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Genera) Introduction
There is a Yidd{sh saying “May the Lord preserve you from an inter-
esting life,” but we are probubly ‘ot sorry that life in high cnersy
physics has been gquite woteiestiaa lately. indeed we seem to be passing
through an archecypal scientifie ICNlutioll,l vherein gathering concra-
dictions dissolve into apparent chaos and canfusfion, and a aew archodoxy
emerges ond defines a framework fur the next phase of nowwal accunmulative
sciuntific development. It 4s not yet clear whether the gauge tevelution
will have any indircct effects oucrside fundamental physics, but its in-
fluence certainly colouts the questions we now usk in our high cncrgy
experiments. The purpose of these lectures is to Teview the phenoseno~
logical imp:ications of the modern spontaneously broken gauge theorics of
the weak and clectromagnetic lntern:tlonu,z a.d make some obuctvations
about which high encrgy experiments probe what aspects of gauge theories.
It should be cophasized at the outser that the evidence in favour of gauge
theories 19 largely circumstantiale-ue have yet to find directly incrimi-
aating e¢vidence {or gauge ideas, and these lectures are presented in the

hope that they may furnish useful ¢lues for future detective work. Almost

e



uo reference will be made to alternatives to the gouge orthodoxy. This
15 mot because 1 abhor heresy, but because of a perscnal feeling that the
wost fruitful way forward {s to take the “‘standard wodel" at face value
and use it as a paradigm for generating phenomenclopical questions and
experimental tests. And the heretic cause is adairably served by the
1ngenuity and parsistence of B)urken.J

These lectures should be devoted to the weak interactions, but it
would be disingenuous to ignore the "standard model” for the strong inter-
actiong--quantur chromodynamics or QCD." On a philosophical level, it
seems quixoric not ro belleve that 1if the gravirational, weak and elee-
tromagnetic interactions are described by gauge theories, then o also
are the strong interactions--QCD is an unalienable part of the gauge
package. On a practical level, many tests of gauge theories of the weak
and electromagnetic interactions rely on the quark-parton mm!cl5 for

hadrons at large momentum transfers., We surely need some thearettcal

ng for the lugical parton model, as a way of exploring
its domain of applicability and understanding how it may break down and
nced modification, On a sentimental level, it would be i{nvidious to
exclude the gluon from a shopping 1ikt of gauge-theocetical desiderara.
Le .ture 1 will revicw some basic QCD phenomenolugy, including mosentus
dependent effective quark distributions,® the dealsc of the pp cutoff,’
and the search for gluons as sources of hadrom jets.?

We will then move on to the main business, the phenomenalogy of weak
and electromagnetic interactions at high encrgles. Lecgute ? will review
the status and prospuocts for the spectroscopy of fundamental fersiens

(quarks and leptans), and how fermiuns way be wscd to prabe aspects of



the veak and clectromagneric gauge theery. Lecture 3 will deal with the
pursuit, capture and investigation of the antic{pated fnterzediate vector
bnsons.q Lecture 4 discusses alscellaneous possibilities suggested by
gouge theories--ranglng from the Higes hasuns.m which lie at the heart
of the spontancous syrmetry breaking mechanism that is suppased to pro-
vide the marses of other particles 3ad hence make massive vecter boaon
theories renormulizable, tv speculations about proton demy.“

The porsibilities Jiscussed iIn these lectures are generally rather
conmervative and minical. For cxacple, the simplest SU(Z)L % U(l)

Weinberg-Salan model 1z

is often used to {llustrare tests of the uuified
theories of weak and electromagnetic inreractions. It has the bare otni-
oz of three rassive intermediate vector bosons, one physical Higgs
bogon, and perhaps as few as six quarks. All other gauge models are
wore proflijare in their generacion of new particles and wesk interac-
tiong, However, we will see that even in this model, the predictable

dixcoveries alune amount to An enticlng cornucopia.

1. WlL the Strong Intersctions be Mesk at High Enersies?

1.1 Mocivation

Since these lectures are suppoded to concentrate ou the wedk inter-
actlons, 1t may be necessary to present some addittonal apologla for
firat discussing the strong interaccions.

The {irst reason Is chat (¢ is difffcult te discuss mu.!festatlons

of weak fnteraccioe

. wt high energies vichout relylag on some background
> -
theary of the sireng interactions, For example, fn o ¢ annthilation we

nced the parton eudel of Fig. | for toral and Set cross sections,'’ for
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weak/el ie intcrierences, estimating U and 2° de-

cay rateg, and so ou. In order for the parton model to be a reliable
tool for incorporating hadrons into the calculati n of weak amplitudes

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

na{ve parton :nlcuhunns.s'u Suck a systematie correction procedure
can only come from a theory which lains the k of strong
ac high and the basfc validity of the

parton model in thia limir. As another example, consider dcep inclastic
lepton-hadron ncactering (Fig. 2}, where Bjorken scaung“ is a good
first order approximation to the systematics of the dnta.” but where
deviations from scalinp Seew te have a coherent pattern. W= oust acek
some underatanding of these scaling deviations if we are to disentangle
the sppearance of ncw quark thresholds from other effects in deep fnolas-
tic lepton-hadron scattering. Another process where it is important to
understand whether the parton model o€ Pig. 3 is spplicable {¢ tho Drell~
‘lnnm procees: hadron + hadron 4 lepton palr + anything. This process
18 being prcpoudq as 2 way to produce the jntermediate vector basons

and Higgs particles in hadron-hadron collisions. We would like to know
whether the nolve parton crosa section estimates of Fig. 3 should be
regarded as reliable, or whether they may acquire large scaling devin-
tions snalogous to those cbaerved ir deep fnelastic scattering. 15 We
would nlso like to know whether the differentis} cross section might te
expected to hgve n different shape from the naive expectations, for
exapple vhother the <py> ot the produced boson should be 0(1) Gev as
expocted in a naive parton lnodel,s or might be O(mH) as some field

theorice lead you to expe:t.'



Another reason for discussing the strong intcractions was mentioned
in the gencral introduction, All strong {nteraction ficld theortes in-
voke same wort of bosonic gluon ro hold quarks together {e.g., an octet
of coloured vector gluons in QCD), and these sre constitucnts of matter
as tundamental as che l-';, 2° or photon. The experimeantal irolation of
the gluon and deLermination of its propertics (mass, apin, <olour) 18
therefore of fundamencal significance, »nd it vould appear arbitrary and
onfair to exclude the gluon €rom a list of gauge goodies to be studied.
Prescnt evidence for the existence and nature of the gluom is generally
indirect--there i3 the class{c assignment of the missing fraction of the
nucleon momentum to gluon partons which do not inferact directly with the
lepton probes in deep inclastic s:utmrlng." Hore racently, there hae
been some ¢vidence {rom scaling violations in neuttino scn'.lunrt‘s vhich
alee indicatea indirectly that gluons are present in the nuelenn.m and
probably have spin 1. This evidence uill be discussed later in this Yecture,
but the interested reader is referred to Don Pevkins' lectures ac this
Sumge Scheol {or a wore detailed amalysis. These pleces of evidence
are welcom¢, but ic would be nice to see mora direct manifcacations of
gluons as hadronic comstitucnts. Ome possi.ility for > gluon soarch 1a
the conjectured gluon jec.a which night show up in 0 hard (high zomentum
transfer) process when o gluon 13 bremsstrahled at large angles aa in

Fig, 4, Other places to look include the decays T+ 3 glw:m.slg or

20 unich ave expected tn Q6D (sce Fig. 5), At the end

2 gluong + photon'
of this lecture there will be a discussion of the phenomennlogical pros=

peety of finding gluons in this ~ay.
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There 1s a final reason for iscussing QCD at the outset of these
lectures. It is that the author and most other theorists have a styong
prejrdice that QCD is the correct theory of the strong interactions, and
this inevitably colours the way i1 which we discuss the phenomenology
of weak and electremagnetic interacrions, The reasons for this consensus
are stropg but not lrresistible. The on)yZl field theory which “22
asympeotically frce at high momenta, and heace has o chance of repro-
d1eing the gross featuras of the parton model,s is a zauvge theory. Also,
quarks are apparcntly not abundant as ph. lcal parcicles in the real
world, and QCD is one f{eld theory jn which quarks are not obviously
unconfined.?? Buc as forashadawed in the gemeral Introduction, the best
reason for believing in QCD may just be that the gsuge principle beems
to be a common feature of the other fundamental interactions, and it is
philosophically tempting to relieve that the gauge principle is universal,
although there is no csst-iron motivation for this application of Occam's
razor, It should be emphasized that much of the appeal of QCD reflects
the 1k of a viable alternative, and that conclusive experimental evi-
dence in irs favour im still in short supyly.l8 Nevertheless, no alter-

native to QCD will be brooked in these lcoctures.

2
The atrong interactions reiwlt from the QCD lagrangian®'22+%%
L ca awy P R
- = + - v
Lo~ FLF Zq:“("u" a,) e CRY)
vhere F:U is the non-Abelian f401d strength
RN VEEY vt PN .
[0 o (L (l 2)

and Du is the gauge-cavarfanc derivatlive

1.3




The theory (J.1) is characterized by a unique, unknown coupling constant
8 tc be determined by experiment, and an unknown number of quark flavours
9, with their number and masses also updetermined by theory. QCD con—
taips eight gluons ‘\: which form an adjoint representation of SU(3) acting
oo the three colours of quark: ved, yellow and blue. There are several
well known phonomenological wotivations for the colour degree of freedon,
which {nclude:
—=The fact that the lowest-lylng baryom octet and decuplet seem to
tave wave functions which are symmetric s-waves in apace and symmecric {n
apin. For the guarks to have the Fermi statistics appropriate to spia
1/2 particles, they must have an internal degree of freedom wherein the
boryon wave function is antisymmetrized. In the colour theory, the
baryon wave funcrion contains a factor €avs qRquB, and the symmetriza-~
tion problem 1s solved.?®
~The decay rate for »° » 2v. According to current algebra and PCAC,
the amplicude for this decay is given by the triangle diagrams of Fig. 6,
and {s hence proportional to the number of colours.’® The rate for the
decay 15 calculated to be

o “’3 0
02 = (‘[ 3) (1.4)

where N {s the number of colours, If we take N=) ond f“ = 94 Nev, Eq.

(1.4) yields 17 = 2y) ~ 7.91 oV, vhereas the latest experimental decuy
2
rate is 8.0¢ £ 0.55 oV,

--A rclated reason for colour is the cancellatlon of anomalous

triangle dlagvams like those in Tig. 6 vhich §s n‘qu(redzs to engure

9

5
the venormalizability™  of a gauge theory of weak and electromugnetlc



interactfons. In the “standard” SU(Z) * U(1) Weinberg-Salas model!?
this cancellation accurs betwren doublets, each of which coneributes an

anomaly
s= 5,0 - ) = ko1 - 1 (1.52)

and quark daublets, each of vhich contribures an anemaly

s = fig, ((—g)z - (- %)2) .3 (1.5b)
If there were no colour factor ot %N=3 in Eq. (1.5b) we would need tliree
titcs as many leptons as quarks, which does not seem to be a good
egproximation to the experimental situation!
~~The cross scction ratfo for ¢’ + y* + hadroms relative to

*u". In the naive parton model® this 1s calculated from

efe + ™
the simple quark 1nops'> of Fig. ) and should be

R : —(——L°+j__" *x hacrons) _ ):o: (1.6)

{ee = yx+uy) q

Io the absence of colour, this ratio would be 2/3 buelow charm threshold
and /9 gbuve. Expeoimentally, the ratio is atout 2-1/2 below charm
threshold and abous 4-1/2 to 5 ahove. ° Allowing for (10 to 200X sya-
tematic experimontal crrors #nd the contrihutiop of a neavy lepton sbove
chare threshold, these val s arc cot inconsistent with the values cf 2
eod 3-1/7 expected for R if H=l,

~~A clogely related prediction is the rativ of semihadronic decays of

the v relacive to purely lepteaic decays., We would vs[imtc“
M - u-ﬂuvx):l'('x' - c_Gnur):l'('t- + hadrons +v ) % 1:1:N (1.7)

1f the semibadronic decays ¢ould be calculated wsing a naive pointlike



coupling of the lepton decay currents to quarks as in Fig. 7, Experi-
mentally, the ratios of these decays are nbou:’z 1:1:0(4), but we would
not expect the paintlike approximarion to quark couplings ro be exact
at the low (:z involved in v decay. Tthe fact thact the rasult (1.7) is
even approximately correct indicates that the couplings of the weak
corcent to the low mass hadronie regonances which dominate t denayn'n
must sonchow average out to look llke the pointlike coupling to three
colours of quark. It indicaces that resonance couplings have some sensgi-~
tivity to the number of cn:t:mu.33

The ubove arguments indicate that quarks have a threefold colour
degree of frecdon, ch‘ certainly provides colour with something to do,
but iR there some good reagon why gluons shauld wot couple wo tha flavour
group? The sinultancous consideration of strong, weak and electromig-~
netic interactions provides o possible answer, in that pority and
strangencss conscrvation in O(a) con only be sunnn:ud“ if the stxung
and weak gyrmetry groups are disjoint and commte. This cundition fu
satisficd by QCD wi*h its couplings to tolour rather than flavour, It
is an cxample that nontrivial constraiats may bo imposed on the theory
of the strong interactions by the requircment of conzistency with our
ideas about gauge theories of the weak anerncuonu.z'u Anothexr such
interconncction arises frow consideracions of &¥ vl.eln(l.cm."‘i ard ve will
return to it in the fourth lecture. In the meantime we will concentrate
on purely strongly strang {nteraction prablems.
1.2 The Partem Model and Corrections in Field Theory

In the naive partan undcl.s of Fig. 2, the collision of & vircual

0

photon, 2% or @ with a hadron target is viewed in terms of {ncoherent
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cclliaions with pointlike parton constituents to be Identificd as quarks.
Because a pofnt has 00 intrinsic scale, the deep inelastic cross sactions
would then exhibit nafve Bjorkem scaling beh-winur.”‘ and could be simply

axpreased in terms of quark parton distrib: ions q{x), vhere x = -qzlzp-q

is tha 1 1 [ of the quark in an infinite momen~

tum freme, Thus we have tha usual decp inelastic rtructure functions

Woaah «'w =3 T ol + 3o

qeuyd,ees

vl'd'(v.qz) - P‘"(x) - 2 x{qfx) + q(x))
2 2 qouyd,... 1

Wi tv.a?) + B0 - (@00 + B 4+ ..0)

Wy via®) + P00 = 26500 - 000) 4 L 1.8

TNotite that in the naive parton moded the Collan-Crose relation’® applics:
1ty () = Fy(x) .9

Thie relation and the scaling of deep inelastic gtructurce functions apply
only beeause the transverge momenta of the partons ace cutcff nrbl,cutlly’
==probably to O (few hundred GeV). It is also rupposed that struck
partons fragment into finnl ptate hadrons wéth finite transverse somen-

ta, producing jets in the final ntu(e.” as indicated in Fig. 8. An

way of the scaling laws (1.8) is to allow for the
posaibility that the quark distributions may depend on the momentum
transfar Qz £ —qz by defining

wiltve?h) : T \ o2 ata(x?) + 50,070 (1,10
qou,dyees
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acd then observing that the laws (1.8) correspond to

? ;;—, ax,0) =0 a.an

We have introduced the logovithmic derivarive Qz Lz in order to keep the
left-hand side of Eq. (1.11) dimenstonlesas. «

1o & renormalizrble field theory, the Bforken scaling predictions
(1.8) or (1.11) do got hold,?” as caa be seen by calculating any Fermman

dt For le, the di of Fig. 9(a2) and €.
pair crestion diagrema of Fig. 9(b) both depend logacichmically on the
02 with vhich the quark ar gluon parton 16 struck. Theee diagrama

therefore tall us that

a
o 2 axioh - o(T‘) .
2

(1.12)

a
op gl ——35 6x.Q%) = 0(7’) ¥ e
3

vhere o, 18 the stroeg ag > szlh $n QCD,

G(I,Q’) 1p the offective gluon distribution, and the dota in Eq. (1.12)
ioclude possible higher order terms {rom more complicated diagrams, The
naive parton nodnls assumes that a‘I- + 0 at large Qz. 80 that the quarks
and gluons can be regarded ae essentially frec in thie kinematic limit.
The same assucption underlics the parton calculation of the ste toral
crogs soction in terms of the free quark-parton ltmpn of ¥ig., 1.

It 18 easy to deduco some qualitative physical anueuuouu froz

the of the 1 in Fi1g- 9. The effecc of both

bremsatrohlung and pair creation is co generate an increase in the den-

sity of partons at small x as the momenta of the parent quark-partona
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are degraded, Therefpre a typical deep {nelastic structure fumction
whieh 1s quite broad in % at Toderatcly lew @F will nove dn towards xv0
as qz + w, decreasing at large x, and rising tewards x=0 ag indicated
in Fig. 10(a). This process may be cnvisioned intuitively”® by thinking
of the virtual photon (or Z, or W) probe as a sort of microscope with
spatial reeolution Ax = 0(1/Q). Thercfore a low QZ photon will have poor
resolution, while a high QZ photon will have better rewolution. Perhaps
it vill resolve a parton seen by the low Qz probe into a larper number
of smaller constituents, each of which has a swaller longitudinal momen-
tun fraction x, as illustrated in Fig. 1l. For example, in o(us) in
QCD, a gquark may be resolved into a quark + gluon {corresponding to the
bremsstrahlung of Fig. 9(a)) and a gluon moy be resolved Into a qq ot
gluop pair (corresponding to the pair creation of Fig, 9(b) in the giuon
field of the hadron). The fundamental processes at the root of scaling
violation are thercfore seen to be radiative corrections analogous to
those familiar from high energy eluctromagnetic showers in QED.

So far we have not made much use of the specific features of GCO-~
most field theorics have some sort of gluon, and the basic Feynman
diograms and resulting qualitative picture (Fig. 10(a)) of sealing vio-

37,38,39

lations g commou to many field theordes. Thus the observa~

tion’s'kn of this general trend as in Fig. 10(b} is not conclusivy uvi-
deace in favour of QUD rather Lhan any other field thesry. However,
there s one feature of QCD which is uniquc, yields a cannection with

the parton model and enables quantiraiive predictions -s in Fig., 10(e)

to be made--the property of asymptotic l'rucdmu,22




The point is that in a ficld theory the basic vevtex g depends <m
the momenta q which are fed into it. In perturbation theory as in Fig.
12

g+ 5+ 0 tn q®) + 0% 1n? 41 + ... (ram
Fortunately, in QCD the leading logarithms can be summed exactly and
Elve an cffective constapt which decreaies to zers as Q2 = g% + = (Ref.

22):

2,2
o @} « L&D 4 o 20 - 1.1
v 2 93
Qv (33-2f) In( Z)
A

In formula (1.14) f is the number of quark flavours and A2 15 an a priori
unknown scale which sets the scale of the Qz development of the coupling
a,(@%). The complication of 1 Q7 dependent coupling doca nut oncern us
in QED because the rate of changs--T{a in Qz)--ls very small. In QCD
the scale parameter A replacec the QED parameter as a way of spec!fying
the strength of the interaction. The dcrivauunzz of (1.14) will not be
digcussed {n thesc lecturcs, though we will see o tantalizing reflection
of it later on in this lecture. Lnatend we will occupy ourselvas with
«xploring the consequences of asymptotic freedom. The general effect
w1l clearly be that perturbation theory for the strong interactions
should beconc evermore applicable as the typical momentum transfer Qz of
a process + =. However, the relatively slow rate of decrease (1.14) of
nB(Qz) means that une doed not aluays recover the naive acaling expecta-

tions of the naive parton model, as we nov sce.
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1.3 Scaling Violations fn QCD

In the previous section we saw that naive scaling cortespond to
Qz —a'i q(x,QZ) = 0, as in the naive parton model, whereas one might
expect @ = q(x,0D) = o(gf) + ... in an interacting field theory. Tn
QCD vhere :s(Qzl + 0 as 02 + =, ve might hope that the O u—:-) approxima-
tion to the Qz evolution of q(x,Qz) mighe be very goud. In this order,
the only contributions in 0(:—5) are the bagic bromsstrablung and pair
creation processes of Fig. 9, and the rates for them are proportional to
log Qz. The quark parton distribution is characterized by the longitu-
dinal momentum fraction X, and the bremsstrahlung and pair creation
probobilities may be written in terms of the longitudinaml momentum frac~
tion z carried by the final state parton ns in Fig. 17, We therefore

specify P, (z) ae the probability of parton A emitting a parton B with

[
2
longitudinal momentum Fraction z when Q7 im changed by d9°: by dimen-

sipnal analyois

I, 2
oz \2—5) By p(@) d -‘q%— (1.15)

The situation in QCD is analogous to that in QED, vhere in the WeizeHcker-
Williama equivaleat phaten Appmx.l.mm.lnn“ ve talk in cerme af che ghoton

density ingide un electron being

2
jay 1+ (1-2) (E
(z..)( 2 ) 1“{\,“1) (1.16)
corredponding to
Y LRSS aan
ery z i

The density of gluons in a quark is analogous, the only difference belng

a geaup theoretleal factor from the colour couplicg (1.3} of the gluen
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fleld:
a a
L) ()t
K {:( 2 ( 2 N .18
60 that the final "spltcting function” far q + G of Fig, 13(a) is:

.
safie e ‘]
P =4 [ L (1.19)
Ve caz*? vrite down the “evolution equations” of the form (1.12) which

apply in QCD, just by looking at the basic interactions of Fig. 13:
o 25 qxad ~(3)f1 & (aralie, () + oD, 3] o
a? o w3 awaly 7400 g () :
for quarks and
1
2.3 2. (“_s & 2 x 2 5]
qQ e 6(x,Q") z")fx v [q(y.Q 2 gly) + 6P () (.21

for gluons. Because of the slow logarithmic decline (1.14) of as(QZ).
the evolution cquations (1.20) imply that the parton distributions
a(x,0% ana 66 Q%) do not scale exactly.
4,22,43
The pattern of scaling vielation in QCD is well known, and
usunlly expressed in terms of theoretically prezise, but cexperieentally
aTcane, nunbers called anomalous dimenmions. The connection between our

38,39 4,43

42
physical picture and the academic formalism is easily made.

Let us consider x moments of the structure functions such as
1
w2z [ a0 ryad) (1.22)
0

which ia the type of quantity for which rigorcus predicrisns of QCD are
usually expmssed.” QCP nakes prcdnuor.s"’ of logarithmic vioiations

of scaling:

-
K@ v an ey (1.23)
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“herems other field theorics’® are expected to violate scaling by powers 839

of QZ. From the parton expression (1.10) we sce that generically
.1
B2 o [ oAt aa? .26)
n (]
Let us first consider a flavour nonsinglut combination of quark distribu~
tions, such s u(x,Q%) - d(x,Q%) which is velevant to the ep-en cross
seceion difference, or ﬁ(x.qz) -~ d(x,ql) vhich i{s scen from Eq. (1.8) to

de relevant to FJN(x,QZ). The gluon term In the cvolution cquation (1,20)

does mot contribute to such a nonsinglet quark distvibution q"s(x.Qz)-.

23 s o (%) flay ws oo x
@ et (z,,)f‘ 2 M iy.0h p L (3 w25

1
If ve take the mament f ax ™! of this equatson, the left-hand side

[¢]
is QZ_QE Hn(Qz) and the right-hand side of Eq. (1.,25) factcrizes neatly:
W
23 2, _ % 2
U K Q) < 5 AM Q) (1.26)
Q
where
A5 jo' dz (o) .21

The solutien of Eq. (1.26) is quite siwple: introducing the notation

2 U T 5 T3 2
a @) % 52 bnapil (1.2e)
b in

frow Eq. (1.14), we see that Eq. (1,26) implies

~ A J2mn
1@ %A (g " a.29)

Making the compariscn with the conventional QCD prcd(ctiun"“'3 (1.23) 1t

clearly {5 possible to identify

"n"W“b (1.30)
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50 that we are able to calculate the famous aromalous dinensions ds soon
ag ue deteraine the “splitring function” l’q."‘(z).Az

Nefora doing this, ler us just discuss the singlet combinations of
parten distributfons, which obey somewhat wore complicated evolution

riuationa. If we intraduce the singlet diseribution
£ -
D = L (afetd + gt a.3n
=1

1t 16 apporent from Eqs. (1.20) and (1.21) chat q°(x,Q%) and G(x,Q°) obey
a coupled pair of evolution equations. If we take the momente f ax ln-l
[}

of theac equations we ob:.unl'z a sce of matrix equacions

2 2
ot (5D () A, 28\ (s.@ ))

5 {1.32)
w0 \e,@d) '\, o, Mo,k
where sn and Gu are the moments of the singlet quark distribution
1
-1 S
5, fu ax ! g ey (1.33)
and gluop diatribution
1
6@z [ e ctned (4.33)

[
raapectively. on the righc-hand side of £q. {1.32) the matrix cleocnts

A, were defined tn £q. (1.27), vhile we have introduced

fld e (2
AL W

1 =1 =
5z f az = PM(.) (1.34)
R}

1
- a-1 ..
B, s ‘[.' "l o e
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The solut.on of the cou;led equationn (1.32) is quite straightfriward.

First you must diagop-.f2c the matrices on the right-hand sides

(1.35)

whiczh oust be done separately for each moment n. Then the eigenvector
conbinacions of 5(¢%) and ¢_(9%) evolve yeparatcly, with the Tesult thae
a slaglet moment
+ -
HieD + Ban X (e A’ (1.36)
where the singlet amomalous dimcnsions df‘ are Jeieruined similarly co the

nonsinglet anomalous dimension

="

df - (1,37
“ 5 .37

Y
E

Thus the scaling wiolatlons in singlet cumbinativns of strucrure functions
(1.36) are somewhat more devious than 'ho.e in nonsinglet corbinacions.
As nn gsdded coxplication, many physically observable stricture functions
such s ¥37(x,0%) or F}"(x,¢") ure 1n fact cembinations of singlee and
nonginglet structmea functions, 6o that all three terms (1.19) and (1.36)
are necessary to fit the dota.

1.4 Caleulation of the Anomalous Dicensions

We gaw in rhe previous section how the calculztian ol the anomalous

dirersions reduc to the determiration of Lhe splitting functions
PA»B(Z)' and we now procced to evaluate them. First mote that therr are

certain triviul constraints which must be satisfied Ly the splitting

functions. For examplr, quark number ¢ conserved in thp bremsstrahlung
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process, so that

1
de ? z) = .
_/; 22 =0 (1.38)
Algo, since it is clear that if you have 3 quark with momentum fraccion
z you must have a giuon with owmentum fraction (1-z):
’ P, () =P (I 1.3
q_.q( ) q*ﬂ(l z) {1.39)

The relations (1.38) and (1.39) between them fmply that the Pq_,q c(z)
»

obey the oomentus canscrvation condition

_/0'l ar '["w"-) + Pq__c(!)] -0 Q.40

end there is a corresponding condirion far gluon mumentum conservation

1
j; o 2[Ry (22 + T oG] 0 (an
Between them, the momentum conservation comditions (1.40) and (1.41)

engure that the tytal mozentum of the hadron target is conserved:

) f
23 20 (o2 2
qQ pocs /o- ax x[(z'l(qil.n.ﬂ 1fx.20)+ 6(x,0 )] -0 1.42)

We will use the conditions (1.3b) to (1.+1) in a moment to decer-
uine the contributian tu the splicting functions corresponding tc parteus
which do not interact, corvesponding to &(z-1) pleces in Pq“(z) and

l’q‘qh).

Tao deterning the I‘A.E(.') we first recall the modified Welzslicker-

WiIlans®! formula (1.18):

a
* ll.; ] for >0

m ot
Pq’wz) 3
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The reciprocity relation (1.39) imediately tells us that

2
4fixz
Pq*q(z) 3[ z] for z<l

vhich unfortuately has a singularity at z=) which must be regularized.

Altarelli and Pansl“ vea

choose to ¢o thie by Teplacing
1 1
o ",

vhich {9 defin.d for f(z) regular at z=1 by

1
o L =1 (an

The regularized form of Pq_.q (z) docs not obey the sum rule (1.38) and

must be supplewented by @ suitubly chosen picce = 8(z-1):

2
sl 1 3
O [u_z)+ +3 e(z-x):\ (1.48)

Ao elementary caleuation®® of the q+qq pair craaotion vertex ylelds

12 2
R -3[1 + (1-;)] (1.45)

vhich ie symmotric butween r and {1-z), Finally onc can calculate the

<] poot of Pry—s to be

+ z(]-z)) for 2<1 (1.46)

{2
Togle) = 6 {7
which regularization and the application af the comentunm conservation

condition (1.41) couse to become

I S L. - ot . 4
P ole) = 6 (u—:), s L2 am - L sen) aan

It ehould be cmphasized at this pudnt that the farm of the splitting func-

tione (1,19, },64, 1.45, 1.47) depends sensitive.y on the spin of the



gluon. For cxample, if we had scalar gluons we would have

<), - 1
P‘I"‘I -2) - 3 8- (1.48)

at lewest order in the qi-scalar gluon covzling. We vill see in a

moment that the forms (1.44) and (1.48) produce very different anamalous
dimensions which caa be distinguished experimentally.
% are now in a position Lo compute the anowaluus dimensions by

taking the moments of the l"\_.a(z) (1.19, 1.44, 1.45,.1.47),

We find
N Ry Y 22 (1.490)
n gy T Tem I\ * T &1 +49a
PR S NS | (S 1. L (1.49)
LI N B Tt 2 \n(nt1) (p¥2), .
a ( 24n4n > 1.49¢)
atn=1)
n
! 2 1
- ( 50 D ",z_zj
(1.49d)
which are the familiar yes 1ts of more sophisticated field theoretical

w43

calculations. Hopefully they have been demystified slightly!

Mow do the predictions of QCD for scaling violations in che moments
of the decp Inclastic structure functions eovpare with the experiwental
dnuru This quvation is addressed in core detail by Don Peckins in
his lecturey, but let us just pick out a few ioportant points here and

wr _peh N
mow, Consider a nonsinglet situcture function, such as rz' -F", or }‘3 .

Then €D predicrs”’ thac

w@h dcngh " (1.50)
" .
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with dn glven by {1.30) and (1.49a). The forms {1.50) {mply that

1n HH(QZ) & -dn In Qz + (constar!)n (1.51)
If we comparc the logarithms of two mouents o and Hn, we ghoud Hndla a

straight lino with slope

1 1 &1
4 P o R~ i O
2 L S S Y. L7 LA €.52)
g ] n’ >
o’ ( 1oL, l)
la” >, +
2 a'(n'+l) = 3
The mc“ data for the u=3,4,5 and 6 moments of !‘;N agree very well with

the QCD predictions {(1.52) as shown in Fig. 14. The besc Fit values tor

dnldn. cbtained from the data are compared with GCD in tha tubla belows

TABLE T
ag0d, a,fdy 4404,
Qco 46 .76 1.29
Sealar Gluoo Theory 1.2 1.16 1.0
Experimentc 1.5¢ ¢ 0.08 1.84 £ 0.20 1.29 % 0.06

F~. comparison, wo have also included the "predlcuans"“ of 4 sealar

.:som theory. If euch a theory were to have a coupling g which weat to
some emall Zixed valuc g* ag Qz + ®—the only possiblc way of [ixing to
get approximate yealing ia auch a theory——chen the mements would scale

approxizately os

-8
2 B od R
Hy (0 ~ B @) (.59



vhere
s e ) gy (1.58)
LI N a4+q .
. (-} __1_)
( FRdeTery 1.5%)

Plots of the logarithms of the moments should then be stralght ltnes
with sl,pes ﬂnlén., wvhich Eq. (1.55) reveals vo be very different frem

18 data dis-

dnldn. given by Eq. (1.52). Figure 14 shows that the BEDC

lgl’l:c“ ezphacically with the scalar gluen "predictions™ (1.55) while

agreeing very well wi.h the QCD predictions (1.52). This amounts to a

convincing demonstratioan that the quarks are bremsstrahling vector gluons

rather than ocalars--the first deteralnation that the gluon spin = 17
Another important point about the BEBCw data is that they indiecate

a logarichofc, rather than power law variatfon of the moncnts with Ql.

1€ we consider the quantity n“(qz)- ™, then QCD (1,50) predicts that

1t should vary linearly with In Q7, and this is consistent with the daca

shown in Fig. 15, Suppose that the moments had in fart behaved oo

8d

2, o 2.7
H (@) » H (@9 (1.56)

as wight have been expected in a (Abclfan or non-Abelian) vector gluon

theory with a small fixed point couplina g% as Qz » =, Then the quanti-

tiea
o8 () = <04 @ + (conscanc® (.57
0 n n :
as before (1.51), and the thcory would als. have passed the QCD test in

Fig. 14, However

-1/d
2 n 2,0
@@ e @ .58
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uhtch fa11s*?

the test in Pig. 15. Shown for comparimron with the straight
1ine QCD fits to the moments are fits of the form {1.58} with the pover

B chosen“ B0 af to glve simllar scaling vialations to the data butween
Qz-l and 10 Gevz- It is appareat that the data ore not well fitted by
these curves, ond we conclude that such fixed point vector gluon theories
are grroagly diafavored.

So far ve have only locvked at momainglet comblnatiaas of strueture
functions. When wa look at aeinglet structure (uuctl‘onu. we Rat contri-
butions to the mcaling violations which come frow the pair creation in
che gluou field of Fig. 9(b), as well as the bremsstrahlung of Fig. 9(a).
The IBIC’B group have analyzed the F'z’“ structure function using the
amount of bremsstrahlung imdi{cated by their analysis of F;N. Tray find
otrong evidence for an extra contributien coming from pair croacion.

The smount of {t ir sensitive to the gluon diatribution assumed, and
:haym £ind thet the observed scoling vielations are consistent with
sbout -;— the nucleon‘s mannlm being carried by gluons, as found previ-
ously by just looking at j; dx F;“'““(x.qz)." The iaterested reader
is refersed to Bef. 18 and the lectures of Perkins for more details,

It seems that the QCD analysis of decp ii.zlascic sealing violations
is in very go'd shopn, and probahly constitutes the best experimentai
evidonce t. Jate in fovour of the theory. Before abandening complctely
the topic of decp inclastic scaling violatlons, it may be worth drawing
atteation to a few {nteresting aspects of the evolution equation for-
waltem,

There aro some {mportant sum rules for decp inclastlc scattering

wbich depeed on fundamental properties of the avark model. One exsmple
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is the Adler sum rule“

j: 2(erer) - j; ' axfuedd - G - aweh + i)
.59)
The right-hand pide should be 1 at all q:‘. If we compute Qz—a—{ of the
tignt-hand side ve see that Lt i= proporticnal to j: dz Pw(z) -0,
since the right-hand aide of (1.59) {s the n=l womant of a mousinglet
combination of quark distributions. Thus the "quark comservation™ eon-
dition (1.38) emsures the validity of che Adler sum rule at all 01- A

siwilar gnalyeis applies to the Gross-Llewellyn s-m." sum rule
t - 1
j; an{raPesd) - -zf axfote,® +a0ne®s - Gned - Fugh)] = -6
0
1.60)

Ancther interesting sum rule, which i{s specific to QCD and uncltaio=

sble in the naive parton model, {8 the momentum gum ruln.“ Let us

congider the v-2 moment of the ¥, £ vhich d

to combinotions of [ dx x q(x,q)). From Eq. (1.32) we beve
o

uzalql s,e - ( ) asace®s + 2¢ ‘zcz@z)] a.en

lat us ook for the possibility that SZ(Q’). the momentum fraction car~
ried by quarks and antiguarks, fa indcpendent of q’: thie will happen
1if

45,7 + 26 B,6,(0Y) = 0 (1.62)

The condition (1.62) can be regarded as a relation for the guark and
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gluon womentum fractions:
2

5@y -2m,

2 A
T

4
Te {1.63)

Stnce momentun conservacion (1.42) ensures that 5,(a%) + 6,(a®) = 1, the
condicion (1.63) 1s suificient to ensure that the momentun fractions car-
ried by both quarks and gluens are independent of Qz. The condirion
(1.62) gmounts to a sorc of equilibrium condicion that che amount of
momentum that quarks loge to gluons by bremsstrahlung is the same as that
which gluons glve to quarks by pair ereation. This equilibrium cam ‘e

reached g QPwe , in vhich 1imge®?

_/:u AR '_/Oddxxé:[q(x.qz)i-i(x,qz)]e: N s (e (160
(™

where the average quark (:hnrgc)z (ei) is preaumably equal to 5/18 be-
cguse of equal mumbers of charge 2/3 and charge -1/3 quarks. The experi-
mental datn are consisteat with the asymptotic behaviour (1.64) applying
for either f=4 or 6. This .omentum equilibrium sum rule clearly cannot
be derived in the naive parton mudcl.J because Lt relies on the ripht-
hand side of the evolution equatien (1.61) buing nonzere. 1In the obsence
of interoctions it I5 mever possible to reach ecquilibrium. One might
wonder whar the equilibriun conditions on the higher (n>2) wmomunts of

the quark ond gluon moment Sn and Gn wighe be. Tt is easy to natisfy
oneself chat there are tuo Indopendent equations for each such msment

which are only notisfied if

S“(Qz) - cnmz) -0 for all n » 2 (1.65)



The anly solutions to the combined equactions (1.63) and (1.65) are dis-
tributions with singular support at x=0, as suggested by our tntuitive
reasoning {r Secrion 1.2. The conditfons (1.63) and (1.65) are the
ultlzate fate of all hadroms at large Q2: the quantum chromadynanic
“heat death”.

Before leaving the evolutfon equatioss™ (1.20) .md (1.21) it may
be amusing to point out one Intriguiag feature of the gluin splitting
function Pcoc(z) in Eq. (1.47). The coefficient of tvh-: 4(z-1) picce is
directly proportional to the lowest order tersm in the renormalization
of the QCD coupling constant (B function), the coefficlent b in Eq. (1.14)
or (1.28). Is this 1 coincldence or a profound truth? I don't know,
but it would imply that a gluon—-vhose “gluon in a gluon™ distribucion
6(5,0%) would have a &(x-1) pleces~would bucome more "pure”--the §(x-1)
plece would fnerease as Q em—-bscause of the positive value of the
cocfficlent of 4(z-1) in P\;-G(z) {1.28) if the number of flavours f ig
$ 16, The inereasing “purtry” of the gluon wave function (5 pethaps a
harbinger of asymptotic freedom--or perhaps not.

1.5 scarch for the Smoking Giwen

S0 for we have only discussed fndirecr evidence for the gluon, such
as the scaling deri~ ‘ons fnduced by bremsscrahlung of It and pair pro-
lwctten from {t. However, rhe gluon {3 a constituent of hadronic matter
which = as basic as the quark. Thercisre we would like to have equally
direct evidence for the gluon's exlstence--from spccucscopyw and from
ju:s.s'n for oxample. One effezt of the gluons will be to {nduce
scaling violations In the distuvibutfon ol hadrons within a quark jet.

The longltudinal memewuwn distribution will be softened at targe Q7 by
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bremsstrahlung and pair creation in a manner analegous to the effects we
diseussed for the deep imelastic structure functions. For example, if
we dntroduce moments of the fnclusive hadron discributions fn e e

annihilation
2 b el g 2
Q% sf w7 E ek (1.66)

where z = zﬁ\ndrnnlq' then u“(qz) will exhibit logarithmie viglations of
scoling just like those (1.29, 1.36) found for deep inelastic leptopro-
duction, with "snomalous di{mensioms" simply related”! o the traditional
results (1.40).

Another characteristic of the “vemsst-ihlung and other ficld-
thearaticsl processes {s thefr large Pr mu.7'” Becavse the basic

field-theoretical vertices have no dimensional scale,
a
& o(;”-) Q¢ (1.67)

0f course g 1/6 1n Q2 (3.14), tut the <pp> coming from (1.67) is much
larger than the finite <p> = Q(300) McV usually observed in hadron-
hedron cnllie’ na. This meons thet jets in c'e” aunihilation or lepto-
production are heata dencribed by angular cutoffs rather thon ficld Pr
cutoffs. For example, lat us suppose in e+e_ annihilation that tha
fundamental quanta (,G) in the fimal orate produce hadrons with finite
@omenta tranaverse to thelr Momentum vectors, We can then calculatesz
in perturbation theory frem F1g. 4 the probability Pq that a fraction
(1-¢) of the roral c'e” centie of cass energy Q will be contained in some

pair of oppositely directed cones of half angle §:

“a(o) i )4
la- 1- S lnlln (2c) + !‘ 3 1o & + terws with no logs (1.68)
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For sufficiently large energics almost all of the e+¢- avents will fall
ioto two angular jcn.’

On the other hand, a fraction D(:‘“i) of the events come from hard
gluone radiared outsfide the angular cones. The uaual discussfan would
thel suggest that these should show up av three jec final etates, the
third let emitting from the metamorphosls of a gluon inte hadmns.s The

eroge section for hard gluon bremsstrahlung was cosy to caleulate:

2 X+ é
ol - (52) ity - maer acters (169
toral “7q  q LU ]

wvhere xq - ZEqIQ and aimilarly for xa Such final atatcs would be com-

vincing evidence of the vcality of the gluon. A possible stxategys’ tor
fieding such cvents might rum as follmus:
—Firat laok for c'c” events where the final state hadvons are not
highly collimated. This could be done by couputing the thrust>™
T % wax lp‘l" €1.70)
hadrous W

vhere the maximization is with respect to the choiee of the thrust axie,
along which the PI.\ ite megeurcd. The crosa sectfon ‘-l'- %% can ba calculated
ul(lblyﬂ'“ in QCO perturbaticn theary. because it does not depend on

the details of the Infrared properties of the theory which we do not

und:u:und”
1 dy 20072-3142) 21-1) _ 207-2(2-D)
Far® ) Bam wiiF) J—'{T:#—] .

=-In anch events, find a plone containing the thrust axis which maxi-
wizes the sum of the modulf of the hadron momenta out of the plane.
Events with only three fundamental quanta (q,4,G) should definc an aveat

plane quite nicely.
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--Orfent eveo*: {u the plane by setting 6=0° ta be alang the thrust
axis and heading Into the hemisphere with smaller }:Ip¥|. Deffne the
angular range 0<B<z to be the half of the event plane which has the
larger amount of hadron energy.

—The events shouvld now be oriented as {n Fig. 16, and given any luck
there should be a we'l~defined jet around 820, swother in the angular
zange J<g<r, and another fn the range n<s<223. To see whether the hadrons
reclly came into three jets, Lt 1s first sdvisable to look at the half-
plane - %e%, and check that tha hadrans there have finite Pr relative
to the thrust axis. If so, remave these hadrous and buoszSJ the rest by

an amount §:

Bh o= —L— , chg=—2L (1.72)
2/t Y=

The remaining hadrons should now have been boosted back to the ceatre-
of-masg of the two putative jets in the half-plane + %93—2" az in Fig.
17. Given any luck, an axis can be defined for the boosted hadrons
telative to whith their pp are finfte, and this axis will define the
directions of the se.ond and third jets.s5

It will be intereating to sce whether three jct evante show up
wvhen this analysis {s applied, Ouc potential comslication 18 that tne
<P of hadrons In a gluon jet may be lacger than the P for a quark
jet. As cmphasized above, the jets seen po far hove a finite <Pp> which
1a no* perturbatlve, and the rclevance of the percurbative analysts fs

oot obvious. Nevertheless, onc can tonputl:56 that for a gluon jet the

fraction FG of events with 1-¢ of the total energy E inelde two oppoeitely



T
directed cones of half angle & is
Foh1- e :12 o) - {11 -3 £ 10 8 + (Flotce cerus), (1.73)

The perturbative widch for small c and & is wider than that of (1.68) for
a quark iat, buc it 1s oot clear vhether this is relevant to che gluon
jets to be looked for at presently aczessible emergies. An smusing
aspect of the formula (1.73) fa that the pfece finite ao c+0 is again
{ef. Eq. (1.47)) proportiomal to the renommalization (1.14) of the strong

coupling constant a.(Qz). Coincidence or .

Fioally, ve should note that another good pllcaw to look for gluen
Jets, bestdas tha obvious e"e_ annfhilation and lepteprodueuan” Teac-
tions, is in the decay of a heavy quark-antiquark vectar resonance such

a8 the T. ding to the ch fum medel, the decay mode

should be into three gluons as in Fig. S, with a differential cross

necuon“
: Gep? (exp? (exg?
JIR SO - RS U Rl L e A (1.78)
T’G d'ld"l “2. 9 IZxZ lZ'Z ? ! ‘
27 173 *1%2

This would be an copeclally pure place to look for gluon jets, using the

eame jet=-finding a:nteay” outlined above. The thruat Jdistribution

should be
WP [_w_r)_ (sttorzren) 1o BT ._m-_zw_.vr] .
i I-9'|'(1'l' T(z-)

and orlenting eventa along the thrust axis should give Jistributions of

hadron energy in the cvent plane like those shown in Fig, 18. Prelimi-

58

nary evidence from DORIS™ suggests that the final states in T decay aro

not exactly the sase as in the :"c_ continuz, However, it i premsture
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to think thar evidence for the J-gluon decay yer exists. Iz will prob-
ably be much easier to sec gluon Jets ln the decay of the “topsilon™ rT
wactor meson, which presumably has a cousiderably larger mass 2 15 GeV,
ylelding much more phase space for the gluon jets to identify themselves.
Other promising waye of looking for gluon jets im onium upectroscopy
ioclude T + ch,zo and radiative decays to intermediate ntates which may
decay predoninently into 2 gl.uwm;.”',9

2. Fermjons for Pun and Profit

2.1 Wesk Intergetion Issucs

In this firac of three lectures devoted to studics of weak incer—
actions at high energies, it seems appropriate to make gome fntroductory
supgestions as to what are the i{mparrant phyaies iasues which one is
trying to resolve. Up till now, no one has ever found any deviation
from the pointlike four-fermion form of the weak interactions, whether
charged or nw:nl.eo In the regime where the pointlike approximation
is applicsble, a gensric feruion-fermion scatcering cross sectiom will
rise linearly with che centre-of-waaa invariant s, as in Pig. 19(a):

'
a(lll:) N~ gx o(—'-) (2.1)
The rise (2.1) cannot continue indefinitely, because there is a unitarity
14mit of ) on each partial amplitude. In the case of the naive form (2.1)
of crosa section this limft will be attained when /5~ u fou hundred

cev.®

Ac this juncture, the crose section may either saturate at a
constant 0{)), or else fall again, as Indicated in Fig. 19(b). 1t is
generally supposed that the latter occurs, thanks ro the prosence of

iotevaediate vector bosons. It fu theoretically appealing that the
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turacver energy /s should be rather smaller than the unitarity limit of
a few hundred GeV. This {8 because {t is attractive to unify weak and
electropagnecic interacrions with couplings which are 0{a). In an inter-

wediate vector boson Lhepry."2 GF 1x related to the boson couplings and

waEses:
£
G, = o( ) 2.2
1 4 ul
and weak el 1c unificatfon
2 2
o - ofe ) 2.3

and one {5 naturally led to contemplate vector boson wmaases of order (50

to 200) Ge¥. There are espirical reasons for liking intermediate vector
bosonr, such as the foctorization and universality of weak couplings.

Ouve of the theoretical reasons for the intreduction of intermediate vecror
boauts Ls that it helps to make higher order radfative corrections to wesk
interactions finite and calculable. Thia happens because suzh radiotive
corrections typically involve sums over virtual intermediate states which
will diverge 4f weok cross soctions do not fall ac high encrgics roughly

as 0(%). Unfortunately, Just aticking in intermediatc vector bosons does
not cure all problems, Firet, it is unecessary to include scme eelf-couplings

{F1g. 20) between the vectotr bosons, and ft Mg been :hmm"J

that essen~
tially the only way of doing this vhich yielda coss seetions falling suf-
ficiently fas: at high encrgies {s to make these cauplings those found in

a gauge thgory, Such a theory will be based on o non-Abelian gauge group

with a charged W* or neutrsl z° boson cor to cach of
the grmlp.“ Ferulons (quatka and leptons) must be put fnto suitably cho-
sen vepresentations of the gauge group. Unfortunately, just using gauge

vector bosons with masdges acquired in an ad hoc mapnnr does nrot give a




sensfble {renormalizable) theory eirher.

- -

The on'v known way of making

ouch u nassive gauge boson theory renormalizable?? 15 by breaking the

§Aauge symmetry spmtanaouslyu using scalar Higgs ﬁelds.lss

A thoory of

this type seems ipevitable to possess at least onme physical gcalar Higgs

boson.

The voad to a seneible renormalizable theoryz of tha weak interac-

tione Ia therefore quite a long one, as indicated in Taoble 2.

Finding

an incerm~digte vector boson 15 only a small part of cstabitshing the

validicy of any spontancously hroken unified gauge theory of the weak

and electromagnetic interactions such as the Wetmberg-Salua'

TABLE 2.

The Road to a Gauge Theory

2 nodel,

Physical Input

Experimental Test

Discussed in Leeture

Weak cross secrions fall
at high energies

Intaractions duncribed
by a4 gauge thoo.y

Cheose 28 gauge group

Choose spectrum of fer-
wions and thelr group
representations

Brosk gauge syometcy
with Higgs filelds

Do high cnergy e'e”
or ep scattering,
lock for Wf, u@

Look at 3~ and 4-
vector boson inter-
actions

Loak at low energy
wenk interactions;
Do W, 29 spectros-
copy

Look for fermioas

Laok €or Higgs
particles

The strategy of these remalning lectures will be

tTO survey this

tosd with a view to the experimental confrontation of these theoretical
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3deas, Finolly, at the end of the last lecture & we will examipe a fow
speculacive possibilitics that go heyond this orthodexy and help keap our
lives interesting. We start with fermiology.

2,2 Bow Much Do We Xnoy_Already?

We have ao far nucbnshnd“ unassallably the exirteace of 10 fundo-
mental fermions:

4 quarke - u, d. S, ¢
€2.9)

RV G MY T,
$ leptons ~ 2, ol BV TV,

aad che exigtence of a FLfth quark {3 not seriously guestfonsd, So far

64,68

it bas only been seen bound with 1ts antiquark intc the T family

of Deaon remonances. Thera are some indirect indications that this new

heavy quark has charge - % They are the smollish coupling of the T

to leptons (I +-" {1,340.4) keV 65). the rumoured small branching ratic
@

of T+ u+u'. shaky arguments about the relative production rates of T

69,70

and T' in hodron-hadron collisions, and speculative caleulations of the

next charge s - % quark mass in the context of grand unified gauge theo-

7,72

viea. We will henceforth assume that the fifth quark has charge

- -§‘ and call it b or l:ouum.u
We knov quite a jot about some weak interactfons of these ferwilons,
The following lefr-handed charged weak interactioms are by now completely

emslul“:
/ u 2 uy 2, Ve . Yy
s ofy) veost g () vemtas {0 2 ) A
1 i el wiy

Recently established but apparently yuize reliable are thu lefe-handed
charged cauplxngsn'“'n
v
4 (:) large: O <{§) << 1 (:) <« 1 ( :) dopinant (2.6
L 1 L iy
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At the present time there is no good evidence for the existence of any
right-handed charged currents. The Eollowing are excluded at anyching
approaching unit (v GF) strength:

x (:)R’ (:)l‘ (:); (:_)Ri (".) @.n

R
Plaunibly at any 3 unit by ebservations
of charg chara o tl and of T decuyqaz are
»? () s ("_) (2.8)
R AR

Toare 10 no tine here to digcuss in depth the predent status of neutral
current phenomenology vhich 18 admirably reviewed fa tho talk of
Baroett at this Suzmer xn-:uu:e.” Suffice to say thut the following

rigbt-hacded currents unmu.’6 be large:

n N (o, a9

The following current is etrongly disfavoured by the recent polarized b

scattering d-n”

it

xt ¢ (2.10)
® n

To tha best ~f my knowledge the following left- and right-handed currents

are not yet severcly constroined by experimentt

(:)L.n; (:g)n (':?)“ 2.1

As far s the neutral curremts of the fermiens ¢2.4) nve comcerned, we

cnly heve fnforvatton at prescat on thone of u, d, e, Yo and % all of
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which seen to ngree’s'n very well with the su(z),. % U{1) Weinberg-
s-ln'z model. On the other hand, we have as yet no vseful information
on the diagonal neutral curvents of s, ¢, b, u, T and Vo We do hewcver
have information on the off-disgonil neutral current de+s, whica is
ohutved" to be O(G:), and we have a :nns:ralnt“'79 on the 8C=? transi~
tion 2°+—+5° which is related to the AC-1 meutral current ussc, and tolls
us it is alac atc most O(Gg). These saall couplings are just as expected
in the Weinberg-Salem model, and indeed the smallness of the s++d acwtral
current was the motivation of Clashow, Ilicpoulos and Malani (cm)w tor
siving the charmed quurku a well-defined xole in weak interaction
physics, by cauaing rancellations like that fa the diagram of Fig. 2I.
Wich the {mports:t excepcion of certain atomic phyeics np!umenr.-.u

12 yith sin? o, ~ 0.20

al) present data agree with the Weinberg-Salam mode(
to 0.25.

It is slmost universally expected thst there will be at least ona
more quark, with charge e » 2/3 to be called t or top., Sows reasons for
ity existence are as follows:

e-Arsthetico: perhaps ve should parallel the (wo far)

three lepton doublets (::),_' (:‘_')L- (::)L
wlth (2.12)
b (5

three quark doublats (:. )
“L L
where the prinea on the chorge - % quarke indicates that they are (gen—
eralized) Cabibbo mized, jo & manner to he discussad lacer. It was Juet
such an aesthetic argument that led to the postulation of chamm when

only three quarks and four leptons were knowm, It was only ouch afrer
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this original arbitrary Introduction that cham was givenscl A raieon

d'ecre in S i ing neutral currents. Perhaps
some similar role will eventually be found for t and b--a possibility

18 CP violacion>

which will bz discussed later in this lecture.
-~-Angmaly cancellation: The abave prescription for constructing a
renormalizable gnuge theory of the weak inceractions is in fact slightly
incomplete. The falling high energy cross sections depend un tricky
canc.1llations berween different Born diagrams. The relations Letwaen
these diagrems can be upse:za by the so~called “snomalies" of perturba-
tSon rheory which arise from the fermion loops of Fig. b, The ancaalies
oust be cancelled if the strict rencmalizabili:y29 of the theory is to
be preserved. Eaoch triangle diagram makes a contributiom « gie?‘ A8
wsentioned in Lecture 1, thanks to colour these anomalies are cancellad

1f there are vqual nuzbers of left-handed lepton and quark doublets.

&L 2 \2 1
Aq-g(—-i[(-l) -(0)]--21

=
] 2 n
w5l -1 1

Nature haa so far endowed ue with three left-handed lepron doublets: 1t
18 natural to want to supplement the b with a t quark so as to ger a
thivd left-handed quark doubler tu cancel the anomalies. Mowever, other
vays of cancelling the anomalies arc in principle possible, and it has
even been arsul:d83 that the requirement of anomaly cancellation is not
to be taken seriously because it only destrays renormalizability in
bigher orders of perturbation theary which are not phenomenologically

ralevant.
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--Flavour conservaricn by neutral cutrents: As mentioned above, AS=2
and AC=2 transitions all srem to be suppre sad to o(cg). This was
explained in the CL‘{eo charzs model thraugh cancellations {nvolving loop
diagrams with charmed quarks (Fig. 21). When more heavy quatks are
introduced, the canceilations are no longer autecmatlc whatever the masses
and couplings ~f the new quarks, unless these are chosen to occur in
representations of the weak gauge group identical with those of the

1ighter quarks.™*7!

This would suggest that left-handed quarks shauld
aluays be in doublets of SU(2), and tha® tight-handed quarks should
alvays be in sirglets. Therefore, given a b quark we should need a t
quark to partner it.

The above arpuments are swasivious, but not rigorous. Nevertheless
we will assume that at least ane new t quark is yet to be dimcovered.
Unforcunately, [ know af no stringent constraint on its mame or guar-
antee that Lt will be accessible to the next gencration (PETRA/CESR/PEP)
of e’e” machines.

What constraints are thete on the possible existence of other {unda-
mental fermions? We start with the supposedly massless <ewtrinoa. In
fact, high cnergy physics does not cven determine then to be masaless,
but gives upper 1imits’’

m, <60V, B <057 MV . @ < 250 He¥ 2.1
e » T

and Joes not vet serfously restrict he number cf “navsless" neutrinos.

85

For cxample the K = +'\3 tranching ratio s expected ” to be

Bk - n'u5) = 00070, 2.15)
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vhereas the experimental upper 11n1¢?7 15 6 x 1077 corresponding to
N, % 6000 (2.18)
In time a better constraint may be available from the decays of heavy i
veetor mesczns.86 One can estimat
2 4
o, = G . 2
IV AT I S (,.A1eq|sxnz ‘-‘u) (2.17)

~

Vs ysree) binlale

el

%oz 10 xwl xn foro -1 eaw

For the J/¢, a guessed 1imit of 1 on the quantSty (2.18) implies thar
W, <5 x 16°, Hovever, the ratio (2.18) 1s 01077 for @, % 30 Ged,
50 that o semsirive scarch for the decay toponium - vv should be very
interesting. One vay to do it may be to look for events of the form
efe 4 (¢D)' 4 (¢E) +
L aothing

There are however much more restrictive :onsu—aincs87 on neytrinos
than (2 14) and (2.18) i{f one accepts the standard "big bang" cusmnlugy.aq
Very light meutrinoes would have been produced in great profusion during
the big bang, and would nov have slowed to being nonrelacivistic 4f thoir
wagges were not exceedingly small. They would then contribute te the
mas? density of the Universe and cause its eXpansion rato to slow dowm

by &n experimentally unacceptably large amount unlm;ns7 (pee Fig., 22)
zv: o, < 50 ev (L]

which bound can be strengthencd to £3 cV by considering the Jynamics of
clusters of galaxies. If the neutrino masses obey the constraint (2.19)
then they would have been in thermodynanic equilibrium and present in

VBB numbeTs at very early stages of the Universe when the temperature
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E -!2- MeV. Increasing the mmber of "massless” neutrinos imcroases the

early Universe's cxpansion rate, which increnses tke n/p ratic when the
weak interactions drop out of equilibrium, which in turn increases the
prinordial abundance of Helium. It is currently belleved that the pri-

wordial Helium abundance was .2ss than 252, indicating as shown in Fig. 23

that there can be at wost one more “massless” neotTino after the LA {an
iwprovement on the limit (2.16)1).
There are also cosuological Iimits on the possible existence of heavy

stable neucral leptons !.'.59 Figurc 22 shows that the upper linit on the

®wags densicy of the Universe requires KL"’ 2 GeV which con be loproved to
%10 GeV by considerlng the dynamics of clusters of galaxies. A complete
display of the allowed ranges of masses and lifetimes is showm in Fig.
24. The important constraints on semistahle L preduction come from
upper limirs on distorticns aof the 3% microwave background, and on the
Y~ray background., W see that L° particles of avbitrary mass are
allowsd 4f their 1ifecimes are < 5 » 10° geconds. Ar 1° vith a roughly
unit strength wesk interaction making it dicas would obey this lifetime
constralet if ity wass were 3 0(1) MeV. Rence the cosmological ecom-—
stratnts on massive geutral leptons are not really very useful oxcept in
mdelﬂgo where some selection vule fopedes their decay.

Lat us now return to high energy physics to see the comstraints it
yields on the possible existeace of wery heavy fermilons (eicher meutral
or charged, leptous or quarks). Such objeces could have an indirect
efiedt on our low cnergy phenosenolopy. One auch cffect {5 on the ratie

91,92

of intermediate vector bosen masses, In the simplest Wef.berg-

Snlam model with only I=1/2 Higgs doublet fields, there [s a zeroth
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aesthatic aspect nf very heavy

Higss parsizles f{o the aaive

{2.2%)

the Wi

= ocomes streagly {aterastiag (€ =¢ is aufidi-

lowes:t orier perturbatiocc thaory violactes partial

= 3 Tev
“leproa ¥ 12 TV (2.26)

states or other aonperturbative effects,

Feo

"

he vslues (2.26) as plausidle

2 magses, though there is nd rigorously logical

-{ateracting feruicns.

1rdirecs evidenze on heavy feraions to the

)
>
5
i
bt
o
-
1
“
5
o
i
W
4
I
5
3
48
»
)
1

hew in future high ensTgy

ot these are strongly suggested by

N

The decay modes and

1 the fracework of convestional wveak-

.2 tnteraction tdeas ' Asmuming

37 with 8 wass (o the
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of F1g. 7(a) and Zound =odes

B+ €T v 507

REICEEE IOR O

n @.2n

4 @ach have traaching

atie. 0 the other hasd,
exclusive secthadronic decsy Soles sush as 37 = = v, or v, shauld esch
have branching ratios <2%, whick would therefore be very difficult 2o
detect. In contrast to the , the dominant secihadreaic decay sodes are
expacted to Ee multiprong, as exearlified hv the last two tranching

ratios {n the set (2.27).

{ficfently heavy ha2avy leptons with
wasses 210 GeV, these mulriparticle se=thadroniz vecays should show up
s tvo Jees.?® A posstble sigrazure for 117 production--vhich has the

cross eection

alete” <«

(2.28)
would then be a lepton (fro= one lepionic decay) plus tvs jets plus
aisaing energy from ncu:r:m:s.';5 It s2exs likely chat such An object
could be found fn e’e” collisicns if it existe.
2.3.2 Meuzral leprons

Beavy neutral leptons are expecred fn many theories, and even in

the Vetnberg-Salas’’ apdel doublets ke

(5-") (Hn) (To\
.. -} er -
ool -
canaot yet ba excluded.?’  Lover lizits cn thefr sasses come
+ + .
from the absence of K’ ~ E'e’ duiay, voish rells us that 2po > Des Sev,

lzprored lower limits on Spotl eV ceme fre= t ar F dﬂ:a:.'s.gs An object
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right-handed e-E” coupling

5 2 2
3 for Spg < 8 <y and a

left-handed e-E° coupling (2.29)
One can olso produce 7airs E'E° or M°%° 1 e¥e” collisions through a

dfrect chamnol z° as in Fig. 26. In the Weinberg-Salaa model, sassive

lefz-handed neutral nptanmo pat1s would de praduced with ersss sec-
:!.ou’s
2
o(ete” + E o {2 o1l e"-x)z (1-%)]
2
for & <<l {2.30)

The cross sections (2.79) and (2.30) exhibit the linesr rTise with s
characteristic of the pointlike four-fermion $mteraction (2.1}, They
ate rather small for tne SPEAR/TONIS geuesation of e'e” machines, but
would be substantial a: the highest PEIRA/PEP energies. Thus ons wvould
have

2(ete” - v B0 = o[k (et~ h

ale’e = v B) =olgl stee” - (2.3
nd

D N B
(e'e « EE) ~ g5t 2(ee ) 2.32)

9

for beas enevgles = 15 zo 20 JeV. At highar energies near and beyond

the z° pole (or poles) the ratios 12.31) and (2.32) would be 3(I). If an

%° exiscs vith a ma-s of a few GeV, visible croas scctions for up = noax
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a8 ly £ d by ¢ 5 If we now include t qnnkslN

iu che loop the equation (2.45) Factor

22122 2

255w LY

2 2, .2, 222|842 42, 252555 ¢
8in’ °= 08" 0 ml > syejcyfomivsm, + 77 In|—5 (2.45)

t ¢ €,

The phencmeaclogical success of the formula (2.45), and che face that
presunably a, > 7 Ge¥ since otherwise toponium would have been seen in

the pp + ll+ll- +X ayeﬂuncs,ﬂ gives us a constrafut on s;:
€01 1f w <7ce (2.47)

Ouce again, it scems phenumenologically thae this generalized Cabihbo
angle cannot de much larger in magnitude than the original Cabibdo anmgle,
thaugh cthere is no fundamental understanding of this fact.

Armed with the comstraints (2.41, 2.44, 2,47) we are nov in a
poaition to mske some educated gucsses sbout the decay wodes expacted
for boteam and top paruclea.sg 1t ia gonerslly €elt Iikely that heavy
quarks in uaw hervy mesons will decay essentiolly as if they wora free
fnto 1ight 4qq combinations as in Fig. 28. Thosc rates can chen be cal-

culeted by sealing up the p~decay formula

G: 2

- oixing phase space

T(E » llfzf;) & ——; x (nngle) x | suppresion |* colour) (2.48)
F 0

1929 factor for o fuctor,

1 4
21

From the wesk coupling matrix (2.39) ve shauld unuupn:e”

2,2

I(b » c4X '2"3 + 25253 cos & i
R U of3) (2.49)
1%

where we have used my & 5 GeV, m ~ 2 GeV to wwtimaze the phouc space

suppression factar 0(1/3}. Assuming, as is consiscenc with the
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conatraints (2.44) and (2.47), that

2
6y + a§ + 23,84 cos § o(o:)
and using sf ~ '116 + we obtatu from formula {2.49) the general up:cta:lon”

that

Ih 2 3 3 o6y 2,50)

T(b + u+X)
Thus the doninant decays of bottow particles should probably bs to
charaed particles. Analogously to (2.49) we Find for top particles that

I(c > b¥X) 1 x ofL @
«5%)
O (azﬂzﬂszsz <08 U) (J)

for a randonly gucssed w, v 12 GeV. With the constraints (2,44) and
(2.47) it gecaa probsble that

I + 240 (2.52)

T(t + e¥X) ~
though this may not be the casc 1f = 18 close to its lover liait of
7 GeV.
From the expectatfons (2,50} and (2.52) it scems very likely that

sultiple cascades of the form

TeL+X
Leax
Lgex .53)

could well domiaate the decays of heavy quark mrsons. At aach atags ia
tho cascade, the ¢oitted system X may Include an (ev) or (uv} pair,
probably cach with o brauching ratfo 0(10 o 20)3. (This comos from
counting lepton versus coloured quark degrees of frecdom, and the balief

thot nonleptonic decays of heavy quarks are mot wtrongly cnhnnced.lw'“)
Thn cascades (2.3)) could thorefore yield spactacular wultilopton sigus-

+ -
tures in neutrisoproduction or ¢ ¢ snnihilacion.
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It 4s also worth thinking what the 1ifetime of a top or bottom
particle might be-. Using the standard formela (2.48) and wultiplyieg it
by S to take acconnt ot all the posaible semileptonic and nonleptonic

69

decay modes, we [ind

=14
T(bottan) ¥ 10 1'/(5i+s§ + 25,0, e0s 6) ¢ 107" wac (2.50)

2f we use the bounds (2.44) und (2.47). This suggests that battom par-
ticles may ive long enough to leave detectable tracks in emulsions or
high resolution spark chambers or bubble chambers. How long ¢ould the

02 45 responsible for the CP

bottom lifetime be? I the KM mcch.‘misml
wiolation observed {n the KO-K° systcu.lm then 33 discussed {n greater
detail later

8565 uin & w107 (2.57)
This gives us n very wcak lower bouad

55 108

(2,56)
which combined with (2.54) sugpests thot the botino lifstime should be
< 1078 ceconds.  Gn the other hand, the i mechanisa may not lie at tho
root of the observed CP violation, {n which case it becomes interesting
to look for longer-lived bottom particles. Indeed, it has been sug-
geoted that bo:ton particizn might be obselutely atabic (0,20).'%% mmie
posaibility ean probably be cxcluded now, since two FNAL cxporimenta O’
excludo the existence of any heavy hadrons with v » 5 x 1078 gec ana
o production cross Section as large as that of the T in 400 GoV proton-
nuclews callisions, ass would he enpuected for bottow parricles. 1f the
bottom Mfetine ts 2 107'% sec, as 1x perfectly conslstenc wich all the
constraints mentlomd above, then experiments to measure it at e'e”

machines become imaginable. tio



what about the prot

cticn o1l new heavy quark partdc les? The three
most promisiag mechatlsrs would scea to be:

Production {n vN rollisions. The prospects here are unfortunately
not very swd.“ largely beeause of the severe congtraints (2.44) and
(2.47) on the mixiny angles, These implv thal at present cnergies,
where there 1y a threshold suppression of heavy quark pmdneuun.lu one

probably has

glheavy) | -3
oltetaly 0190 @.57)

80 the total cross section will not show an effect and one must look for
discinctive uignatuies. These might include dllepton events, with one
lepton cordng from 4 cascade Jezay {2.53) and having large Pr bacavse
of the lirge enascgy release in the decay ¢ tri- or totralupton cvents.
Unfortunately, these probably orcur--tocanse of (2.57) and the leas~than-
total scceptances of prusant nuutrino srattering appatatusce--at observ-

able rates

o() -5 o(4y) -6.
Sleocaly = 0007 e Rty = 00107) (2.58)

Pregent experimcuta are pethaps senaftive to rhe ratea (2.58), but mast
obaerved 3u eventsuz scem to have a radiative origim, and the two

published tetralcpton cvents‘”

are difficult to assese,

Production in eN collisions. One expects the production of heavy
quarks to be relatively stall at low 02, but that the sen of heavy qa
pairs should gradually huild up as Q2 fncreasea, with distributions
approaching SU(f) symactry as L\z <~ =, The evolution of the heavy soa
can be estimated tn QCD using cvelution equations of the form (1,20,

l.zl)wl corresponding to Fig, 3(b). Ideally, one should include in
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chesc cquations the finite mass of the heavy quark.‘“ Neglecting 1:,“"
one findg production cross sections for t and b quarks in high ecergy

®p ¢o0l1iding rings which are several X ar low x, being within a factor
of 2 or 3 of the SU(f) symmetry predictions.

Production in e'o” collisions. The situacion here is most favour-

able, since the production of heavy quarks 1s expected to be
wJe:lo(e+z-*u+u_) above threshold, and rhere way be a threshold enhance~
went because of an analogue of the ¥(4.03-¢,16) just above charm threshold.
Tnfortunately, even SU{f) symmeiry does not give a large increase in the

erosa section, or large signal-to-background ratio. One finds

1
R_’%S i
total I+ 3
(2.59)
4
R~ 3
tt o 3_ % 5n
Reacal T s o
1 3
93

which makes the experimental location of a new threshcld nontrivial,
and tdentification of naked top or bottom particles very difficulc,
Several ways have been proposed for finding distinctive t or b signa-

turags, One of them in suggns:ch‘53

by the expectad dominance of

© (o1 B) = 53 dezays, vhich should populate top or bortos meson finmal
states with J very embryonic "jets" for eiach b or t, making a total of
6 exbryonic “Jets” in an e'¢” = tT or bb final stace as In Fig. 20. It

18 very unltkely that these Dultdiple Jets could be disentangled except

if one werc at extremelv high <nergies and the © quark zass were very
large. Close to threshiold, one would expect the hadronic final states

to he essertially 1sa(rn;‘1c‘9] rather ltke phase spase. Abave thrashold
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one would expect this isorropy to fade away gradually, so that for the

thruut”
2
1%
Py " 13 (2.60)

vhere Qo 1s the heavy threshold cnergy as showm in Fig. 30. Onc could
imagine locacting a mew (t7) threshold by deing a relatively coarse energy
scan looking for a jucp in the fraction of events with high sphericity
which should persist some way above threshold. Once the gencral loca~
tion of guch a threshold had been found, one could de a more conventional
fine scan. /4 similar idea could be used to enhance the nignal-to-
bacx;wound rario for heavy qq final states by naking curs in sphericicy
Qv acaplanaricy. Supgose yau make a standard s;-hui:uyu analyais

of each final srate and identify he three eigenvalues 3y (1=1,2,3) of
the sphericity tnesor:

Ty (2.81)

vue may then define quantities

FA)

Q Y- T
1 LI

(2.62)

fot which differevt classes of cvents have the following characteriacle

values:

sphere % 0
circular dise O o
(2.63)
2 fets 0 \
phase space W0 FL)

It ia apparemt froo (1.6)) that (©y=0,3) fs a =orsure f “lerdctey”,
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while ql 15 a measure of acoplanarity. One could {maglne selecting
heavy 93 events either by making a “jeticity” cut, or by an acoplanarity
ecut, or by some more sophisticated coxbination of the tvo. To see how
this procedure might work in practice, I have taken the distributisne
1o Qy-Q, aud in Q; messured by PLIT0® 1n the e¥e” contimmm close to
tha T, and compared them with a phase space Honte Carlo“ﬁ to minic bb
avents in Fig. 31, Clearly the discributiona are very different, and

it sppears that one =y make cuts:

survive

) 7/8 of bb
31¢a)

Jetieicy: QR £5 ¢ (2,642)
32 174 of 2 jet contlnllun’ (Fig. )

7/8 of bb

T ) (2-80)

1
Acoplamarity: Q37 ¢ { (Fig. 31(b)

1/3 of 2 jet concinuus

Thus it seems that the bb signal-to-background ratio may be enhanced by

a factor of at least 3 by suitable cucs on the sphericity eigenvalues.
Another tactic may be to select single or multiple prompt lepton

ennu.n If one uses the casczades (2.53) one has

‘e"‘e‘}h
Pog—T " (2.6%)
Rever|

c

<1
L]

[

3

where charn {s expected to be the dominant background, while final states
with nze:. ot 3 or 4 leptons ceuld anly come from bb preduction--uncil
the tT threshold fe Teached, Such triggers suffer fron .vo defects:
they knock down the evant rate by a factor of 5 te 10 for each semi-
leptonic decay, and it g difficult ro reconstruct an {nvariant mass
pesk vhen senilegeoanic decays are invelved.

Before leaving the subject of bb produceion, it may be vorthuhile

to point out sowe intriguing spects of b 2eson decaye which would cast
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strong 1ight on the validity of the K4'%? model ard CP violation.
These topics are treated in more detail tn the talk by M. K. Gafllard'®
at this Sw=er Iastitute. The subject of K°-K® mixing has been rouched
on already, and is expected to be large in the GIM-X¥ nodel, as

observed expericentally. It is expected that D°-B® mixing should be
very small 0(10°? to 10").10A since it 18 sensitive to us rather than
ni. and cozes fron diagrams uhich are Cabibbo digfavoured by comparison
vith the dominant c = s4X decays. In the case of B°(: bd) ~ B(: Ba)
weson nixing, aixing is expected to be {ntermediace between that {u the

FO8° and D°-B° systems. The relevant mixing parameter 150"

B
|4
(_fa! % sioter (2.66)

wvhere the sensitivity to ni is intrinsic to the models while che precime
nusber in the denotinator is rather uncertain. Since L > 7 GeV, Eq.
(2.66) tells us chat probably

p®-5° wixing < B°-B° mixing < RO-K° mixing
and this could be the only route ro a phonoctenological estimate of L
before the t is found. Hiring would yield

efe” - 8%% , %'y, E%x, %% .67)
final states, whose prZ .ry decay leprons could give like-sign eze: 8lg~
aatyres. Unfortunately, cthese could also ceme from caseade decay con—
fusion, though this zay Se reduced by making a suitable lepton monentum

cue 7

: prizary leptons should be harder.
Since tne KM =cdel has interesting results for CP violation in X

decay., it 15 nactural to ask shout {ts implications for bottes mesan
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oystems. 1n the case of K and B° meson decays, the K172 modal gener-
ally reproduces the predictions of the superweak theory,ﬁg‘“a with the
ugual CP violetiong parameters
legls Iegi ® 0tzs,s; atn &) % 2 x 107 (2.68

a8 foreshadoved in Eq. (2.55)- The model also predicts a very small
oeutron electric dipole moment, £ 10" (0 and wuch smaller than che

119
cm,

24
present exgurimental limit § 3 x 10 2 “fov the B°-B° systen the

correaponding CP violating parameter is much largersg:

legh % tan 28 5> 107 (2.69)

Thue the CP violation could be subscantigl. A characteristic siynature

for it would be

ate’s?) 1 ate’e) (2.70)
{a any region of e phage space. The expected magnitude of the effoct
(2,70) is mtrongly dependent on the values of the mixing sngles and
"'lzo since both fcp} (2.69) and |am/T ) (2.66) must be large to get
large effecta,

The botton may not be “just another quark™ but may yield important
insight into the great unsolved problem of CP violation. Haybe that is
why we need the fifth and sfxth quarks, which a fortiorl i3 why we had
the third and fourth quarks and the ~mon!

3, The Iatermcdiate Vector Bosans

3.] Intreduction

Ue now turn to that most charavisristic aspect of pauge theories,
tho inteywediate vecter bosons. We vill be primarily laterested in

their spectroscopy and couplings to rlemenrary fermions, but as wae
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emphasized in section 2.1, the study of tieir interactions asong them=
selves 1s also very fmportant. This fs, after all, tha featuve chat
should make them gauge bosons rather than just any old intermediate vec-
tor bosgus. We will start off by summatizing the magsves and widthe dae
expects for charged and neutral vector bosons in 3 general weak inter-
action model, but will often use for 1llustration the Welnberg-Salam
model with slnz DH % 0.20. This is the value found tu the latest fnclu-

25 77

sfve VN°° nad polarized eD enperizents. It leads to rather higher

masses and vidths for the ¥ and z° than one had previcusly grown uaed

93,121,127

to |:carntem;-l.'\un(',.9 After revieving their proparcies, we will

then move on to discuss how the 4~ and z° may be discovered in hadron-

9 which scem likely to give onr first glimpsea of

hadren collisionr,
them. We will look at backgrounds as well as crows sactions, waing as
8 gulde ihe scale-Sreaking and differential cross aections expected on
the basto of Qc0.}¥ Then we will study W* and 2° effocts fn ep colli-

atons, 1014124

1t will transpire that these are not the best way to
produce the vectar basons directly, but they allow vne ta obsefve woak/
electromagnetic {nterfercace effects In regloms of large Qz where they
ave 0(1), One should be able to see clear derivatiens fren the pointlike
four-fermiun wosk {nteraction, and see the effects of the fin{te bogom
mpases. Next we will turn to ete expcrlnenu.”'ul'l:z discusaiog in
particulor the dramacic 2° peak yvith fea prodigious vveat rate and the
opporrunitice i1t affords for precision weak interaction studfes and

analyses of rare devays. The final sectlon will examine phenomena avay
e 125,126

+ -
frem the ¥ peak, including In particular the reaction ¢ ¢ =~

which aft~rds a unique vpportunity to see the gayge theoietfc cancellation



- 60 -

of diagrams at work., The important possibility of seeing tbe three-
poin: couplings betwecn veetor bosons will be menctioned.

It will be clear that while hadron-hadron colliajons offer tha
moat {mmediste prospects for exploratory expeviments tr find the W and
2% detailed studies of them will only be possible with e‘e- machines,

3.2 Propertics of the Vector Bosons

3.2.1 Charged hosons

If ve oRsume that 3 unique pair of charged vaccor bosons H! is

responsible for the cbserved charge- weak then ite
decay ‘sidth to e’?lG is eastily :alcuhteduz ca be
3
- - Gy
T - e9) ¥ — a.n
¢ 2

1f we assume that all other fermions occur only in left~handed doublets,
thai decay rates are simply related to (3.1) by
T+ @B TN - WG )T > TS
TV =+ 80):T(W -+ su):I(H ~ d2)=T(W = 8B :I(N » bE)
A 2 2, . 2 2, .

% 1:1:1:7) 08”0, 2V) 81070 343 51n"0 a3 coa®d 3 (3.2)
vhere the factors of 3 cowe frow colour, and we have neglected tha gen-
eralized Cabibbo angles °z and 03. If there are I(D doublets of quarks

and leptons, cach with the pums of their masses <nu thea it 1o clear
that the branching ratio

B = eI % 4+eb 4.3
and the miniwmal "known" three doublets of cverything would Lmply

B(W = o ve) % BEW v \u“) V1 (3.4)
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TIa order to fix the mnss of the if we witl assuce the Weinberg-Sslam

nadel In which

QG.5)

1f vo take tha lacest experimental value of sin? L % 0.20, then we find

Bys % 86 Gev Q.6)
Arped with this mans estimate we return to £9. (3.1) to find that

TG - e7D) V230 HeY Qa.n
while Eq. {(3.3) tmplies that

TOW « all) % 900 N, Hev 0.8
and the rinimnl ?‘_,"-\. 6 quark, 6 lepton wodel would have

T+ all) % 2.7 Gev (3.9

This is intriguingly wide so that one beging to wonder whether its width
can be measured eaperizentally in hadron-hadren or e*e” colitsions,
Notice thar according to high energy physics, T{4" + all) tould be larger
becsuse of the paltry limit (2.16) on the nunber of “massless" neutrinos,
and the lack of any other limits on the nucher of maaxive ferwions in the
wmass range . Life wauld indecd bo interesting 1f th. ¥ had too mmull
a leptonic branching mode (3.3) tu be detactable!

3.2.2 Neutral bosons

it is by no wmeons univer y accepted that a unique z° boaon is
reaponaible for tho cheerved neutral current pherwr:mnu.’5 8o let ug

adopt a flextble paramctrizat’ m’) of the 2°~f-7 interaction

M2
G, v —a,y
3 ' £ t's
2, = oy {— ' (——2) ¢ .10}
2 (lz) "( 77 )
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In terms of the vector (vf) and sxfal (nf) couplings so defimed, the P

decay width is just

rz° + any ¥ —2- {v3nal) + zE (v:+a:)] G

27 n [u

In the Weinberg-Salam model 12 the couplings are specified as follows:

a ~a =g »=1, v -v“-vr--l‘i-tsmlsH

e w1 e

8 =1 PR A § -

v M s 2 Gy
.u--e-l‘- 1, vu-venvt-l~3u1na

2" S =l vgmv ey -l +%unz oy
Ingerting these couplings into Eq. ¢3.11) we t. ' the following total 2°

decay rata:

3
oS 2 42
r(z° » all) & e %(1 + (1 -4 o 0} ) et 2,

eafte (1 - Beta? o))y
+ :(1 + (- daead e“)z) N_m's a.n
vhere we have been agnostic ~Sout the numbers of parcicles of each type.
1f ve assume sl.nz oy % 0.20 s before, wa find the relative decay rates
12 w3311 - 17010 - 6@ ir2® 0l
2:1.04:3,63:4.67 (3.14)

To go further, we nesd to estimate By0- It the Weilnterg-Salaa model only

has I=]1/2 Higas multiplets, then as diacussed in Lecture P

B2, 1
;?m {3.1%)
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and present data an neutral current crcss sections sugses(7s that the
Bans forwula (3.15) 15 correct to within (3 * 24)%. Taktng sin’ 6,%0.20
as before then ylelds

2, % 94 Gev 3.16)

9,

which is rather higher than the traditiona) guess’’ > of 80 GeV, We then

see from Eq. (3.13) that

T2° ~ e¥eT) % 82 Mev Gan
and from Eq. (3.13)
o + - 1
B(Z *ee)km; (3.18)

Correspondingly the total 2° decay width

T(2° + al1) % 900 Ny MeV (3.19)

and {f there are the traditiona. minimal 3 Joubluts then
B+ cte) 232, T(® - ull) % 2.7 Gev (3.20)

Notdee that in this cuse we really do hove to worry sbout the number of
“"mpasless” neutrinos since the 2° will decay lndiseriminitely into all
of them. If the costological bound®! is disstrously wreng, the obscrv-
sble e¥e” decay wode could have an embarrassingly swall branching Tatic.

Before leaving this secticn, !t should be mentioned what general,
sodel-{ndependent bounds exist on the masses of the W and 2°, Bjorken!Z®
wvas able to show on reasonably general gauge theoretical assumpcions that
L should be within about 262 of the Weinberg-Salam value (3.6), wvhile
Ty0 wa8 only comstrained to be <200 GeV unless more stringent assumptions
were nade. Gauge theortes generally sevo to like to have their vector
boaon massas {n the range up to 200 Ce¥. To my knowlecdge, the only indi-

cation that they really should have cthis wasa scale comes from the
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105 of radiative carrectlons to k—quark unlversalicy (2.42),

caleulation’
wvhich would come somewhat unstuck If the boson masses were as high as
the unizarity limit. It seems that a conservative hadron-hadron experi-
memt to search out vector bosons should have seasitivity up to LT
“~ 200 Ce¥. On che other hand, the phenomrnological successes and
sesthetic econowy of the basic Weinberg-Salam make a gamble on a “2°
factory” '™ machine with 50 ar 60 GeV energy per bean look 1ike 4
reagsonsble bet.

3.3 Production in Wadron-Hadron Collisions

To estipate the cross scctions for W° and Z° production in hadron-
hadron collisions we will use a cautious approach. First wa will derive
conservative “lower bounds” from the CVC and scaling hypotheses, then
calculate the eross section using a naive partan Drell-h=9 mechanisp
which in.orporates these two assumptions. Finally, we will use QCD to
estimate the effects of scaling vlulat(ons.lzg and the Pr distribucions
which are expected to be rather broader than {n the nalve parton wodel.

In order to produce a W or 2° it is necessary tc bring together
to a point a quark and an anci-uark. But the same mechaniss {s needed
to produce & y* and hence a massive ' (or e'e) pair, 80 one should
be able to relate the cross sections. The W may he producad by vector

or axial curremts, 50

o [:"]v + [7"]‘\ 2 [,"]v Q.21
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If one neglects B, ¢ and heavier quarks, then the H: are produced by the

T=l current ud, and one cas use CUC {u Eq. {3.21) to cbtain
G %[aw.,(pp) + o oP) + aulom + ur(,pn)]

3 cos? 8. 4
s
c el iz s

[ﬁ%@p -0+ %0 . n."'l.'x)]
o a -1

(3.2
Heace the W and ¢*t” continuum cross sections sve related by the
"conditional lower bound”:

(o> 2 0.22 Gov™? m"',(— o' )I . Q.23

To use the bound (3.13) we cmust make a large extrapolacion, because thete
are cxperimental data on pN -+ fox only at low values of s and . But

1f the l.+l." continuun {5 produced In a pointlike wuprar, the scaling law
W i—z- - f(t s %) G20
applies. Uping the scaling lsv in the bound (3.23) and neglecting pos—
sible I=0 contribucions ome finally obtaina
2
(ey (% - \')) 20,22 G¥"2 £(1) Q.25

As an example, let us take /3 = 540 GeV, m, = 84 GeV in which case

experimental data on pN + 124X at /8 - 27 GeV supgest

(— -0 ozt-)) 225107 o .26

The above emcimate 18 not very satisfactory, since it depends on
assumptions about the neglect of I=0 contributions to the cross secticns,

and neglects productfoa by axial curveats, To go furthar, we use cthe
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naive parton model which enables these contributions to be calculated,
28 well as obeying the CVC and scaling assumptions. The simple Drell-
Tan!” colliston mechantsm of Fig. 3 yields’

':—i {ath + WX) = G1 ¥Z H{1,x) aa2n

where x = 2ph//z, 1 £ mafs and

o)
Valess

vhero ":b(xa’xh) 18 the gqq annihilacion luminosity in ab collisfoms:

H(1,x)

4
H;b(xa,x.b) (3.28)

& .1 5 F . 2
Wap(xae%y) =3 ("e(xa)db(xb) * da(xa)"b“h)) cos” 8,

+ [s,c....} contriburians (3.29)

and H;b(xa.xb) is defined aimilarly to (3.29) by interchanging quatks
and antiquarks. If one puts reasonable distributivns of sea antiguarks
into the formulae (3.27, 3.28, 3.29) ou- finds that for my = 84 GeV and
/3 ~ 540 to BOO GeV (see Fig. 32)

app + W) ~ 2 x 1077 ca?

otpp + W) ~ 1 x 1077 en? 3.3y

alpp + WoaX) ~ 3 « 10737 oo?

Ia assesalng the observability af the eross sectlons {3.30)}, one should
not forget to fold in the branching ratio into a detectabla final state
such as c’ve or u"v“. which the lower bound af 3 lepton and quark doub-
lets implies will be <BZ.

A preclacly analogous calculetion to the above can be done for 2°

production co yield

olpp ~ Z%4K) ~ 1 10733 a2
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olpp ~ 2%45) ~ 2 x 10777 e @30

4o the centre-of-mass epergy s ~ 540 to 800 GeV. The cross sections

(3.31) are someuhat smaller than for the W (3.30), and the obaervabl:

leptonic decay zodes z° ~ e'e”,u"y” are expected to have scmewhor
musller branching ratios, <3% for >3 lepton and quark doublets,

The vaive parton model makes pradictions for the differencial cross
sections es vell as the total. Distributions €or the decays v u’(w)
or H’ = hadron iets are also vasy to calculate because the polarization
state of the W is known. Representative calculations from the paper of
Quls;g are shown in Fig. 33. We see thar there is a large chatge
aymoetry violating forward-backward asymmetry in the distributions of
leptons from W produced in pp collisions. Unfrrcunately, this effact is
14kely to be very smal: in Z° production which may lead the aceptic to

question how one knows that the 'weak” 2°

i{s being produced, rather than
Just any "strong" vector mesen V., Paridoxically, the cross gection for
such an hadton V is «xpected to be much smaller than thac for a 2° of
comparable mass, aince the "charmoniun" Zweig rule is expectod to sup-
prens T'(Y = hadronz) to a few dozem keV, while r(z® ~ hodvens) i O(1)
GeV, and the production rates are probably rcughly proporcional o the
hadronle decay vld:hn.uo A characteristic at che naive patton wodels

is 1ze °r cutoff for partons, and hence the vxpected low <pp* for the
produced & and 2°.'° This prediction is presumably vrong, since che

k11

Py of observed "¢ pairs in hadrca-hadron collislons sceas to increase

with 2 4 v 2 m/s 1s held fixed. Such behaviour 1a expected in QCD

{or any other field theory) vhere the pointlike nature of the funda-

7.38,30

mental interacrions implies <P = 0{M) ~ logs. Field theories
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also expect scaling violations in the cross sectlons, analogous to those
predicted and obssrved (Fig. 10) in deep inelastic leptoproduction.
Surely we would not expect scalfug “a1 pp + t*:.'ﬂ to be sa rosanct 1f ir
ia violated in tp +» l+X.!9
In QCD, modifications to the naive partun cross section formmlae

come froa radfative to the 1 qq senthilacion

process, and from nev processes euch as qi - Hq, Giq ~ Wy, etc. aa in

Fig. 34, The inportaut changes in the W or 2° eross section ara three-

fold. Firsc, in the T aunihilation luninoatty (3.29) anc should uwael22+133

che Qz dependent effective parton dht:!bu:lms“ introduced in Lecture 1.

51,132

hnslysis of the logarithms of pertnrbdation theory chowa that the

2
1=

rectly teken up by this substitution:

leading Qz (or ¥ ) evolution of the Drell-Yan cross section i cor-

DACRES I [ua(x.,uz)ab(xb.nz) +3!(xs,nz)ub(z‘.ﬂz)] cos? o,

+ [n,c,...(Hz)] contributiens (3.32)
vith u s, 4%, ece. obeying Eqs. (1.20, L.21). There are also radiative
eorrections to the basic cross section foruwula {3-28) relating H(7,x) to
':h(’.”‘b)‘ Thers will be ou-I-) and not very importsnt relative to the
effect of going from (3.29) to (3.32). More fmportant Ls che third
effect, vhich is to 8dd to the qq nunihilation subprocass eesentially
axw subproceases such as q#G = q#¥W as in Fig. 34. The cross saction for
these reactions will be superficially O(II’II) or O(usli)z. buc the
effactive luminosities analogous to (3.29) may be considerably larger,
%

at Lecet in pp collistons.’> In this case the density of § ia rather

soall, 0(lo of the valence quarks, which can compensate for the (a-lll)
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P on of other subp cross sections. Tn Pp collisfons boch

the q and 3 in (3.32) can be valemce, so that the expected cffect of
these extra subprocesses is relatively smaller.

133 of the correccions to

Figuve 35 shows a eypical QCD calculation
the naive parton formulae (3.27, 3.28, 3.29) due to the effective qmz)
subeeitution (3.32). Tc transplres that the effects on the expacted W
or 2° cross sections (3.30) and (3.31) ave relatively small, bacauee for
the likely range of D,i/l thuere is a cross-over in the GCD scaling viola-
tion effects. This teflects the behavlor of the QCD calculations of
FNx,0%) shown 1n Fig. 10 (see also the experinental data), shich indi-
cate chat for foreseeable values of Qz the structurc function does mot
change such in the ncighborhood of x = 0,18, O the other hand, the
effects of QCD wcaling violations arc potentially rather serious st
larger valves of nz/s. This may pcse problems for the production of
gauke bosons wuch more massive than 200 Gev in the presently diamcusged
generation of pp and pp colliding ring mechines, and is cne veason why
a low energy s 1 300 GeV) pp collider was somewhat unappetfziug. As
maptioned gbove, the other QCD corrections to the forwulas (3.27, .28,
3.32) ave expected not to be vary important in pp collisions. This 1s

3 Unich shovs a caleulation of the fractiopsd

reflected tn Fg. 367
nodification of the ¢rosa section (3.27, 3.28, 3.32) expected ta both pp
and pp collisions. We notlce that in the likely vange of Interest for
a?/6 % 0.01 to 0.1 the modif1cations to the q3 annthilation formulse are
not even very big in pp collisions, though the effects ar large Iﬂz/l

are again embarvassingly suppressive.
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As mentioned earlier, it is expected that <p.l_> should he large for
vector biosons produced in QCD. Generally ome expects a typically breas-

srrahlung cross gectiom with

a
o)

A typleal ealeulation'? of (p%) is shoun in Fig. 37. Hawever, it should
be emphasized that there is no solid indication yet that the Pr discribu-
tions of Drell-Yan lepton pairs seen s0 far are well described dy QCD. In
line with the discussion of growing <Pp” and jers in scction 1.5, one would
expect that W or z° production events wirh large Py would be accompanied
by an opposite side gluon or quark je:.us

So far we have sald relatively littlu about how one might look for
vecror bosans in hadron-hadron collislons. The best prospects are appar-
ently provided by z° + e*e” or uTu™ decay, uhere one has an tnvariane
mass peak to find suporimposed on a continuum background which is expected
to bo very smoll. The large <pp> of the 2" ghould not disturb us, as
long a0 «u have & detcctor with sufficiently large lepton acceptance.
Tha next most likely eignature weuld appear to be [T :ﬁ(\.) decay.
Bers there is mo invariant mass peak to be found, but the Winematics of
W decay give the l.! spectrum quite a well~defined Jacobfan peak in Pr
a3 long ap the <p.r> of the H” is not voo large. TFigure 2B shows a cal-

123 of the spread of the w Jacabian peaks expected In GCD. The

culation
emoaring is not disnstrous, despite the relatively large Py {3.33)
expected in QCD. The reasan Lle apparently -he characteristic bremsstvah-
lung shope of the cpectrum, which keeps 2 siarp peak at pTu(\. Aleo
ahawn in Fig. 38 is a cul:ula[iun”:‘ af the lepton backgtaund expected
{n QCD which {8 two or threc orders of magnitude below the peak, Hou-

ever, it should be noticed that 3o experiment has ever found such a
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nice Jacobian peak, and ome could certainly imagine vays in which the

neat picturer of Fig. 38 could ke -;d-u‘ For exmmple W \'*(v)
would give prompt leptans which could scart f£illing fn the holea at
p,‘.-D(IO) GeV, o1 there could he large nushbers of prompt leptons cominsg
from heavy quack decays to push up the background levels, There are of
course features of the W decay leptoms which could be used to suppress
backyeound contaminacion. For ont thing, the missfag unobserved neu=~
trino will cause lots of fp to be missing, and this could be noticed by
8 detector uwich sufficiently large acceptance. FPor another thing,
plausible backgrounds would not have the charge-symm:ry violaring
forvard-backvard asyrmecry of W decay leptons in pp collisions shown in
Fig. 33. 1t therefore seema likely that the W + ev or yv decays could
also be seen in hodron-hadron c¢ollision experiments.

Much more difficulty will be experi¢nced with hadronic decays of
the veetor bosons. Theae should give two Jets with an fovariant mass of
84 or 94 (?) Gev, buc the background expected frem QCD is very large.
The fundasental q-g, q-G and G-C scattering praccsses in QLD give 8 p;‘
hadron bnekgrauud,”’ which will oainly be in the form of paira of jets
with & continucus mass distribution at s level conelderebly ahava the

2 or the

¥* and 2° production rates. Figure 39 shovs a caleulation’
pp ~ JertX QCD background. (It also features guesecs ar che prompt v

and y spectrum which are useful in eatimating backgrounds te the scarch
for leptoniec decays of the voctor hosons.} In the absence of a cunning

trick for suppressing the XD background, it seems tn me unlikely that

the vector boscas will e ese; to find in their hadvonic decay modes.



Before leaving the tople of vectcr boson preduction fn hadron-tadron

3

collisions, it may be worthwhile to rcnenherl 8 that the production of

W or 2°2° pairs 1s not rorally negligible:

Fm
Hep 2B EN L gy @38
alpp ~ ¥ X)

Some relevant graphs are shoun In Fig. 40, and rhe rusults of a naive

PATLON cross scction talculation nn”s shoun in Fig. 41, 1t scoms that

for pp collisions at /5 1 800 GeV one might expect €ross suctions

alpp ~ WWR) ~ 10778 n?
(3.35)
spp » 2°2°%) + 1077 cal

_2

Given the luminosiry (107" cm 2 see™') expected at Tsabelle, it should
be possible to detect the processes (3.35). Ir is apparent from Flg. 40
thot the WW™ priducrion process & sensitive to the 3-hoson vertex.
Hovever the measurement of it in this reaction scems much more tricky
than 1n e*¢” collisions because of the large backgrounds in hadron-hadren
collisions.

3.4 Effeces in op Colltstans

101,124

Let us first constder the direct produccion of W and 2° 1n

ep collisions. The most important Feyw:ian diagrams are those shown in
Fig. 42. Production from the lepton vertex is geacvally larger thaa that
from the hadron vertex bocause the hadron momentum is shared out between
a rumber of quarks and gluons, conly one of which can participate in any
given reaction. Forms for the cross sections are rathar complicrated and
not of intrinsic jnterest, so they will not be exiibited lu*e.lm‘IM

In Fig. 43 arc plotted the cross seetions for ep * +iX and op + eZX,

Ve gee that for ferediately foresecakle centre-of-nass encrgies (or ep
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colliding rings (£, > 20 to 3O GeY, B 250 to 400 Ge¥, /s v 150 to 200
GeV) aud reasonable W and z° masses the orders of magnitude of the cross
scctions are

alep » wHe) ~ 1078 ol

(3.36)

oep + ezx) ~ 10707 cal

101

-2

60 that with the projected O} luatnosities 06(10°2 em™? sec™!) we are
talking about very marginal cvent rates 0{1) per week or day at best.
One asset of these reactioos is that they are potentially very clean,
with the final hadronic state X belng u single proton about % the time,
and orhervise having a tendency to be a lightwelght hadronic system, by
the general standards of such a machine. However, it musr be admitted
that presently conceivablc ep machines offer blesk prospects for derect-
ing or studying intermediate vector bosons.

Much umore intcresting for this claws of ma:hinesml'lu

1 the study
of fadivect effects of the W and 2° from theit exchanges and tnter-
ference with y exchange in the case of the 2°. The Q° sccessible with
such a machine range up to 0(10‘) Gevl, vhere y and 2° exchanges are of
equal order of magnitude, and one can expect O(1) charge asymmetries or
pariy violations, to be compared with the 0(10™%) effects detected in
present experiments. Detailed formulae for the cffects are given in the

CHEEP report100:

some representative calculations are shown In Fig. 44,
Flgure 44(a) shows che charge asymmetry

ollp) 4y (.31
7
ale p)

axpected 15 ep collislons at <=0.25, 227,000 GeV> and varying values of Y.

The SU(2); » U(1) Weinbers-Salam codel (A,B), SU(2), - SU(2yg xUl) model (C)
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and model with an (Ef)n doublet (D) can clearly be casily distinguished.
We aleo see considerable sensicivity to the mass of the z°, which can
be measuted indirectly in this way. Figure 44(b) shous the parity vie-
1ating effect
1(:"_—2 4 (3.38)
u(enp)

which can be expected for similar values of the kinematic varisbles. All
caleulations are in the Welnberg-Salam model, but with L adjupted arbi-
trarily vhile kecping identical neutral current cross sections near QZ-O.
You might wonder to what extent these calculations &re independent of the
strong lateraction model used, which was the nafve parton model. TFigure
44(¢) shows the offect on the parity-violating asymmetry (3.38) of
{ocluding asyuptotic freedom c{te:um‘ which modify the quark distribu-
tions as discussed in LectuTe 1. We sce that the changes are minimal,
indicating that strong cffects do not confuse the weak affects. Figure
44(d) shows a :umpansunwl of the gcaling violatlons expected from
asrmptotic freedon compared with the apparent deviations from a point-~
1ike electromagnetic cross sections which would be exhibited by weak
interference effects on ole p) + n(c+p) in a variety of xcdels, We see
thoc strong scaling devistions are expected to be smail in the range of
large Qz where weak Incterferences arc large. Converscly, the strong
scaling violations arc big vhen G ¢ 0(1000) Gev’ where tho weak inter-
ference effects are relacively small. It secms that QCD and weak gauge
theety cffects can plausibly be disentangled in the reactien ep * e+X.

Figure 45 shows the effect on the charged current reaction ep + wiX

of asymptotic frecdou and/or the finite mass of che w124 There 1u
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clearly great semsitivity to deviations from the polntlike four-fermion
interaction. With a luminosity of 10°2 cu 2 sec™! one would abtain
several hundred events a day even in the most pessimistic case of a low

*
W mass,

3.5 The z° Peak in e‘e” Annthilation

Clearly the cleanest and most dramaeic place te study che 2° (s i

e*e” collistans, 9301211122

where it is produced alone and with a high
rate, For comparison, let ve mormallze the cross sections of this and
the subsequent sectlon to

2
Ty = otete” wyx 2 W) = ""J‘: (3.39)

At the centre-of-mass energy of order 94 GeV which we are interested in,
LI 1072 ay corresponding to an event rate of J.6 cvents per hout if
the projected luminesity of 10%2 @ ? gee! 16 attainsd. The analysis
of section 3.2.2 suggested that we should be prepared for a total 2°
cecay width of order 2 to 3 GeV, This Is much wider then the e’c” beam
energy evolution which is expected ta be 0(10™") of the beam emergy Le-
self, glving o an erergy resolution 0(1G0) MeV. W can therefare dis-
cuss the 2% peak under the agsumption
XEAENS SURE S N, 3.40)

whereas the teverse situation applies to the J/y and 7 hadronic reso-
nances. At the peak of the resonance, the condition (3.40) means that

alcte” +2° v a1,

e

B(Z® » e'e)) (3.41)




Pucring in B(Z° » e'e”) » 3% as suggested in Eo. (3.20}, we find

s’ > 2% -« iy
pt

% 5000 (3.42)

.econd.”g It should be emphasized that

corresponcing to €(3) 2° decay
this raic fs semsitive to the axistence of unsuspected decays of the 2°
(man, nevtrinos?) which could suporesn B(2® - ¢*w™) and the size of the
peek. Novertheless, experimencs uith 0(107) z¥ decays becone imaginable,
This glves us many passibilities for precision meusurements and/or
studies of rare 2° decays.

Let ue first discuss the shape’’ of total e'e” = fF cross sections

in the neighborhaod of the 2° peak. The quantity

(e'e” » y0,2° « £y

vp'_
) 200Qpv Ve sznz(viﬂil[u%ﬂzii
- - — + 43
£ 2 1.2
4 s 2 Z
+ =5 =5 - 1) + 5
s-my oy my
vhere the vector and axial couplings Ve and v, vere defined {n Fq. (3.10),

and the Weinberg-Salaz values are tabulated in Eq. (3.12). The quantity
p appearing in Eq. (3.43) is defined by
GF

s 3.44
g 847 ra )

and secs the scale for the magnitude of weak interfercnce effects. In

L oa-
the special case that 1f=".7, we have

o edealyt (3.45)

R il+2vz
»
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1f we neglect X‘Z‘ and afsume C-p universality

v o=v v, a =a Ta €1.,46)
Ia Eq. (3.45), x {+ cefined by
2
X - owy —2 .47
s-ay
In the special case of o 94 GaU corrusponding to :-.lu2 OH = 0.20, the
expression (3.44) i{oplies that u;o % 0.39. The croas gection ratio (3.45)

go2s through a ainioum vhen

s L o
272 )12 3.48)
2y »o) (vi+a®)

In the Weinberg-Salan noded with sin” 6, = 0,20 this oceurs ar 75 = 20
Gov. The value of R at the mintmum ts
0

R, = 1- P (3.49)
Unfortunately, <f sta” o, « 0.20 so that ve0.2, the ainfaua value of &
16 0.9985%, which might be difficult to disentangle from 1. However,
Eqs. (3.45), (3.48) and (3.4v) show that the shape R, of the cross aec—
tlon s {n principle sensitive to the vatio {v/a|. TIfgurc 46 shows the
behavour of &, for some representative values®? of the vector and axtal
couplings. The Weinberg-Salam model with (SS)R and (':f)k doublets would
have a=0, which woyld certaialy make the R_‘ plot {nteresting!

Another measureRent of interest {s the charge violating corward

backward asymsetry, 1o general one has, neglecting ‘-Z'

: 3
e 2 lecosTe) - ZQ{\[\'QV{(lfc.rszﬂ)* ',’Je.lfru:st\]

vyl kvih\i“-ioni’(\i-uosze)O‘Bvba‘lv(a[raﬂﬁ]i (3.50)
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where x war previously éefined in Eq. (3.47). The integrated asymmetry

fl )
da ‘f da
Lo B, E

Ag _le (3.51)
do. +f da
o 1 U P
is readily calculated from Eq. (3.50) to be
3
Sx{-Qga ap + 2v_a v oacx
Z(fef celf) (3.52)

A, = -
£ 2 212, 2 2. .al
IQf'mz"u"t + ("e’“e)("t”l]
There is bound on A, from the combination of Ly=0 and 1 initial states:

3
Iag) < 7 (3.53)
and a nonvanishing cffect clearly requires 8, ap ¥ 0. If we first
specialize to the low cncrgy caae where ouly the term linecr in x is
retalned:
T34 8%
Ak ————
£ Qf

3.54)
Since |ae| = lagl = 1 for all fermions ia the Woinberg-Salam model (3.12),
if ve set
2 _s
x = my —— % 0.07 (3.55)
8-,
2
corresponding an e*e” centre-of-mass energy around 40 GeV, we sea from
(3.56) that

|Au\ %101 , \Au . tl % 7L, RT3 (3.56)
.2

44,6,
with the differences being gencrated by the differences In the quark
charges. Thie typc of asymmotry measurement may bo a good way of geteing

at the weak couplings of the p,¢,... quarks which were not acceseible in
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neutral current experiments to data (r.f. section 2.2}, The asymmetcies
get more exciting closer to the 2° pole. Specializing to l|+ll- we havae
from Bq. (3.52)

2 22
‘H-J __fa’ + wa'y) @.56)

3, —
7 (vae? + PeaD)
which goes through a minfmum at

. 1
2

——— G.57)
m, 1+ {pu.:)(.znvl)

where it attuins the value

%)

for comparison, the value at the peek of the resopance is appraxinatsly

2.2
3va
57F (3.59)
u (v2452)2
while the asymmetry is a manimum at
B 1
S~ {3.60)
ng 1- {nm;)(uz-vz)
vhere 1ic attaing the maximum valuc
a3 Q.6

Por orientation purposes, the values and positions of the ssymatries
(3.57) ea (3.60) have the following values In the Weinberg-Salam wodel
vith sin® o, = 0.20:

A:“‘ - -0.6% ac 5= 78 Gev

A:‘“" 4011 ar /E = 94 Gev



AP 2 40,75 at vs = 118 Gev 3.62)

In Fig. 47 wr ploucd” generic curves of the asymmetry A (3.56) for a

fixed m, = 83 Ge¥ and aw interesting collectfon of v and a couplings.
A third clasy of interosting measurements at and near the 2° pale

concerns polarizarion and heliciry-dependent effects. If we first com-

+ -
sider the case of unpolarized e ¢ beaws, the dependence of the cross

section on the helicity of the {imal state fermion is of the form:

da(
(3.63)

1 dote’e ~ fF) .
where o) = 3 SREAD qer. Eq. (3.30)) and

0, = f }Q {v a (14.—:» 3) + 2a Vpeos 9]

- [f ag o2’ '(Hcos 9 +2av, (s +vf):os n]{ (3.64)

with the mean feruior hellcity

o
<hes = —chps = —2 : W (8,9) (3.65)
The dependence on initial ¢’ beam helicicy h* 1s
da (h*h7) .- e
T oo g ° -k + (hT-hDa,
+ - - 4=
N [(x-h W) + (h-h )Hf(o.m] (3.66)

ulere 52 and ﬁx are abeained froe s, and He respectively by the substi-

tutions (ae,vu) .- (a,.vf). The Integrated average final state ferwiom
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helicities from unpolarized bheams are

1
. 9 d cos 8

Wi = ey 2L

o) d cos

2xa, [vac - vy (azw: )]

2 1.2 2.
9 - 200w,v; + i fagel) (ab?)

Qe

It 1s clear the final state fermion helicity is sensitive to the product
agv, at low energles, and agv, close to the Z° pole. A sample plot of
(3.67) for the mean u (or T hellelty) is showm im Fig, 43.°% Unfortun-
ately, 1f rhe Veinberg-Salan model uith sin® o, = 0.20 s carrect, the
average helicity is rather small, For example, if we specializo to the

forward direction cos § = +1 to maximize the effect,

- - 2,2
# % T (s,com0n 1) 7 oel e ;] 7 @68
14200y + 2D + wdv?]

which becomes 0.11 on the resanance peak. 1here is a similar effect on
the eross sections of the initial state electron helicity, which is
dependent on agvg ac low cnergies and au, near the 2° pole. Since the
Ve 8ra not necessarily saall {a the Welnberg-Salan model vith sin” 8,
= 0,20, unlike V,» Deasurements of the dependence of cross sections on
the e'e” helicity may perhaps ba most interesting auay from the 2° pesk
itself,

One reaction we have not dlscussed up to aow is ete™ « ote”, where
there are crossed channel exchanges as well as the direct chanmel y and
7° diagrams. We are used to the differential cross scction for this

reaction being sharply peaked forward-backward because of the crossed



channel v exchange. In the neighborhood of the 2° resonance this asym-
8 ¥

Detry may be sharply reduced. More details can be 3 of
the CERY e'e” reycr:.gj
Detailed measuresents of rhe 2° peak will be useful several

5
things besides measuring sin” 5H to 3 deeixal places. For exazple. 3
detailed measuresents of 2o enables us o exclude very zar ive fermions]

as discussed in sectioa 2.2. On the other hand, a precise seasurenent

3
H3

of the width of the 2° peak or of the helght (3.i17, remdined wi
determined search fer massive fermlons with zassea R qe faR tell us
how nany unobserved nevtrinos there are. we should therafore be atle to
clear up fermion spectros~opy as well as boeon specTroscepy. The pas-
sibility of preciss measurczents with 107 20 cecavs shoulé enable us to

probe weak radiative correczions, which =ight far erazcle give us A

1 -
look at the effects of very massive Higgs svsters, 0 As for rave I

decays, one interesting possidilicy 13 * =~ Higgs + (.7 cr ¢*e7,

which locks to te a promising way of scanning jcor neurral

with masses up to O(50) GeV as will be discussad in lezture 4. One might

. = z
hope that the decay 2% + We'w or . v wouls be a gacd way
3

. -
eingle ¥ production below the ¥ K threshalc. wnisrtunately,

rdtélzs
-7

r@° - vty g T e

which makes the prospects loex bleak, even with 12 C

LI
Even above resonance the e ¢ = We. Cross ser:

spall, belng

e - W et = oo :
N 3.0
for 5 L 110 ta 262 Gev
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W sreduction will ba above the

i¢h we turn in the next section. For

o
¢ ¢ eaperinments are a source of Z pro-

2 and Jecavs

ch enables studies many erders cf wagnituds oore

precise o

3.6 e e

The rext 203t obvizuely Imcercsting reaction bevond the z° polo is

o 125,126
W& pair L2 Thixs réaction 15 a showcase for gauge

thecries, s

17 enadles one o search for, and hopefully observe, the

cancell,

reat cressed ané direct channel exchanges

03

vhich are meeded ~ I-r she rercrmalizadilicy of the thacry. The dia-

grazs iuvs the direct channel v and z°, and the crosmed

channe! naut saible heavy lepton exchanges {m Fig. 49. In

particu see¢ evidence for the archetypical 3 boson
inter - the WK vertex which should have a
speciffic value {: moaent, or in the form of the

Lo e
1studv of the e e +» W W reaction has

2
been made by Alles, Sowr and SA::,\s,l’s who eophasize that the gauge

o
6T versex frself.

even quite close to threshold.
11

theory fancellazions a

B

=odel vhere the differencial

.7

where the zross sections. They

take th@




3.2
F (2,0 ha
W8) = 2
! a7
Fy(9,8) ¢ 2) sin ¢
F(6,8) = .3

The deflaitions of various quantitiss aprearing ir Eqs. (3.72) aad (3.73)
are

¥ e 2 —%-%;::s 2 (3.78)

Meditation will reveal that ¥ {s sharply peaked forvard-bacicward, wvhile

y and Z exchanges arc relatively isotopic. When we integrate (3.71) over
the polid angle © to get the total cross section we find

aete - ERRE M (3.75)

s




Iyy = 7siaT T 5y {3.76)
with
N
)
] ]
:.‘2 '
H 16L, 2
EH = (1-2a) + 4{1-2a) - =% .77)
B
3
4
L1 s “]
123”7

b

| .2
£ (1+200+120%)
)

2

{3.78)

In Fig. 50 we have seteT - W) from Eq. (3.78) for some

(rather large) walues <f sir Fpoand (rather seall) values of e Ve

see that the cross sect kar 2 rather neat peak abour 40 GeV above
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threshold, of height 0(10°>%) &’ which could be observable given a

tuntoostty of 102 ™2

sec”!, followed hy a sharply falling cross see-
tion at higher energies which is a few times "p: (3.3%). The diagrao-
umatic cencellations are uhibiudus in Fig. 51, and are very significant
even quita close to threshald. Therofore we nay hope to see the famous
gouge theory ceucellations evem at low centre-of-pass enetglos +5 s 700
GeV. The neutrino exchanges cause the KW angular distribution to be

eharply peaked Forward-backward even relatfvely close to :h:eshuld.u’

0o the other hand, it is difficulc'®?

to diseatangle the v and 2°
exehange cffects becavse they are required by gauge theory to have simi-
lar structure, but even the determination of the VH*H' vertex would be an
interesting nontrivial check of gauge theory ideas.

Another {nteresting reaction is :he process et - ° + mggs,m
which may be a good vay of producing Riggs parricles with masres ~hove
50 GeV, and i{e more background-free than the FASRS Higgs + !*:' decay
mode mentioned earlier. This reaction will be discussed in mere detall
in Lecture 4.

Mention chould be made of tho reaction e'e -~ 2°2°.13% 1 the
atandard model, this only praceeds by lepron exchange in the crossed
chapnel. 1. is therefore leaa Interesting than e‘c“ - \:‘L“. since it
does not give us a window on the 3-bogson vertex, Hawever, the cross
scetion {8 quite big close to threshold (see Fig. %2), juite likely
belng gs large as for e'e” « WU around /5 = 200 GeV. 1a this reactisn
ugeful for comething?

It vould be nice t> measure the 4-boson vertex, paihaps in the two-

photon proccss et + ete W'V, but... .



4. Ihe Funay Famm
4.1 Tlatroduction

This last lecturs will be cencerned with various aspects of gauge
theorics which are more controversial than the topics dfscussed so far.
Most of the lecture will be devoted to Higgs bosons {n some form or an—
other. As was cophasized in the introduction to Lecture 2, the renor—
nalizability of present pauge theories of the weak ln:eranuonsz'“
depends on the ansses of particles being generatedby spontanecus sym=
metry breaking. No ‘ully estisfactory way has ever been found of gnner-
ating nasses by soze dynanmical mechanism which does aot invoke olemen-
tary Riggs ficlds. Furthermore, all realistic spontanecusly broken weak
interaction nodels have at least one Higgs boson remainiag in the physi-
eal spectrum. For example, the simplest SL’(Z)L = U(1) Weinberg-5alan
nodel has j ‘nc physical neutral Higgs boson if the syvmmet.y is
broken by just cne 1sY multiplet, and rhere are additional charged and
nevtral besons if more than one multiplet is used. It therefore secms
very {mportant to do axperimental searches for Higgs pnr:h:les.m Either
they will be found, in vhich case the spoatancously broken gauge theory
picture will fin-1lly be confirmed, or if they do nor exist theorists
vill have to totally rechink their facas. Much of the lectuve will dis-
cusd expirical and theoretical constraints on the sioplesr Higgs systen
in the Weinberg-Salam model, and poesible ways of doing experimental
searchics for neutral Higps particles.

There will also be sc - discussion of more complicatved Higgs ava-
tems, including possible charged bosons. One possible mpditlcauonl“

of tho Higes systeo which has attracted much {nterest recently implies
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4
the existence of a verv lipht pseudoscalar Higgs boson, the axion.l 3

uhich would play a role .n prevenring QCD from having a strong scurce of
CP violation. In its simplest fora, the axion vould be very light with

a mass € 0(1) MeV, but this possibilicy now secos to be phenonenologically
em':ludzd.““‘“‘S"'J‘6 However, a more sophisticated, massive, axion
could still exist. A search for it rhen becomes rather like the search
for a neutral Higgs boson discussed earlier.

Tho last parts of the lecture will be concerned with much more
speculative gspects of gauge theories. One possibillty present in some
gauge theories was the existence of a magnetic :unapale.l"'7 with a mass
(1) TeY. The phenonenvlogy of wonopcles is racher asusing, Unfor-
tunately, they are not present in tne Weinberg~Salam model, which is
Jjust as well since there are cosmological zlrgu:mnr.s“ﬂ that exclude mono-

poles of the simplest type, as fcundl“

9

for example in the Georgi-
Glashow model.'®? The Weinberg-Salam may possess other typea of "extended"
structer~. on a scale of 1 TeV or more, bur they would not be strictly
(topologically) stable. These include rotating duzb-bells'>® and wortex-
ukel'“ solutions of the field equations. It is not at all clear
vhether such chings do exist, or if they are stable even if they do exist,
or if they are observable even if they are srable. But their existence
would certainly make 1ifc interesting.

In the rest of the lectures, we have been relatlvely conservative
in our theoretical models, only considering models that unify weak and
electrc wagnetie {ntevactions. Hovever, we should clearly keep in eind
the possibility of unifying them with strong interaccions. The last

2.153
part of this lecture will discuss this inspirational chL:,‘s"u‘
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focusing in particulir on phenomenological tests of this grand unifica-
tion concept, For example, the proton is generally unstable ia grand
unified theorius, and may have a lifetime within a2 fuw orders of magni-

tude of the present experimental limit of 2 x 1030 years.lsb'72

While
pot strictly speaking a weak intc.action at hig) encrgies, an expati-
ment to refine “h: linte on this fundanencal quantity seens an eacour-

agingly offbeat note on vhich to f£inish these lectures.

4.2 Higps in _the Weinbrrg-Salam Model

As was mentioned before, gauge thcurlcsz need Hlggs bosons if they
are to incorporate masses ond remain renormalizable. Indeed, it has
been shown tha:z from analyseséj of the Born diagrams that Hlggs particles
must not only be present, but must have interaccinns with fermions,
bosons and each other which are essentially those specified in a spon-
caneously “roken gauge theory. In the Weinberg-Salam theory one needs
at least one I=Y Higgs cultiplet H E(H“:) to glve masses to the Formions

through couplinga of the form

%

—_—
STH £ .1
{recall rhat right~handed fermions are SU(2) singlets, while left-handed
fermions are SU(2) dnublclsz). As emphasized in Lecture 2, the 2;parent

25,78 of the nuutral current rate predictfons resulting from the

guccess
telation (2.20) strongly suggests that the vector hosons alse get =08t
of their arsses from s Hizgs. We are thercfore led to contemplate

spontancous syometry breaking by I=l Higes alone, and the simp’ st pos-

sibilicy 1s to use just one multiplet. 1In this casc the Higgs sysiem



h3s just & degrees of freedom
o {E - (-Bo*
B= (H° ' L ( e )
When the neutral Higgs acquires a vacuum expectation value w:

B° =L e
7z

(4.2)

(4.3)

fron the oinimm (Fig. 53(a)) of 1 kiggs potential of the fum

v =2 i awm? 2 WP o
A>0

3 of the Higgs degrees of freedon (<.2), namely W*, H and ¥,

(4.,8)

are eaten

by che H+, W™ and 2° respectively o becote their longitudinal polariza-

tion atates, while one degree of freedoo H is left over as a physical,

10

neusral Biggs tarticle. The maguitude of v reflects the masses of the

vector bosons:

with
2 g . 2,2
L %2 eoal 6
€08 9,

where g 15 the non-Abelian SY(2) sexiveak coupling constant.
and 2%2°% couplings are fized to be largz:

2

<\

LT v Bzoz0y 7
On the other hand, the ffH counlings are generaliy s=all
04y Tr
Ly > @) Tt gppy

uplying that

¢ (% g2
By =% ° 2 G ray

(4.5)

{4.6)

he Wy

.7

(4.8)

(%.9)



wvhich s s=all 4s long 48 =, is ia t e range of preseatly knowm fernion

91,92

wasses. Some of the izpliza

o

£ fermlens with very large ousges

vere discussed in section 2.2,

The parameters of the potential (%.%) are sizply related to the

value of v:

w? - (4.10)

apd the resulting physical Higss mass is

L (4.11)

It is apparent that none of the forculae (4.6 to 4,11) give us any way
of fixing By, vhich : . prierd torally unknown. Iu & Olmg) << ay? or
0(my) like other bosons! or »> =.?

There are soz=e theoretical considerations cn tha Higgs boson mass

which cone from conailering radiative ..ane::mns”‘

to the Higgs potens
4ol (4.4). Effectively, they give a lower bound te the interaction
tera, vhich by an analague of Eq. (4.10) for the siople {nteraction
gives ia turn a iover baundlss on the Higgs mass. The extra potentfal

tera has the form

v - 4.12)
Y s

P I

and demanding that the gauge symmeiry break spontanecusly to the mindoun

value of the combined potencial (4.

(4.12) as in Fig. 53(b) yiclda the

bound:

4. 10)




wherc ve have neglected the 7

izplying

catriburien in Eqa. (4,12 and 5.13)

2 Juz(z + sec®
2 (4.14)
"2 e st
which for sinz 2y % 0.20 is
o, 2 7.1 Gev (4.1%9)

This bound 1s interestingiy rontrivial, but some Cautionary Temarxs

should be made. The first is that the bound disnppe-um 1{ there i{a any
fermion with rass 0(x,), because the fermions contribute to (4.13) with a
ainus eign. The seccond corrment is that it is not strictly neceseary that

156 1f one allows for

the Universe must lle in the lowcst possible vacuum,
the Univerze to have chosen a nonminimal valuc of the Riggs potential as
in Pig. 53(c), and demands only thar the lifecime for quantum-mechanical
tuanelling to the lowest vacuum be grearer than the age of tha Universe
~lo'° years, the bound (4.15) is greatly ulaxed.l” to
oy > 260 Mev (4.16)

tor alnz e" = 0.3), somewhst higher for slnz e“ % 0.20. Mowever, it has

been u;ugd"“ that the norminical vacuun could only be zhogen and the
bound (4,16} attained only if the early Universe initially had enormous
lepton nuwber L 2 m“n. 1f there vere mo such lavge asy=metry, one would
recover 8 bound of the same order as (4.14). It cherefore seemy that
observation of a luw-mass Higgs boson with a ndss in the range bacween

(4.1€) and {.,15) would be cosmzologically fascinating! Before laaving
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the subjecz of the radiative correctien bound (3.13), it should be em—

phasized that {f there are more than one i<’

#iggs sultiplet, vhile the
bound {%.13) would apply to one of the neucral Nis;s particles, some of
the others cculd have lower msscs.lss

In view of the above remarks, it scems reasonoble to ask for empir-
ical constraints on the existencs of lew-mass iliggs bosons. The most
asubstant{al phevobenclogical bouads are 3 indcpendent nrgumn:sm that
o, > 0 (15 to 20) MeV. One is the absence of 1lght scalar Higgs bosons
produced in 1:!+ - 0‘ nuclear tronsitions, which exclude my < 18 Mev.

Another {s the absince of Hlggs exchange cffects in neutren-nucleus seat-
tering, which suggest that oy i3 probably >1) MeV. The third is muonic
atam K-tays, vhich at one time shewed anomalies which could be explained
by the effects of exchanging a Higgs with cass 0 (10-20) MoV, but which
Lkave now become coxpletely canmonical.

The three empirical constraints above all come from nuclear physics,
and veflect characteristic muclear enmergy scalca. One wight expect some ware
stringent restrictions on the rass of _he Higgs to come fruw high energy
physics, but thie does mot seem tc oe the case. The closest high energy
physics comes seems to be fo K decay, where the branching ratio

K - < e m v o000 “%.1m)
vas es:i.mudm for o - 0{z ), and there is an experimental upper limit
BT ~ = 4 W) B~ eTeT) ¢ 0.4 x 1077 4.18)
for 140 MeV = oy < 340 MeV.  Only Higes parti.les in the nass ramge up
to 210 MeV are axpeécted to have a substantial (2 10L) branching ratio
into e'e” (see the mext section), but it seems that the beund (4.18) is

Dot even sufficlent to tule wut 140 eV < my < 2:_’.




There ave sote theorerical “s“:e“slho.'aﬂ,leo against the exist~
ence of a very heavy Higgs boson vhich, while mot rigorously excluding
the possibility, ezphasize the problecs involved. As in the case of

wagaive fermions discussed in section 2,2, che point is that Higgs par~
ticles become strongly interacting if they are very massive, as i6 secn

immediotely Eron Lgs. (4.10) and (4.11). Veltman'O

1o particulsr has
suggested that the Higgs mass should be less than the value which makea
percurbation theory break down. This would require

2
B

£ 1 (6.19)

|ea

Lol

or m § 300 GeV. Lev, Quigg and Thacker 160

have done a detailed partial
wvave analysis for BW, ZZ and MH scattering and conclude that partial wave
umitarity is violated by the Born diagrans unless

ol g —;G—"E %1 (Tev)? (4.20)

If the Higgs nass tried to exceed this value, presumdbly perturbation
theory would not be applicable, but probably some sort of eumplicated
bound state would drop onc on a vass scale $1 TeV. One might expect that
the strong interactions of the Higps particles would have some dramatie
lower enerpy nanifcstations. Unfortunately, no exazple of this has yet
been found, becavuse the Higgs effects are always shielded by the rela=-
tively swall ffH or WWH ccuplings.

In view of all thesc incoaclusive rezarks about the =ags of the

Higgs boson, cv

ta the relarively tightly constrained We.nberg-Salam
oodel, it behooves us to consider almost any possible mass, and loek for
the Higgs In many dii{fereac places. We therefore turn to possible future

experimentsl probua,
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4.3 Higps Phen nology
4.3,1 Decavs

Befoic discussing experizents to find a basan, perhups we

should First think about whar we should look c'vr.m The decay modes of
relatively light Biggs are siople to deduce frun Eq. (4.9), In general,
the favoured decay mode for a Riggs with mass +2r, wl1l be into the
heaviest available fer=ion pair as in Fig. S3(a):

2
Gy .
Jie B

1 fer)
(23 Fer) .am

colour

T(H = £1) &

Thus ¢¢ decays should dominate H decays in the mass range & GeV < o

< 10 Gav, with e decays suppressed by a colour factor of 3. Between
the top and botton threshelds, dB decays should doninate by a factor of
0(10) comparcé with cc decays, and sv on. The situation is less clear
for l1ght Higgs particles, because the (uork-parton model cannot be used
to estimate the hadronic decays. But estimates support the naive guess
that strange particles will dominate H Jdecays in the mass range of 1 to
4 GeV, vhile 19 final states should donlnate for 2 < L 1 Gev, and
w' decaya for m < m ¢ 2. Higes masses below the 4’y threshold
@Ay be somewhat 3cademic ia view of the remarks of sectien 4.3, but ic
1y possible that H = vy through virtual -eraicn and hason loops as in
Fig. 55(b) could bs fmportant for my § 30 v, uith U e¥e” othervise
dooinating when T 2:\‘,. A c«\—rcndlu.‘:“ of Jukely ilipgs branching modes

16
for 1 MeV « m ¢ 100 Gev is showm in Tif. S5, Keaws Niggs bosons would o



deeay fato W% or 2°2° patrs:

- W)
“ 7y ol
PR A 2 .20
I~ 2°2% it ez =
%

where x 3 hn:ln; or Amélm‘:! zespectively.

The lifetimee for Higgs particles vhich vesule ‘rom these availsble
decay modes are ponrayedlo in Fiz. 56, becoming uvnobservably short
10-,E sec > 1, > 10‘2] sec for Zn" Wy < 100 GeV. The dozinant boson
pair decays (4.22) of hecavier Higgs bosons push up their decay ratet co
becoae comparable with cheir masses when oy v L Tev. This corresponds
to the strong interaction "bound" (4.20).

4,3.2 Produetion

We now run through a selection of possible Higgs producticn mech~
anieas.

Vector meaon «» Hvy

The radiative decay (Ftg. 57) of a heavy qq vector meson, say (o)

or the forthcoming toponius tt into a HigRs particle has a sublun:ullﬂ

braaching ratia:

2 2 2
o emp 5 N _‘\'),_'h .2
¥ - -2 )8 -23)
IV« W) W7 ma Ly

vhere Pat/al] 18 a knowa funccion'®” uhich ts quite vell approxtnated
by

ol
B

r( zf1-5 (4.26)
. N/



[
For oy ~ %';v the foraulae (4.23, -.24) yield

f3 107 for T
A

L 2y . ) (4.25)
rv ot 131070 tor ¢ if m, = 15 Gev
Putting in the expected branching ratios
TNy v, i~ v (6.26)
we find the final branching raties
-4
{10 for T
BV = H+) % “.2n

P22107  for eF £ 2 - 15 Gev

These branching ratios (4,27) are quite prooising, and suggest that the
decay ¥V ~ H+y may be a good way of logking for Higgs bosons with wasaes
up to the as yer unknown mass af the Tt bound state.
zona it

This can procced through the diagram shown in Fig. 58, where the
WV pair are produced by a virtual 7, and the relatively lazge Z°Z°H

coupling (5.7) s being exploited tu get a reasonable branching vatis.

ijrkenlzz has calculated the decay rate

b3 Ui
2 4
\-xb%d-%ﬁz (2- —?
1 arE®amt) a Sl P2l
o +- ax 2 2 2\2 ’
T~y w) ssin’e, cos®ay _i

2

QZ
L

In Fig. 39 15 shown 2o = ag a function of m
" TE e an) -5
for sin” 2, = 1/3. e sev that the relatfwe decay rate is ;° ¥ 10

vhere x I

for

P
By £ 40 CeV. Taking the branching  tio for 27+ u"uT o be a1 gives o



toral braaching ratio

32° - mh7) 2 1078

or ucte (4.29)
for oy < 40 GeV. This should be accessible if one really can do experi-
ments with 0(107) 2° decays, as seezed possible (section 3.5) with a z°
factory,

Another decay vhich may yvield Riggs at a rate cozparable to (4.29)

1s 2° + By, which would procced via virtual fermicn and W loops. An
order of magnitude calculation suggests chat B(Z® ~ Hiy) - 1075 also.
ete” « 2%

This is the corplement of the 2° - bu*u™ reaction. Again one uses
the large Z°Z°H courling (4.7) to brecsstrshl a Higgs. The only differ-
ence is that the process s nov Z* = Z+H instead of Z ~ Z*+H§ as in Fig.

60. The cross gectien 15‘63

2

2
2, fKE+325\ ll-tsin

(5.30)

3

U EEIE e

o .
where K 1is the centre-of-mass =omentuz of the 2~ cor K,

.o I
The ¢xoss section for e € ~ Z°*H relative to the QZD =(e'e” ~ i 57)

ot

/5, and values of By The “error bars" on the theorezical curves repre-

sent the uncertainty in varving sin® from 0.22 to (.29, We see that

at vs 1 200 GeV even a Hig.s of mass close to 200 Gev

& % produced

with 2 cross sezcion - ez, sorrespending to 1 event:d

] -
nosicy of 10 . Furthermore, the even: will be relatively

Yelean” and easy to pick our using a Z° crigger.
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2

séuztion mechaniszs have been proposed for

high energy b

First there is a sicple pp = WX,

whare the Jo

proaduction =echaniss {s probably via gluca-gluen col-

Hsions.lés and the Hipgs-GG coupling 1s cstimated using virtusl quark
loops. ! Calcuiazicns (see Fiz. 62) indicate that
clpp » u-X) 2 W0 et ear zy £ 30 Gev,
8 2 400 GaV (6.31)
depending socewhat how many quaTtks &re put inte the loops. This cross
seczirn vields 1 sizeable event ratve at a machine like Isabelle.

Unifortunately, it is difficulr te shink of 3 signature which would enable
the Higss events to be separated Irom the less interestiis ovents, One

Ppossible vau

-

solving this problez 1s o look for pp = QHQM+X, vhere

Q is poze heawy guark, and the Higgs {s

quark line, A mnaive order zagnitude

cress geation for pp ~ bebslsX might be

presence of heavw

useful signatuve. A s
167, 1~
tien ¢

indacare

bremsserahled froa the heavy

§

5
es[inatcl' suggests that the

zomparable to (4.31). and the

% particles in the final state might serve as a
i1l better signature would come frou the reac-

C.ﬁlcula[ionslh (sae Fig. 63)

i {4.232)




AN = g
In this reactfor thc dominant diagras 1s likely to be that where che

10,168

Bigge is brersstrahlec Irez the exchanged % line as {n Fig. 64,
For lighc Higgs an< neutrino energies vhich are mot s0 large chat &

propagatet effects arve irportant,

Oy~ ey | -5, .
T T 3 <10 E, (Cev) (4.33)

The czose section ratio (4.34) i{s probably £oo low to be usable, givea
the absence of a distincrive Higgs decay signmature. The sane rezarks
apply to high energy ep colliding :in;s.ml where the Higzs ¢ross section

is plausibly 0(10'“’) :nz. cozpared with a possible luzinesity of
0010%%) =2 sec).

Jo surarise the above discussion, it seeas that the most promising

sources of the basic neutral Weinberg-Salaz Higgs boson may be (in order
of increasing :ﬂ): T deeays, toponius decays. 2° decays, e‘e' ~ 2%,
with gp ~ &° or 2% + H as the least unpromising alcersative to e e
eolliding beam experizents.
4.4 Moya Cecplicated ¥icgs Svsteis
4.4,) Charged Higzs parricles

If the Weloberg-Salaz =odel 1, modified very slightly to include
woTe than one 1= Hizgs =muitiplet, then only one combinatien of the
charged Higgs fields (: ;, —1ee+) Can be caten by the h' s and the remaip-
1ng cocbinacion ur ~oxbinstions «ill show up as physical charged scalars,

There ls considerytlc {zecdon te aziust parazeters, but one would expect

a general correlasiin ¢f © 208 Ceuplings vith the Sasses of the

169 4% L L, o,

fermlons. Thus fopertast Zecays of W =ight be
+

ere., depending un the =dss of the K . An {nvariant =3ss peak in a



.

(6.34)

Suck a &

ot have a big threshold in e'e”

ccllisiens

P o+ . + -
26 the ¥ vere sufficiently cassive, H'H events

would prebas

hericity and acoplanarity close to thresheld,

and the sort

sean advacated in Lectute 2 for finding heavy

" tareshold. The H'HT threshold would then

ctureless nature and the absence

¢ (°r @) and myy are in che right

ip [ Yy or b » H™+c become kinematically
kbl +
accessidle .1 iaring in ziad the expected generic correlation of k
couplings quark Sass. ght expecc

anplc «[phase
‘ac Lors space

(4.35)

v into §" and & lighter quark q. In the case

B

nsle factor might be present, so that
- 2
S - B'=0) 5 107 (st ) Gev
F 1 kev ? (4.36)
This decay rate would certainly decinate conventional weak decays of b:

nt decay mede of T o= bS,"’ giving final

it would ¢ven be a

staces T - ¥ B

It s wid sood be possible to exclude such decays ot

the level o a branchin- «(1)7%, *ich would militate against an ' with

¢ vearcres oould be zade in the decays of mesons
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made of heavier quarks. One can casily add decays like H® or 2° + W'%”
to the list of possible places to look, but these are comswhat more dio~
tant prospects.

4.4.2 The exioen

The axton'®® 15 a spectal type of ncutral Higgs pazticle vhich vas

proposed as a way of solving certain problens concerning CF violation in

QCD.“Z'HZ These are that when nonperturbative topological aspects of

QD are taken to account, it turns out that there asy be an extra tern
a

E2 Suvoo F:VFW
32n

%

(4.37)

to be included in the QCD Lagrangian with 2 an a priori unknown parameter.
You can see fron the forn of &, (4.32) that it has C even and P odd, and
nence violates CP. In the real world, CP viclation due to the strong
Ainteractions is extresmely small, The b=st linit on iC comes from the

27

neytron elactric dipole moment ’EJ » wvhich 1s known experioentally”’ te be

Lianw¥e (4.38)

This quantity violates CP and would be proportiecnal to & Lif it were non-
tero but emall. One cnlcula:ionu‘-’ glves

2i4x10® o (6.39)

so allowing for uncertainties in the theoretical calcularion, € must
be « 1078, It wpuld be nice to ensure that $eD automatically. This
could be done“z by giving the world's Lagrangian an extra U(l) symoetry
with en associated current J_z, Sizilar anczalies to the ones we dis~

cugsed in Lectures 1 and 2 cause the divergence of this current to be
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nonzero:

(4-40)

By making a chiral transfcrmation of the .!;J type, onc changes the

Lagrangian by an acount proportional to 3""1,‘ {4.40), and so may remove

any possible term & froa the QCD Lacraugian. The next problem

is ro find a way or givipg the Lasrangian this (1) sysmetry. One way
would be 4f one of the quarks—-prebably the v quark--had zeto mass. But
this hypothesis, while not completely excluded, looks te be in bad shape
when one lacks at meson xnd baryen mass dilfercnn‘s.”:‘ An alternative
way of getting a U(l) syzmetry is to introduce a pscudoscalar boson
which {5 cssentially mass:ess. This can be done by extending the sia-
plest Weinberg-Salas oodel to two or more Higgs mulriplets, and restrice-
ipg their interactions se that the coobined QCD-modified Weinberg-Salam
theory has the requisite U{l) sympetry. The low mass pseudoscalar boson
iatroduced in this way is the axion (a).l“ Its mass is not strictly
zero because of strong interaction symowery breaklog effects, which cause

its mass to be generically of wvrder
v G (4.41)
where u is some typical atrong interaction scale--0(300) MeV?--sc that
2
one might expect LA 0(10”‘) kev. Befng a Higps particle, one would

expect the couplings g ;& be 0{gm/m ], as for the bastc Wigss Susen

6.9).
; 143
To proceed further, we will turn to the siaplest axion zodel,

vhich has just ewo l=k Higgs multiplets. The theory 1s cthen chavacterized



by @ fres paraneter

v <alwglod

2o Solugiod

= zan a (4.42)

where in order to get the w Dasgs correct
vy + vy —— {4.43)
which ghould be compared with the single Higgs {ormula (4.5). In thig
wodel, the coupling to heavy quarks has a form anmalogous to (4.9):
L = . e
Q.q = 27 6" alm cyse Ein a+ o bych cot 3 + ...]
+ ntiysl tan o+ .. [R5

Ou the ather hand, the Jxtan ¢aupling to light quark systens goes pre-
dominantly through mixing with the 7 and = which have the sace juantua

oumbars (C=+1, ?=~1) as the axion. The eixing is speeificd by paracetera

€4,43)

- i
£ w§ 'JIIn:*—-:otG]
o [T ]

vhere £ £ Z'SM G”zf' % 1,9 v 107, and the axion mass i this sioplest

model is appraxicately

%% _] I

} sin 2

% Bt ket {4.46)

whete £ {8 the puaber af quark fluvours, as Lsual. The sizplost axten

demcribad by the formulae (4.32) to (1.4€) would presuzatly Se lighter




than 23, and so decay mainly into 2v with a 1ifetize 2 107° sec. The

wixings (4.45) would allow the axian to be produced at rates 0(1077) of

° or n production in any hadronic process. The couplings (4.44) ensure

1ts production in heavy vector Deson dc:ays‘u"ﬂ

v + afy at a rate
tan a (or cor? a) ties the ¥ = Héy race (4.73).

Can the axion exist? Probably not in the simplest form ¢iscussed
above, but this is not totally excluded. Evidence against it comes from

several sources.

Bean ducp experiments

In experizents’’>+179

at CERN, a proton bean has been dumped iato
a hadron target which absorked hadronic secondaries before most of them
decayed, and searches were made for evenls in peutrino experinent detec—
tors downstrea= +hich could have been generated by neutral penetrating

particles such ac neutrinos or the axlen as in Fiy. 65. Axion-induced

events vould have shown up as apparent neutral current events with small

wissing Pr in the hidronic f£inal state. It has been esximudl“ that
ot + 3+X) 5 53"%5,:.' s “;12 - X) x zz . %!.7 4.47)
atprp+-Ox) 2=%p %) "

implying o product of axien production and interaction tross sections
- . 2, 4,7,.2,2.2 ) NS
alprp + a+)zlavp ~ X) & ('w*:"q“m‘:;‘n’ 2% @

295 107% ca* (4,48)
where the lower bound comes fros the fact thar L (4.45) cannot be switched
off, even thovgh{_car ke zero for unicoperatfve values of nd/nu and tan a.
Varicus experinental l{zits on axion pyecection in the CERN benn dusp

78, 17 -e?
=x?erir\en!sl 3176 are O(1Ir

) er”, {ndicating thac the bound (4.48) 1s

1
violoted by about .wv orders of zagaitude, 5 50 that an axion wirh
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wass § 2 MeV cannot exiet. An lnalyslsl“ has also been made of a SLAC
besn dump experiment which also €inds an upper limit of an axion~induced
events sbout two orders of magnitude less than would have been expecred
in the simple model discusmed above.
Beactor seutrino experiments

Axions could show up in these experiments by being produced in

guclear transitious and then decaying iato YY, or undergoing Compton

scattering ote » y+e, or by causing deuteron disintegration a+d -+ nfp,l“
. ical of axion pr rates by nuclel
146

are vacher unreliable. Nevertheless, it has been conservatively

egtimated that

n (]
Yoy los(l—oﬁev) (4.49)
axion + vy decays should have been seen per day, compaved vith an cxper~
imental limit of (~160 + 260) y eveats/dny. Also
3
~

N 10
Tre mz ]

(4.50)

would have becn The di rate is naively
calculated to be o(m’) largor thaa the experimental limic, though thie
¢alculation 1s particularly gensitive to unreliadble details of nuclear
ealeylations. Despite the un:nr:uln:iesl“’l” in the nuclear calcula=
tione, it seems likely that reactor uemtrino exporiments also rule out
the sioplesy form of axion.

Cosmology and astrophwsics

The best rescrietion an the axion from cheso eources comes freom

econaiduracions on tho evelutlieon of red giont stars. 1t is npp-!rcntly"7
required that m, > 200 keV, dut this is nor inconsigtent with the mass

eatimate (4.46).
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Wa belicve that this decay rate should be comparable with that asti-
mated!010478 ¢ it iy o 00107") (4017), The relevant experimental
1imit 48 that an K+ £7v5 < 6 x 1077, Ve conclude that K decays 4o nat
yét excludo the axlon's existence.

The preponderance of the above cvidance 1s agsinst the existenco of
on axfon in the sinple form glven by Egqe. (4.42) to (4.46). However,
the existence of an axion canmot be totally excluz‘h:d.l79 For emample,
the param>ter o (4.42) could be very small for some reason vhich may
acenm upnatural in the context of this model, but might be made to look
1¢44 unresaonable In a twre cowplicated oodel with wore Higge multiplets
and/or voctor bosuns."9 When o is sufficiently smill the axion decsys
malnly inte e+e.. which it does too quickly to show up io beam dump or

reactor s. 1ts ph logy would then resemble that of the

wvory light Higgs bosony discussed in sectious 4.2 and 4.3, with the
exeeption that being a peeudascalar, the various nuclear canattaincs
that o, > (15 to 20) MeV would not apply to the axion.

What Lf there is no axion? No other totally satisfaccory methad of
epsuring 6=0 has yet beon proposced. Even if 00 for the atrong interac-
ticns alone, the possibility cxists that it may be renormalized by the

weak ons and become 1y lacrge. In the simpleat

wedinberg-Salam model with one Higes multiplet, if onc scta @=Q for the
strong interactions, the renermallzation of © due the CF viclation in thz
weak interactions gencrated hy the Kobayashi-Maskawa wodel (2.39) is

- 180
zero 1n 0(a), but nonzere and O(10 16) in D(uz). There is another popular
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model of CP violstiva which uses multiple Higgs muluplet.s.wl which
bag o lorger renormalization of 3 than allowed by experiment (4.38).,

181

There is another multi-Higgs model with 0 regormalization which is

finite and o(m'ﬁ ta 16773, which 1s on che cutskirts of plwnonenologl~

¢al acceptability. 180

1t seens that the problem of CP violarion 2m QCD
and weuk electromaginctic gaupe theories 1s srill very little underatood,
and in parcicular we lack any yoad ceasou why @ ihuu.].d be zero or small
before weak renormslization.

4,5 Honopoles, etc,

We ore nmow at the stage of the lerntures where Fantasy begins to take
aver, and we examine some more speculative possibilities suggeated by
gauge theories. In rhis section we would look into the possible exlatence
of heovy particies arising from extended solutiona of the non-Abelian
field equations. The first example will be the munopole,‘” which i a
sort of topological knat tied In the Higgs system of a spontangausly
brokan gauge theory. So far (ef. Eq. (4.5)) we have always discussed
situationa where the Higgs vacuum cxpeetation value was {ndcpendent of x
e in Fig., 66(a):

Q@I iod = v (.50
but it could happen that <0|H°(x){0) was x~dependent a2 itlustcated o
Fig. 66{b). Thls could happen If there were an {sotriplet of Higgs

pareicles:

Qi)+ "(f;;]’) 4.52)
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as [x{ + = in all 3-spocc dirwctions. Solutions Like (4.532) exist la
suzc gauge throyies like the (phenomeaclgicully drefunce} Georgi-Clashow
mde).lsz but ot in the Weinberg-5alam zedel with t1s % bi,gs multi-
plets.

Nothing daunted, the gener:ic preperties o5f such munopoles are that

they have masses

]
L = B,z ~ 1 TeV (4.53)
Thelr couplings to weak and elect ¢ fields are ch, istically
sLrong:
5:1
1y
7w = 0la) (4.54)

and they presumably interact strongly with each other, Monopoles are
guaranteed by their topolopical properties to be absolutely stable.
Abova the threshold Zu». » Oone would expect wenopoles to be produred in
poirg as in Fig. 67(a), but not by a single photon. The pair production
crosn section should be O(1) because of the strong coupling (4.54). The
monopole pair could also annihilate inte many photons and/er vector
boasons as in Fig. 67(b). This process might be particularly lmportant
close to threshald, and have a dramatic sigrature in the farm of very
large v showers. The motion of a monapole in a magnetic field ia chor-
acteristically bizarre--its momentum tends to align ftaelf parallel to
any magnetie ficld as in Fig, 67{c). It should alsu be remembered that
the monopele would find it very casy to lose cuergy by radfatimg photans
{and W's and Z'ax)m1 as {n Fig, 67(d).

Can monopoles exist? No one has ever been able to confirm sceing

one. If one accepts the standard bip-bang cosmology for the carly
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Universe, one can estm:eua

the density of wonopoles which should have
been formed then. The calculation of the monopole density today depends
on how one belicves the production model and estinates of the probability
of mutual annihilation of the primordial cenopoles, But it scems that
fonopnles with the properties (4.53, 4.54) should probably have been
0(106) more sbundant than the experimental upper limit. But surely some-

one can come up with a theory ing more Lles which

would be cosmologically rarer and hence acceptable.

It was oentjoned abave that the Welnberg-Salan model does not have
monopoles, Does ic have any other sort of extended, heavy object? It
has been propc!:dlso that there may be quasi-stable string-like objects
which sdmevhat resemble dumb-bells with a sort of monopole at cach end
as 4o Flg. 68(a), These would form Regge trajectorieg with un iutercept
and Regge slopa of order 1 ‘L‘qu. High spin “particles” on the leading
trajectory—corvesponding ca rapidly rotating dumb-belis~-would possibly
be aomevhat stable because of the angular womentum barrier. However,
these objects would not be guarantecd stabie by amy topological conser~
vatrion law, ond thely liferimee are difficult to estimate. If these
string-like solutions exist, $o probably do other strimg configurations

such a8 closed loupsls:

which loosely resemble smoke rings or vortices
aa in Fig. 68(b), They would also have Regge trajectories, which would
correspond to the Pomeron im normal Regge lore, and also have a mass-
scale O(1 TeV),

Ynfortunately, it 13 not clear vhether these string-like objecte

really exigt in the Weinberg-Salan model, and if so how stable they are.

Even 1f they do exist and are stable, it is not clear what their
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productign cross section is, except that it is probably very small.

They are in some senge coherent exrended field configurations contaiming
o(é) vector bosons, and the overlap with the 0(1) vecter boson state
produced, say, by «'c” collisions is probably very small.

The prospects for finding amyching 1ike a monopole in presently
conceivable weak interaction experimente seem rather dim. However, the
subject {s still rather uncertain, and it 18 hoped that these remarks
may stimulate core serdous theoretical thoughts, because objects of this
type would be very interescting if they extst.

4.6 Grand Unification Phenomenology
Up till nov, we have been treating the strong and weak e¢lectromage

netic { {ons rather With the exception of the discus-

micn of CP violation and the axion, which was not brilliantly suecessaful,

we have pot really the 1 1 between

the different interaccions. MHowever, since we rather couplacently
believe wa have found the correct theory of the strong interaccionms,
namely QI:D." and think we are on the trock of the right spontanecously
broken gauge theoty of the weak tn:eruenansz--very possibly the Weinberg=
Salam mdel“—u 1s clearly high time to speculate on the nexc phase of
nnlfh:ntlon.lsz'l"’:| In the process of this grand unification, we may
hope first to find certain conslstency conditions that aust bo imposed

on the fndividual etrong, weok and electromagnetic interactions hefove
they can be unified. We may also hope to predict dramatic new types of
interaccion, such as those violating baryon and lepcon aumber and

causing the proton te decay,
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Let us copsider che twewz

of theory vwhere a lacrge group G is
postulsted vhich has a unique coupliug constant, and which 1s broken
somehow into component parts

G~ 5U(3) * SI.'(Z)L = U(l) x 7 (4,55)

for the different interactions. Clearly the grand unification sylznw:ryl52

oust be considerably broken, because the cbaserved strong end weak coupling

are very dif. Hovever, after Lecture 1 aud Eq. (1.14)
we are used to the idea that covpling strengths depend on the scale at
vhich they are meagyred. We believe thar *he gtrong ioteractions get

wesk gt high moweats, 80 parhaps it is thlaz incanceivable that the

atrong and weak/el coupling way come at
some sufficfently high Qz as in Fig. 69(a). In the Weinberg-Salam model

the SU(Z)L and U(1) couplings g and g' are independent, and the ratio

2

2 B

sin” 6, =

2,

RPN

18 a mmber to be determined by experiment. A symmetry group G vould

(4.56)

make a prediction for gzls'z, and henca for sin’ 8y In the same way
a8 the ratic nlln. the tetio 5213‘2 will be renoraalizedl®? if the C
symsetry is only exaec at very high wowenta,

The simplest grand udftcocion model 1w the SU(S) model of Georsi

a0d Glashow, 12

vhich breaks down into exactly QCD % Weinberg-Salam.
Staple application of the QED evolutien formila (1,14} for a,(Q’) ehows
that ic will ba O{a) only at very high Qz. In foct, the best estimate

of the momentum at which grond uwnification tokes place in SU(5) 1072'183

B ~ 0€10™% 1o 10'6) Gev .57
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Using this velue. one can estimate the renormalization of sin’ 0ps which

1s 3/8 {n the symerry liolt, :cn

ot g, % 0,20 (4,58)

which {3 not in disagreement vith the lates? ewperioents. It ie char-
acteriatic of grand -aificacion wodels that they put quarks and leptons
into the sawe multipler of the grand wnification syvmetry group G. For

exasple {n sU(S)lsz thete are aultlplets

edpadyz T ov dt GpaipaBip Bov) s BBy B Ty €4.59)
vhich put meat on the often-discussed concept of quack-lepton universal-
ity that was discussed in section 2.2. Because of the large symmetry-
breaking (4.57) inherent to this type of model, the quavk-lepton cyn-
metry will not be exact, But analogously ta (4.58), the renarmaliraticns
of symmetry predictions may gometimes be ¢alculable, Possible examples

n,mn

are quark and lepton masses. The 8U(5) of

Higgs fields which can provide fermiou wasses ia $ dincnsional, and Lt

reduces to the uweual Is) doublet of Weinberg-Salam, The multiplet
asaigmuents (4.59) imply that in the gycmetry limit

BYTr B M {4.60)
Jusc a3 u'(Qz) > @ at prascat Qz. s0 ve aleo find that (4.60) gets remor-
malized to give m > u, &3 ia Fig. 69(b). In fact ome finds, using LY
72,184

and u‘ as inputs, that
8, % 0.5 GV, m (8 to 54} Gev (4.61)
wvhere these masses are to be interpreced as approxisactely the masses of

the lightest strange or botrom pgcudoacalars respeccively. (It is mot

possible te caleculate oy very reliably, but {t does secm £o be too emall
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by comparison with the usval curtent algebra estiwates of “‘dh’s') The
predictions (4.58) and (4.61) of the SU(S) model are quite encouraging: it
is unfortunate that in this wodel the masses of the charge 2/3 quarks
cannot be calculated, so that there is no prediction for o Ir should
be mentioned that while the calculation af sta® € (4.58) is tnsenstitive
to the number of quark flavours, the quark mass calculations (4.61)
depend ““dﬂuyn,lﬁﬁ on the nuwber of quarks, and increase substan-
tially if there are 8 or more quarks.

In view of the failure of this siwplest type of grand unified model

to have totally disastious p logy, it is le to continue

speculating and think about baryon number-viclating fmrcas.m2 There 1is
nothing gacred abour baryon number conservarion: it is believed to be
wiclated by black holes'® and by nonperturbative weak effects. S0

Baryon number is alpost alwaye violated in grand unifjed models. Indeed
we gee from the multiplet structure (4.59) that gauge besons changing
quarks into leptons must be present in the SU(S) wodel.'5? then the wul-
tiplets involving charge 2/3 quarks are added to (4.59), one fiads transi-
tions of the general form q+q ~ i+q (Fig. 70) which are describod by an

effective low-energy four-fermi interactiom (a,f,y are colour indices,

o - -1'1-15)\:, ete.):
-c -+ u -+ u..=c Y
2z t;(:lm [(cuﬂv“nLYu“BL)(e v ’de) + ( uayuy Y dﬁ )( il uul""’.:,ﬂY duk)]

+ Hermitian conjugate (4.62)
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where ma, = Oy the zagses of the baryon-oumber violating vectcr bosons

and
2 2
[—_— -:? =4 (4.63)
e By

The interaction (4.62) can give proton decays of the form

Pttt el 4.68)

It is easy to see from the form of the interaction (4.52, 463) that the

182

decay rate for p - anything

Tlp = all) « ~2— %.65)

More detailcd cnluuln:ionsn suggest that

t{proton) " 1030( wa yynnu (4.66)
107 GeV)
The present lower limit on the proton lifetime 1-“7
30
T(proton) 3 2 x 107 years (4.67)

Comparing thie limit with the estimate (4.57) of the grand unification
wass and Eq. (4.66) we see that the SU(5) model makes the proton suffi-
ciently atable,

Clearly the estimates (4,57) and (4.66) are very uncertain, even
aiven tho speculative nature of the grand unification ideas, and the
reoote possibility that the specific SU(53) model has anything to de with
reality. Nevertheless thesc results may be gemeric, and suggeat that
experiments Lo improve the lover bound (4.67) by a few orders of magni-
tude may be worthwhile. The limit (%.67) was ocbtained by looking ot

20 tons of scintillater underground for abouc a year, and looking for
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electrons with enargdes of a few hundred MeV, whick night come from the
decays of muons produced in proton decay. A present-day experiment can-
not run for nuch more than a4 year, s0 A improved versien would need such
more matter to observe decaying. @m the other hand, perhaps ore could
lengthen the time-base by looking 1in a smaller quancity of matter exposed
over a geological eporh tor fossil trazks of one of fve ©p2s {4.64)
produced in proton decay,

Regardlegs of the theoretical ideas discussed here, aany experiment
to improve the limit on the proton lifetime is of fundasenral interest

and importance.
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(c) e*e™ + ymet + hadfon jet from e*e” = EOEC, (d) &p ~ u'e” +
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3ets from e”p + ES4X.




Fig. 28. The class of diagram
expected to dominste
heavy quark decay.
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Fig. 34. Subdominant QCD subprocesses
for vector boson production.
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Fig, 42. Disgrams for e™p + wW™+X and e”p + e7I%X
involving the lepton vertex.
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Fig. 70. A typical baryon number violating fnteraction.



