-hadron collisions. We would like to know 

whether the naive parton cross section estimates of Fig. 3 should be 

regarded as reliable, or whether they may acquire large scaling devia­

tions analogous to those observed ir. deep Inelastic scattering. He 

would also like to know whether the differential cross section might he 

expected to have a different shape from the naive expectations* for 

exanplc whether the <(>T> ot the produced boson should be 0(1) GeV as 

expected In a naive parton model, or might be OCDL.) as some field 

theories lead you to expect. 



Another reason fsr discussing the strong In te rac t ions was mentioned 

in the general in t roduct ion. All strong Interact ion f ie ld theories in­

voke seme sort of bosonic gluon ro hold quarks together ( e . g . , an oc te t 

of coloured vector gluon* in QCD), and these are cons t i t uen t s of na t t e r 

as tund.mont.il as the Wt 2° or photon. The experimental I so la t ion of 

the gluon and dotermination of I t s proper t ies (mass, spin* colour) i s 

therefore oT fundamental s ign i f i cance . *nd i t vould appear a r b i t r a r y and 

unfair to exclude the gl<ion from a l i s t of gauge goodies to be s tud ied . 

Present evidence r.i<* >he existence and nature of the gluon i s general ly 

ind i rec t—there i s the c l a s s i c assignment of the missing frnct ion of the 

nueleon momentum to gluon par tens which do not In t e r ac t d i r ec t l y with the 

lepton frobUK in deep i ne l a s t i c s c a t t e r i n g . More r e c e n t l y , there has 

been some evidence from scaling v io la t ions In neutr ino s c u l l c r l r ^ which 

a l so indicates i n d i r e c t l y that gluons ate present in the nucleon, and 

probably have spin 1. This evidence wi l l be discussed la te r in t h i s ' e c t u r e , 

but the In te res ted reader i s re fe r red to Don Perk ins ' l e c t u r e s a t t h i s 

SunBcr School for a more de ta i l ed nnalys ia . These p ieces of evidence 

a re welcome, but i t would be n ice to see more d i r ec t manifestat ions of 

gluons as hadronic cons t i t uen t s . One p o s s i b i l i t y for a gluon search i s 

che conjectured gluon J e t , which might show up ID o hard (high momentum 

t ransfe r ) process when a gluon i s bremsstrahled a t l a rge angles u in 

19 Fig. 4. Other p laces to look Include the decays T * 3 gluons or 

2 gluons + photon which die expected in QCD (see Fig, 5 ) , At the fend 

of th i s lecture there wi l l be a discussion of the phunomcnological pros­

pect* of finding gluons in t h i s ' .ay. 
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There Is a f ina l reason for discussing QCD at the outset of these 

l e c t u r e s . I t i s tha t the author and most other t h e o r i s t s have a strong 

piajL'dice tha t QCD i s the correct theory of the strong in t e rac t ions , and 

t h i s inevi tab ly colours the way li. which we discuss the phenomenology 

of weak and electromagnetic i n t e r a c t i o n s . The reasons for th is consensus 

a re Strong but not I r r e s i s t i b l e . The only f ie ld theory which I s 

asymptotically free at high momenta, and hence has a chance of repro-

>J"icin& the gross features of the parton model, is a 3augc theory. Also, 

quarks are apparently not abundant as ph.- ical p a r t i c l e s in the real 

world, and QCD i s one f ie ld theory Jn which quarks are not obviously 

unconfined. But as foreshadowed in the general in t roduct ion , the best 

reason for bel ieving in QCD may Jus t be that the gauge pr inc ip le seetns 

to be a common feature of the other fundamental I n t e r ac t i ons , and i t l e 

philosophically tempting to helicvo that the gauge p r inc ip l e i s un iversa l , 

although there i s no cas t - i ron motivation for thin appl ica t ion of Occam's 

razor. I t should be emphasized tha t much of the appeal of QCD r e f l e c t s 

the l"rk of a v iab le a l t e r n a t i v e , and that conclusive expcriauntal ev i ­

dence In i t s favour ia s t i l l in short supply. Nevertheless , no a l t e r ­

native to QCD wi l l be brooked in these l ec tu res . 

The strong in terac t ions r e m i t from the QCP lagrangian 

Where F a i s the non-Abelian f ie ld strength 

r" : J A a - 3 A* + l C f l b c A b A c (1.2) 
n u y u u y u v 

and D i s Che gaugc-eovarianc der iva t ive 

D. :- — ~ IE V A" (1.3) 



The theory (3.1) is characterized by a unique, unknown coupling constant 

g tc be determined by experiment, and .in unkmwn nunber of quark flavours 

q, with their number and masses also undetermined by theory. QCD con­

tains eight gluons A which form an adjoint representation o" SU(3) acting 

on the three colours of quark: red, yellow and blue- There are several 

veil known phcnomenological motivations for the colour degree of freedoo, 

which Include: 

— T h e fact that the lowest-lying baryon octet and decuplet seem to 

ttave wave functions which are symmetric s-waves in apace and symecric in 

spin- For the quarks to have the Feral statistics appropriate to spin 

1/2 particles, they must have an internal degree of freedom wherein the 

bnryon wave function is antisymmetrized. In the colour theory, the 

baryon wave function contains a factor £RyB q q q , and the synmetriza-

tlon problem is solved. 

— T h e decay rate for n -* 2Y. According to current algebra and PCAC, 

the amplitude for this decay is given by the triangle diagrams of Fig. 6, 

and is hence proportional to the number of colours. The rate for the 

decay is calculated to be 

647 ft?)' 
where N i s the number of colours. If we take H-l and f - 9 4 HcV, £q. 

(1.4) yields r (n° - 2y) - 7.91 eV, wherMs rhe l a t e s t experimental decay 

ra te i s 8.04 ± 0.55 e V . 2 7 

—A rela ted reason for colour ia the cancel la t ion of anomalous 

t r i ang le diagrams l ike those In Fig. 6 which i s required to ensure 

the renormal i jab i l i ty" oi a gauge theory of weak and electromagnetic 



12 i n t e r a c t i o n s . In the "standard" SU(2) * U(l> Weinbcrg-Salaa model 

th i s cancel la t ion occurs between doublets, *>^c'i of which contr ibutes an 

anomaly 

s = « A ( ° ! ' Q f ) c i<°-<~ 1 ) 2 > - - \ ( I * 5 a ) 

and quark doublets , each of which contr ibutes an anomaly 

If there were no colour factor -jl :;=3 in Eq. (1.5b) we would need three 

t i i ^ s as mar.y luptons as quarks, which docs not seem to be a good 

approximation to the experinental s i tua t ion ! 

—The cross section r a t i o for e e •* i* -«- hndrons r e l a t ive to 

e e •+•(*•* H u~. In the naive parton model t h i s Is calculated frco 

the simple quark loops of Fig. 1 and should be 

(e o - Y* * u y ) q q 

In the absence of colour, thin r a t i o would be. 2/3 bulow charm threshold 

ana liHt above. Expt.inicnl. i l l ; , the r a t io i s about 2-1/2 below charm 

threshold and abou^ 4-1/2 to 5 ahove. Allowing for (10 to 20)X sys ­

tematic experimental e r ro rs .""d the contti>>utioD D£ a neavy lepton «bo»e 

chanr threshold, these val -"3 are not inconsis tent with the values cf 2 

and 3-1/3 expected for R i f 11-3. 

—A closely related p'-niiction in the r a t io of semihadronic decays of 

Che T r e l a t i v e to purely Icptonlc decays. Ho would estimate 

r(x" •* u~v V T ) : T ( T ' - t " « e v T ) : r ( T " - hadrons +v ) £ 1:I:N (1.7) 

i f the semihadronlc decays could be calculated using a naive po in t l i ke 



coupling of the lepion decay currents to quarks as In Fig. 7. Experi­

mentally, the r a t i o s of these decays a rc a b o u t 3 2 1 :1:0(4) , but we would 

not expect the point l ike approximation to quark couplings to be exact 

a t the low <! involved In i decay. The fact tha t the r e s u l t (1.7) I s 

ev.>n iipuroximatcly correct ind ica tes that the couplings of the weak 

current to- the lou mass hndronic resonances which dominate x decay 

must sonehow average out to look l i k e the po ln t l i ke coupling to th ree 

colours of quark. I t ind ica tes tha t resonance couplings have some s e n s i ­

t i v i t y to the number of colours . 

The ubovc arguments indica te that quarks have a threefold colour 

<te&n-<.> of f reedoo. QCD ce r t a in ly provides colour with something to do, 

but la there some good reason why gluons should not couple to the flavour 

group? The s laul tancous consideration of s t rong, weak and electromag­

net ic In te rac t ions provider, a possible answer, In tha t par i ty and 

strangeness conservation in 0(a) can only be guaranteed If the strong 

and weak syrmctry groups a re d i s j o i n t and comnute. This condition id 

sa t i s f i ed by CjCD v"h I t s couplings to colour r a the r than flavour. I t 

Is an example that n in t r i v ln l cons t ra in t s may be imposed on the theory 

of the strong In te rac t ions by the requirement of consistency with our 

«Jeas about gauge theories of the weak i n t e r a c t i o n s . * Another such 

interconnect ion a r i s e s frou considerat ions of CF v i o l a t i o n and ve w i l l 

return to i t In the fourth l uc tu re . In the meantime we wi l l concentrate 

on purely s t rongly utrong In te rac t ion problems. 

1.2 The_P.ifi .Hi Mpilt-1 and Corrections in Field Theory 

In ttw n,»lvc partan model of Fig, 2 , the c o l l i s i o n of a v i r t ua l 

photon. Z° I T W with .i hadron ta rge t Is viewed in terms of Incoherent 



co l l i s ions with poin t l ike parton cons t i tuents to be ident i f ied as quarks . 

Because a point: has no i n t r i n s i c s c a l e , ttie deep I n e l a s t i c cross sec t ions 

would then exh ib i t naive BJorken sca l ing behaviour, and could be simply 

••pressed In terms of quark parton d ls t r ib ' . ions q ( x ) , where x = -q /2p.q 

i s th.a long i tud ina l momentum f rac t ion of the quark in an I n f i n i t e noaen-

tua fraae* Thus we have the usual deep i n e l a s t i c r t r u e l u r e functions 

wf<«,q 2> * FjN<x) - j T, «?<«.(«0 + 5<*)) 
q - u , d t . . . s 

q - u . d , . . . ^ 

vWjM(w.q 2) - Fj M (x) - 2x(d(x) + u(x) + . . . ) 

u H ^ t v . q 2 ) - F*H(x) - 2(u(x) - d(x)> + . . . (1.8) 

Notice that i n the naive parton model the Cullon-Cross r e l a t i o n a p p l i e s ! 

M j M - F 2 (x) (1 .9 ) 

This t e l a t l o n and the scal ing of deep I n e l a s t i c ecruccurc functions Apply 

Only because the t ransverse nsomenta of the partons arc cutrff a r b i t r a r i l y 

—probably to 0 (few hundred GeV). I t iz a lso supposed that struck 

partons fragment Into final s t a t e hadron; w' th f i n i t e t ransverse taoaeB-

t * t producing J e t s in the f i na l s t a t e , as Indicated In Fig. 8. An 

alternative vay of expressing the sca l ing laws (1.8) i s to allow for the 

pos s ib i l i t y that the quark d i s t r i b u t i o n s may depend on the momentum 

transfer Q £ -q by diifining 

vHj N (v ,q 2 ) : £ 0

2 x(q(«,Q 2 ) + q<* ,Q 2 » (1.10) 



sod then observing that the laus (1.8) correspond to 

Q 2 ~K qfx.Q 2) - 0 ( M l ) 

He have Introduced the logarithmic derivative Q 2 — r̂ i n order to keep the 
3<J2 

left-hand aide of Eq. (1.11) dlmensionless. 

l a • nnormaliZAble f ie ld theory, the Bjorken scaling predictions 

diagram. For example, the bremsatrablung diagrams of Fig. $(*) and c... 

pair creation diagrams of Fig. 9(b) bath depend logarithmically on the 

therefore t e l l us that 

F , C « . Q * > - o G ) * . 

0 * Q2 -£= G(x.Q2) -o ( - f - + . . . 

where B 1B the strong Interaction coupling constant a 

include possible higher order terns from more complicated diagrams* The 

naive parton model assumes that aj-u •* o at large Q • so that the quarks 

and gluons can be regarded as essent ia l ly free In t h i s kinematic l i m i t . 

The same assusption underlies the partem calculation of the •* e~ to ta l 

cross section in terms of the free q*jark-parcon loop of Pig. 1* 

It Is easy to deduce some qualitat ive physical implications froir 

the character .if the fundamental processes in Fig- 9 . The effect of both 

bremsatrahlung and pair creation i s to generate an increase in the den­

s i ty of patterns at small x as the momenta of the parent quark-partons 



are degraded. Therefore a typical deep I n e l a s t i c s t ruc tu re function 

which I s qui te broad in x at moderately lew Q wi l l n,c"e In toward:. x"0 

aa Q •*•*", decreasing at large x, and r i s ing towards x-0 as indicated 

In Fig. 10(a) . This process nay be envisioned i n t u i t i v e l y by chinking 

of the v i r t ua l photon (or Z, or W) probr a& a so r t of microscope with 

spa t i a l resolut ion Ax = 0(1/(J), Therefore a low Q photon wi l l have poor 

r e so lu t lon t while a high Q photon wi l l have b e t t e r rciiolutlon. Perhaps 
2 

I t w i l l resolve a parton Keen by the low Q probe in to a larger number 

of smaller cons t i tuen ts , each of which has a smaller longitudinal momen­

tum fract ion x, as I l l u s t r a t e d In Fig. 11. For example, in 0 < a ) In 

QCD, a quark may be resolved into n quark + gluon (corresponding to the 

bremflstrahlung of Fig. 9(a)) and a gluon may be resolved into a qq or 

gluon pair (corresponding to the pair creat ion of Fig, 9(b) in the ftiuon 

f ield of the hadron). The fundamental processes a t the root of sca l ing 

viola t ion a re therefore seen Co be rad ia t ive cor rec t ions analogous to 

those famil iar from high energy electromagnetic showers in QED. 

So far ve have not made much use of the spec i f i c features of QCD--

moEt f ie ld theories have some sor t of gluon, and the basic Feynman 

diagrams and resu l t ing qua l i t a t i ve picture (Fig- 10(a)) of scal ing v io ­

l a t ions i s common to many f ie ld theor ies . * ' Thus the observa­

t ion ' of t h i s general trend as in Fig. 10(b) I s not conclusive e v i ­

dence in favour of QCD rather Lhan any other f ie ld theory. However, 

there i s one feature of QCD which i s unique, y i e lds a connection with 

the parton model and enables quan t i t a t i ve p red ic t ions -a in Fig. 10(c) 

to be made—the property ol asymptotic freedom. 



The point Is that in a f ie ld theory the bas ic vet-tux g depends ..TI 

the momenta q which are fed into i t . In per turbat ion theory as in F ig . 

12 

g •* g + 0<g 3 In q 2 ) +• 0 ( B

5 I n 2 cf) + . . . (1.13) 

Fortunately, in QCD the leading logarithms can be summed exactly .ind 

Elve an e f fec t ive constant which decrea les to zero as Q = q •* ™ (Ref. 

22): 

4) 
In formula (1.14) f i s the number of quark f lavours and A i s on a p r i o r i 

2 
unknown sca le which s e t s the scale of the Q development of Che coupling 

a (Q ) . The complication of a Q dependent coupling does nut Loncorn us 

in QED because the ra te of chang.—-JM-i in Q )—is very small. In QCO 

the scale parameter A replaces the QED parameter as a way of specifying 

the s t rength of the in te rac t ion . The der ivat ion of (1-14) wi l l not be 

discussed in thenc l ec tu res , though we wi l l see a t an t a l i z ing r e f l ec t ion 

of i t l a t e r on in th i s l e c t u r e . Instead we wi l l occupy ourselves with 

imploring the consequences of asymptotic freedom. The general effect 

w i l l c l ea r ly be that per turbat ion theory for the s t rong In te rac t ions 
2 

should become evermore applicable a3 the typical momentum t ransfer Q of 

a process •* =. However, the r e l a t i v e l y slow ra te of decrease (1.14) of 

o (Q ) scans that jiie does not always recover the naive scal ing expecta­

t ions of the naive partem model, as wc now see. 



1.3 Scaling Violat ions in qCD 

In the previous sect ion ve saw that naive sca l ing correspond t o 

Q — j ^ ( X 'Q ) n 0 . as In the naive parton model, whereas one might 
3 0 2 3 2 laA 

expect Q — - q(x,Q ) •= 0l—I + . . . In an in t e rac t ing f ie ld theory. In 
W 2 2 (as\ 

QCD where a (Q ) * 0 as 0 •* =>, wc night hope that the Q\~j approxima­

tion to the Q evolution of q(x,i} ) might be very gaud. In t h i s o rde r , 

the only contr ibut ions In 0l-~l are the basic brcmsstrahlung and pa i r 

creation processes of Fig. 9, and the r a t e s for chem are proport ional to 

log Q . The quark parton d i s t r i bu t i on i s character ized by the longi tu ­

dinal momentum fraction x, and the bremsutrahlung and pa i r creat ion 

probabi l i t i es may be wri t ten in terms of the longi tudinal momentum f r a c ­

t ion z carried by the f inal s t a t e parton as in Fig- 12. He therefore 

Specify P Ax) as the probabi l i ty of parton A emit t ing a parton B with 

longitudinal momentum fraction z when Q ia changed by dQ": by dlmeo-

Blonal analysis 
d p ! (if) W * > •>* ^ " - 1 5 ' 

Th6 s i tua t ion in QCD 1B analogous to that In QED, where in the Ueizsa'cker-
41 Will lams equivalent photon approximation wc tulk in terms of the photon 

density inside on electron being 

corresponding to 

^ - ( ^ - ^ ) 
The density of gluons in a quark i s analogous, the only difference being 

a group theore t i ca l factor fron the colour coupling (1-3) of the gluon 



field: 

* £ ( £ ) ( £ ) • ^ - 3 <»•«« 
flO that the final "splitting function" for q * G of Fig. 13(a) is: 

He cai* write down the "evolution equations" of the form (1.12) which 

apply In QCD, just by looking at the basic interactions uf Fig. 13: 

for quarks and 

*2^ c<-"2' - felf1 f K«2> v 4 ) + «»^>»«>(;)] <'-2i> 
for gluons. Because of the slow logarithmic decl ine (1.14) of a

s M )• 

the evolution equations (1.20) Imply that the partem d i s t r i b u t i o n s 

q(T,Q ) and G(* Q ) do not scale exact ly . 

The pa t te rn of scaling v io la t ion In QCD i s well known, ' * and 

usually expressed in terns of theore t i ca l ly p ted i se , but experimentally 

arcane, numbers ca l l ed anomalous dimensions. The connection between our 

physical p ic tu re ' and the academic formal ism ' i s eas i ly made. 

Let us consider x moments of the s t ruc tu re functions such as 

M ^ W ) l f dx x"~ 2 F , (x ,q 2 ) (1.12) 

" -\) 
which i s thft type of quanti ty for which rlgorcus p red ic t ions of QCD are 

usually expressed. QCD cukes prcdlcttot.a"' of logarithmic v io la t ions 

of scal ing: 

M<2 )(Q2> -v ' in Q 2) n (1-23) 



whereas ( 
2 

of Q . From the parton expression (1.10) we see that generlcal ly 

H ( 2 W > - /" dx x n _ 1 qCx.12) (1-24) 
n J o 

Let us f i r s t consider a flavour nonslnKl^i combination of quark d i s t r i b u ­

t ions , such as u(x,Q ) - d(x,Q ) which i s relevant to the ep-en cross 

•ect lon dif ference, or u(x,Q ) - d(x,Q ) which i s seen from Eq, (1.8) to 

be relevant to F- (x,f) ) . The gluon term in the evolution equation (1,20) 

does not cont r ibute to ruch a nonslngli ' t quarV d i s t r i b u t i o n q (x,Q ) : 

q^,"W>.£)/*,»W> ,„(») 
/"' n-1 

If ve take Che moffe*** I dx x of this equation, the left-hand side 
, 3 „ J0 

is Q — T- M (Q ) and the right-hand side of Eg. 0.25) facecrlzcs neatly: 
3Q " 

w 
The solut ion of Eq. (1.26) 1B qu i te ultnple: introducing the notat ion 

a f l (Q 2 ) % L ^ : b » ^ f g £ (1.26) 
b In ^ 

from Eq. (1.14), we see that Eq. (1,26) lupines 

, , A /2*b 
H R<Q ) % M n (In Q*) " (1.29) 

Making the comparison with the conventional QCD prediction ' (1.23) it 

clearly is possible to identify 



so that ve a re able to ca lcu la te the famous anomalous dimensions a s soon 

as w« determine the " s p l i t t i n g function" P ( r ) . q+q 

9c£o» doing t h i s , ICL US J u s t d is -uss the s i n g l e t combinations of 

parton d i s t r i b u t i o n s , which obey aoncwh.it more complicated evolution 

^uACions. IF we introduce the s ing le t d i s t r i b u t i o n 

« (x.Q Z) ^ £ (q^x,Q 2) + ^ x l Q * > ) (1.31) 
1=1 

a coupled pair of evolution equations. If ue take the moments 
of these equations vo obtain a set of matrix equations 

' 0 

e moments of the s inglet quark d l s t r j 

(Q*) = / dx x n _ I qS(x.l}2) (1.33a) 

(1.32) 

where 5 and G arc the moments of the singlet quark distribution 

a x ..B-l -S/- ~ 2 

and gluon distribution 

G f t(Q 2) = f *c x n _ l C(x.Q 2) (V.3I 

respec t ive ly . On eh? right-hand s ide of t q . (1.32) the matrix elements 

A were defined in £q. (1 .27) , while we have introduced 

a Jn 
) (1.34) 

http://aoncwh.it


The solut ion of the coupled equation!! (1.32) i s qu i te s t r a ig> t f " iva rd . 

F i r s t you ous£ 4iagop-. izc the matrices on the right-hand sides 

ft •:)-(• i) 
which must be done separately for each mome fit n. Then the eigenvector 

cooMnaciona of S (Q ) and C (Q ) evolve - jeparat t ly, with the r e s u l t tha t 

a sia&let moment 

S ? -4. •> d t - 3 d n 

V Q ' % n ( l n Q " } + M n ( 1 " Q ' ( 1 , 3 6 ) 

where ;he s ing le t anonalous dicensions d~ are determined s imi lar ly to the 

nonginglet anomalous dimension 

Thus the sca l ing violations* in s ing le t combinations of s t r i c t u r e functions 

(1.36) are somewhat more devious than fho-.<> in nonsinslet cor i ina t iona . 

As an added complication, many physical ly observable s t ruc ture functions 

such as Fj P (x ,Q ) or F^ (x.Q*-) are in fact combinations of s i n g l t t and 

nonsinglet s t ruc tu i e functions, so that a l l three terms (1.29) and CI.36) 

are necessary to f i t the data. 

1.4 Calculation of the Anomalous Dic-nsloua 

We eau in the previous sect ion how the ca lcu la t ion OL the anomalous 

dic^r-tiions reduce. " to the determination of the s p l i t t i n g function:* 

P. _ ( i ) , and ue now proceed to evaluate them. T i r s t note that thorn are 

cer ta in t r i v i u l cons t ra in ts uhith must be s a t i s f i e s by the spJ l t t i ng 

functions. For example, quark number * •. conserved in thi> brcmsstrahlung 



/ J ' ' « (=) = 0 (1.38) 

Also, since it is clear that if you have a qiurk with moaentum fraction 

z you oust nave a gluon with mvnentun fraction (l-s)s 

<r*q q-G 

The relations (1.38) and (1.39) between then imply that the P _ _(*) 

obey the momentum conservation condition 

£ ** •['„<" - Vc<->] - « ' 0 

Bnd there i s « corresponding condirion For glued mumuncua conficrvation 

7 0 L«-< 

Between them, the nomunlua conservation conditions (1.40) and (I>41) 

ensure that the total nooontuu of the tudron target Is conserved: 

Q 5 L 2 2 f d x x S(q^.Q 2 ) + ^-J 2 )l + C(X,Q2) - o (i.«2) 

W* wi l l use the conditions (l-3b) to ( l . - l ) In a moment to deter­

mine the contribution tu the s p l i t t i n g tunctions corresponding tc portous 

To de rcmiru thti r (;) WJ fir; , t r e t a i l the modified WciisHeker-

H i l J i a o s 4 1 formula (1.19): 



The rec iproc i ty r e l a t ion (1.39) immediately t e l l s us that 

•M -
which unfortunately has a s ingu la r i t y at z=l which must be regu la r ized . 

42 44 Alt arc H i and P a r i s ! choose to c'.o chic bv replac ing 

U-z> 0 -z ) + 

vhich lo Jcfin^d for f(z) regular a t z-1 by 

P„„(r- ) does not obey the ( q-Kj 

• a su i t ab ly chosen piece « i must be supplemented by a su i t ab ly chosen piece « S ( i - l ) : 

An elementary calcula t ion of the q+qq pair c rea t ion vertex y i e lds 

'W'- iP* 0 -* ' 2 ] <»•"> 
vhich 1B symmetric between z and (1 -z ) . Final ly one can ca lcu la te the 

t< 1 p -1 of P „ to be 

which r«gular lea t ion and the appl icat ion of the coTLcntua conservation 

condition (1.41) cause to beeo-ie 

"W»> • 6 ( T r f ) ; + I ^ • ' ^ < , - ' , + ( T ? - T S ) «'•'•>) " • " > 

I t should be emphasized at th i s putnt that tin- fi.rn cf the s p l i t t i n g func­

t ions (1.19, 1.44, 1.45. 1.47) depends scn-.Hive.y on iht spin of the 



gluon. For exaraple. If i c had sca la r gluons ve would hdv L 

P S " ° " Z ) -?««*-»> U-48) 
at lowest orOcr In Che q . r ; . r . i la r gluon c o a l i n g . Ue w i l l see In a 

moarent tha t the forns (1.44) and (1.48) produce very di f ferent anomalous 

dimensions vHicti can be dis t inguished experimentally. 

tic o r ' now in a pos i t ion to compute the anomalous dimensions by 

taking the moments of the l ' t V . B 0 ) (1 .19, 1.44, 1.45,. 1.47). We find 

" -'o 

1 1 / • ' d < « ' 

w^ 
i t 

/ Z*n+n \ (l.tte) 

,n-l. 
I 6 n(n- l ) (n+I)<n+2) ' ffa j 91 

(1.49d) 

which are the familiar ves U s of mare sophis t ica ted f ie ld t heo re t i c a l 

c a l c u l a t i o n * . ^ Hopefully ehcy have been demystified s l i g h t l y ! 

How do the predict ions of QCD for scal ing v i o l a t i o n s in the moments 

of the deep I n e l a s t i c s t ruc ture functions compare with the experimental 

data? Thin q'jvatlon I s addressed In more d e t a i l by Don Perkins in 

b i s lecture: . , but let us just picl: out a few important points here and 

now. Consider a nonsl»i;l<t s : tmi>irc function, such as F j ' -F , or F. 

Then ftCD p r c ' l U r i " i l u t 

3 * 

H (*/) S (In f/j n (1.S0) 



with d given by t l . 3 0 ) and (1 .49a) . The forms £1.50) Imply that 

(1.51) 

18 „ If we compare the logarithms of two moments ,M and K , vc shoud find 

s t r a i g h t l i ne with slope 

The B6BC data for the D - 3 , 4 , 5 and 6 moments of 5~ agree very well with 

the QCD predict ions (1.52) as shown In F ig . 14. The best f i t values for 

TABLE I 

V d3 V d 3 V<4 
QCD i .46 i .76 1.29 

Scalar GIKTO Theory 1.12 1.16 1.06 

Experiment 1.50 ± 0.08 1.84 i 0.20 1.29 ± 0.06 

Ft . comparison, we have a l so Included the "p red ic t ions" of 4 sca la r 

, ' joa theory. If such a theory were to have a coupling g which went to 

•one email fixed value a* a s Q -* **—the only poss ible way of f ixing to 

get approxioote ve i l ing In such a theory—chen the ooaente would scale 

approximately as 

, _ , -«_ 
(1.53) 



/"' - =""' pfs'w 

hxtil (1.55) 

Plots of the logarithms of the moments should then be s t ra igh t l ines 

with s l jpea S a /{ , , vhich Etj. (1.55) reveals to be very d i f fe ren t frcra 

d o ' d n ' 6 i v e n by Eq. (1 .52) . Figure 14 shows thai the BEBC18 data d i s -
47 agree emphatically with the sca lar gluon "predic t ions (1.55) while 

agreeing very well wi.h the QCD predict ions (1 .52) . This amounts to a 

convincing demonstration that the quarks are brcm:;utrahling vector gluons 

ra ther than aca la r s - - the f i r s t determination tha t the gluon spin - 1? 

Another important point about the HEBC data i s that they ind ica te 

a logar lchoic , rather ttidn power law var ia t ion of the moments with Q . 
2 " l / d n If we consider the quantity H (T ) , then QCD (I .^0) predic ts that 

i t Should vary l inear ly with In Q , and t h i s I s consis tent with the data 

shown in F ig . 15. Suppose that the moments had in fart ;<chavod no 

2 - 2 " 8 d n 
M n «T) * HnCQ'!) n (1.56) 

as might have been expected in a (Abclian or non-Abelian) vector gluon 

theory with a small fixed point coupling s* as Q • • . Then the quant i ­

t i e s 

In M (Q 3) = -Od 0" + ( cons t J I IO (1.57) 

as before (1 .51) . and the theory would als . . have passed tin* QCD tea t in 

Fig. 14. However 

r 2YU\ >/. 



which f a l l s the t e s t in Fig- 15. Shown for comparison with the s t r a igh t 

l i ne QCD f i t s to the moments are f i t s of the fans (1,565 with the power 

B chosen so as to give s imi la r scal ing v io la t ions t o the data butween 
2 2 

Q -1 and 10 GeV . I t i s apparent that the data are not well f i t t e d by 

these curves, ond wc conclude that such fixed point vector gluan theories 

axe s t rongly disfavored. 

So far we have only looked a t nonslnglot combinations of s t ruc tu re 

funct ions . When we look a t s i n g l e t s t r u c t u r e funct ions, we got c o n t r i ­

but ions t o the scal ing v io l a t i ons which come from the pa i r c r ea t ion in 

che gluon f ie ld of Fig. 9 ( b ) , as well as the brensstrahlung of F ig . 9 ( a ) . 

The BEBC group have analyzed the F« s t r u c t u r e function using the 

amount of bremsatrahlung indicated by the i r analys is of F» . Thoy find 

strong evidence for an ex t ra contr ibut ion coning from pair c roa t ton . 

The amount of i t i s s e n s i t i v e to the gluon d i s t r i b u t i o n assumed, and 

they find that the observed scal ing v io l a t i ons are consis tent with 

about •= the nucleon's momentum being carr ied by gluons, ae found p rev i ­

ously by j u s t looking a t / dx F? * v (x,q ) . ' The In te res ted reader 

i s refer red to Rcf. 18 and the lectures of Perkins far more d e t a i l s * 

I t seems that the QCD ana lys i s of deep 1. .alastic sea l ing v io l a t i ons 

l a In very go-4 flhape, and probably conat l tuces the best experimental 

evidence tw date In favour of the theory. Before abandoning completely 

the topic of deep i n e l a s t i c scal ing v i o l a t i o n s , i t may be worth drawing 

a t t en t ion to a few i n t e r e s t i n g aspects of the evolution equation for ­

malism. 

There are some important sun rules for deep ine la s t i c s c a t t e r i n g 

which depend on fundamental p roper t i e s of the auark model. Onti example 



i s the Adler sua ru le 

jT 1 %fffj») - jT* d,[u(*.Q2) - «(xtQ2) - <(,,Q2) • « W > ] 
(1.59) 

The r ight-hand »lde should be 1 a t a l l q*. If ve compute Q - ~ at the 

/
3Q* 

d t P _ ( * ) - 0 , *** 
since the ri&ht-hond side of (1,59) i s the n - l moment o£ a uoaslnglet 

comblnatian of quark d i s t r i b u t i o n s . Thus the "quark conservation" con-
2 

61tIon (1.38) enfturc? the v a l i d i t y of the Adler sua ru le a t a l l Q . A 

f fcfrj'-**) - -if « [ u ( * , d 2 > + d U . Q 2 l - U ( K , Q 2 ) - d(x,Q 2 )] - -6 

a.«o> 
Another In t e re s t ing sun r u l e , which i s spec i f i c to QCD and unolitsln-

43 &ble I D the naive parton model, 1B the momentum sum ru l e . Let ua 

consider the " -2 aoaent of the F , s t ruc tu re function* vhicb correaponds 

» combinations of / dx x q(x,<J ) - From Eq- (1.32) vc have 
-'o 

Let uo look for the pos s ib i l i t y that 5 2(Q ) , the noncntua f ract ion car ­

r i ed by quarks and oot iquarks , f« independent of Q : t h i s v l l l happen. 

If 

A J S J W 2 ) + Zf B 2G 2(Q 2) - 0 (1.62) 

The condi t ion (1.62) can be regarded as n r e l a t i o n foi the quark and 



gluon momentum f rac t ions : 

S « * ) -2fB 

= 2<Q !) *2 I 6 

Since momentum conservation (1.42) ensures that S,<Q ) + G,(Q ) " 1, the 

condition (1.63) is sufficient to ensure that rbe momentum fractions car­

ried by both quarks and gltions are independent of Q . The condition 

(1.62) amounts to a sore of equilibrium condition that the amount of 

momentum that quarks lose to gluons by bremsotrahlung is the some as that 

which gluons give to quarks by pair creation- Thin equilibrium can 'e 
2 43 

reached aa Q ••*• , in which limit 

vhcrc the average quark (charge) ^e ̂  is presumably equal to 5/16 be­
cause of equal numbers of charge 2/3 and charge -1/3 quarks. The experi­
mental data are consistent with the asymptotic bxhaviour (1.60 applying 
for cither f"'i or 6. This .uooentum equilibrium sum rule clearly cannot 
be derived in the naive par ton model, hecaiise it relies on the right-
hand side of the evolution equation (1.61) being nonzero. In the absence 
of interactions It Is never possible to reach equilibrium. One might 
wonder what the equilibrium conditions on the higher (n>2) monunts of 
the quark and gluon moment S and C might be. It Is easy to flat isfy 
oneself that thTc are cuo independent equations for each 3ucl) menent 
vhlch are only natisfied if 

S (Q 2) - C (Q Z) - 0 for .ill n - 2 (1-65) 



The onLy solut ions to the combined equations (1.631 and (1.65) are d i s ­

t r ibu t ions with singular support at x"0, as suggested by our i n t u i t i v e 

reasoning lr. Section 1.2. The conditions (1,63) and (1.65) are the 

ult imate fate of j l l hadrons at large Q : the quantum chrnn^ynantc 

"heat death" . 

Before leaving the evolution equations" ' (1.20) .nd (1.21) I t may 

be amusing to point out one Intr iguing feature of the glu>n s p l i t t i n g 

function P G - K ; ( = ) in Eq. (1 .47) . The coeff ic ient of the 4(=-l) piece i s 

d i r ec t l y proport ional to the lowest order tern in the renonnallzat ion 

of the QCD coupling constant (8 function), the coeff icient b In Eq, (1.14) 

or (1 .28) . Is th i s i coincidence or a profound t ru th" I don' t h o w , 

but i t would imply that a gluon—whose "gluon In a gluon" d i s t r i b u t i o n 

G ( J , Q 2 ) would have a i ( x - l ) piece—would b.-come more "pure"—the <S(x-l) 

piece would increase na Q*-»*--be<"auso of the pos i t ive value of the 

coeff ic ient of i ( i - l ) in P . _{z) (1.28) if the number of flavours f 1B 

* 16. The increasing "puri ty" of the gluon wave function Is perhaps a 

harbinger of asymptotic freedom—or perhaps no t . 

1.5 iiearch for thy Smoking Gluon 

So for we have only discussed indirect evidence for the gluon, such 

as the s e l l i n g derf" 'ona induced by brensstrahlung of i t and pair pro-

jact ion from i t . However, the gluon la a const i tuent of hadronlc matter 

uh'ch fi as basic as the quark. Thercijre ue would l ike to have equally 

direct evidence for the glm>r.'s existence-- f r>™ spectroscopy' and from 

j e t s , 6 , 1 3 for example. Oiv e f fe r t u f the gluou* wi l l be to Induce 

scaling v io la t ions 1n the d i s t r i bu t i on -M ludrons within a quark J e t . 

The longitudinal nmafi.'ina d i s t r ibu t ion wil l he softened at targe Q by 
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breanset rah lung and pa i r c rea t ion in a manner analogous to the e f f e c t s vc 

discussed for the deep i n e l a s t i c s t ruc ture functions- For example, i f 

we Introduce momenta of the Inclusive hadron d i s t r i b u t i o n s In c e 

annih i la t ion 

.•aft./ d< z n " J £ ( Z , Q 2 ) C1.6G) 

Where z = 2E. . A), then o°(Q ) w i l l exhib i t logarithmic v io l a t i ons of 

scaling Just l ike those (1 .29, 1.36) found for deep i ne l a s t i c leptopro-

ductlon, with "anomalous dimensions" simply r e l a t ed to the t r a d i t i o n a l 

r e su l t s (1 .40) . 

Another cha rac te r i s t i c of the i-cmosf-jhlung and other f i e l d -
7 39 theore t i ca l processes is t h e i r large p c a l l . Because the bas ic 

f i e ld - theo re t i c a l ve r t i ces have no dimensional s c a l e , 

«?>- °(f) «° ('•»> 
Of course a 

larger than the finite <p_> • 0(300) HcV usually observed in h3dron-

had r on cnlllfi' ins. This means that Jetfi in c c annihilation or lepto-

productlon arc beat described by angular cutoffs rather than field p 

cutoffs. For example, let us suppose In e e~ annihilation that the 

fundamental quanta (q,C) I D the final state produce hadtons with finite 

momenta transverse to their momentum vectors. We can then calculate 

In perturbation theory froo Fig. A the probability F that a fraction 

(1-c) of the total c c eei*tie cf saas energy Q will be contained In some 

pair of oppositely directed cones of half angle 6: 

F - 1 - - - • - 4jln <2e> + *j ^ In S + terms with no logs (1.68) 



For su f f i c i en t ly large energies almost all of the c c events w i l l f a l l 

In to two angular j e t s . 

On the other hand, a f rac t ion 0|-r-j of the events come from hard 

gluons radia ted outs ide the angular cones. The usual discussion would 

thc-j suggest that these should show up as three j e t f ina l s t a t e s , the 

th i rd Jet emitt ing from the ractaa irphosls of a gluor. Into hadrons. The 

erase sec t ion for hard gluon bremsstrahlung was easy to ca l cu l a t e : 

2 2 

t o t a l q q 1 4 

where x • 2E /Q and s imi la r ly for x_. Such f i n a l s t a t e s would be con-
1 1 q 

vlnclng evidence of the r e a l i t y i f the gluon. A poss ible s t r a t egy t o r 

f leeing such events night run as follows: 

— F i r s t look for c c~ events vliere the f i na l s t a t e hadrons a re not 

highly col l lmatcd. This could be done by computing the thrus t 

T s max £ T A - U-70) 

badrons > V 

where the maximization I s with respect to the choice of the th rua t a x i s , 

along which the pJJ l i e measured. The cross s ec t i on - T S can be calcula ted 

r e l i a b l y * in <JC0 per turba t ion theory, because i t does not depend on 

the d e t a i l s of the Infrared proper t ies oF the theory which wc do not 

understand 

I do a, & > \ r 2 » T 2 - 3 T + » J*t-\\ _ 3(3T-2X?-T)] - , , . . 

— I D such even ts , find a plane containing the thrus t axis which o a x i -

a l s e s the sun of the moduli of the hadron momenta out of the p lane . 

Events with only three fundamental quanta (q,q,G) should define an event 

plane qui te n ice ly . 
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—Orient even* i In the plane by s e t t i n s 8 " 0 ° to be along the th rus t 

« 1 B and heading Into the hemisphere with smaller £ | ? T I - Define the 

angular range 0<6<u to be the half of the event plane which has the 

larger amount ot hadron energy. 

—The events should now be oriented as In Fig. 16, and given any luck 

there should be a weU-defined Jet around 9-0, soother in the angular 

Tinge -2<8<ii, and another In the range u-:fl<-=-. To see whether the hadrons 

r ea l ly come Into three J e t s , I t I s f i r s t advisable to look at the half-

plane - 7<8<yi and check that the hadrons there have f i n i t e p r e l a t i v e 

to the thrus t ax i s . If so , renove these hadrons and boost the r e s t by 

an amount r,: 

Bh t - —*— , ch z - - ^ - (1.72) 

2^Pf 2^ f 
The remaining hadrons should nov have been boosted back to the cen t r e -

of-mass of the two putative Je ta In the half-plane * y ^ " ? " »• In f i g . 

17. Given any luck, an axis can be defined for the boosted hadrons 

re la t ive to which the i r p are f i n i t e , and t h i s axis wi l l define the 

d i rec t ions of the se .ond and th i rd J e t s . 

I t w i l l be Intereat lng to ace whether three Je t events show up 

when t h i s analysis Is applied. One potent ia l complication la tha t trie 

<p_> of hadrons In a gluon Jet nay be larger than the <p > for a quark 

Je t . As emphasized above, the Jets seen so far hove a f i n i t e <p_> which 

la no* perturbatlvD, and the relevance of the pcrcurbatlve analysts i s 

not obvious. Nevertheless, one can eonputc tha t for a s l u ° n Je t the 

fraction F of events with 1-t of the to ta l energy E Inside two oppositely 
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d i rec ted cones of half angle 6 I s 

F c % 1 - S j p l ]l2 in (2c) - ( l l - | f)j In 6 +• ( f i n i t e terns) . (1.73) 

The per tu rba t lve width for small c and 6 I s wider than tha t of (1.68) for 

a quark j i t , hut I t I s not c l e a r whether t h i s I s re levant to the gluon 

j e t s to be looked for at present ly access ib le ene rg i e s . An amusing 

aspect of the formula (1.73) I s chat the piece f i n i t e as c-0 i a again 

(cf. Eq. (1 .47)) proport ional to the renonnal lza t ion (1.14) of t'.its s t rong 

coupling constant a (Q ) . Coincidence or . . . ? 

F ina l ly) we should note tha t another good place to look for gluon 

j e tB , besides the obvious e e~ annih i la t ion and leptoproduetlon reac ­

t i ons , ia In Che decay of a heavy quark-antiquark vector resonance such 

as the T. According to the charmonlum model, the dominant decay mode 

should be in to three gluons as in r i g . S, with a d i f f e r e n t i a l CTOBS 

sect ion 

i _u_» i |i'-,> ! t ' V . " - / l ..... 
30 1 2 « - 9 ( V j V 3 x , « 2 \ 

This would be an espec ia l ly pure place to look for gluon j e t s , using the 

sane j e t - f i n d i n g s t ra tegy outl ined above. The t h roa t d i s t r i b u t i o n 

should be 

r 3 C d T a 2 - o L T 2 ( 2 - T ) 3 T T J t f - T ) * J 

and or ien t ing events along the thrus t axis should give d i s t r i b u t i o n s of 

hadron energy In the event plane l ike those shown In Fig. IB. P r e l i o l -

nary evidence fron DORIS suggests that the f i n a l s t a t e s in T decay are 

not exact ly the saae as in the e c~ continuum. However, i t I s prensture 
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to chink that evidence for the 3-gluon decay yet ex i s t s « It v i l l prob­

ably be much easier to sec gluon Jets In the decay of the "topsilan" t t 

vector aeson, which presumably has a considerably larger mass > 15 GcV, 

yielding ouch Bare phase space for the gluon J>ts to identify themselves. 

Other prooising ways of looking for gluon Jets in oniun spectroscopy 

include T •* CCy, and radiative decays to intermediate urates which may 

decay predominantly into 2 gluons. ' 

2. Fermlona for fun and Profit 

2.1 Weak Interaction Issues 

In this, firac of three lectures devoted to studies of weak Inter­

actions at high energies, i t seems appropriate to make some introductory 

auggestiona as to what are the important physics issues which one i s 

trying to resolve. Up t i l l now, no one has ever found any deviation 

from the pointlike four-fermion form of the weak interactions, whether 

charged otr neutral. tn the regime where the pointl ike approximation 

la applicable* a generic fenaian-fermion scattering cross section v i l l 

x l n l inearly with the centre-of-maas invariant a, as in Fig. 19(a): 

o<f tfj> * s « o(-^) (2 .1) 

the rloe (2.1) cannot continue Indefinitely, because there is a unltarlty 

limit of 1 on each partial amplitude. In the ease of the naive forn (2.1) 

of croaa section this limit will be attained when /S \ a few hundred 

GcV. At this Juncture, the cross section may either saturate at a 

constant 0(1). or else fall again, as indicated in Fig. 19(b). It la 

2«neraUy supposed that the latter occur*, thanks to the presence of 

intermediate vector bosons. It 1B theoretically appealing that the 
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turnover energy / s should bo rather smaller than the u n l t a r i t y l imi t of 

a few hundred CeV. This Is because lc Is a t t r a c t i v e to unify weak and 

electromagnetic in t e rac t ions with couplings which are 0 ( a ) . In on i n t e r ­

med l a t e vector boson theory, C p IK re la ted t o the boson couplings and 

o p . 0 ( 4 ) u.a 
and weak electromagnetic un i f ica t ion suggests 

» 2 - 0 ( c 2 C F) (2 .3) 

and one I s na tu ra l ly led to contemplate vector boson masses at order (50 

t o ZOO) GcV. There a re empirical reasons for l i k i n g intermediate vector 

bosons, *a£h a s the fac tor iza t ion and un ive r sa l i ty of weak couplings. 

One of the theore t i ca l reasons for the Introduction of Intermediate vector 

bo3vf>3 i s tha t I t helps Co make higher order r a d i a t i v e correct ions to weak 

In te rac t ions f i n i t e and ca lcu lab le . This happens because such r a d i a t i v e 

correct ion* t yp i ca l l y Involve sums over v i r t u a l in tenaedla te s t a t e s which 

w i l l diverge i f weak cross sec t ions do not t a l l a t high energies roughly 

t s O( - ) . Unfortunately, Jus t s t i ck ing In intermediate vector bosons docs 

not cure a l l problems. F i r s t . I t I s necessary t o include some sel f -coupl ings 

(Vlg. 20) between the vector bosons, and i t has been shown tha t essen­

t i a l l y the only way of doing t h i s which yie lds rose sec t ions f a l l i n g suf­

f i c i en t l y fasc a t high energies Is to make these couplings chose found in 

a gauge theory. Such a theory w i l l be based on a non-Abelian gauge group 

with a charged W" or neut ra l Z boson corresponding to each generator of 

the group. Fcrmions (quarks and lepcons) nust be put i n to su i tab ly cho­

sen representa t ions of the gauge group. Unfortunately, Just using gauge 

vector bosons with masses acquired in an ad hoc mannir docs not give a 
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sens ib le ( renomal lzab le ) theory e i t h e r . The a n . " known way of nuking 

©UCh s nass lvc gauge boson theory renormallzable i s by breaking the 

gauge symmetry spontaneously using sca ler Higgs f i e l d s . A theory of 

t h i s type seems Inevi table t o possess a t l e a s t one physical s ca l a r Higgs 

boson. 

The road to a sens ible renormallzablc theory of the weak i n t e r a c ­

t ions l a therefore qui te a long one, as indicated in Table 2. Finding 

an Intermediate vector boson la only a small p a r t of e s t ab l i sh ing t*.e 

V*lidity of any spontaneously broken unified gauge theory of the weak 

and electromagnetic in t e rac t ions such aa the Weinberg-Sa 1^a nodal . 

TABLE 2. The Poad to a Gauge Theory 

Physical input Experimental Test Discussed in Lecture 

Weak cross sect ions f a l l 
at high energies 

In te rac t ions dui'.cribed 
by A gauge thco.'y 

Choose a gauge group 

Choose spectrum of fe r -
BIOUB and t h e i r group 
representa t ions 

Break gaujte symmetry 
with Higgs f i e lds 

Do high enurgy e e 
or ep s ca t t e r i ng , 
look for M1, '/.a 

Look a t 3- and 4-
vector boson i n t e r ­
act ions 

Look at low energy 
weak i n t e r a c t i o n s ; 
Do Hi , Z° spec t ros ­
copy 

Look for tensions 

L^ok for HIgps 
p a r t i c l e s 

The Strategy of these remaining lec tures wi l l be to survey t h i s 

road with a view to the experimental confrontation of lh»so t h e o r e t i c a l 
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Ideas. Finally, at the end of the last lecture 4 we will examine a few 

speculative possibilities that go beyond this orthodoxy and help keep out 

Uvea interesting. W« stare with ft*naiol©gy. 

2.2 Bow Much Do He Know Already? 

Ve have so far established unassailably the existence of 10 funda­

mental feraions: 

4 quarks - u, d. s, c 
(2.4) 

6 leptons - e.v ; v,v ; i,v r ' v' u T 

and etii existence of o fifth quark la nut seriously questioned. So far 

It has only been seen ' bound with its antlquartc into the T family 

of aenon resonances. There are some indirect indications that thia new 

heavy quark has charge - -?> They are the smallish coupling of the T 

to lepcons (r + - (1,3*0.4) k.>v ) , the rumoured small branching ratio 
+ - e ft" of T •* u u , shaky arguments about the relative production rates of T 

and V In hodron-hadton collisions, ' and speculative calculations ot the 

aext charge"- ? quark nans in the context o* grand unified gauge theo-
71 72 tlea. ' We will henceforth assume that the fifth quark, has charge 

- •y and call it b or bottom. 

Ve know quite a lot about some weak interactions of these fermlons. 

The following left-handed charged weak Interactions are by now completely 

classical 4 6: 

* o , *-*'«» c ) L " - ' v T-) ^- ("-) ^ - < ! » 
l L " L " L 

Recently es tab l i shed but apparentLy qui te r e l i a b l e a re the left-handed 

charged couplings ' ' 

/? [D largui 0 «(J) « I j (JJ) « l i ( lj dominant (2,6) 



At the present Line there i s no good evidence for the existence of any 

right-handed charged currents* The following arc excluded at anything 

approaching unit t> G_) strength: 

- ^ ^ ®. ! <:-); c-) E 

Plausibly excluded at anything approaching unit strength by observations 

i product 

o.' C-)t 

There lo no t ine here to discuss In depth the present status of neutral 

current phenomenology which i s admirably reviewed in the talk of 

Barnett at th is Suaaer Inst i tute . S-jfficc. to any thjt the following 

right-handed currents cannot be large: 

The following current i s strongly dlufovoured by the recent polarized cD 

scattering data 

0. (2.10) 

l o the best ->f my knowledge the following l e f t - and right-handed currents 

are not yet severely constrained by experiment! 

oy & 0. 
A* far as the neutral currents of the fermlons (2A) are concerned, ve 

Only have information at present on thonc of u, d, e , v and u a l l of 



which seem t o agree • very wel l with the SU{2), * U(I) Weinberg-

OQ the diagonal neutral currents of a, c , b , u, T and v . Me do however 

have Information on the off-diagonal neutral current d*-*s, which i s 

observed t o be o { G

F ) i and we have a constraint * on the fiC-2 transi ­

tion D *-*u which i s related to the AC-1 neutral current u**c, and t e l l s 

us i t i s a lso at most O(G_) . These small couplings ore just as expected 

to the weinbergrSalcm model* and indeed the smallacsa of the s*-*d neutral 

currant was the motivation of Clashow, Il iopoulos and Haiani (GIH) for 

physics, by causing cancellations l ike that in Che diagram of Fig. 21 . 

to 0.25. 

I t i s almost universally expected that there w i l l be at l eas t one 

•ore quark, with charge e » 2 /3 to be cal led t or top. Some reasons for 

I t * existence are as f o l l o w : 

—Aesthetics: perhaps we should paral le l the (so far) 

three 

with 

U p M n J « M „ . ( ^ . ( ^ . £ ) 

thtee quark doublets (J,) , (£ , ) . (J , ) 

Whan the primes on the charge - -j quarks indicates that they are (gen-

•ra l l ted) Cabibbo mixed, to a manner to he discussed l a t er . It was Just 

such an aesthet ic argument that led to the postulation of charm when 

only threu quarks and four leptons WUTE known. It was only ouch after 
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th i s o r i g ina l a rb i t ra ry Introduction that charm was given i raJson 

d ' e t r e in suppressing strangeness-changing neutral currents . Perhaps 

BOOc s imilar role w i l l eventually be found for t and b—a p o s s i b i l i t y 

i s CP v io la t ion which wi l t b-= discussed l a t e r in th i s l e c tu re . 

--Anomaly cancel la t ion: The above p resc r ip t ion for construct ing a 

renormallzable gnuge theory of the weak in t e r ac t ions i s Jn fact s l i g h t l y 

tnconplete. The fa l l ing high energy cross sec t ions depend on t r i cky 

cancel la t ions between d i f fe ren t Born diagrams. The re l a t ions between 

these diagrams can be upset by the so-cal led "-.nomalies" of per turba­

t ion theory which a r i se from the fermlon loops of Fig. 6. The anomalies 
29 Dust be cancelled If the s t r i c t renormal lzabi l i ty of the theory I s to 

f 2 
be preserved. Each t r i ang le diagram makes a contr ibut ion a g« ef- A° 

mentioned in Lecture 1, thanks to colour these anomalies are cancelled 

if there are equal numbers of Left-handed lepton and quark double ts . 

s - E i - l i h ^ - U . 
•S'P!)- i - i ) ) - i£ C2.13) 

Nature has so far endowed us with three left-handed leptan double ts : I t 

la natural to want to supplement the. b with a t quark so as to get a 

third left-handed quark doublet tu cancel the anomalies. However, other 

ways of cancelling the anomalies are in p r inc ip le poss ib le , and i t has 

even been argued that the requirement of anomaly cancel lat ion i s not 

to be taken seriously because I t only destroys renoroa l i aab l l i ty in 

higher orders of perturbation theory whfh are not phenotoenologically 

rolevant . 
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—Flavour conservatlt-n by neut ra l cu r ren t s : As mentioned above, AS"2 

and .102 t r a n s i t i o n s a l l s:cn to be supprc sM to 0 ( G ) . This was 

explained In the GLM chars model through cance l l a t ions Involving loop 

diagrams with chained quarks (Fig. 21). When more heavy quarks a r e 

Introduced, the cancel la t ions are no lunger automatic whatever the masses 

and couplings rf the npu quarks, unless these are chosen to occur In 

representa t ions of the weak gauge group i d e n t i c a l with those of the 

l i gh te r quarks . " This would suRgcst that left-handed quarks should 

always be in doublets of SU(2), and tha* right-handed quarks shouM 

always be in s l ro ' - e t s . Therefore, given a b quark we should need a t 

quark to pa r tne r I t . 

The above arguments are swaslvlous, but not r igorous . Nevertheless 

we wi l l assume that at leas t one new t quark I s yet to be discovered. 

Unfortunately, I know of no s t r ingen t cons t ra in t on I t s nass or guar­

antee that I t wi l l be accessible to the next generat ion CPETRA/CESR/PEP) 

of e e machines. 

What cons t ra in t s arc there on the possible exis tence of other Zunda-

aental fernions? We s t a r t with the supposedly massless nwyr lnos . In 

fac t , high energy physics does not even determine then to be massless , 

but gives upper l imi ts 

n t 60 cV , m < 0.57 McV . n < 2S0 HcV (2.16) 
v e "v "1 

and Joes not yet seriously r e s t r i c t ;lie number ci "uaFslcss" neut r inos . 

For exanple the K1 •* i'vZ branching r.it io Is expected to be 
BCK* - - : v v ) - O t l 0 " 1 0 ) S v (2.15) 



whereas the experimental upper l imit i s 6 * 10 corresponding to 

N 4 6000 (2.16) 

In time a b e t t e r constraint nay be avai lable from the decays of heavy qq 

vector mesons. One can estimat 

.r<v..z°^, . - 4 T ^ ( ' - " . , ! • ! . ' «»)' <'•»> 
r(V * Y* * e V ) 64« V e ' ' q 

q 
* 0.2 * 10~ 8 x n* « H for B - T (2.18) 

V v q 3 

For the jfi, a guessed l imit of 1 on the quant i ty (2.18) implies that. 

N u < 5 * 1 0 6 . However, the r a t i o (Z.I8) I s 0(10~ 2 ) for niy % 30 CeV, 

so that a sens i t ive search for the decay toponium - w should be very 

in te res t ing - One way to do I t may be to look for events of the form 

e V - ( t t ) ' - ( t t ) + Tifl 

*-* nothing 

There are however much more r e s t r i c t i v e cons t ra in t s on neutr inos 
89 than (2 14) and (2-18) If one accepts the standard "big bang' cosmology. 

Very l i gh t neutrinos would have been produced in great profusion during 

the big bang, and would now have slowed to being nonrelat lvi&tic i f thoir 

masses were not exceedingly small . They would then contr ibute tc the 

mass densi ty of the Universe and cause i t s expansion rate to slow dovn 

cceptahly largo amount unless (uee Fig. 22) 

^ D y < 50 eV <2.19) 

which bound can be strengthened to $3 eV by considering the Jynamies of 

c lus te r s of ga laxies . If the neutrino masses obey the cons t ra in t (2.19) 

then they would have been in thermodynamic equilibrium and present in 

vas t numbers a t very ear ly s tages of the Universe when the temperature 



£ -j McV. Increasing che number of "nass less" neutr inos Increases Che 

early Universe ' s expansion r a t e , which Increases the n/p r a t i o when the 

weak i n t e r a c t i o n s drop out of equil ibrium, vhtch in Cum increases the 

primordial abundance of Helium. I t i s cur ren t ly believed that the p r i ­

mordial Helium abundance was -ass than 25%, ind ica t ing as shown in F ig . 23 

tha t the re can be a t cos t one more "massless" neut r ino a f t e r the v (an 

Improvement on the l imi t ( 2 . 1 6 ) t ) . 

There a r e a l so eosmological l imi t s on the poss ible existence of heavy 

s tab le n e u t r a l leptons L°. Figure 22 shows chat the upper l i j . l t on the 

mass dcnslcy ot the Universe requi res M 0 > 2 GcV which can be Improved to 

£10 GeV by considering the dynamlcii of c l u s t e r s of ga lax ies . A complete 

display nf the allowed ranged of mosses and l i f e t imes i s shown in Fig. 

24. The important cons t ra in ts on semistablo L° production come from 

upper l i m i t s on d i s to r t ions af the 3 K microwave background, and on the 

Y-ray background. W-s see that L pa r t i c l e s of a rb i t r a ry mass are 

allowed i f t he i r l i fe t imes are • 5 » 10 seconds. Ar L° with a roughly 

un i t s t reng th weak Interact ion Baking i t ditca* would obey t h i s l i fe t ime 

cons t ra in t i f I t s mass were i 0(1) KeV. Hence the cosmologtcal con­

s t r a i n t s on massive i;»utral leptons are not r e a l l y very useful except In 
90 models where some se lec t ion ru l e impedes t h e i r decay. 

Lot us now return to high energy physics t o see che cons t ra in t s I t 

y ie lds on the possible existence of -'cry heavy fermlons (e i ther neu t ra l 

or charged, leptons or quarks) . Such objects could ha'*e an Indi rec t 

cfic^C on our Low rncrgv phcnonenoloRy. One i>uch effect 1B on the r a t i o 

of Intermediate vector boson masses. ' In the simplest Welnberg-

S.iMm model with only 1-1/2 Silggs doublet f i e l d s , there Is a 50roth 

http://lij.lt


ordeT p red ic t ion : 

TMs predic t ion gets rer.cr=alize<i by ar.y sas?iv« f e r r i e s l?c? :t? t e ; r=e 

This apparent success of t>.e ' - ! T Kiggs assU27:J ~a leads cc i r . .eres: i r .g 

constra ints on =. ani 2 , , Tut example, fcr a lector. : : jble*. v ' ; h = 

the l i= I t s C - - 2 3 > i r r l y 



SJV the i : 

fcraion! 

Veinben 

fe micas with s a s s < 100 GeV and excluding 

•-'.zzs with larger s a s s e s . 

e * cac - .^aesthetic aspect of very heavy 

-fi T.S Higgs p a r t i c l e s In the naive 

:vs strongly In te rac t ing if a- i s au f f l -

: c r ie r per turbat ioc theory v io l a t e s p a r t i a l 

"leptt I . : TeV (2.26) 

vpp*: ' 

•-;* .-:' bcuni s t a i e s cr e ther nonperturbative e f f ec t s . 

: night i:-.terpret the values (- .26) as plaunlble 

•.-;.?. =3fi>es, Encash there i s nc rtgoroualy logica l 

:;h s t re.;:: ly - in te rac t ins fe ra iens . 

phencsse: 

d i rec t evidence en heavy fcraions to rhe 

identifying then in future high energy 

* ct these are s t rongly suggested by 
4 , J " The decay sodet* and 

; ;hi> ;'racew?rk cf conveotional veak-

. CC?1 In terac t ion ideas AsBusing 

iw v , .on \~ with a oa»s tn the 

7s.it"' has calculated the diagraas 

http://7s.it%22'


of F ig . 7(a) and found the dcccir.an:: d-cay sodes 

BO" * e " v e v x ) : 5 ( r - - . "v . - . ^ rSO" - ?""_•. -^ :5C-. - du-..):S(-- * scv ; > 

i 1 :* : ( | t.- \\-.:~.t2 '.? ?) (2.27) 

the laptonic decay nodes "i — e ' :.t -ini "• -* ;. ~. v. each have branching 

TMttOB a IDS and should therefore be i d e n t i f i a b l e . C*a the other hand, 

exclusive ?eclhadronlc decay nodes such as \~ - T •., or ;~v, should each 

hxve branching ra t ios <2", which vould therefore be very d i f f i c u l t to 

de tec t . In contrast to the t , the drsir.ant sesihairor . ic decay sodes are 

expected to fce o i l c tp ro rg , as exemplified hy the l a s t two branching 

r a t i o ! in the set (2.27) . For suf f i.-ier.tly heavy heavy leatons with 

• u s e s KIO CeV, these =u lc ipa r t i = le sir^ihadtoni; decays should show up 

U two J e t s - A passible sigr. j :ure for '. '." production—vhieh has the 

cross sect ion 

o(eV * X* * *V) ~ ={—} • ~ - C2.28) 

would then be a lepton (froa or.e l e p t m i c decay) plus t v ; j e t s plus 

a iss lng energy fros n e u t r i n o s . ' I t seess l ike ly that such an object 

could be found In e e" co l l i s ions if i t e x i s t s . 

2.S.2 Heutral lepcons 

Heavy neutral leptons are expected in aany theor ies , and even in 

the Weinbcrg-Salaa aodel doublets l i t e 

(?). O - C-) 
Ctnaot yet be excluded. ' Lever l imi t s en t h e i r sasses core 

froa the absence of K - E e ^.--jy, wu.ich t e l l s us that =_ 0 •» 0 .* vev. 

tapro\ed lo«er H o l t s on - E o"-l l " l ' v C £ ^ c - r o= : .v 7 decays. An object 



right-handed e-E coupling 

"" 2^ I E o r ^E 0 " S " " w a n d a 

left-handed e-E° coupling (2.29) 

One can also produce pairs E E or M y.v 1- e e co l l i s i ons through a 

d i rec t chasiifll 1 as ir. Fig. 26. In the '-'einberg-Salaa sodel , soJSive 

left-handed neutral lopton pa i i s would be produced with c r i s s s ec ­

t i o n s 9 8 

c(eV - rt°, = i , s[ , I f l* ,„ , ( i4 ) . (: sin2

 V i ) 2 ( i 4 l 

for E « of (2.30) 

The croaa sec t ions C.r.9) and (2.30) exhibit the l inear r i s e with s 

c h a r a c t e r i s t i c of the poin t l ike four-fcraion in t e r ac t i on (2 .1 ) . They 

i r e ra ther s n a i l for tne SPEAR.'DOSIS gc.ieiation of e *~ saeMn.es, but 

would be s u b s t a n t i a l a : the highest PETRA/PEP energ ies . Thus one would 

have 

c ( e V - v^ l 0 ) - 0 ( j ^ ! r f e V - / r * ) « . 3 1 ) 

ind 

= ( e V - E°E°) -. O l j ^ : : ( « V • w V ) (2-32) 

for beas energies -. 15 to 20 JeV. At higher energies near and beyond 

the Z° pole (cr poles) the r a t i o s i2.31) and (2.32) would be 0 (1 ) . I* an 

M° e x i s t s with a sa -s o: a few CeV, v is ib le CTOM sect ions for bp - M +X 

http://saeMn.es


CPUH be e j e c t e d :Vr TilX- . 

s e c t l w s for e? - * s->: ar>- : 

B U S energies • $ •! liX1 .-•?'.' ; 

As for £ de;sys, -•'< : 

GeV the decay b ra - ; ^ i - c r a : 

B i s 6 * * " e* 

with eorrespcr.dir.; '- X. ' X : 

(2.27) one w- i l i als.- i»x?*;: 

Us) 

The decay =cdes v.:.). 1 ' --T-LJ '.-.ivt ;-. JVJ.--.£T i s : i ; j i j r . j iu res ' . i te e_ : ' tsal 

s ta tes with I««- i n v j r i j - : ~.\-± " -. 

e -

The decay acies vI.J- ' 1 vie'.d :'-;' e s j i ^ i - ; - : ; f p o ; : -- a 7eai. :.= an in­

variant aass i i * t r i b j : : . r e" - ^.3:: :r * ' ~. V?.: .-r:-7.j:e'.v, _ l s r e=; i.T.ed 

ea r l i e r heavy heavy IOJI .T.S - : : > ^ ; V I.C vc-.- ; - .s l l exclusive s « i -

hadronic decay =odes, *.• *-.-'• .% re.i'v - . ; r : '-„> ii::.^y.; :.- : : j ; i . i.-vr.. 

Possible si$?.i:-~resm'f : .-T sir.clf " , -d_ . : ; . - - v-%" - . !"" v.-t'.d be 

(e »~? £i=al s ia ies *•::- :hi : J ? ; - . : 7 _- -.r.-.-j .1 : ' . - r - j r i - rackvjr i 

aayaEStry, uitr-. the <• - ; .- ' . ' .-~t 'ir:: . .--'. 1 •.:•..• .IT i:_- irj'--' rt.-ai.2d : swards 

i\0. and wish :.-. e V :- .VJ: . ,-•: T I ; ; ^ .I< -„•• : . .-A-d j'r.-vt- j -d as ind i ­
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as subsequently confirmed by i ^ e r i m e n t . If ve ROW include t quarks 

l a Che loop the equation (2 .45 1 factor 

*? oc -» . . *\. ̂ Ay»^ * ̂ fcp i. H 
t C \ C/ . 

The phenomeaologlcal success of the formula (2 .45 ) , and the face chat 

presumably m > 7 CeV s ince otherwise coponium vould have been seen in 

the pp •* u u " + X experiments, gives us a cons t r a in t on 3 ^ ; 

»2 * 0.1 i f n t < 7 GeV (2.47> 

Once aga in . I t seems phenomeaolagtcally t h a t t h i s generalized Cablbbo 

angle cannot be such l a r g e r i n magnitude than the o r ig ina l Cabibbo angle , 

though there 1B no fundamental underutandlng of t h i s fac t . 

Armed with the cons t r a in t s ( 2 . 4 1 , 2.46, 2.47) uc arc now in a 

pos i t ion to make some educated guesses about the decay modes expected 

(or bottom and top p a r t i c l e s . I t i s general ly f e l t l ike ly t h a t heavy 

quarks i n new hei-vy mesons w i l l decay e s sen t lo l l y as i t they vo te free 

In to l i g h t qqq combinations as in Fig. 28. These r a t e s can then be c a l ­

culated by Scaling up tbe p-decay formula 

Km- /mixing\ /phase space\ / . o l m . , \ 

™ * «.w *£? • (,:sj • (ff^r.J'M °-w 

From tbe weak coupling o a t r l x (2.39) uc ahoy Id an t i c ipa te 

rft » ctX) % (4+°l * 2 s 2 s 3 c o s A ,U , , M . 
rtb^Tu+Tt * I 7p 1 ™ 

where we have used =k, "̂  5 G c " . m •*> 1 GeV to estimate the phase apace 

suppression factor 0 ( 1 / 3 ) . Assuming, as I s consis tent v l r h the 



constraints (2.44) and (2 ,47 ) , that 

•§ + •!• 2 V 3

 c o s * * 45) 
and using 6j **• ^ j , we obtain from foraula <2.49) the general expectation 6 5 

that 

Thus the dominant decays o£ botton part ic les should probably bs co 

charmed part ic le s . Analogously co (2.49) ve find for cop part ic les cbM 

ret * s+* ( a 2 + B 2 + 2 s 2 s 3 cos 5) W 

for a randomly guessed n -v 12 CoV. With the constraints (2.44) and 

(2.47) I t seeea probable that 

r<t •* s+x) ' ' l z ' 5 Z ' 

though th i s may not be the case If m Is c lose t o i t s lower U a t t of 

7 C«V. 

From the expectations (2.SO) and (2.52) I t seems very l i k e l y ths t 

s u l t l p l e cascades of the farm 

T -*- E + X 

L*C + X 

t* S + X C2.53) 

could v e i l dominate the decoys «f heavy quark mesons. At each atag« la 

the cascade, the uaittcd system X may Include an («v) or (uvl pair , 

probably each with a branching ratio 0(10 co 20)S. (This comas from 

counting lepton versus coloured quark degrees of freedom, and the belief 

that nonlcptonU decays of heavy quarks arc not strongly enhanced. * ) 

Thn cascades (2.SI) could therefore yield spectacular uult i lepton s igns-

tures In ncutrinoprodurtion or c e annihilation. 



I t i s a l so worth thinking what the ' i fe t in ie of a top or bottom 

p a r t i c l e might ht. Usini; the standard formula (2.48) and mult iplying I t 

by 5 t o take account oi All the possible semileptonic and nonleptonic 

decay notice, uc find 

T(botton) * l & - 1 \ ' ( s j + s * + 2 s 7 « 3 cos fi) i 10~ 1 3 sec (2.54) 

if ae use the bounds (2.44) and (2.47) . Tills suggests that bottom par­

t i c l e s may UJC long enough to leave de tec tab le trucks in emulsions or 

high resolut ion spark chambers or bubble chambers. How long could the 

bottom lifet ime be? It the KM mechanism i s responsible for the CP 

v io l a t i on observed in the K -K system, then as discussed in grea te r 

d e t a i l l a t e r 

s 2 s 3 Bin 6 n . i o " 3 (Z.5D 

This gives us a very weak, lower bound 

s\ or s \ » 10* 6 (2.56) 

which combine J with (2.S4) suggesri; ttiot the botu>D l i r * t imc should be 

< 10 seconds. On the oLlicr band, the KM mechanism nay not l i e at the 

root of the observed CF v i o l a t i o n . In which cane i t becomca i n t e r e s t i ng 

to look for longer-lived bottom p a r t i c l e s . Indeed, i t has been sug-

exclu-ta the existence uf any heavy tiadrons with t • 5 « 10 sec and 

a product ion r r m a Ki-rtton at. large .is that of the T In 400 GcV proton-

nucleus ca l l t r . tm\s , as would be expected lor botton p a r t i c l e s . 1£ the 
-12 bottom l i fet ime in 2 10 s ec , as In pe r f e r t l y consis tent with a l l the 

cons t ra in t s mentioned above, ihen experiments to measure i t a t e e 

machines become Imaginable. 



What about tlw pr".!ueiicn »i new heavy quark par t l i les? The three 

moat promising eiecb^nlsrs umild seen to be : 

Production In vN c o l l i s i o n s . The prospects here arc unfortunately 

not very goud, Urguly ber-aus'-v of the s-vv\ c cons t ra in t s <2.44) and 

(2.47) on the ttLxlW aiijiljs. Tlicsc liaplv that at present energ ies , 

where the re is a threshold suppression of heavy quark production, one 

probably ban 

"" * o ( l ( T J ) (2.57) ifSSft ""' 
so the to ' .al cross sect ion wi l l not show an effect and one must look for 

d i s t i n c t i v e s lgnatu iea . These night include d l lepton events , with one 

lepton cor.in« froa .1 v.vjcade jc.-ay (2.53) and having lnrgo p T because 

of the 1 irjju energy release in "he dtcay --r t r l - or t a t ra tup ton events . 

Unfortunate]}, these probably nrcir—l .-cause of (2.57) and the less - than-

totaL a c c e p t a n c e of ptvsitiL n ^ t r l n o sn i f t e r i ng apparatuses—at observ­

able r a t e s 

Present experiments arc perhaps sens i t ive t o the r a t e s (2 .58) , but moot 

observed 3u events seem to have a r a d i a t i v e o r i g in , and the two 

published t e t r a l cp tan events are d i f f i c u l t to a s ses s . 

Production In cN c o l l i s i o n s . One expects the production of heavy 

quarks to be r e l a t i ve ly snai l at low Q , but that tha sen of heavy c.q 

pa i r s should gradually build up as Q increases , with d i s t r i b u t i o n s 

approaching SU(f> symmetry as 0" - " . The evolut ion of the heavy soa 

can be estimated in QCD using evolution equations of the form (1 .20 , 

1.21) correspond Ins to Fig. 9 (b) . Idea l ly , one should include in 



these equations the f i n i t e nass of the heavy quark. Neglecting i t , 

one finds production cross sect ions for c and b quarks in high energy 

ep co l l id ing r ings which are several 2 at low X, being within a factor 

of 2 or 3 of the SU(f) syr-'.ietry p red ic t ions . 

Production in e o c o l l i s i o n s . The s i t u a t i o n here i s aost favour­

able* Gincc the production of heavy quarks i s expected to be 

i<3e « o<* c"*u+ii") above threshold, and there oay be a threshold enhance-

aent because of aw analogue t f the :i(4.03-^.16) Just above charn threshold, 

unfortunately, even SD(f) syraoctry does not give a large increase in che 

cross sec t ion , or large signal-to-background r a t i o . One finds 

I 

£; % 10 
3 

A. 
+ 

L 

1 
3 

9X 

R -3 L _ •> _3_ % 277 
' t o t a l a" + if 

which makes the experiaental locat ion of a new threshold n o n t r l v l a l , 

and ident i f ica t ion of nakej top or bottom p a r t i c l e s very d i f f i c u l t . 

Several ways have been proposed for finding d i s t i n c t i v e t or b s igna­

tures . One of them In suggested ' by the expected dominance of 

t [or b) * nil dcrnys, t-Mch should populate top or bot toc neson f i na l 

States with 3 very embryonic " J e t s " for each b or t , oaking a t o t a l of 

6 embryonic " j e t s " in an e e -* t t or bb f inal s t a t e as In Fig. 29. It 

Is very unlikely that those nuHlp le Jetd could be diser.ian^l^d except 

if one were at exirenel'-' !>:gh tnorgies and the •: quark =.iss "Cre very 

la rge . Close to threshold, one would oxpeec the hadronic f ina l s t a t e s 
93 to be e s sen t i a l l y I so t rop ic , ra ther l ike phase space. Above threshold 



• would expect this isotropy to fade away gradually, so chat for the 
53 mot , , 

• I - I . . i ' Q " 
heavy 2 

<2.fi0) 

vhere Q_ I s the heavy threshold energy as sttovn in Fig. 30. One could 

l u g l n e locat ing a new t t " ) threshold by doing a r e l a t i ve ly coarse energy 

»C«n looking for a Jucp In the fraction of events with h t g h sphe r i c i ty 

which should pe r s i s t sooe way above threshold. Once tho general loca­

t ion of such a threshold had been found, one could do a raore conventional 

fine scan. /. J i s i l a r idea could be used to enhance the s i g n a l - t o -

bacK^TOtind r a t i o for heavy q<j f inal s t a t e s by naklng cuts in sphe r i c i ty 

c r acoplanarf ty . Suppose you onkc a standard spher ic i ty ana lys i s 

of e»ch f i n a l s t a t e and ident ify she three I ' iginvalues \. ( i - 1 , 2 , 3 ) of 

the sphe r i c i ty tncsor: 

\ { : V, > \ i (2.61J 

jot may then define quan t i t i e s 

(2.62) 

for which different classes of events have the following characteristic 

values: 
Ji llr^ 

sphere •? 0 

circular disc 0 0 

2 jets 0 I 

phase space *0 )*0 
it Is apparent froo C.6J) that (Q'-j-C,) is a "joticlty". 



vbl le Q. I s a measure of acoplanar i ty . One could Imagine se l ec t ing 

heavy q,o. events c i t he r by making 3 " j e t i c i t y " cu t , or by an acoplanar l ty 

cu t , or by some mare soph is t i ca ted combination of the two- To see how 

t h i s procedure might work In p r a c t i c e , I have taken the d i s t r i b u t l j n a 

In Q3-Q5 "*& I n Qt measured by PLUTO in the e e~ continuum close to 

tbe T, *ad compared then with a phase space Monte Carlo to laiole bb 

•vents i*» Pig. 31, Clearly the d i s t r ibu t ions are very d i f f e r en t , and 

I t appears chat one may make cute : 

7/8 of bb survive 
3 * z ( 1 / 4 of 2 J e t continuum I l " 8 ' 3 1 ( a ) ) 

survive , , . , . , 
<Flg. 31<b» ( 2 ' 6 4 b ) 

, j 7/8 of bb 

( i / 3 of 2 j e t continuum 

Xhui i t seems that the bS signal-to-background r a t i o may be enhanced by 

a factor of at l e a s t 3 by su i t ab l e cuts on the spher ic i ty eigenvalues. 

Another t a c t i c oay be t o s e l ec t s ingle or mul t ip le prompt lepton 

If oae uiea the cascades (2,53) one has 

2 * C2.«S) 

where chsra i s expected to be the dominant background, uhl lc f i na l s t a t e s 

with • e " , or 3 or 4 leptono could only coae from bb product ion—unti l 

the t t threshold i s reached. Such t r i gge r s suffer froa ,-vo de fec t s : 

they knock down the event r a t e by a factor of 5 to 10 for each scmi-

leptonic decay, and i t i s d i f f i c u l t to reconstruct an Invariant mass 

peak when ees t l cp ton ic decays ar« involved. 

Before leaving the subject of bS production, ic nay be worthwhile 

to point out sone Intr iguing aspects of b aeson decays which would cast 



strong l i gh t on the va l i d i t y of the KM 1 0 2 aodel and CP v io la t ion . 

These topics arp treated in more de t a i l in the ta lk by M. K. Gai l lard 1 6 

at t h i s Su=#r I n s t i t u t e . The subject of K c-K° nixing has been touched 

on already, and Is expected to be large in the GW-KM oodel, as 

obaerved exper lncnta l ly . I t I s expected that D°-D° nixing should be 

very s o a l l 0(t0~ to 10~ ) . since I t 13 sens i t i ve to n rather than 

O , and coaus fron diagram which arc Cabibbo disfavoured by comparison 

with the dominant c - s+X decays. In the case of S°l= bd) - B°( = bd) 

oeson n ix ing , alxing Is expected to be Intermediate between that to the 

K -R and D -5° systens . The relevant nljeing parameter Is 

(2.66) 

where the s ens i t i v i t y to O Is i n t r i n s i c to the aodels while the precise 

nuober in the denooinator i s rather uncer ta in . Since o > 7 GeV, Eq. 

(2.66) t e l l s us chat probably 

D°-D c oixlng < B°-B° nixing < R°-K° nixing 

and t h i s could be the only route to a phenoncnological estimate of n 

before the c is found. Kir'i^ would yield 

e V - B°B°X , B°B+X , B°B~X , B°B°X (2.67) 

f inal s t a t e s , whose prf .ry decay leptons could give l ike-s ign e"e" s i g ­

na tu re s . Unfortunately, these could also ecoe frc=» cascade decay con­

fusion, though th i s =ay be reduced by Baking a su i t ab le iepton ooncntuta 

cut : pr luary leptons should be harder. 

Since tne KM aodel has in te res t ing r e su l t s for CP vio la t ion in V. 

decay-, It i s natural to ask about i t s implications for botton oeson 



systems. In the case of K° and D° tnc-son decays, the KM model gener­

a l l y reproduced the predic t ions of the superweak theory, ' with the 

usual, CP v io l a t i ng parameters 

l c K l . | ' D i * 0 ( Z s 2 s 3 a in 6) * 2 » 10~ 3 (2.68) 

<B foreshadowed in £q. (2 .5b)- The model a l so p red ic t s a very small 

neutron e l e c t r i c dipole moment, £ 10~ cm and much smaller than the 

)e B l % tan 21 » l t f 3 (2.69) 

Thus Che CP v io la t ion could be subscanttol- A c h a r a c t e r i s t i c s ignature 

for i t would be 

o ( e V ) i o ( e V ) (2.70) 

in any region of e" phase space. The expected magnitude of the effect 

(2,70) i s s trongly dependent on the valuca of the mixing angles and 
120 . ttt> s ince bo 

large e f f e c t s . 

The bottom may not be " j u s t another quark" but may yield important 

insight i n to the great unsolved problem of CP v i o l a t i o n . Hoybc tha t i s 

why we need the f i f th and s ix th quarks, which a f o r t i o r i I s why we had 

the th i rd and fourth quarks and the rmonl 

3, The Intermediate Vector Bosons 

3.) Introduction 

He now turn to that most charavtpr ls r lc aspect of gauge t h e o r i e s , 

the Intermediate vector bosons. He t i l l he primari ly Interested In 

t he i r Spectroscopy and couplings to elementary fcrmionx, but as was 



eaph&sizcc' in section 2 . 1 , the study of t> c l r In te rac t ions among them­

selves i s .ilso vc-y Important. This i s , a f te r a l l , tad feature chat 

should make them gauge bosons ra ther than Jus t any old intermediate vec­

tor boson?. Ife w i l l s t a r t off by sumaarlzing the masses and v i d t h s one 

expects for charged and neu t r a l vector bosons in 3 general weak i n t e r ­

ac t ion model, but w i l l ottoa use for I l l u s t r a t i o n the Weinberg-Salaa 

model with s i n &,, % 0.20. This i s the value found to the l a t e s t Inclu­

sive VN nnd polarized eD experiments. I t leads to ra ther higher 

masses and widths for the U~ and z° than one hod previously grown used 

to contemplating. After reviewing the i r p r o p e r t i e s , * ' we wi l l 

then move An to discuss how the V~ and z may be discovered in hddre-n-

hadren c o l l i s i o n ? , which seem l ike ly to give our f i r s t glimpses of 

then, We wi l l look at backgrounds as well as cross sec t ions , uslnft ^s 

a guide \bc scali'-brcoklnR and d i f f e ren t i a l cross sect ions expected on 

the bas is of QCO. Then we wi l l study H" and Z° ef fec ts In en c o l l i ­

s ions . * " I t w i l l t r ansp i r e tha t these are not the best way to 

produce tin.1 vector bosons d i r e c t l y , but they allow une to observe weak/ 

electromagnetic Interference e f fec t s In regions of large Q where they 

are 0 (1 ) , One should be able to see c lear de r iva t i ons t roo the po in t l ike 

four-fcnnlijn we-;ifc in t e rac t ion , and see the e f f e c t s of the f i n i t e boson 
j . QV 121 1̂ 2 

masses. Next we wi l l turn to e e~ cxper laen ts , * ' ~ discussing In 

ps r t l cu ln r the dramatic Z° peak. uLth i t s prodigious event rote end the 

oppor tuni t ies vt affords for prec is ion weak In te rac t ion s tudies and 

analyst": i f ra re iltvAy*. The f i na l sect ion wi l l examine phenomena away 

fri-m the "-° peak, including In pa r t i cu la r the reac t ion e e" - U «" . • 

which .if i - r J s n unique opportunity to bcc the g - i w t l ieou' tfc cancel la t ion 



of diagram.* at work. The important p o s s i b i l i t y of seeing the t h r e e -

point couplings between vector bosons wi l l he mentioned. 

I t v l l l be clear that while hadron-hadron co l l i s ions offer the 

moat immediate prospects for exploratory experiments tr find the W~ and 

Z°» de ta i l ed s tudies of them w i l l only be poss ib le with e c machines. 

3.2 Proper t ies of the Vector Bosons 

3-2.1 Charged ibosons 

If we assume that a unique pair of. charged voccor bosons H" i s 

responsible for the observed charge-changing weak In t e r ac t i ons , then I t s 

decay -fidth to *~u l a e a s i l y calculated to be 

- • 9 J * T(W - e 5 1 * — (3.1) 
c 6n /I 

If we assume that a l l other tensions occur only in left-handed double t s , 

thai decay ra tes are simply re la ted to (3.1) by 

r(H" * e " v e ) : r o T - ( T e r r o r * T'^y. 

rcw" * du):r(w~ •• s5):r(w" •* dc):r(if *• sc>:r(H" - bt) 

fc l : I :I :-v3 c o s ' e ^ a a i o ' o ^ t J s i n 2 ^ : ^ coa 2 D c : t .3 (3.7) 

where the fac tors of 3 come from colour, and we have neglected the gen­

era l ized Cabibuo angles e* a n d ey l f t h e r e a re N_ doublets of quarks 

and lepcoas. each with the sums of t he i r masses <SL, then I t l a c l ea r 

that the branching r a t i o 

"<«" * «"V * 4 ( J - 3 > 

and the minimal "known" three doublets of everything would Imply 

BEW" * e"« a> % B(w" - w"vw) * - ^ (3.4) 



In order to f ix the mass of the \T vc w i l l assume the Weinberg-5slaa 

model in which 

If vs take th.i Incest experimental value of s i n 2 a % 0.20, then we find 

Oy* % 84 GeV (3.6) 

Armed with this mans estimate we return to £q. (3.1) to find that 

r<W* * e"D ) b 330 HeV (3.7) 

while Eq. (3 .3) Implies that 

1*0!" * a l l ) % 900 !)„ HeV (3 .8) 

and the n-Lnltsnl f *3, 6 quark, 6 lepton Bodel would have 

TCH" * a l l ) % 2.7 GeV (3.9) 

Thin In lntrlgulngly wide no th*t one begins to wonder whether I t s width 

can be measured oxpcrisentally In hadron-hodron or e e" c o l l i s i o n s . 

Rotlcc that according to high energy physics., T(V" •* a l l ) could ba larger 

because of the paltry H a l t (2.16) on the number of 'feasslett" neutrino*, 

and the lack of any other H a l t s on the nuoher of snaalve fervlona In the 

auaa range <BL,. Life would Indeed be Interesting If th>. V~ had too n u l l 

a leptontc branching &ode (3.3) to be detectable! 

3.2.2 Heutral bosons 

it i s by no scans unlvci y accepted that a unique Z boson i s 

responsible for the observed neutral current phenomena. so let ua 

adopt a f l e x i b l e paraaetv-lsaf TO of the Z -t~J Interaction 

, ,1/2 .gyvc^' 



<3.m 

Zn terns of the vector (y„) and «xtal (a«) couplings so defined, the 1° 

decay vldch i s Just 

r a » * m ) S . _ ^ _ r £ (»f«J) + aE (v2«2j| «-'» 
24/2 ii Llepcous quarks ' ' J 

12 In the Welnberg-Salaa model the couplings are specified as follows: 

*e " *» " "r " " 1 - » . " " , " *t " " • * * s 1 " 2 ew 

« u - l • » » • » 

'» * *C " *t " ' • »U " VC - "t * ' - f " l o 2 »W 

*« • *. • s • - l > vd • v . • vb - - ' * t " ° 2 6» J 

Inserting cheee couplings Into Eq. <3.1l) we l • 'the following total 1° 

decay rate: 

r « ° » all) * — — J (l + (l - 4 oin2 » B) 2) » + 2» 
24/? a I' ' * v 

I. j(l f (1 - f .in2 ./) «ifi 

* 3(1 + (l - y Bln! I (3.13) 1 /"-1/31 
where we have been agnostic about the numbers of parc ldes of each type. 

If we assume s lo fly % 0.20 us before, we find Che relat ive decay rates 

r«° - v»)ir(z° - iVl i rd" •• uujircz" » d3) 

2:1.0413.(3:4.67 (3.14) 

To go further, we need Co esclmace 0 _ 0 . It Che Welnberg-Salaa model only 

has I>l/2 Klggs mulclplets, then aa diacoaBed in Lecture 2 
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and present data on neutral current cress sec t ions suggest that the 

nans formula (3.IS) Is correct to within (1 ± 2S>X- Taking sin e u %D.20 

as before Chen yields 

a^ \ 94 GeV (3.16) 

which I s ra the r higher than the t r ad i t i ona l guess * of 80 GeV. We then 

see froo £q. (3.13) that 

r(Z° - e + e~) % 82 MeV (3.17) 

and froo Eq. ( 3 . U ) 

B(Z° * e V ) ^ j i - (3.18) 

Correspondingly the to t a l Z° decay width 

r(Z° - a l l ) % 900 ND MeV (3.19) 

and If there are the t r a d i t i o n a l minimal 3 doubluts then 

B(Z° * c V ) 4 iX . T(Z° * a l l ) % Z.7 CeV (3.20) 

Notice that In th i s case we rea l ly do hj-'e to worry about the number of 

"mas9less" neutr inos since the Z wi l l decay Indiscr iminately i n to a l l 

of then. If the cosmologlcal bound 0 i s d i sas t rous ly wrrng, the observ­

able e e decay mode could have an embarrassingly small branching r a t i o . 

Before leaving th is secclcn, *t should be mentioned what genera l , 

nodcl-lndependent bounds ex is t an the masses of the IT and Z , Bjorken 

vas able to show on reasonably general gauge theo re t i ca l assumptions that 

BL^ should be within about 202 of the Weinherg-Salam value (3 .6 ) , while 

o,o was only constrained to be <200 GeV unless noro s t r ingent assumptions 

were Bade. Gauge theories generally seem to l ike to have their vector 

boaon masses In the range up to 200 CeV. To my knowledge, the only Ind i ­

cation that they real ly should have th is mass sca le cooes from the 



which would cone somewhat unstuck i f the boson masses were as high as 

the u n i r a r i t y l i m i t . I t seems t tuc a conservative hadron-hadron exper i ­

ment t o search out vector bosons should have s e n s i t i v i t y up co a..*, n - 0 

"* 200 CfcV. On the other hand, the phenomrno log l e a l successes and 

aes the t i c economy of the bas ic Weinberg-Salam make a gamble on a "2° 

factory" e e~ machine with SO or 60 GeV energy per beam look l i k e a 

reasonable b e t . 

3.3 Production In lladron-Badron Coll is ions 

To e s t l a a t e the cross sect ions for V and Z° production In hadron-

hadron co l l i s i ons we wi l l use a cautious approach. F i r s t ve w i l l derive 

conservative "lower b o n d s " iron the CVC and scal ing hypotheses, than 

ca lcu la te the cross auction 'jsing a naive partem Drell-Yac mechanism 

which incorporates these two assumptions. F i n a l l y , we wi l l use QCD to 

ea t lna tc the effects of sca l ing v io l a t i ons , and the p . d i s t r i b u t i o n s 

which are expected to be ra ther broader than in the naive parton model. 

In order to produce a W" or z i t i s necessary tc bring together 

t o a poin t a quark and an an t l -ua rk . But the same mechanise i s needed 

to produce a y* and hence a massive u v~ (ur e e~) p a i r , so one should 

b t able to r e l a t e Che cross s ec t i ons . The U~ may he produced by vector 

or ax ia l currents« so 

-» ' Pd„ + [VL * ['«]„ O.20 



If one neglec ts s t c and heavier quarks, then the W~ ere produced by the 

1-1 current od, and one can use CYC In Eq. (3.21) ' • obtain 

^ ° H ^ 5 l [ v ( p p ) * < I I P < I , P ) + v - < p n ) + 0 ^ ^ < p ^ , ] 

C3.22) 

Hence the u and I t continuum cross sec t ions a re re la ted by the 

"condi t ional lower bound": 

O u > > 0.22 CeV"2 v i ( ~ ( t V ) ) (3.23) 
w v dM ' i - l 

To use the bound (3.13} we oust make a large ext rapola t ion) because there 

are experimental data on pN -* I l~X only a t low values of s and H . But 

if the l t~ continuum Is produced in a po in t l ike ounror, the sca l ing taw 

*£-<(••£) «•»' 
app l ies . Using the sea l ing low In the bound (3.23) and neglecting pos­

s i b l e 1-0 contr ibut ions one f i n a l l y obtain* 

( " H ' T " Tf) ^ 0.22 Gev" 2 £ ( 0 

Aa an example, l e t us take *7 > 560 GcV, BL, - 8<t GeV In which case 

experimental data on pN * l +!~+X a t /a - 27 GeV suggest 

(°w YT * ° - 0 2 4 ) ) - 2 " l 0" 3* "* < 3 ' 2 6 > 

The above estimate i s not very s a t i s f a c t o r y , s ince i t depends on 

assumptions about the neglect of 1-0 contr ibut ions to the cross s e c t i o n s , 

and neglects production by axi3l cu r ren t s . To go fur ther , we use the 



naive parton model which enables these contr ibut ions to be ca lcu la ted , 

as well as obeying the CVC and scaling assumptions. The simple Dre l l -

?an u c o l l i s i o n mechanism of Tig, 3 y ie lds 

i j (a+b * tt*X) <= G* rff HO.x) C3-" ) 

vhere x = 2p_/*a", t s nu/s and 

HtT.x) r ^ L w ^ W C3.28) 

vhero W~h(* , a ) i s the qq annihi la t ion luminosity in ab c o l l i s i o n s : 

+ [ f t . c , . . . ] contr ibut ions (3.29) 

and **". (* ,x, ) i s defined s imi la r ly to (3.29) by interchanging quacks 

and ant lquarks . If one puts reasonable d i s t r i b u t i o n s of sea antlquarks 

Into the formulae (3.27, 3.28, 3.29} os.- finds that for BL, • 84 CeV and 

*s" •». 540 to 800 r,eV (see Fig . 32) 

a(PP + W++:0 -v. 2 * IQ~ 3 3 cm2 

o(pp -t- W"+X) -v. 1 * 1 0 " 3 3 cm2 0 - 3 : j 

o(pp •* (T+X) ^ 3 * 1 0 ~ 3 3 cm2 

la assessing the observabi l i ty of the cross sec t ions (3 .30) , one should 

not forget to fold in the branching r a t io into a detectable f i na l s t a t e 

auch as c v or u""n . which the lower bound of 1 l^pton and qu^rk. daub-

l e t s Implies wi l l be <8X. 

A precise ly analogous ca lcu la t ion to the nbove can be done for Z° 

production to ylold 

o(pp * Z°+X> -v I - 10~ 3 3 cm2 



o(pp •* Z°+X) ^ I x K f 3 3

 c m

2 (3-31) 

I D the cencre-of-mass energy *% •>. 510 to 800 GeV. The crc*» sec t ions 

(3.31) a re someuhac smaller chan Cor the V* (3 .30 ) , and the observabl ; 

l ep tonlc decay xodes Z -* e e ,u u are expected to have somewhat 

n a i l e r branching r a t i o s , <3Z for >3 lepton and quark double ts . 

The oaive parton model makes predic t ions Cor the d i f f e r e n t i a l cross 

sec t ions as v e i l as the t o t a l . Dis t r ibu t ions for the decays \T •* u*(+v) 

or w * hsdroo l e t s are a l so easy to ca lcu la te because che po la r iza t ion 

s t a t e Of the W~ i s known. Representative ca lcu la t ions from the paper of 
9 

Qulgg are $hown In Fig. 33. We see that there i s a large charge 

symmetry v io la t ing foruard-b.iekvard asymmetry in the d i s t r i b u t i o n s of 

leptons fron W produced in pp c o l l i s i o n s . Unfcrcunately, th i s effect Is 

Ukely co be very small in Z production which nay Itad zhi s cep t i c to 

question how one knows that the "weak" Z° i s being produced, ra the r than 

Just any "s t rong" vector meson V, P a n d o x i c a l l y , the cross sec t ion for 

such sn hfldron V Is expected to be much smaller than thnt for a Z of 

comparable mass, since the "chanaonlua" Zweig ru le i s expected to sup­

press T(V * hadrons) ta a few dozen keV, while T"(2° * hadrons) is 0(1) 

GeV, end the production r a t e s are probably ri*upMy proport ional to the 

had root <: decay widths. A c h a r a c t e r i s t i c at' Che naive pat ton model 

Is t i e p_ cutoff for partona, and hence che expected low <p_» for the 

produced H~ and Z . This predic t ion Is rrcsuoably t-'Tong, since the 

p_ of observed I £ pa i r s in liadtL-n-hadron <-oUJiilons scans* to increase 

With H If T ; a is Is held f ixed. Such behaviour ia expected In QCD 

(or any other f ie ld theory) t he r e the point l ike nature of the funda­

mental In te rac t ions implies <P_* - o(M) > l o g s . ' * * Field theor ies 



also expect scaling vio lat ions In the cross sec t ions . Analogous to those 

predicted and observed (Fig. 10) in deep i n e l a s t i c leptoproductiom 

Surely we would not expect scaling ' J pp * t i~+X to be sa> roaanct i f i t 

l a violated i n tp •* i+X. 

In QCD, modifications to the naive parton cross section formulae 

come from radiative corrections to the fundamental qq annihilation 

process, and from new processes such as qq * l*tq, G+q •* tffq, e t c . aa in 

Fig. 34. The Important changes in the K~ or ZD cross section are three-

chowa that the 
2 2 

leading Q (or H, + ,_) evolut-lon of the Drell-Yan cross section i s cor­

rectly taken up by this substitution: 

+ [ n , c , . . . 0 r > ] contributions C3.32) 

with "#(>tB,M ) , e t c . obeying Eqs. (1 .20 , 1.21). There are also radiative 

corrections to the basic cross section formula (3-Z8) relating H ( T , X ) to 

tCv(*»»*!,)* T W * w i l l be 0 U 8 / * > and not very Important relat ive to the 

effect of going from (3.29) to (3 .32) . More important i s the third 

effect* which la to add to the qq annihilation eubproceea essent ia l ly 

a n subproceases such as qW •* q+W aa in Fig. 34- the cross section for 

these reactions w i l l be superf ic ial ly 0(a /») or O(o / • ) , but the 

affective luminosities analogous to (3-29) may be considerably larger, 

134 at least la pp c o l l i s i o n s . In this case the density of q i s rather 

n u l l , O(TJJ7 of the valence quarks, which can compensate for the (« . /" ) 



suppression of other sutprocess cross s e c t i o n s . Tn p(> c o l l i s i o n s both 

the q and q in (3.32) can i e valence, so that the expected effect of 

these ex t ra subprocesses I s r e l a t ive ly smaller . 

Figure 35 shows a typica l QCD calcula t ion of the cor rec t ions to 

the naive parton formulae (3 .27 , 3.28, 3.29} due to the ef fec t ive q O r ) 

subs t i t u t i on (3 .32) . I t t r ansp i re s that the e f f e c t s on the expected *T 

or Z cross sect ions (3.30) and (3.31) are r e l a t i v e l y small , because far 

the l ike ly range of a,7s t h t t e I s a cross-over In the QCD scal ing v io l a ­

t ion e f f e c t s . This r e f l e c t s the behavior of the QCD ca lcu la t ions of 

Fj (x,Q } shown in Fig. 10 (see a l so the experimental d a t a ) , which i n d i ­

ca te chat for foreseeable values of Q the s t r u c t u r e function does not 

change much In the neighborhood of x > Q.1S. On the other hand, the 

ef fec ts of QCD scaling v io la t ions arc p o t e n t i a l l y ra ther ser ious a t 

larger values of m Is. This any pes*- problems for the production of 

gawte bosons much more massive than 200 CeV in the presently discussed 

generat ion of pp and pp co l l id ing r ing machines, and i s one reason why 

• low energy (Vs * 300 CeV) pp co l l ide r was somewhat unappetizing• As 

mentioned above, the other QCD correct ions to the formulae (3 .27 , 3.28, 

3.32) a re expected not co be very important In pp c o l l i s i o n s . This i * 

• e d i f i c a t i o n of the ero«s sec t ion (3-27, 3 .28, 3.32) expected In both pp 

and pp c o l l i s i o n s . He not ice tha t in the l i k e l y range of i n t e r e s t for 

• / s *• 0.01 to 0.1 tt>» modifications to cbfe oq ann ih i l a t ion formulae are 

are again embarrassingly suppressive. 



As mentioned e a r l i e r , i t i s expected tlmt < P T

> should bu large for 

vector bosons produced In QCD. Generally one expects a typ ica l ly brems-

atrahlung cross section with 

<p?>-°(f) *.« 
A typica l ca lcula t ion of ^p ^ i s shown in Fig- 37. However, i t should 

be emphasized that there I s no so l id indicat ion yet that the p_ d i s t r i b u ­

t ions of Drell-Yan lepton p a i r s seen so far are well described by QCD. In 

l ine with the discussion of growing <p_> and j e t s in section 1.5, one would 

expect that W~ or Z° production events with l a rge p_ would be accompanied 

by an opposite side gluon or quark j e t . 

So for we have said r e l a t i v e l y l i t t l u about how one might look for 

vector bosons in hadron-hadron c o l l i s i o n s . The bes t prospects a re appar­

ently provided by Z° •* a e~ or u u~ decay, where one has an invar iant 

B&SQ peak to find superimposed on a continuum background which i s expected 

to be very small. The large <p_> of the z" should not d is turb us , as 

long as «e have a detector with suf f ic ien t ly large lepton acceptance. 

Tha next sos t l ikely s ignature would appear to be w" -» £~(v) decay. 

Hera there i s no invariant mass peak to be found, but the kinematics of 

IT decay give the l~ spectrum qui te a woll-.lof ined Jacoblan peak In p_ 

as long aB the <p_> of the W~ i s not too l a rge . Figure 38 shows a c a l ­

culation of the spread of the W~ Jacablan peaks expected In QCD. The 

smearing i s not d i sas t rous , despi te the r e l a t i v e l y large p - ( 3 . "O) 

expected in QCD. The reason i s apparently -he cha rac t e r i s t i c brenss t rah-

lung ahope of the spectrum, which keeps a s iarp peak at pT"-0. Also 

shown in Fig. 38 i s o calcula t ion of the lepton background expected 

in QCD which i s two or three orders of magnitude belnu the peak. How­

ever, i t should be noticed that no experiment has ever found such J 
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nice Jacobian peak, and one could certainly Imagine ways la which the 

neat pictures of Fig. 38 could t.« Jil-jTcd. For example W~ + T (v) 

would give prompt lcptons vhii>, could start filling In the holes at 

p-."0(20> GeV\ 01 there could he large numbers of prompt leptons conlTH* 

from heavy quark decays to push up the background levels. There are of 

course features of the U decay leptone which could be used CO suppress 

background contamination. For one thing, the missing unobserved neu­

trino will cause lots of P_ to be missing, and this could t>e noticed by 

a detector vith sufficiently large acceptance. For another thing, 

plausible backgrounds would not have the charge-symmetry violating 

forward-backward asymmetry of W decay leptons in pp collisions shown In 

Fig. 33. It therefore seems likely that the H * tv or uv decays could 

also be seen in hodron-hadron collision experiments. 

Much more difficulty will be experienced with hadronlc decays of 

the vector bosonB. These should give two Jets with an Invariant mass of 

84 or 94 (?) GeV, but the background expected from <JCD Is very large. 

The fundamental q-q, q-G and C-C scattering processes In QCD give a pi 

hadron background, which vlll onInly be in the form of pairs of Jets 

vith a continuous mass distribution at a level considerably above the 

Vi and Z° production rates. Figure 39 shovs a calculation of the 

pp * Jec+X QCD background. (It also fcntur««t guesses at the prompt y 

and u spectrum which arc useful in entlniottng backgrounds to the search 

for leptonic decays of the vector bosons.) In the absence of a cunning 

trick for suppressing thr 3CD background, it seems to oe unlikely that 

the vector bosrnn will e eoe> to find in their hndronlc decay modes. 



Before leaving the tcplf of vccicr boson production in hadron-hadron 

collisions! it nay be worthwhile to remember thai the production of 

w V " or Z°Z° pairs is not totally negligible: 

otpp - W~X) " 

Some relevant graphs a r u shown In i'ig, iO, and the ri-sults of a naive 

parton cross section calculation arr shown in Ytg. 41. It seems that 

for pp collisions at Jn \ 300 GeV one might expect cross suctions 

o(pp - w V x ) v I P " 3 6 en 2 

(3.35) 
oCpp - Z°Z°X) -v 1 0 " 1 7 era2 

Given the lumlnositv 0U0 ' cm -" sec" ) expected at I sabe l l e , i t should 

be possible to detect the- processes (3.35) . I t i s apparent from Fig. 40 

that th t H U pnduerion process Is sens i t ive to the 3-boson ver tex . 

However the measurement of i t in th i s react ion seems much more t r icky 

than in e c co l l i s ions because of the large backgrounds in hadron-hadron 

c o l l i s i o n s . 

3.4 Effects in ep Coll is ions 

Let us f i r s t consider * "* the direct production of W" and Z° in 

ep c o l l i s i o n s . The most Important feyr_.au diagrams are those shown in 

Fig. 42. Production from the iepton vertex is generally larger than that 

from the hadron vertex because the hadron momentum is shared out between 

a number o( quarks and Rlnons, only oni* of which cm pa r t i c ipa t e in any 

given reac t ion . Form-; fur (lie cross svetinns are r.ittwr complicated and 

not of I n t r i n s i c in t e re s t , HO they will not be cxi.ibfted h ' ' e . l f " * 1 2 i 

In Fin. 43 ore plotted tliu cross scUJons for cp • \'W aid i>p •* aZ'.i, 

Wc see that for iffiiedlately foreseeable ecntr«!-of-ra.'isfi pnerijics for ep 

http://feyr_.au


col l id ing r ings (t\ ^ 20 to 30 GeV, E ^ 250 to 6Q0 CcV, »^ T- 150 to 200 c p 
GeV) and rf.-.sonablo V and Z masses the orders of magnitude of the cross 

sect ions are 

o(cp - vWX) •>- 10~ 3 8 cm 2 

(3.36) 
0(ep - eZX) ^ ID" 3 7 cm 2 

so that with the projected 1 0 1 luminosities 0<10 3 2 cm" 2 sec - 1) we arc 
talking about very marginal event rates 0(1) per week or day ac best. 
One asset of those reactions is that they are potentially very clean, 
with the final hadronlc state X being a single proton about - the time, 
and otherwise having a tendency to be a lightweight hadtonic system, by 
the general standards of such a machine. However, it must be admitted 
that presently conceivable ep machines offer bleak prospects for detect­
ing or studying intermediate vector bosons. 

Much wore Interesting for this clous of machines * is the study 
of indirect effects of the W~ and 1 from their exchanges, and inter­
ference with Y exchange in the case of the Z . The Q accessible with 
such a machine range up to 0(10 ) GeV , where y and Z exchanges are of 
equal order of magnitude, and one can expect 0(1) charge asymmetries or 
parity violations, to be compared with the 0(10~ ) effects detected in 
present experiments. Detailed formulae for the effects are given in the 
CHEEP report : some representative calculations are shown in Fig. 44. 
Figure i'tf.i) shows die charge asymmetry 

Slsll) y ! (3.37) 
o(e +

P) 
expected m op co l l i s ions at -:-0.25, s=27,000 GeV and varying values of V. 

The 511(21. - U ( l ) UVinbcrs-Salam ™del (,\,B), SU(2) • 5U(2) R *U(l) model (C) 



He al60 see considerable s e n s i t i v i t y to the mass of the Z , which can 

be measured Ind i rec t ly In t h i s way. Figure 44(b) shows the pa r i t y v io­

l a t i n g effect 

oCeTp) 
1 — j 1 C3.38) 

°<e-p) 

which can be expected for s imi la r values of the kinematic va r i ab l e s . All 

ca lcu la t ions *re iT> Che Ueinberg-Salam model, but with m adjusted a rb l -
2 

t r a r l l y while keeping I d e n t i c a l neut ra l current cross sec t ions near Q - 0 , 

You night wonder to what extent these ca lcula t ions are Independent of the 

strong In te rac t ion model used, which was the naive parton model. Figure 

44(c) shows the effect on the pa r i ty -v io la t ing asymmetry (3.38) of 

Including asymptotic freedom effects which modify the ijuark d i s t r i b u ­

t ions as discussed In Lecture 1. We see tha t the changes are minimal, 

Indicat ing tha t strong ef fec ts do not confuse the weak e f f ec t s . Figure 

44(d) showa a comparison of the scaling v io la t ions expected from 

asymptotic freedom compared with the apparent deviat ions from a po in t -

l ike electromagnetic cross sect ions which would be exhibited by weak 

interference ef fec ts on o£e""p) + o(e p) in a va r i e ty of trodols. Ue see 

that s t rong scal ing deviat ions are expected to be small in the range of 
2 

large Q where weak interferences arc la rge . Conversely, the strong 

scaling violation)) are big when Q < 0(1000) GeV where rho vp.ik I n t e r ­

ference ef fec ts are r e l a t i ve ly small . I t seems that QCD and weak gauge 

theory ef fec ts can plausibly be disentangled in the react ion cp •* e+X. 

Figure 45 slipws the effect on the charged current reaction ep •* v+X 

of asymptotic freedom nnd/or the f in i t e mass of the V". There it; 
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Clearly grea t s ens i t i v i t y Eo deviat ions from the po in t l ike four-fenoion 

i n t e r a c t i o n . With a luminosity of 10 cm - 2 a c e " 1 one would obta in 

several hundred events a day even in the most pess imis t ic case of a low 

H~ mass. 

3.5 The 2° Peak in e + e " Annihilation 

Clearly the cleanest and moat dramatic place to study the Z° Is in 
+ - 93 j2i 122 

e e co i l iHions , ' ' where i t iu produced alone and with a high 

r a t e . For comparison, l e t us normalize the cross .sections of t h i s and 

the subsequent sect ion to 

o = c ( e + e~ •* y* •* o V ) - * g - C3.39) 

At the centre-of-mass energy of order 94 GeV which we are in t e re s t ed in , 

o "- 1 0 n o corresponding to an event r a t e of 3.6 events per hour if 

the projected luminosity of 10 cm" sec" i s a t t a ined . The analys is 

of sec t ion 3.2.2 suggested that we should be prepared for a t o t a l Z 

cecay width of order 2 to 3 GeV. This i s much wider then the e c beam 

energy evolution which i s expected to be 0(I0~ ) of the beam energy i t ­

self , giving a an energy reso lu t ion 0(1005 MeV. We can therefore d i s ­

cuss the Z peak under the assumption 

T(Z° - a l l ) » 4 E b c a a t3.40) 

whereas the reverse s i tua t ion appl ies to the J /v and 7 hac<rofli<r r e so ­

nances. At the peak of tha resonance, the condit ion (3.40) means that 

o(e e" * Z° > a l l ) , r B(Z° •* e e~) (3.41) 



Putting In B(2 •* e c") -v. 32 as suggested In Eo. (3 .20) , we find 

g(e c * Z - a l l ) . ^ 5 Q ( J 0 ( 3 > 4 2 ) 

°pr 

corresponding to CO) 2° deca>.=/second. I t should be emphasized that 

th is ra te i s sens i t ive to the -ixlitenco of unsuspected decays of the 2 

(many neutrinos?) which could sup-<resji B(Z° - e « ) and the s i ze of the 

peak. Nevertheless, expevimeius with 0(10 ) Z° decays become Imaginable. 

This gives us many p o s s i b i l i t i e s for precis ion mL-usiircmcnCs and/or 

Studies of rare Z decays. 

Lee us Firs t discuss; the shape of to ta l e e - ff cross sec t ions 

in the neighborhood of the Z peak. The quant i ty 

where the vector And axial couplings v and v , were defined In F.q. (3 .10) , 

and the Ueinberg-Salaai values arc tabulated In Eq. (3 .12) . The quant i ty 

p appearing in Eq. (3.43) I s defined by 

%Jl no 
O . M ) 

and s e t s ihi ; i ra le for the magnitude of ut.ik intei rferc m >•: IfotLs. In 

the special c. u.i it.ai i \', .. , utf l..ivf 

R % 1 • 2v 2;, . ( , V | ' ,•' 13.15) 



If ue neglect I" and assuroe c-y universa l i ty 

In Eq. (3 .45) , \ 1-- defined by 

\ . i>m̂  - ^ ( 3 . « ) 

In the spf.cLdl c.ise of a » 94 GeV correspondIn?, to s in 0„ •= 0.20, the 

expression (3.44) implies thaC u_o =fc 0.39. The cress section r a t i o (3.45) 

go-io through a minioua when 

"2 K D / ( v + a > 
In the Weinberg-S.?las> nodel with s i n ' Gy - 0.20 t h i s occurs ac *£ - 29 

GRV. The value of ft at the minftauni Is 

. 3, 2,2 o.w> 

Unfortunately, .f s in t} y * 0.^0 so that v - 0 . 2 , Che oinlnium value of R 

i s 0.99B5, which mi^ht be d i f f i c u l t to disentangle fron 1. Houtver, 

Eqs. (3 .45) , £3.48) and (3.4'*) qhow that the shape R of the cross s ec ­

t ion i s in pr inc ip le sens i t ive to the r a t i o (v /o [ . figure 46 shovs the 

behaviour of 8 for soae representa t ive values of thu vector and ax ia l 
u * 

couplings. The Wolnbcre-Salam model with ( _} and ( ' - ] doublets vould 

have a-fl, which would ce r ta in ly make the R. p l o t i n t e r e s t i ng ! 

Another neasurenent of in t e res t is the charge v io la t ing torwurd 

backward asyx^viry. In central one has, neglecting . " , 

• n2 l%*'V"'f'"'l' "+,-'»a2s> + 8V.. vr V " " ] | °"' 



where x wan previously defined In Eq. C3.47). The integrated asymmetry 

/ do -f do 

i s read i ly calculated from Eq. (3.50) to be 

!»KVf * V e ' l V l 
f [<i-'v-.Wt*-.)(«H)J 

There i s bound on A, from the combination of L_"0 and 1 i n i t i a l s t a t e s : 

KI 5 f 0.53) 

and a nonvanishing effect c lear ly requires a , a f i> 0. If we f i r s t 

spec ia l i ze to the low energy CABF. where only the Cera ILtietr in X i s 

re ta ined: 

- %'. H c a f 

Since |a | - | a f | - 1 fotr a l l tensions in the Woinberg-Salam model (3 .12) , 

i f we se t 

X - (ml - S - % 0-07 (3.55) 
s-n_ 

(3.54) that 

|A I % I O I , \K A % 7 i 

u ' o , c , t 

with the differences being generated by the differences In the quark 

chargeB. This type of asymmetry measurement may be a goad vay of get t ing 

a t the weak couplings of the s , c , . . . quarks which were to t accessible in 



n e u t r a l current experiments to data (c . f . s ec t ion 2 . 2 ) . The asymmetries, 

get more exc i t ing closer to the z° po le . Specia l iz ing to u Ji" ue have 

from Eo. (3.52) 

A . i , <•' + » y ' l ) , 3 « 6 1 % 2* / 2 2 2 2^\ U , w 

' ( l + 2 x v ' + X (V +a ) ) 

uhlch goes through a minimum a t 

0.57) 

(3.51) 

«J 1 + {om£)(aZ+3«2) 
where it attains the value 

For eosparlson, the value at the peek of the resonance la appraxlaataLy 

while the asymmetry is a naxlnum at 
s I <3.«0) 
«i| 1 - {P4)(O Z-0 

Where 1c attains the maximum value 

»„-+! «•«> 
For o r i en t a t i on purposes, the values and pos i t ions of tho asymaatries 

(3..S7) t o 0 . 6 0 ) have the folloving values in the Helnberg-Sala aad«l 

with s i n 2 0 H * 0 .20; 

A t t i n « -0.6*) .it •£ - 78 CeV 

APeak M W A X a t ^ „ 9 U C e V 



A™'** = -K>,75 at -s = 118 CcV (3.62) 

In Tiz- 47 vi- plotted 9 3 generic curves of the asymmetry A £3.56) for a 
fixed m " 83 CoV .ind ,iti interesting collection of v and a couplings. 

A third closs °i" interesting measurement:! at and ni-.ir the Z pole 
concerns polarizai ion and heliclry-dependent effects. IE we first con­
sider the case of unpolarlzod e c bea-iis, the dependence of ihc cross 
section on the helicity of thu iinal state fermion fs of the form: 

d'eos G " °I ' hf°2 

. 1 do(c c - ff) tcf. Eq. (3.i0)) and 

- -,[vfaf(0V;j(]W9) + 2 V e(aJ+v^)c, 

with the mean fermior rielleity 

<h f> = -<hj> - ̂  i H £(6,a) 

The dependence on I n i t i a l e' beam hc l i e i t y h is 

do,(h + ,h~) 
O-h h )al + (h -h )o. 

- a. ( 1 - h V ) + (h -h+)H f(0,s)J 

(3.63) 

where a and fi. arc obtained frort 'J and H respectIvely by the subs t i ­

tu t ions (a ,v ) — ( a f , v ) . Tlit; Integrated average l innl i i tate form.'on 



h e l i c l t i e s from unpolarized beams * 

I t I s c l ea r the f inal s t a t e fcrmlon h c l l c i t y i s sens i t ive to the product 

a v at low energies , and a f v - close to the Z pole . A sample plot of 

(3.67) for the mean u (or T h e l i c l t y ) i s shown in Fie . A 3 . 9 3 Unfortun­

a t e l y , I I :he Weinberg-Salam mgdel with sin 0 = 0.20 i s c o r r e c t , the 

average h e l i c i t y Is rather s n a i l . For example, i f we spec ia l i se to the 

forward d i rec t ion cos 9 = +1 to maximize the e f f ec t , 

HW" - r ( S , c o 3 0 B + i ) - . *yv[i + *<°Yz 3 r n T <3-68> 

which becomes 0.13 on the resonance peak. ITicre 13 a s imilar effect on 

the cross sect ions of the i n i t i a l s t a t e e lec t ron h e l i c i t y , which i s 

dependent on a „ v * at low energies and a v near the 2 pole. Since the 

v , are not necessar i ly small In the Welnberg-Salam model with s i n 8 

= 0.20, unl ike v , measurements of the dependence of cross sec t ions on 

I t s e H . 

One reaction vo have not discussed tip co now is e c -• e c » where 

there are crossed channel exchanges as well as the direct channel y and 

7° diagrams. We are used to the differential cross section for this 

reaction being sharply peaked forward-backward because of the crossed 



channel Y exchange, in the neighborhood of the Z re.waar.ic th i s as va­

ne try nay be sharply reduced- Y.oxz d e t a i l s can be found ir. sect ion 3 of 
+ - 93 

the CEECi e e repor t . 

Detailed neasureacnts of the Z peak v i l l be useful f : r several 

things besides measuring s i n ' 5 to 3 decimal p laces . For exa2?le. a 
Q1.02 

detai led measurements of n_ 0 enables us to excluie very sa- ive :t?raion$, 

as discussed in section 2 .2 . On the other hand, a precise seaewrenent 

of the v id th of the Z° peak or of the height ( 3 . - 1 ? . .-oahir.ed wi;h a 

determined search ftr nassivc feraions v i th masses <•£_.,•,, car. t e l l us 

hew iiany unobserved neutrinos there are . We sho-jld therefore be a i l e to 

c lear up fermion speccroi-.opy as well as boson spectroscopy. The pos­

s i b i l i t y of precise ncasurccents with 10 2 decays shc-jlc er.abl-'1 -as to 

probe weak radia t ive cor rec t ions , which =I?h; for o .as - le ei'-'o us a 

look at the effects of very nassive Kirgs systems. " As for rare Z~ 

decays, one in te res t ing p o s s i b i l i t y i* , C - Higgs • " • { _ . . .. r e e } . 

which looks to .« a pronising way of scanning ;c r nt»u:ra? iiigss f i r t i c l e s 

with masses up to 0(50) CeV as v i l l be discussed in lec tvre i . •>.« eight 

hope that the decay Z° •* V~eTv or .. v voulo be a good way of Irckir.E : or 

s ingle V production below the M V thresholc . Vr.fartur.ately, the decay 

r a t e 1 2 5 

r ( z ° - v"c + v) f i d" 7 G.-v {3.651 

which nakes tht> prospects lock bleak, even with 1"' 1° ce;;.y c^7or:~.e^:s. 

Even above res-onance the e c" - - e . crosr s e r : : : r . is ur.±~-T.',izi?.i'.\ 

s n a i l , being 

(« V * W%+-,) = O{10" 3 7 tc 1 0 " 3 6 ? c i : 

for i s •. 110 to fii CeV 

http://re.waar.ic


It see=s :'-.a; r;.e b. . ; ; pr?spi»cts for W production wi l l be above the 

pair ?rc^o;;. .-r . :r.rt?>.-lJ . :o vi-.i;h wc* turn In the next s ec t i on . For 

the =o~er.:, •-•£ j - s i r.cte that e 0 experiments are a source of 2 pro­

duction and dueays which enables studios rrany orders cf Bagnicud<: ciore 

The M X : aost obvijut ly in te res t ing reac t ion beyond the Z polo i s 

W V pair productior . . '" ' " ' This react ion i s a showcase for gauge 

theo r i e s , s'.r.oe ; : enables one to search for , and hopefully observe, the 

cance l la t ions between dirferi 'nt crested and d i r ec t channel exchangec 

vhlch a re needed" : - r the re - . c raa l l cab i l i ty of the theory. The d ia ­

grams u i v c l w i should b*1 thi* d i rec t channel y and Z°, and the crossed 

channel r.eutr::-..' i r j j . - s s ib le h^avy "e;ton .^changes In Fig. 49. In 

p a r t i c u l a r , or.*' -r^'.i '.;<c to see evidence for the archetypical 3 boson 

i n t c r a - r :.or., c-.:her •.- i~c : o r s of the >» '»' vertex which should have a 

speci f ic value for the anoz.ilous =acnetic ncoent, or in the forn of the 

j W " vertex I t se l f . A -JS«:-J1 study of th* e^e" * w"V reac t ion has 

been =ade by Alias, 5oy Lr and aarr . is , *" who eaphasi ic that the gauge 

theory cancel la t ions a:e important even q^i te clcse to threshold . 



vfaere the F ace usotul V.iflB~-"ic cosbinatior.s 

r3«..) ^.(.^j^r^r^Vfi-f-^) ( 3 . . 3 , 
The definitions of various quantities appearing it". Eqs. C3 - "2) and (.3.73) 

are 
2 

a .ZS. t g - vl-i. , L - Ln ~ ; , K 2 - =£ - *-| • ccs * (3.74) 

Medication wi l l reveal that M_ i s sharply peaked forward-backward, while 

T «ad Z exchanges are r e l a t i v e l y i so topic . When we in tegra te ( 3 . 7 0 over 

the sol id angle •" to j e t the t o t a l cross sect ion we find 

»uV - wV, . ->] _ ! £ • - . , - £ = „ (3.75) 

where correspomii! 



0,- 16 - 32 -- - c — * - ^ U-2a) * a(l-2a> - +?¥- (3.77) 
' ' 3a' a 

Getting It all together we finish up with 

• I t V - w V > -?-^| (K2a+2a2) | - f 
2 sin" v„s I 

szH-2sl,,\.|, , 
* "2 V> " ' I 1 3-TII-.--"J 

Z 

<4 (3 s i n ' s - l a i n 2 5 * l | s 2 , , 
* — i - 5 - 5 - ^ (1+20.4-12.*) 

4 8 ( s - ^ ) 2 e 2 I 

(3-781 

In Fig. SO we have : l o ' . " -v= ' 0 r ' e ' e ' - K \ - " ) free Ec- (3."S) for eo=e 

( ra ther la rge) values = : sir' -.. ar-.i (rafher seal ' . ) values of a.^.-. We 

See that the crass s e c t i : - hj:- a rather neat peak about *0 CoV above 



threshold , of height 0(10 ) as which could be observable given a 

n v t l c cancel la t ions e re exhibi ted In F ig . 51 , and are very s igni f icant 

even qu i t e close t o threshold . Therefore we any hope t o see the famous 

gauge theory cancel la t ions even a t low cent re -^f -oass energies *s < 700 

CeV. The neutrino exchanges cause the W w' angular d i s t r i b u t i o n to be 

s t e rn ly peaked forward-backward even r e l a t i v e l y close to threshold . 

exchange effects because they are required by gauge theory to have simi­

l a r s t r u c t u r e , but even the determination of the y\i U~ ver tex would be an 

i n t e r e s t i ng nont r iv ia l check of gauge theory ideas . 

Another in te res t ing react ion i s :ha process c e" - 1° + li iggs, 

which aay be a good vay of producing Higgs p a r t i c l e s with aasses ,-bpvc 

50 GeV, and i s more background-free than the Z° - HigcH + t*£~ doeay 

node mentioned e a r l i e r . This reaction v l l l be discussed in more de t a i l 

in Lecture 4. 

Mention should be made of the reac t ion e e~ •* Z Z c ' . in the 

standard nodel , t h i s only proceeds by lepton exchange in the crossed 

channel. U U therefore lca-i in te res t ing than e e" * W «", *ince i t 

does not give us a window o i the .1-boson ve r t ex . However, the cross 

sect ion i s quite btg close to threshold (see f i g . $2), ,-uite l i k e l y 

being os large as for e e •* V H~ around /& •> 200 G*V. In t h i s react ion 

uoeCul for comethlng? 

I t would be nice t 3 measure the 4-boson ver tex , p*ihaps in the two-



4. The Funtiy Fara 

4.1 Introduction 

This l a s t lecture wil l be concerned v t t h various aspects of gauge 

theories which are nore controvers ia l than the topics discussed so fa r . 

Host of the lec ture wi l l be devoted to Higgs bosons in soae form or an­

other . As was oophasized in the introduction to Lecture 2, the renor-

m a l l l a b i l i t y of present gauge theories of the weak i n t e r ac t i ons " ' 

depends on the masses of p a r t i c l e s being generated by spontaneous sym­

metry breaking. S.T '"ully * i t i s f3c to ry way has ever been found of gener­

ating nasses by soxe dynamical mechanists which does not invoke elemen­

tary Kiggs f i e l d s . Furthermore, a l l r e a l i s t i c spontaneously broken weak 

in t e r ac t i on node Is have a t l e a s t one Higgs boson remaining in the physi­

cal spectrum. For example, the simplest SL'(-), * UO) Weinberg-Salao 

nodel has j -ne physical neutral Higgs boson if the symaecy i s 

broken by j u s t one l n S mul t ip le t , and there are addi t ional charged and 

neurr.il bosons if more than one n u l t i p l c t ia used. I t therefore seems 

very Important to do experioental searches for Kiggs p a r t i c l e s . Either 

they wi l l be found, in which cane the spontaneously broken gauge theory 

p ic ture w i l l f l r . ' l l y be confirmed, or if they do not ex is t t h e o r i s t s 

wi l l have to t o t a l l y rethink the i r iucas . Much of the lec ture w i l l d i s ­

cuss empirical and theore t ica l cons t ra in t s on the simplest Higgs system 

in the Weinberi,-Salan nodel, and possible ways of doing experimental 

searches for neutral Hlgfts p a r t i c l e s . 

T'l'i-e wi l l a lso be sr .- discussion of nore complicated Hlggs aya-
142 

terns, including possible charged bosons. One poss ible modification 
of ch? Higgs systco which has a t t r ac ted much i n t e r e s t recently implies 

http://neurr.il


143 the existence of a verv Iir,ht pseudoscalar Higgs boson, the axion, 

•Jhich would play a role .n preventing QCD fron having a strong source of 

CP violation. In its slnplest forn, the axion would be very light with 

a mass < 0(1) HeV, but this possibility now secna to be phenonenologically 

excluded. ' '" However, a more sophisticated, massive, axion 

could still exist. A search for it then becomes rather like the search 

for a neutral Higgs boson discussed earlier. 

The last parts of the lecture will be concerned with such ^ore 

speculative aspects of gauge theories. One possibility present in sone 

gauge theories was the existence of a magnetic =onopole, with a raass 

0(1) TeV. The phenomenology of conopcles is rather anusing. Unfor­

tunately, chey are nat present in tne Weinberg-Salam nodel, which is 

Just as well since there are cosnologlcal arguments that exclude mono-

poles of the simplest type, as found for example in the Georgi-

Clashov model. The Weinberg-Solan may possess other types of "extended" 

stmctir—. on a scale of 1 TeV or core, but they would not be strictly 

(topologically) stable. These include rotating duaib'-bells and vortex­

like solutions of the field equations. It is not at all clear 

whether such things do exist, or if they are stable even if they do exist, 

or if they are observable even if they are stable. But their existence 

would certainly make life interesting. 

In the rest of the lectures, we have been relatively conservative 

in our theoretical models, only considering ncdels that unify weak and 

clectrc-u-ignctic interactions. However, we should clearly keep in clnd 

the possibility of unifying them with strong interactions. The last 

part of this lecture will discuss this inspirational topic, 1 5 2 , i s : 



focusing in pa r t i cu la r on phenomenological t e s t a of th is grand un i f i ca ­

t ion concept, For example, the proton i s generally unstable in ^rand 

unified t heo r i e s , and may have a l ifet ime within a fnw orders of magni­

tude of the present experimental l imit of 2 x 10 years . ' While 

not s t r i c t l y speaking a weak intL.aet ion at hig ) energies , an exper i ­

ment to re f ine *h- U n i t on t h i s fundancntal quant i ty seems an encour­

agingly offbeat note on which to f inish these l e c t u r e s . 

It.2 Hlggs in the ^einborn-Salan Model 

As was mentioned before, gauge theories need fUggs bosons i f they 

are to Incorporate masses and remain ronormalizeble. Indeed, i t has 

been shown that from analyses of the Born diagrams chat Hlggs p a r t i c l e s 

must not only be present , but must have in t e r ac t ions with fermions, 

bosons and each other which are e s sen t i a l ly those specified in a spon-

caneously broken gauge theory. In the Weinberg-Salam theory one needs 

a t l e a s t one >*a Higgs mult iplet H = ( H 0 / to give masses to the fermiona 

through couplings of the form 

*„ > 1 / f, (4.1) 

( r eca l l tha t right-handed fermions are SU<2) s i n g l e t s , while left-handed 

fennions are 5U(2) doublets ) . As emphasized in Lecture 2, the apparent 

success ' of the neut ra l current ra te predic t ions resu l t ing from the 

r e l a t i o n (2.20) strongly suggests that the vector bosons a l so get r^ost 

of t he i r masses £ron > S Higgs. Ue arc therefore Jed to contemplate 

spontaneous 3V=raetry breaking by I- 1! Higgs alone, and the simp' s t pos­

s i b i l i t y i s to use jus t one n u l t i p l c t . In th i s case the Higgs system 



has Just 4 degrees of freedom 

« = (£)• s--(T) «•» 
Uheo the neu t r a l Biggs acquires a vacuus expectat ion value v : 

a ° - — (v + H + ifc) (4.3) 

ftOO Che o in lsua (Fig. 53(a)) of j tiiggs po ten t i a l of the fvra 

V(H) - u2 H+H + X<K+H)2 : u 2 < 0 
£4.4) 

* > 0 

3 oE the BlggS degrees of frecdro (•i.2), namely H*, H~ and 8 , arc eaten 

by che V , W" and Z° respect ively co become t h e i r longi tudinal po la r i za ­

tion s f . t t s , while one degree of freedOD H i s l e f t over as a physical) 

neut ra l Biggs < 

vector bosons: 
2 m I 

where % I s th« non-Abellan S'J(2) se=AveaK coupling constant . The W W H 

and Z 2 H couplings ace fixed to be l a rgs ; 

Zû j 2m_ 

S W V H - ~v~ ' gZOZ<>H " ~v"" t 4 * 7 ^ 

On the Other hand, the fin couplings arc generally s s a l l 

^ » fH°+v) ff K f ? H (4.8) 

isplylng tha t 



which i s s=a l l as long J S -.. i s tn t?-e range of present ly known feroiioa 

masses. Sone of the implications of Ceraiens with very large cusses " 

were discussed in sectio: . 2 . : . 

The parameters of the po ten t ia l (- .4) a re s iaply r e l a t ed to the 

value of v : 

Av2 - -u (4.10) 

and the r e s u l t i n g physical Higcs nasn i s 

njj - - 2 - , ' (4.11) 

Zt i s apparent that not.e of the for=ulac ( i . 4 to 4 . t l> give us any way 

of fixing By, which : . p r i o r i t o t a l l y unknown. I J I t 0(m.) « a ,? or 

Otfiy) l ike other bosons? or » a .̂* 

There are sose theore t i ca l censidcr j t ions en the Higgs boson oass 

which cone fro= considering rad ia t ive .:orrections "* to the HiBS-s poten­

t i a l ( 4 . 4 ) . Effectivelyi they give a lower boumJ to the In t e r ac t ion 

t e n , which by an analogue of Eq. ( i . l0> far the siopLc In te rac t ion 

gives l a tu rn A lover bound on the Higgs m s s . The extra p o t e n t i a l 

t e r a has the fora 

«i<p • -4^r f 3 ,? . =?-] <?*-?'3 l ! , ( ~ r ) < 4 , 1 2 ) 

and deaandlnfi tha t the gAwge sycrwiry brvak spontaneous ly to the nlnimua 

value of the cosblned po ten t ia l ( i . i ) , (A.12) as in Fig. 53(b) y i e lds the 

boundt 



where we have neglected the ft—tor: c ^ t r i b u r i o n in Eq£. (4,12 and - . 13} 

implying 

, 3 « 2 | 2 + s , c 4 - ) 

H 16^G s in S K 

iftieh for s i n 2 3„ * 0.20 i s 

0^ > 7.1 GeV (4,15) 

This bound i s in t e res t ing ly r .on t r iv ia l , but soce cautionary remarics 

should be code. The f i r s t i s tha t the bound disappears i f there i s any 

fermion v i t h aass OfsOi because the fenaions contr ibute to (4.13) v i t h a 

minus s ign. The second eooscnt i s that i t i s not s t r i c t l y necessary that 

the Universe oust l i e in the lowest possible vacuus. If one allows for 

the Universe to have chosen a nonninimal value of the Kiggs p o t e n t i a l as 

In Fig. 53(c) , and desands only chat the l i f e t i n e for quaat ia-aechanlcal 

tunnell ing to the lowest vacuua be greater than the age of the Universe 

4.10 yea r s , the bound (4.15) i s great ly relaxed, to 

r u •> 260 SeV (4.16) 

bound (4,16) a t ta ined only i f the early Universe i n i t i a l l y had enormous 

lepton number L ^ 10 B. If there were no such large asyassetry, one would 

recover a bound of the sane order as (6 .16) . I t therefore s^eis tha t 

observation of a Jw-aas s Hisss boson with a noss in the range between 

(4.16) and {-AD would be cosEologically fasc inat ing! Before leaving 



the subject o: the rad ia t ive correct ion bound ( A . I i ) . i t should be em­

phasized tha t i f cherc are icore than one !='; " tegs n u l t i p l c t , while the 

bound ( i . 1 3 ) would apply to one of the neutral l(li;>s p a r t i c l e s , sone of 

the others could have lover casscs . 

In view of the above resarlis, i t sceas re.ihOiisblo to ask for empir­

i c a l cons t r a in t s on the existence of leu—aass iiiggy bosons. The most 

subs tan t i a l phenooenological bou.ids are 3 independent arguments t h a t 

m. > 0 (15 to 20) KeV. One i s the absence of l igh t sca lar Klggs bosons 

produced ]n 0 •* 0 nuclear t r a n s i t i o n s , which exclude RL. < 18 MeV. 

Another i s the absence of Hi&gs exchange e f f ec t s in neutron-nucleus s c a t ­

t e r i n g , vhlch suggest that o_ i s probably >13 HaV. The th i rd i s nuonic 

a ton X-rays , which a t one t i ne shoved -inaaali<>s which could be explained 

by the e f f ec t s of exchanging a Hi£gs '•J-n M S S 0 (10-20) MeV, but which 

have pcru becone completely canonical . 

The three empirical cons t ra in t s above a l l cone from nuclear physics , 

and r e f l e c t c h a r a c t e r i s t i c nuclear energy s c a l e s . One might expect some mare 

s t r ingent r e s t r i c t i o n s on the r a s s of .he Higgs to cose frws high energy 

physics , but t h i s does not seen to oc the case. The c loses t high energy 

physics cones seeas CO be l a K decay, where the branching r a t i o 

B<K+ - r* + H) i. 0 (10" 7 ) (4.17) 

was estimated for SL. • 0(a„>. and there i s an cxpcr ioenls l upper l i m i t 

B(K+ - * + + H) 8<» - e V ) < 0.4 x 1 0 - 7 (4.18) 

for 140 MeV * c„ < i^0 StoV. Only Hig^s p a r t i . Jcs in the nass range up 

to 210 MeV are expected to have a subs tan t ia l £» 10.'.) branching r a t i o 

Into c + e~ (see the next sec t ion) , but i t seor.s th .u the bound (A.18) i s 

noc even su f f i c i en t to ru le out UO Kr-v < By •: ia . . 



There a re soxe t heo re t i c a l arguments ** ' against the e x i s t ­

ence e>£ a very heavy Biggs boson which, while not r igorously excluding 

the p o s s i b i l i t y , emphasize the problem involved. As in the ease of 

missive fenaions discussed In sect ion 2 .2 , the point i s tha t Higgs p a r ­

t i c l e s become strongly in t e rac t ing i f they a re very t u s s ive , as i s seen 

lDDedlotely Croc Eqs. (4.10) and (4 .11) . Veltcan in p a r t i c u l a r has 

suggested that Che Higgs nass should he l e s s than the value which makes 

per turbat ion theory break down. This vould requi re 

ind Tl 

wave onalysis fcr WW, ZZ and HH sca t t e r ing and concludi? that p a r t i a l wave 

un i t a r i t y i s violated by the Born diagraas unless 

"H *%^'* l ( T e V ) 2 < 4 ' 2 0 ) 

If tho Higgs nafifi t r ied to exceed th i s value, presumably per turbat ion 

theory would not be appl icable , but probably soae so r t of complicated 

bound s t a t e would drop out en a eass scale £ l TeV, One might expect that 

the s t rong in terac t ions of the Hlggs p a r t i c l e s would have some dramatic 

lover energy nanl fos ta t ions . Unfortunately, no exasplc of t h i s has yet 

been found, because the Higgs ef fec ts arc always shielded by the r e l a ­

t ively s a a l l f?H or '»VH couplings. 

In vie-.* of a l l these inconclusive remarks about the mass of the 

Biggs boson, eve;: '•.:> the r e l a t i v e l y t igh t ly constrained Wc.nberg-Salam 

eodel, i t behooves us to consider alnosi any poss ible mass, and look for 

the Higgs in nany different p laces . V« therefore tu tn to possible future 

experimental probv-t. 



4.3 HlgRS ?heno=:i-iwlocv 

4.3.1 Decays 

Before discussing experiments to find a i:ig£s bnsjn, perhups vc 

Should E i r s t think about what we should look to r . The decay nodes of 

r e l a t i v e l y l i gh t Higgs arc simple to deduce f^-, Eq. (1 ,9 ) . In genera l , 

the favoured decay node for a Biggs with rcass -Jir„, wi l l be into the 

heaviest ava i lab le feraion pa i r as in Fie. 54(a): 

T(H - ft) *» ~ r

L 

4/2 • Ti 1 - ~V .colour ' (4.21) 

Thus cc decays should doninatc H decays in tlio ~iass range 4 GeV < TX, 

< 10 GeV, with t T decays suppressed by a colour factor of 3, Between 

the top and botton thresholds , bb decays should doninatc by a factor of 

0(10) conparcd with cc decays, ami sv ••T\. The s i t ua t i on i s leas c lear 

for l i gh t Higgs p a r t i c l e s , because the i1^.--k-|i.irton model cannot be used 

to estimate the hadronic decays. But estiiiati-s support the naive guess 

that strange p a r t i c l e s wi l l doninate tf decays in the nasa rang« of 1 to 

4 GeV, while in f inal s t a tes should dor.Iiute for 2 ^ < m^ < 1 CeV, and 

n u decays for 2~_ < EL, < 2m • Htggs masses below the u y threshold 

owy be somewhat academic in view of the rvearks of sect ion 4 , 3 , but i t 

la possible that H -* >t tl'.roueh v i r t ua l •i-raii ,n and Sv-.on loops as In 

Fig. 54(b) could be inpertant for ITL̂  .- 30 MeV, with II * e e" otherwise 

doDlnating when r. > 2m,. A co-pendiu- "" ot Jii-.-ly ilif.gs branching modes 
160 

for I MeV < a . * 100 GeV i s sho'.Ti in r i p . SS. lii»avv llitT.s bosons would 



decay Into WW or 2 2 p a i r s : 

r<H - wV) \ 
"B I , 2 , to? A — , 

> - ^ i t * l 3 »--t . ,«) (4.22) 
r(H - Z°2°) t ' ' ' U - 2 ' 

"a ' 

vbere x £ *%/°u o r in^/iC respec t ive ly . 

The l i f e t imes for Higgs p a r t i c l e s which result: from these ava i lab le 

decay nodes a re portrayed in Fi£. 56, becoming unobservably short 

10 • sec > T a » 10 " sec for 2o < a , < 100 GeV. The dominant boson 

pair decays (4.22) of heavier Hig&s bosons push up cheir decay catec co 

becose comparable with thei r oasscs when cu -̂  I TeV. This corresponds 

to Che strong in te rac t ion "bound" (4 .20) . 

4,3.2 Production 

We now run through a se lec t ion of possible Higgs production mcch-

161 

Vector aeaon - H+v 

The r ad i a t ive decay (F'.g. 57) of a heavy qq vector meson, say T(bb) 

or the forthcoming toponiuo tc in to a Higgs p a r t i c l e has a subs t an t i a l 

broaching r a t i o : 

(4.23) 

where F(OL./III j Is a known function which is quite well approximated 

by 



For cu •- ~z,, the foraulae ( i . 2 3 , -,.Zi> yield 

r/,. ^ .•. -, I 3 y 10" J for T 

r(V * ^ ^ J I 3 * 10 - for t t if mt - 15 GeV 

Putt ing in the expected branching r a t i o s 

MT -* i /V> -. 37. , B(tt - - A " ) v 83 (4.26) 

we find the final branching r a t i o s 

I 10~ 4 for T 
B(Y - Hi-,) % (4.27) 

I 2 * 10 for t t if m t - l j GeV 

These branching r a t i o s ( i .27) are qui te premising, and suggest that the 

decay V - K+-y nay be a good way of looking for Higgs bosons with masses 

up to the as yet util-.novn eass of the t t bound s t a t e . 

Z -> H + l* C 

This can proceed through the dlagran shown in F ig . 58, where the 

U M pair are produced by a v i r t ua l ?-, and the r e l a t i v e l y lar^e 3 Z H 

coupling <i.7) Is being exploited to se t a reasonable branching r a t i o . 

BJorkt;n 1 Z 2 has calculated the decay ra te 

' 1 _ x + 1 2 + 3 Z X " 

n«* 

i s i n ' s , , cos^a,., / n£ 
2 

—*~ as a function of m„ 
r c z u - y V j _ 5 

iec that tht r e l a t i ve decay r a t e Is ; "* • ID *°* 

; i.0 CeV. TdKi-.'j: the hranchinc t io for Z° - _"r'-~ to be JX gives n 



to ta l branching r a t i o 

3(Z° - H . V ) > IO" 6 

(4.29: 
or V.c e 

for OJJ < 40 GeV. This should be accessible if one really ca^ do experi-

nentS with 0(10 ) Z° decays, as seeded possible (section 3.51 with a Z° 

factory, 

Another decay vhich aay yield Higgs at a r a t e c o ^ a r a b l e to ( i .29) 

i s Z * H+T, which veulc" proceed via v i r t ua l fer^icr. and '»•"" loops. Ar. 

order of aagmtutie calcula t ion suggests chat B{2 - H+"r) •- 10 a l s o . 

e V • Z°-+ti 

This i s the cor.plener.t of che Z° - H+y v~ r eac t ion . Again one uses 

the large Z°Zt>H coupling ( i .7 ) to brecss t rah l a Higgs. The only d i f f e r ­

ence i s tha t the process is nov Z* - Z-tfl instead of Z - Z*+H as in Fig. 

60. The cross sect ion i s 

' K V ^ X fl-isir."r 
2 4 W\ |s -== | 2 / rin-^./l-si: 

where K Is the centre-of-nass =oaentu= of the Z or H. 

The cross sect ion for e e" » Z0+U r e l a t i v e to the QSD iCe^e" - -*-") H ; 

C3.39) i s p lo t ted " in Fig. 61 for a range of centre-of-=acs energies 

/s, and values oi EL The "error bars" on the theore t i ca l curves repre­

sent the uncertainty lr. varying sin"" ?.. fro" 0.22 to 0.29. -o see that 

a t <s -v 200 GeV even a HigL.s o: sass close to 100 GeV ;ouId V<: rroiuce.i 

with a cross sect ion _;10 "' c;.", -arrespcr.iimg to 1 ever.t.dav JT a li^:i~ 

nosity of i0 ~ ra ~ s ec" ' , furthermore, the event w i l l be r e l a t ive ly 

"clean" and easy to pick out using a Z t r igger . 



?.? ' K*X 

Three possii •1c- Hie, 

high energy hai r ; :n-r.Jir; 

where t>.e J o= ;= a : 
'.: p toi : 

l l s i ons - and : :r.c R 1 K 

161 loops. Caica! . a= : o» s 

c (P? - H-X) J 

rc iu i t ic r , r.ochanisss have been proposed for 

: l i . s : o a s . F i r s t there i s a s i r p l c pp » ft+X, 

on =e;hanisa i s probably via glucn-gluon coX-

ggs-CC coupling i s estimated using v i r t ua l quark 

tions (see f i g . 62) indicate that 

) " 3 5 c=~ for Ky < 30 CeV, 

T1) > 400 GeV (4.31) 

depending so=evha; how =any quarks are pot into the loops. This cross 

section ce r ta in ly viel-is a si=eabie event r a t e at a oachine l ike I s a b e l l a . 

Unfortunately, i t i s d i f f i cu l t tc think of a s ignature which would enable 

the Hi£$s event.-, ca be separated froa the l ess interest i i . ' s events . One 

possible way of solving th i s problem i s to look, for pp -*• Q+^+tt+X, where 

Q ia Bo=e heavy quark, anJ tha Kiggs i s brecss t rahled froa the haavy 

quark l i n e , A naive order ai magnitude estimate " suggests that the 

cress section for pp - b+b*K-!-x s ight be comparable to (4 .31) , and the 

presence of ne.v.-v c.-.\rk pa r t i c l e s in the f inal s t a t e might serve as a 

useful s igna ture . A s t i l l be t te r s ignature would cone froo the r eac ­

t i o n 1 6 " U " pr '•'-,- FP> - '«'' or Z°-rH+X. Ca lcu la t ions 1 " (see Fig. 63) 

indicate '."ut 

.-'.? ? - «~ or Z* + X) 

for =y K re'." ar.c ;-p co l l i s ions at -^ » SCO CaV or pp co l l i s ions at 

."s » 5-T JfiV. The : :L 'SS sect ion i i .331 s i^h t well be access ib le a t 

I sabe ' . lc . ->r..-. tr-.t '«* : r r* cculJ prcvido A signature through decay leptons . 



In t h i s reac t ion the dominant uiaera=: i s l i k e l y to he that where the 

Biggs ia brer*;st».'.hloo lies, the exchanged '- l i ne * as in Fig. 64. 

For l igh t Higgs anc neutrino energies vhich arc not 50 large chat V" 

propagator e f f e c t s are i epe r t an t t 

- 10" 6 * E (CtV) (4.33) o(v+S - :+}*-<0 , 
o(v+N - -*X) ' 

The cross sect ion r a t i o (4,34) i s probably too low to be usable, given 

the absence cf a d i s t i n c t i v e tiiggs decay s igna ture . The saac re=arks 

«pply to high energy ep co l l id ing r i ngs , where the Higgs cross sec t ion 

To stasaariEe the above discussion, i t seess chat the nss t promising 

sources of the basic neutral Weinberg-Salaa Higgs boson say be (in order 

of increasing t . ) i ? decays, topor.lus decays. Z decays, e e •* z +K, 

with pp •* K~ or 2° * H as Che l e a s t unpromising a l t e r n a t i v e to e e~ 

col l id ing bean experiments. 

4.4 Mora Ce=plicau-d Migjrs Svsteas 

4.4*1 Charged HIRES sa r r fc les 

If the -einberg-Sal.13 =cdel i j radified very s l i gh t l y to include 

Btfre than one 1=-'- Higgg z u i t i p i e t , then only one coablnatlon of the 

charged Higgs f i e lds ( ; , , ; , , . . . ) can be eaten by the V , and the rega in­

ing cocbination ur .-c^iir.ations wi l l show up as physical charged sca la r* . 

There i s c o n s i d e r a t e izecior. to adjust parameters, but one would expect 

a general c j r r e l a t i ^ n cf ::.e Hirrs couplings with the masses of the 

fe ra iens . Thus i r jv . r t s r t deciys cf H+ - j gh t be H* - ? ~ . . . c s , t b , 

e t c . , depending un in* =JSS> 0: the K . An invariant sass peak in a 



co-b ir,« t i or. i?:0 v c : ! : be i . r . r e s t i n g ! The cross sect ion for producing 

H.V pa i r s .:'. e V c ] : : , : c : i i-. j u s t 

/ • 2 \ 3 ' 2 

i i ' - i -2 • ; - - - . j l l - - E l (4.34) 

Such a ch^r;;. : :.;..•= - . r^l- ihi-TtfJre not have a big threshold in e e 

c o l l i s i o n s . H-TVVV.T, if the K were suf f ic ien t ly p a s s i v e , H H" events 

would p robacy h.ni hi?I: spner i^ i ty and acoplanarl ty close to threshold, 

and the sort c : E;-:i"r-;ci;y si-an advocated in Lecture 2 for finding heavy 

quarks waulJ s l so : i ^ i a- ri 1! threshold. The H K~ threshold would then 

be dis t inguished V;. i t s y;i7.tii'(.e s t ruc tu re l e s s nature and the absence 

of resonate-* beU'v thrc-holJ . I : c (or m,) and ew .̂ are in the r i gh t 

r e l a t ionsh ip , deciys Ukti t - H 4 b or b •• H~+c becone k lnena t lca l ly 

accessiMc-. "~ Sijrini-. in -_nd the expected generic co r re la t ion of h 

couplings - i t r . -^.-.rr. r-j^s. c~e r.ight expect 

for a heavy quark ^ tc ii?;ay into H and a l igh te r quark q. In the case 

of Q=b a iE-.r.eraIi.-.ec) Cu'.:b';o angle factor night be p resen t , so that 

This decay rate w u l j cer ta in ly dominate conventional weak decays of b : 

i t VsTuld t ' \ i be a s i i r i f i t A n t .kcay r.ode of 7 = bb, giving f inal 

s t a t e s '. - i:*BCK! I t ;•" -Id aau-.i be possible to exclude such decays ut 

the l cv t l c: a branch;: • - u ) * . , ••> ich would s i l i c a t e against an H+ with 

: i ss • ; C.-'. . anJ '.'.'.'- •: -•jjr.Ti.s ccuIJ bt =ade in the decays of Dcsons 
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made of heavier quarks. One can eas i ly add decays l i ke H° or Z° - ti K* 

to the l i s t of possible places to look, but these are comswhat nore d i s ­

tant prospects . 

4 .4 .2 The axion 

The axlon i s a specia l type of neutral Higgs pa r t i c l e which was 

proposed as a vay of solving ce r t a in Froblens concerning CP v io la t ion in 

QCD. ' These are that when nonperturbative topological aspects of 

QCD arc taken to account) i t turns out that there say be an ex t ra terra 

,2 UVOO 

to be included in the QCD Lagrangian with 5 an a p r i o r i unknown parameter. 

You can see froo the form of Sf. (4.32) that i t has C even and P odd, and 

hence v io l a t e s CP. In the rea l world, CP v io la t ion due to the strong 

in terac t ions i s extrenely s s a l l . The best l i n i t on i t comes fron the 

neutron e l e c t r i c dipole roraent - , which i s known exper inental ly to be 

f t 3 " 1 0 " 2 6 C f f l (U.2B) 

This quanti ty v i o l a t e s CP and would be proportional to 9 i f i t were oon-

« r o but small . One ca lcula t ion gives 

J ft 4 - 1 0 " 1 6 S cm (4.39) 

ao allowing for uncer ta in t ies in the theore t ica l ca lcu la t ion) e oust 

be * 10 I t would be nice to ensure that S»D automatical ly. This 

could be done by giving the world 's Lagransian an extra U(l) syenetry 

with an associated current J. . Similar anomalies to the ones we d i s ­

cussed in Lectures 1 and 2 cause the divergence of t h i s current to be 
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nonzero: 

By ffaklng a c h i r a l transformation ..•:" the J, type, one changes the 

Lsgrangian by an acaunt proportional to 3"J." ( i . - O ) , and so cay reaove 

any possible tern ^~ {••.") frc:a the QCD La(_rangian. The next probl<:a 

i s to find a way ot giving the La£;vangian thr-s L , t ) sy rae t ry . One viy 

would be i f sne of the quarks—probably the u quark—had zero mass. But 

thiB hypothesis , while net completely excluded, looks to be in bad shape 

when one looks a t seson i n i bar\vr. =ass differences. An a l t e rna t ive 

way of ge t t ing a L'(l) r-ysaetry i s to introduce a pseudoscalar boson 

which i s e s sen t i a l l y nas&<ess. This can be done by extending the sim­

p le s t U'einberg-Salan aodel to two or more Higgs n u l t i p l e t s , and r e s t r i c t ­

ing the i r i n t e r ac t ions so that the ionbined QCD-aodified Weinberg-Salao 

theory has the r equ i s i t e 1"{I) synoetry. The low nass pseudoscalar boson 

introduced in t h i s way i s the axion (a ) . ** I rs mass i s not s t r i c t l y 

rero because of s t rong in terac t ion s\T»etry breaking e f f ec t s , which cause 

i t s laasii to be gener ical ly of i>rdcr 

D a " '^F " ^ t 6 , 4 1 ) 

wliere u ia some typica l strong in terac t ion scale—0(300) MeV?—sc that 

one might expect is • Ot10 ) keV. Being a Higgs p a r t i c l e , one would 

expect the couplings g . ; to be Ci(gri[./V...l, as for t!te basic Hlgs a ^>oson 

£4.9). 
143 To proceed fur ther , we will turn to the simplest axion s o i t l , 

which has Just two 1-S i'.iggs nvjUipletn. The theory in then characterized 



by s frc* paraoetet 

V, <0|H°|0> 
— • - = ran a 
V 2 <0[H°!0> 

where in order t o get the V nass correct 

; . . ' . i 
1 2 ^ C 

Which ohuuld be compared with the s ing 1 * HigES foroula [ i . 5 ) . In th i s 

model, th.i coupling to heavy quarks has a Jons analogous to (4 .3 ) : 

& " 2 G a[a c cY P c t^n a + ^bY-b cot 3 + . . . 1 

+ n t t T t tan o + . . (4.44) 

Ou the other hand, ch<? jx lan csupling to l i gh t quark systeas goes pre­

dominantly through slxing with this *" and - which have the sace quantua 

numbers (C"+l. ? a - l ) as the axion. The cixing I s specified by parameters 

«•-«[(&)—£?)«•] 
<,.,[., i cot ,1 

£ J 
where 4 £ 2 ~ 5 / * G 1 / Z * w * 1.9 * I t f S and the axion rass ir. th i s s t ap les t 

model i s approxicatcly 

Where f I s the nuabpr M c.uarV. fl.av<w.rs. «s i s u a i . The ii .r .pltit ax ten 

described by th* fo-oula* U.42) to ( i . i c . . would presumably b* l i g h t e r 



thiin 2a and so decay mair.ly Into ;• with a HEct ice * 10 sec . The 

outings (4.45) would a l l ey the axlon to be produced at r a t e s 0(10* ) of 

* or n production in any hadronic pr jeess . The couplings (4.44) ensure 

i t s production in heavy vector aeson decays ' V * a+t at a r a t e 

tan a (or cet a) t ines the V -* H+> ra te (4 .23) . 

Can the axion exist7 Probably not in the s lnp l e s t form discussed 

above, but t h i s i s not t o t a l l y excluded. Evider.ee against i t comes frots 

several '.sources. 

Bean ducp experiments 

In experiments ' 

a hadron t a rge t which absorbed h-idronic secondaries before most of them 

decayed, and searches vore rude for events in neutr ino experiment de tec ­

to rs downstreas vhich could have been generated by neu t ra l penet ra t ing 

pa r t i c l e s such as neutrinos or the axion as in Fit;. 65- Axlon-induced 

events vould have shevn up as apparent neutral current events with small 
144 taissing p_ in the h^dronic f inal s t a t e . I t has been estimated t h a t 

E i E i E ^ ^ O v . : „hit 21>SLZJD. >K2 ^ 7 9 ( 4 > 4 ? ) 

0{p+p-*-°+X) J " 3(it°+p-*X) r J n 

Implying a product of axion production and i n t e r a c t i o n cross sec t ions 

o W * a + « ; U + p - X) S ! " ^ + 3 - j H > * ^ ) • 2 - 1 0 - 3 1 cm* 

> 9 • t O - 6 6 cm4 (4.48) 

where the lover bound cor*:s i ros the fact that r,_ (4.45) cannot bo switched 

off, even though ;_ car he ; c r o for uTKcoperativt; va luta of a./ia and tan a. 

Various <:xperlnenta; l l - U i J I axl^n proauction In the CERK beam ducp 

e x p e r i m e n t s 1 ^ ' ! ' 6 AI-' 0 ( i r " c ' J c r" , indicating that the bound (4.48) i s 

violated by about . w orders uf MROI tu ' . 'e, '" so tSaC an axion with 

http://Evider.ee
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146 mass $ 2 MeV cannot e x i s t . An analysis has a l so been made of a 5LAC 

beam dump experiment which a l s o finds an upper U n i t of an axion-induccd 

events about cuo orders of magnitude l e s s than would have been expected 

I n t h e simple model discussed above. 

Reactor neutr ino experiments 

Axicras could show up in these experiments by being produced In 

nuclear transitions) and then decaying la io YYt or undergoing Compcon 
143 sca t t e r ing o+e -* y+e. or l>y causing douteron d ie Integrat ion a-hJ -» n+p. 

Unfortunately, t heo re t i c a l est imates of axlon production r a t e s by nucle i 

ore r a t h e r unre l i ab le . Nevertheless , i t has been conserva t ive ly 1 

estimated tha t 

axlon -* YY decays should have been seen per day, compared with an exper­

imental l imi t of ('ISO ± 260) * events/day. Also 

-4- «•») 
can a 

would have been expected. The deuteron d i s i n t e g r a t i o n r a t e 16 naively 

ca lcula ted t o be 0(10 ) l a rge r than the experimental H a l t * though t h i s 

ca lcu la t ion I s pa r t i cu l a r ly s ens i t i ve to unre l i ab le d e t a i l s of nuclear 

ca l cu l a t ions . Despite the unce r t a in t i e s * In the nuclear ca lcu la ­

t ions* I t seems l i k e l y t h a t reac tor neutr ino experiments a l so r u l e out 

the s implest form of axlon. 

ComnoloRy and astrophysics 

The be s t r e s t r i c t i o n on the axion from these sources comes from 

eonsldurations on the evolution of red giant a t j r s . I t i s apparently 

required that m > 200 kev, but th i s i s not Inconsis tent with the mass 

est imate (4 .46) . 
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VA be l i eve tha t t h i s decay r a t e should he comparable with t h a t e s t i ­

m a t e d 1 0 1 ' 1 7 8 for K + + i++H a. o (10" ; ) (4 .17) . The relevant experimental 

l imi t i s chat on K * r vii < 6 K 10~ . Ve conclude tha t K decays do not 

yet exclude the axion ' s ex i s tence . 

The preponderance of the above evidence i s aga ins t the exis tence of 

an axion in the simple form given by Eqs. (4.42) to (4 .46) . However, 

the exis tence of an a):ion cannot be t o t a l l y excluded. For example, 

the parameter a (4.42) could be very small for some reason which may 

seem unnatura l in the context of t h i s model, but n ight be made CO look 

l e s s unreasonable In a oorn complicated model wi th more Higgs tnu l t ip le t s 

and/or vector bosons. Whim a i s su f f i c i en t ly small the axion decays 

mainly i n to e e~, which i t docs too quickly to show up in bean dump or 

reac tor experiments. I t s phenomenology would then resemble t h a t of the 

vary l i g h t Higgs boson:) discussed i n sec t ions 4 . 2 and 4 . 3 , wi th t h e 

exception tha t being a peoudoscalar, the var ious nuclear cons t r a in t s 

that BL. > (15 to 20) HcV would not apply to Che axion. 

What i f there i s no axion? No other t o t a l l y sa t i s fac to ry method of 

ensuring 6-0 has yet been proposed. Even i f 0*0 for the s t rong I n t e r a c ­

t ions a lone , the p o s s i b i l i t y e x i s t s that i t may be renormallzed by the 

(teak i n t e r a c t i o n s and become unacceptable l a r g e . In the simplest 

Weinberg-Salam model with one Higes mul t ip l e t , If one se t s S-0 for the 

strong i n t e r a c t i o n s , the nwonnal iza t ion of 0 due the CP v io l a t i on in the 

weak In t e r ac t ions generated by the Kobayashl-Maakava model <2.39) i s 

zero In 0 ( a ) , but nonzero and 0 (10 ' ) i n O(o ) . There i s another popular 



Dodel of CP v io la t ion which use* multiple lllggs mu l t i p l e t s , which 

has. a l a rge r rcnornal izat lon ol 3 tlian allowed by experiment (4 .38) . 

There i s another raulti-HiRgs model with 0 renorna l iza t lan which I s 

f i n i t e and 0(10~ to 1C~'}. which i s on the o u t s k i r t s of pl«tnoaenologl-

« I accep t ab i l i t y . J t s<-ens that [he problem of CP v io l a t i on In QCB 

And weak elecrroaugiicLic gauge theories I s s t i l l very l i t t l e understood, 

dud in pa r t i cu l a r we Lack any goad reason nhy 6 ahouId be zero or s n a i l 

before weak renormali iat ion. 

4.5 Honopoles. e t c . 

Wfi ore now <it the stage of the lec tures where fantasy begins to take 

over, and we examine some more speculative p o s s i b i l i t i e s suKKeiited by 

gauge theor i e s . In th i s sect ion we would look in to the possible existence 

of heavy p a r t i c l e s a r i s ing from extended so lu t ions of the non-Abelian 
147 

field e q u a t i o n s The f i r s t example wi l l be the nonopole, which i s a 

Gort of topological knot t i ed in the Htggs system of a spontaneously 

broken gauge theory. So far (cf. Eq. (4.5)) we have always discussed 

Si tuat ions where the Higgs vacuum expectation value was independent of X 

OB in Fig. 66(a) : 

<D|H°(x>10>- v <4.51) 

but I t could happen that <[o|H (X)[C£>UAS x-dcpendent aa i l l u s t r a t e d i s 

Pig. 66(b) . This could happen If there were an I s o t r i p l e t of Higgs 

p a r t i c l e s : 

< 0 | H 1 ( x ) I o > - v ( ^ T ) W . 5 2 ) 



ns [xj -» ~ In a i l 3-spacu d i r ec t i ons . Solutions l i ke ( i .52) e x i s t l a 

cuic gauge thrill Les likp t'ie (pht.-nomr.iicl-gUtally rirfuncc? tieurgt-Closhcw 
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ssooeJ, but :wt In the Wuinbcr.'-^aUm 2ud"l with U J l-S hl,;gs o iu l t i -

p l e t s . 

Nothing daunted, the gentr-.c propi-rties j i such m-jnopoles are that 

they have masses 

Their couplings to weak and electromagnetic f i e l d s are c h a r a c t e r i s t i c a l l y 

Strong: 

1 

i - °(£) »*«) 
and they presumably interact strongly with each other. Monopoles arc 

guaranteed by their topological properties co be absolutely stable. 

Above the threshold 2i\, , ̂ ne vould expect lnonopoles to be produced in 

pairs as in Fig. 67(a), but not by a single photon. The pair production 

crosn section should be 0(1) because oE the utrong coupling (4.54). The 

manopole pair could also annihilate into many photons and/or vector 

bosons as in Tig. 67(b). This process might be particularly important 

close to threshold, and have a dramatic signature in the form of very 

large y showers. The motion of a monopolc in a magnetic field la char­

acteristically birarrt—its momentum tends to align itnolf parallel to 

any magnetic field as In Fig. 67(c). It should also be remembered that 

the monopole would find it v«ry easy to lose energy by radiating photons 

(and W's and Z's) °' ar, in Fig, 67(d). 

Can monopolcs exist? T\'o one has ever been able to confirm sucing 

one. If one accepts the standard blp-bang cosmology for the early 
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Universe, one can est imate the density of monopoles which should have 

been formed then. The ca lcu la t ion of the monopolc densi ty today depends 

on how one be l ieves the production model and es t imates of the p robab i l i ty 

of mutual annihi la t ion of the primordial aanopolos. But I t seems that 

Bonopoles v i t h the proper t ies (4 .53, 4.541! should probably have been 

0(10 ) more abundant than the experlnenLnl upper l i m i t . But sure ly some­

one can come up v i t h a theory containing more massive aonopoles which 

would be coamologicslly r a r e r and hence acceptable . 

I t was mentioned above tha t the Ueinberg-Salan model docs not have 

fflonopoles. Does i t have any other so r t of extended, heavy object? I t 

has been proposed that there may be quas i - s t ab le s t r i n g - l i k e objec ts 

which somewhat resemble dumb-bells with a s o r t of monopole a t each end 

as in F ig . 68(a) . These would form Regge t r a j e c t o r i e s v i t h an i n t e r cep t 

and Regge slope of order 1 TisV . High spin " p a r t i c l e s " on the leading 

trajectory—corresponding co rapidly ro t a t i ng dumb-bells—would possibly 

be somewhat s tab le because of the angular momentum b a r r i e r . However, 

these objec ts would not be guaranteed s t ab le by any topological conser­

vat ion l a v , and the i r l ifetimes, are d i f f i c u l t t o es t imate . If these 

s t r i n g - l i k e solut ions e x i s t , so probably do o ther s t r i n g configurat ions 

such as closed loops which loosely resemble ataokc r ings or vo r t i c e s 

•a in F ig . 68(b). They vouXd also have Regge t r a j e c t o r i e s , which would 

correspond to the Pomeron in normal Regge l o r e , and also have a mass-

scale 0(1 TeV). 

Unfortunately, i t i s not c lear whether these s t r i n g - l i k e ob jec t s 

r ea l ly ex i s t in the Uelnberg-Salam model, and If so hov s tab le they a r e . 

Even i f they do ex is t and are s t a b l e , i t I s not c lear what t h e i r 
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production c ross sect ion i s , except that I t I s probably very s n a i l . 

They are In some sense coherent extended f ie ld configurat ions containing 

OHj vector bosons, and the overlap with the 0(1) vector boson s t a t e 

produced, say, by « c~ co l l i s i ons I s probably very small . 

The prospects for finding anything l ike a monopoly in present ly 

conceivable weak In te rac t ion experiments seem r a t h e r dim. However, th« 

subject i s s t i l l ra ther uncer ta in , and I t i s hoped tha t these remarks 

may s t imulate nore serious theo re t i ca l thoughts, because objects of t h i s 

type would be very in t e re s t ing If they e x i s t . 

4.6 Grand Unification Phenomenology 

Up t i l l now, ue have been t r ea t ing the s t rong and weak electromag­

ne t i c In t e r ac t ions ra ther separa te ly . With the exception of the d i s cus ­

sion of CF v io l a t i on and the axion, which was not b r i l l i a n t l y successful , 

we have not r e a l l y addressed the t heo re t i c a l i n t e r r e l a t i o n s h i p between 

the d i f fe ren t i n t e r a c t i o n s . However, s ince we r a t h e r complacently 

bel ieve we have found the co r rec t theory of the s t rong In t e rac t ions , 

namely QCDi and think we a re on the t rack of the r i gh t spontaneously 

broken gauge theory of the weak in te rac t ions —very possibly the Melnberg-

Salam model — i t i s c l ea r ly high time to specula te on the next phase of 

un i f i ca t i on . ' In the process of t h i s grand un i f i ca t ion , we may 

hope f i r s t to find cer ta in consistency condit ions that aust bo imposed 

on the Individual s t rong, veak and electromagnetic in te rac t ions before 

they can be unif ied. We may a l s o hope to pred ic t dramatic new types of 

i n t e r a c t i o n , such as those v i o l a t i n g baryon and lepton number and 

causing the proton to decay. 



Let us consider the type of theory where a large group G is 

postulated which has a unique coupling constant, and which is broken 

somehow Into component parts 

W - 8U(3) - SU(2) L - U(l) * 7 (4.55) 

152 for the di f ferent i n t e r ac t ions . Clearly the grand unif icat ion symmetry 

oust be considerably broken, because the observed at toog and weak coupling 

s t rengths a re Very d i f f e r en t . However, a f t e r Lecture 1 and Eq. ( l . W ) 

He a r e used to the Idea t h a t coupling s t reng ths depend on the s c a l e a t 

which they a re measured. We bel ieve that she s t rong In te rac t ions get 

weak a t high momenta, so perhaps i t i s not Inconceivable tha t the 

strong and weak/electromagnetic coupling s t reng ths may come together a t 

*one suf f ic ien t ly high Q as in Fig. 69(d). l a the Weinberg-Salas model 

the SU(2), and U{1) couplings g and g ' arc independent, and the r a t i o 

•> 0 ' 2 

BtrT 0 U - —f =- (4.56) 
(8+g 1 > 

I s a number to be determined by experiment. A symmetry group C would 

make a predic t ion for g / g ' , and hence for s i n 6y. In Che same way 

a s the r a t i o a / a , the r a t i o g / g ' w i l l be renorDAllzod 8 i f the C 

symmetry l a only exact a t very high momenta. 

The simplest grand un i f i ca t ion model i s the SU(S) model of Gcorgi 

and Glashow, which breaks down into exactly QCD * Weinberg-Salaa. 

Simple appl icat ion of the QCD evolution formula ( l . K ) for a (Q ) shows 

that 1C w i l l be 0(a) only a t very high Q . In f ac t , the beet est imate 

of the momentum a t which grand unif icat ion takes place in SU(5) la ' 

• ^ - 0 (10 1 5 to l o 1 6 ) CeV (4.57) 



i s 3/8 in the syenctry H a l t , to 

S in 2 QH * O.ZO (4.58) 

which i s not in disagreement with the Latest experiments, i t i s char ­

a c t e r i s t i c of grand --iif icatlort models that they put quarks and leptons 

Into the sane multiplcc of the grand un i f i ca t ion symmetry group C. For 

example In SU<5) there a rc o u l t i y l c t s 

<VVV '"•'A' <VVV S -VL ! ar*vh' !'-',\ <«-s" 
tihlch put meat on the often-discussed concept of quark- ler ton u n i v e r s a l ­

i t y that v a s discussed in sec t ion 2 .2 . Because of the large symmetry-

breaking (A.57) inherent to t h i s type of model, the quorb-lepton cyto­

metry w i l l not be exact . But analogously to (A.58), the r eno raa l l i a t l ons 

of symmetry predict ions may sometimes be ca l cu lab le . Possible examples 

are quark and lepton masses. ' The simplest SU(5) representa t ion of 

Hlggs f i e l d s which can provide fermloo masses i s 5 dimensional, and i t 

reduces to the usual lmh doublet of Wclnberg-Salao. The mul t ip le t 

assignments (4.59) imply that in the syraetry l imi t 

• a , " B c ' n a " B u ; B b " B t (4.60) 

malized to give a > o , as in F ig . 69(b) . In fac t one f inds , using m 
72.184 and B as i npu t s , that 

o A. 0.5 CeV, u^ -v {5 to 5S> CeV (4.61) 

vherc these masses are to be in terpre ted as approximately the masses of 

the l i g h t e s t s t range or bottom pgcudoscalars r e spec t ive ly . ( I t i s not 

poss ible to c a l c u l a t e Oj very r e l i a b l y , but I t does seem to be too small 



by comparison with the usual current algebra es t imates of m./n .) The 

predict ions (4.58) and (A.61) of the SU(5) model are quite encouraging: i t 

i s unfortunate that in t h i s model the masses of the charge 2/3 quarks 

cannot be ca lcula ted , so that there Is no predic t ion for m . I t should 

be mentioned that while the calcula t ion of s in" Cy ((..56) i s Insens i t ive 

to the nuaber of quark f lavours , the quark mass c/i lculations (4.61) 

depend c ruc ia l ly * on the nuaber ( 

t i a l l y If there are 8 or more quarks. 

In view of the fa i lu re of th i s simplest type of grand unified oodel 

to have t o t a l l y disas t rous phenomenology, i t i s reasonable to continue 

There is 

nothing sacred about baryon number conservation: i t i s believed to be 

violated by black holes and by nonperturbatlve weak e f f ec t s . 

Baryon number i s almost always violated in grand unified models. Indeed 

we see from the n u l t i p l c t s t r u c t u r e (4.59) that gauge bosons changing 

quarks i n to leptons oust be present in the SU(5) model. When the ou l -

t i p l e t s involving charge 2/3 quarks are added to (4 .59) , one finds t r a n s i ­

t ions of the general form q+q -» L+q (Fig, 70) which are described by an 

effect ive low-energy fou r - f end in te rac t ion (a,6,if are colour ind ices , 

«,. - i ' a -Tr 5 >". e t c . ) : 

+ Heroitian conjugate (4.62) 



where O g ^ = «„ „ the masses of the baryon-mimber v io la t ing vector bosons 

and 

c™ •- 4 - £ «•»> 
The I n t e r a c t i o n (4.62) can give proton decays of the form 

P - e V , -v«V. -pV, - . . . «-64) 
I t I s easy to see fron the form of the In t e r ac t ion l4 .62, 463) t h a t the 

r ( p * a l l ) - ^ ~ 
E t lM 

Hare detailed calculations suggest that 

ml "cunt 
W * Cev/ J 

i(proton) •». 10 ( ,^ ) years (4.66) 

The present lower H o l t on the proton l i f e t i n e I s 

T(proton) ^ 2 «• 1 0 3 0 years (4.67) 

Comparing t h i s l i e i t with the est imate (4.57) of the grand un i f i ca t ion 

eass and Eq. (4.66) we see tha t the SU(5) model makes the proton s u f f i ­

c i en t ly s t a b l e . 

Clearly the est imates (4,57) and (4.66) a re very uncertain) even 

given the specula t ive nature of the grand un i f i c a t i on ideas , and the 

rcooto p o s s i b i l i t y that the specif ic SU(5) oodcl has anything to do with 

r e a l i t y . Nevertheless these r e s u l t s cay be gener ic , and suggest that 

experiments to Improve the lover bound (4.67) by a few orders of magni­

tude may be worthwhile. The l imi t (4.67) was obtained by looking a t 

20 tons of s c i n t i l l a t o r underground tor about a yea r , and looking for 
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e lec t rons with eni r^ ies of a few hundred MeV, which nlpht cone from the 

decays of muoiin prod-iced in proton decay. A present-day exporir-snt can­

not run For nuch ciort* th.ui a year, ^o EH ircprov«d version v.oulii need such 

more matter to observe decaying. On the other hand, perhaps one could 

lengthen the cine-base by looking in a sna l l c r quantity of matter exposed 

over a geological epoch ta r fos s i l t racks o£ one •>! txe t. 'T* s ^ • t ' 4 ) 

produced in proton decay. 

Regardless of the theo re t i ca l ideas discussed here , any experiment 

to improve the l imit on the proton l i fet ime i s of fundaoenral i n t e r e s t 

and importance. 
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Pig. 1. The quatk parton loop diagram for 
e*e" •* hadrons at large Q*-s. 
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Pig . 2 , The quark parton dlagrac-. for teptoproduction 
at large QZ«-q2. 
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Pig. 3 . The quark-antIquark 
annih i la t ion diagrac 
far hadron + hadron 
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Fig. A, Cluon hroosstrahlung 
•".i e +e~ a n n l M l a t i o - . 
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Fig* 7. A parton approximation for 
Befllhsdronlc decays of heavy 
loptons. 
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Fig. 8, A quork-parton 
fragmenting lnco 
hadrons. 
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Fig. 9. Strong radiative corrections to leptoproduction 
cross sections fro*,, (a) bremastrohiung and (b) 
pair creation. 



rig. 10(a). Deviations from scaling In 
leptoproduction—intuitive 
expectation. 2 ( * > ^ 
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Fig . 10{c). Deviations from scal ing l n lcptopcoduction— 
a typical QCD calcula t ion . 
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As Q 2 Increases (n) a quark nay 
be resolved into a quark + gluon, 
(b) a gluon nay be resolved into 
a quark-anelquark pair as che 
s p a t i a l discr iminat ion of che 
probe Increases. 



Fig. 12. Some contributions to the 3 gluon vertex g. 
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Pig . 17. The e f fec t of the Je t b o o s t 5 3 - 5 5 

(1.72) which shtfulJ put che two 
right-hand j e t s irttD t h e i r j o in t 
ccotrp-of-mass. 
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19. Weak Interaction cross sections (a) rise linearly 
vlth s at low energies, but (b) should cither 
flatten out or fall at 1% > several hundred GeV. 



Fig. 20. The 3 and 4 vector 
boson v e r t i c e s . 
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(or K°K<,,'f*>T,*> mediated 
by Z° pxchange. 
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Fig. 27. Possible neut ra l heavy lepton signatures (a) e + e~ + j T e + + 
nothing from c+c - -+ « e E° , (b) e+e" ->• u +<>"ire + from e + c~ •* E^E 0 , 
(c) e + e~ + u _ e + + hndion j e t from e + e " - E°E 0 , (d) ip •+ u + e~ + 
hud rem j e t s from e~p •+• E°+Xi and (e) e~p •+• (e~+JeC> + hadron 
j e t s from e - p + E<*+X. 



28. The cln93 of diagram 
expected to dominate 
heavy quack decay. 



Pig. 29. Heavy quark-antiquark producClon 
jus r above threshold. 



0.15 

p 0.10 
I 

0.05 

1 I i u i | • i | I I m i | - i~ - | I | i i l l 

AT' 
\ \ T I 

T" 

PNQCD+Heavy Quark Decay 

- \ 00?**' ___ 
NP"\ " — — 

1 i 1 i ml i 1 i 1 i in? 1—1—4. 1 i in 

3 5 iO 30 50 100 300 500 
Q (GeV) 3«3*3o 

The quant i ty *1-T-- p l o t t o . i ^ an ,i tunutlon oi centre-of-maas 
energy as oiu* c r i s e s the l-b tluvjilwlil Including naive partem 
nonperturb. i t tw I 'munHiiU' i is . OCP raJl.it I vc IT«MPructions, the 
narrow n»stMi.»riCt*s : , 7* anil 7". ant) thtf ft feet ol the naked 
b o t t o a 7 3 threshold. 

http://turb.it
http://raJl.it


Fig. 31. Dis t r ibu t ions (•> in j n r i c i t y i 
a r i t y , ccnparlriK FI.UT058 <,+(,- , 
-apace Honte C a r l j 1 ' ^ expected 1 
above threoliold. 

ipe t e x t ) , and (h) In acoplari-
jntlnuum data witi. a phase 
> r io t c ln.avy rj^ events Juet 
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Pig. 34. Subdmnlrumt QCD subprocesses 
Cor vector boion production. 
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cross sections in (a) pp. (b) pp collisions. 
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Fig . 5 3 . The Higgs po ten t ia l (a) In t ree approximation, 
with rad ia t ive correct ions and the Universe in 
(b) a s t ab le vacuum, and (c) an unstable vacuum. 
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Fig. 55. A compendium 1 0 of Higgs decay branching ratios for different 
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FiB. 56. The KIRES boson l i f e l i n e * 0 as A function of I t s anas* 



Fig. 57. The decoy V •+ H+7. 



Fig- 58. The doc.i> ."' • II + „*^". 
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Fig. 60. The process c + c~ + Z°" - z 
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Pig. 61. C a l c u l a t i o n s 1 6 4 of o < c + e _ * Z°+Hj/ 0 ] 

for d i f fe ren t values of / o , njjj and 
s i n 2 0 H . 



1000 i 
i i 

<sza y?--
1 

400 GeV 
60 GeV 

300 L C3 Jt 37.4 GeV 

S .00 n Wfabj. 

i 
i m

in
i 

10 

3 
i 

1 \ \ 11 i r\
 

ui
ii

ii
i.

. 

5 10 
M H (GeVl 

Fl&. 62. Cilcujat i.cns1''' ol pp * U+X ^9 functions 
of «̂ l and »U. 



0 400 800 
•A <GeVI 

0 400 800 
VT ISeV) 

Fig. 63. Calculat ions of pp or pp •* W- or 2 +H+X as functions of 
fflji a t /£ - 800 CoV. In (A) the solid/dnshtd/dot-dashed l i n e s 
r e f e r to cO^tlO/oOf*), o(W-+l[)/o<VT) and --(Z-HO/od) respec­
t i v e l y : In (b) the Rolld/dasHcd UneB re fe r t o a(U^*H)/a(W-) 
and o(z+ll)/o(z) r e spec t ive ly . 



Fig. 64. The dominant diagram 1 1 

for v+N •* iT+H+X. 



Fig . 65. A schematic sVctch of a beam 
dump experiment. 
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Pig . 66. The spontaneous svsasetry (wak ing 

(a) independent of x an isiiul, and 
(b) In the pri'Stfiwc'tfl A flu.Mu>pnLe. 
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Fig. 67. Kanopole3 l i l 7 (a) being produced, (b) annih i la t ing to give 
Bfloy Y ' B » ( C ) a l igning par . i l le l to .* magnetic f i e l d , and 
(d) losing energy by rad ia t ion . 
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Fig. 70. A typical baryon number v io l a t i ng intLTACtton. 


