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Leetute I
tovadoys it scems almost y to adi ion of

gauge theories of the weak interactions--they are faat becoming the

d dogma, Fur one particular versien, the Weinberg-Salam

\nnian,l or (more specifically in the comtext of charm) the Weinberg-

Salax 114 los-Matani® seems to be able to explain
most of the relevant deta, though some areas are still unclear, espe-
cially the question of parity violation in atomic physics. My lectures
will focus on this model. I will try to leave you with some feeling for
how it is put together, which along the way will allow comment on Some
poasible variations, many of which exist in the literature. -'

In spite of my first disclaimer let me begin with a ehort discus-

sion of the improvemant afforded by gauge theories over their d

sor, the four fermi theory of weak interacticna. That theory was

ful in the of low epergy weak interac~

tions (such as angular and energy distr: of prod iclea in
g~-decay) but was not completely satisfactory for two (closely relacted)
reasous: At sufficieatly high energy (v 300 GeV) the predictions vio-
late unitarity, and any attempt to perform higher order calculations 1is

plagued by infinities which cannot be by lization. We

needed a theory which could remove these two problems without changing

fdork supported by the Dopartment of Energy.

(Presented at the Summer Inscitute on Particle Physics, Weak Interactions,
Present and Futurc, Stanford, CA., July 12 - 21, 1978)
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the low energy predictions--gavge theories provide such a theory. In

addition, each gauge model one writes down makes a host of new and test-
able predictions. Weinberg in 1967 wrote down “a theory of leptong” as
a first oimplo example of such a theory. This model, extended to incor-
porate hadronic weak interactions by imeerting the quarke by analogy to

the leptons, gives a 1y ful gy 108Y .

Whea Heinberg wrote his model he hoped 1t would solve the above
aeuntioned problems of renormalizability and vnitarity--that it did ine
doed do 5o wao shown someuhat htcr.’ 1a a four~fermi OT current-current
theory we start with a weak charge-changing current, empirically deter=-

mined to be of tho V-A type, for oxample for leptons

Q-vg) {i-y;)
3y =y, 3 vu+ ay, =gy, (.1

(I shall use Bjosken and Drell conventions throughout, and aotice that
V-A = 1-15 with my definitions. Also I will often write particle pames
to stand for the Divac spinor for that particle.) The wrak interaction
amplitude i{s then

46 at

— 3 (1.2)
li‘ L
(The factor 3f 4 may look strange, 1t compemsates for the fact that I
have written § with (1-15)/2 racher than the old-fashioned (l-v5).

Tl-iis definition will be coavenient to maintain when we get te gauge

LSV

theorles since (1-15)/2 18 the correct projection operator for left=
handed fermions, in fact one usually sees the shorthand by for al-qs)IZ)u

iv gauge theory papors.)
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The interaction (I.2) can be ai 1ly, for

cxmmple, the process ahown in Fig. 1 is part of the cross term betueen
¢the alectron and muon pieces of the curtent, The idea of introducing
mn intermediate vector boaon to try to damp the high energy growth of
this amplitude pradates ite gauge theory rcalization by some time.
Naively one might hope the diagram of Fig. 2 for which the amplituda s
given by

a=gly, o) oy

would give a suppression of ll"I(l-q') for lsrge B when '2/.‘2’ 1e adjusted

to give the low enecgy . Clearly this requires -ﬁ ta be
lecge enough that ac des the 1s affi a

constane, in ordar to maintain the good vesults of the current-current
theory. That is easily enough achiceved, however in thia simple form the

1dea does noc work for all db) In this p

."v - ..'n it des the y oup but when looking ar

other processes, for exsmple, a e + W ana even e*e' +W H'y one £inds

sgain bl with rity. The blem i¢ that the propagator for

s pagsive vector particle has the form
(Q) = -1 3‘.‘:& Ji L
bgta) L &) {q"-u") (1.4)

The term proportional to Bag has indeed the dusired behavior in all

cagses but the ll“qa/llz term in some processes can give terms of order

2 from the d .

qz/llz which cancel oui: amny large q'
After gauge theories had been found to be a workable way to cir-
cumvent this problam several people asked the queation “Are they the

only way?" in the following form: Suppose I start with the vectors and
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quarks coupled as in the process (I.3) aad allev in addicion neutral
vector and scalar parcicles in the theory with arbitrary masees and

pling Now I veq tres graph m'u:n-ny.6 this iw that

the partial vave amplitudes generated by the sum of tree graph diagrams
for a given process should not grov more rapidly than sz'"' for 2+m :
particle processes. Iuposing this condition on a sufficiently large set
of amplitudes gives relationships among the masses and coupling coustants
(Yukawa couplings and vector-gcslsr couplinge as well as vector=-vector.
couplinga). In every case tho got of couplings eo determingd sre & set
vhich one could derive by building a gauge theory with the ssme particle
content!

Having come sa far, let we now explain how to build a gauge theory.
The recipa is surpl.es

I. Choose a guuge group.

II. Choose

III. Choose Higgs mcalar representation coantent.
IV. Arronge for spontaneous symmatry breaking to give a non~
vauishing vacuum expectation value for some scalar or set

of scalars.

Of couree all thia peada eoue expl don to ke

and soma cleverness in following the stepa to arrive at a pogsible the-

ory of the weak and el c ¢! h are many th
I could write following staps I to IV which would uot be viable for thia
purpose-~for example it ig trivial to arrangs that only one massless

vector aurvives after the Y but it is gome-

what more complicated to arrange that thatveetor has the correct coup-

lings to be & photon.
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Let us start with step 1. that do I dv when I choose a Bauge group.
In a gauge theory the vector mesons are slways in the adjoint represen=~
tation of the group, eo choosing a group tells me how many vectar mesons
1 have, and defines the way they couple to one another. In less group
theoratic language "in the adjoint representation” means thers is aue
vector meson for each independent structure matrix A°. In SU(2) the
structure matrices are the sct of traceless unitary 2 * Z marrices, the
familiar Pauli o-matrices, of which there are three ((2x2)-1) so 8U(2)
means three vectors. A product of groups such as SU(2) x U(1) has as
many vactors as needed for each factor group aseparately so SU(2) x U(l)
has four vectors, SU(3) has efght ((313)-1), etc.

In & vactor 1 ic 1a to define the matrix

A=K @.5)
Since every term in the Hamiltonian (or Lagrangian) must be a scalar
(singlet) under the gsuge group we can readily construct possidle termg
from tha objects (I.5) by toking traces, for example
T (A = 1787 A0EAT (1.6)
is & group einglet three~vector term. The structure function t“‘ is
defined by
foof) - aemevar a.n
Of course the Lorentz indices in (I.6) must also be contracted in some
way to give it the correct Lorentz invariance properties.

Now we come to atep II, ch the content of the

£ Let us di thie and sub steps in the context of

SU{2) = U(l) in order to give 1 Ch
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content simply means choosing which multiplets of fermions we are to in-
troduce. The Weinberg SU(2) is often called weak isospin, a priori we may
choose fermions as weak isospin singlets, doublets, triplets, etc. In doing
this one treats the left- and right-handed components of the fermions
completely sepsrately. The cholce we make is guided by experiment, Let

us start by examing Weinberg's chaices for the leptons. He chose left-

(), () o

and rishe-handed singlets egs ¥ snd the standard Weinberg-Salam model

handed doublets

extends this choice to quavkz

(°)1. ( )1. oo vge dgs By o e o (L9)

d 5.

where

d.=dcos 6, +ssinb, and o, = -dsin @ + 8 cos b,
Why these choices? For the leptons they are clearly the simplest pos—
sible choice, which allows us to couple to the SU(2) vectors, to left~

handed fermions. Using the group singlet quantity

(vee){ vov“ (A:m“) (v:)’- (1.10)

while the U(1) vector can couple te both laft- and right-handed fermions

v
+ W e + p
(vee)’_ Yot B"-l (s )L and  epvoY Buak (I.11)
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All T am doing hers is constructing group singlat objocta of the form
- pra
2 LA (A",If).b LY
ab

Clearly if ny ! are in 1 the il Mg, must be the 3x3

Tepresentatious of SU(2) and o on.
It is inmediately clear from (I.10) why Weinberg did not stop at

BU(2). If wa urits out this axpreseion we have
& 4+ 5 ¥ -
7z (Au vl.' e N + A|| .I'-' vl.)

£2° (3 - .

+ZA (vl.'n‘ﬁ. ‘l.'u‘l.) (1.12)
The charge—carrying vectors A+ and A~ have been constructed o couple to
the correec wesk currents of (I.4), but the nautral particle is not a

good photon cendidate, it ecouples to the electron with a V-A coupling,

and it aleo les to the added the U(1) factor,
thus an additional vector B. Now by astutely
the of the left- and right-handed couplings

of the B 1t can bo arranged thet there is a linear corvination of A” end
8 vhich has pure vector coupling to the electron and which does not
couple to the neutrino--thus this linear combination is s candidate
photon. However thare is then inevitably another (orthogonal) linear
cosbination of A® and B, call it the Z, vhich couples with some well
defined set of couplings, & mixture of vector and axial, to both neu-
trinos and electrons. It ia only a matter of algebra to find it out.

T recoomend thet you should carry through this exereise, starting from
(l.io) and (1.11). Defining g as the coupling of the 5U(2) vectors to

the fermion doublet and g'/2 for the B-coupling to the Jeft-handed



doublet coupilng one finds the relationship

e = gg'/(g? + g2 1y
One free parameter is left, it 1s usually uritten s
st 8, = g'/g? + g'DH}/? a8

Now to the quarks, or .¢n the muon; what determines that I should
make the same asgignments for them, especially for the right-handed
parts, since clearly I hava enough right-handed quarks to put gome or all
of thew in nontrivial multiplets too. The answer is phanomenology; the
folloving points are important:

) cl.Mbbo univeraality

The relationship betwesn u-decay end g-decey is most readily
achieved by the chofce (I.9). For example 1f I put the u and d quarks
as neighboring members of a triplet then their coupling to the H"' would
have a factor of /2 relative to the muon and electron covplings (eimply
& Clebach Gordon coefficient which is different for different isotopic
epin assignuents.)

(41) The u and d couplinge are 1-Et-handed, at least at present
energies. Thus if up or dy ave members of nontrivial multiplets of the
SU(2) they must be in different wultiplets, paired with heavier quarks.
As we will see later presently existing data from v~scattering does not
asllow a doublet right-handed assignments for u aund d with quarks of
@ags less than about $ GeV.

(111) The repetition of the (“'dc)l, by the (c"c)l. is a manifesta-

tion of the Glashow-Ilioupolous-Msiani hanism to avoid

changing neutral ¢urrents. That must be such an old story around here
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thase days that it scarcely needs to be mentioned. What may mot be so
well kmown 1@ that naive gensralizations to further flavors such as
(tsb);, o, by avoids all flavor changing weutral carrents—-the rule ia
that I must assign all left-handed quarks of the same charge to the same
wuitiplet (position snd typa) and simllarly for the right-handed quavks

]

to avoid the of flavor neutral So far

we bave little experimental evidence on the subject, buc the theoretrical
literaturs is heavily biased o this directivn.

I an trying to make clear the ad hoc naturs of the comstruction.
Within the baeic recipe many variations sre posaible, even once I com—
plete step I thare are many choices at step II, etc. The beauty of the
game ia that esch choice gives many predictiona. The history of the

field is & to the 1 lists, who secm to be able to elim=
inate wodels almost ag fast as the theoriste can cook them up (following
the racipe). Of course, the more thar ia known the harder ths game of
cooking becomes—there are more and more congtraints that a model must

satisfy before it ia even worth di More ble yet, the

ons model which seens to be doing best is the orxiginal SU(2) % U(L).
There are some wurky points, abbut wvhich we will no doubt hear much more
in the oext week or so. In particular, in atomic physics parity viola-
tions and G“- n!ltta:!.ns experiments differ, but there ia possible con-
£14ct with the modelg. However the model is dodng well enough that I
will continue to treat it here as the prime candidate theoty.

Let us then proceed to steps IIT and IV of the rccipe which intro-
duce the Higgs sector. Why put in Higgs at all? The question can be

agked at varirus levels of sophistication. Let me begin by proceeding
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naively, which in this context really mesns perturbatively. From the
unitarity arguments given carlier, in particular one finds the scalars
are ueeded Af the W and Z are aosumed to be massive., From a theorists
viewpoint it is a question of writing a Lagrangian with a given non-

Abelian gauge invarianco, which A4 prior{ mesns massless vectors, and in

a chiral vhich wmeans also massless fermions. Now

we vant a way to introduce vector and fermion masses without destroying
the renormalizability of thac theory. The only way to do this which
gives porturbatively calculable is o i )]

scalars which coupvle gauge-invariancly to the vectors and via Yukawa

couplinga to the fermions. The "Higgs" trick involves arranging the

tiags “2) and self-1 (@4) of these ascalars so that

s vacuum for soma )| his 1z called

the fuct that it is sbout as

ag the app of a horse in a corral. (I first huild
the corral and herd the horsea if I wish to have the efrect oceur.)

What does a h vacuun value for a field mean?

It meana that quanta of the theory, to which I can give s particle inter-

pretation, are simply quancum fluctuations about zero of the variable

p=4-v (1.15)
where v = <> is the vacuum expectatiin value, as opposed ro fluctuariona
of ¢ itself about zero, Hence it is convenient to change varishles and
rewrite the Lagrangian in terms of o. I can represent this process

at 11y by
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for any term v which Por le a Yukewva 1 term in

shown in Fig. 3. Clearly
THY = Toov + (TV)¥F (1.16)
and va aee that s quark mass term (Tv) has appeared. Similerly the

torms

'2 .ZﬂcAu M
gives a gluwon maga teru as showm in Fig. 4 with

-2 - .sz (L.17)
Bow do I acht - t vacuun value? Y by

ow sust have seen the picture many times. I want a potential V(¢)
vhich has the form shown in Fig. 5. Since we are talking about breaking
4 eontinuous symnetry, the phase eymmetry of ¢ + -"eo. tha picture is
three 1--the ‘1 hat p al. In a scalar field theory

vi9) = u%? 4 24" €.18)

whare p snd X sve the paraneters appearing in the Lagrangian. Obviously,

2

negative values of p° give the desired shape. Notice thet although uz

1o0ks 1ike o mays parsmeter when we change es there are
scalar mass terms proporvtional to "2. 80 that thera is no problem of
negative (msas)? for physicsl scalar particles.

Before I get too far from this let me on

obvioua featurs of it. The choice of the d of vacuum exp

tion valus in the (‘lo' #1,) 9pace in arbitrary, no phase is preferred.
This mesns that for any value I choose there is one mode of oscillation
about that valua vhich has zero frequency, it is along the minimum of
the potential. This is the Gold k which & h
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a y 10 y broken. There io a zero mass
particle associated with such a z.t0 frequeney mode. The trick of the
Biggn schene 1s that thic zarc mass scalar (one degree of freedom) can
be esten up by the zero mass vector (two degrees of freedun) to give &
waseive vactor (three = 2 + 1 dograea of freedom). Since thers do not
appest to be any resl zoro mass scalars in the world ve must arrange our

Higge ssctor in such & way that avery such Gold boson

to & symmetry which is gauged, and hanca that there ia a vector availe

sble to eat it up. (The pm-dn—c«:ld-m’ boson ig a possible evasicn

of this rula, it may happen that there iz a y of Higge L

which is not a symmetry of the full Lagrangian, If auch a symmastry is
spontancously broken it will appear in a louest order calculation of the
type just discussad that thare ia a massless scalar, but kaapiig higher
order effects from the vector mesons will give this particle a -lu.;a

After all theas preliminaries Qa are ready to perform eteps III
apd IV. Io SU(2) » U(l) with the fermion assigaments which we have juat
made we peed at least one Higgs doublat. Yukeua couplings are of the
fora :

1;..-.'_ + hermitfan conjugate (1.19)

The right-handed alectron is in an SU(2) singlet and the left-handed
elactron iy in a doublet. The only scalar representation choica whieh
allowe such a coupling is a doublet. Here is yet another reasom for

waking quark multiplet adrror f it allows

one to be economical in the Higgs sactor. Suppose I were to choose to
put the right-hended vp quark in a high isoapin mulriplet. First I

would have to introduce peculiar mew quarks (charges other tham -1/3 or
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2/3) to £ill up the multiplat, and then I would need additional Higge

content to contrive to give the up quark and the rest of its new cousins

their nasses, Such games usually 141 in dcles and
in uglinses.
ith standard SU(2) x U(l) assignments I can get by with only Higge

doublets of the forn

Ll
X (’_) (1.20)
[

+
- ¢
X4 ( ) (1.21)
"y

4s then algo present. Up~type quarks get masy from Yukava terms of the

l;hn charge conjugate doublat

type ERQ'(:) ,» and dowvn quarks (1ike electrona) aeed ERQ'(:) couplinga,
L
I have defined the § ch in relati p to my p 1y de-

f£4ned photon. Tkat photon can only stay masslegs if only the neutral
port of ¢ has a vacuun don value. (Remember the
photon vas defined sinply as that linear combination of the A° and B

P vhich 2ed to the el with a vector couvpling and de-
coupled from the neutrine.) The U(1) factor is @ bypercharge, in
general this photon o el charge, defined ag

Q= T, +Y/2 (1.22)

and ve -an the h to get the d. quark ch

P 8

and the charges defined above for the ecalara.
In my next lecture I will write out the Lagrangian to show how all
this works. A few more comments can be made without doing go. I have

said we need at least one complex Higgs doublar, for most of the rest of



~ 14 -

oy lectures I will talk as if there {s only one doublet. The existeace
of additionol acalar doublets does noi change the phenomemolngy of the
lepton quarks and vector mesons very much, though it hecomes important

when finer polnta such as CP invariance and of course scalar particle

are di G-=Juln T11is will talk sbout theae thinge
later in the gchool. Bowever the matter of whether there are in eddi-
tion to the doublet other scalar repreaentations such as triplets doas
indeed affect the phencmenology. Wo will shortly see that assuning only
Higgs doudleta leads to the mass Telationechip

wylm, = cos 8y (2.29)

Adding a Higgs triplet with a hing vacuum value tor
1ts nautral member would chang? this relationship, allowiog the 2-mass

to he increased arbitrarily, thus the eff; h of

the low energy (o << n:) neutral current effects. Using only doublets
the §0(2) x U(1l) theory predicts the curve ghown in Fig. 6 for the ratio
of neutral current to charge current total crose secticns for neutrincs
and for antineutrinos. Rach point on the curve corresponds to a value

for u.nz Sye As the Eigure stwve the experimental values® are conaigtent

with this prediction for a value

st g% 2 - .3 X.26)
20 apparently we do not meed to add any triplet Higgs. To do so would
velax the prediction of the model, imstead of the line we could adjust
parameters to yield any point in the cone enclosed hy the two dotted
lines and the Weinberg-Salam prediction.
ALl this is just a brief incraduction ta the rulas af che game of

model building. The main poinks I want ko stress in this lecturs are
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thac the idea of a gauge theoty of the wesk interactioms is very general
and allovs many specific realizations, of which the standard SU(2) x U(1)
wodel ia ouly one. The etTucture fs very rich and flexible, but flewti-
bility is usually obeained at the price of introducing more and more
particles. The beauty of Weinberg-Salam~GIM 1s that so far it has fit a
lot of data vhile being quita economical in particle congent. If it

survives the parity violation eaum {which rsans 1f either the

and the atomic calculations,

or the Oxford and both the Wagshington exporiments, are wrong) we will
have & bl weak don thaory. If not then the

theoriste must go back to work to produce a madel which can fit the SLAC
results for parity violetion in polarized electron scattering and the
atomic phyeics--no doubt several people are already working cau such
models.

As John Ellis will discuse next week there is at least one area

whers the pred: of these theories remain virtually untested—the

Higgs sector. $» far no oue has seen any direct effect of these par-
ticles. They have been introduced in a somewhat arbitrary fashion to
allow us to urite a remermalizsble theory with vector and fermion
wasses; que with whieh we can perform perturbative calcylations. There
18 a school of thought among theorists which says that elementary
scalara are ugly, perhaps the same effects can occur dynamically from
formarion of boundstates inm the scalar channels. The problem 16 that
we canoot do much more than suggest the possibility, the idea takes us
beyond the realm of parturbation theory and hence, for the most part,

beyond the vange of our ability to caleulate.


http://th.it
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One could go even further and add that we have no direct evidence
for the vacter sector. (Again John Ellis will discuse the phenomenology
of this sector later this week.) lj“ for ona, has tried to facroduce
4 note of caution intc the genaral bandwagon acceptance of gauge theo-
ties au dogma by discussing how wuch of the phenomenology can be
obtained by making weaker sssumptiocns—sguch as symmetry properties with-

out nacesgarily assumiag gauge real of th d he 1ude

that nothing in the present data compels us to accept the gauge theory
plcture. Heweves neither does anything preclude us from doing so, 8o
for the nus week we will continue to ignore all alternatives and dis~
cves, 08 :u'c title of this lectura series states, only the gauge

alterna:ives.

Lecture IT

Yesterdsy I managed to be very general and avoided writing any
detailed glgebra. Today's lectute will be much more decailed, a9 we
investigate all those generalities in the context of the Weinbarg-
Salam SU(2) x U(l) and see how one arrives at specific experimantal
prediccions, a few of which I have nlready mentioned.

There are two types of exercisa which ve must pursve. The firet
1s, ouce T have told all thare is to tell about gauge group and parcicle
content, to read off from that whatover we can about the phyaical
couplings atd mass relationships. The s2cond 1s, given the couplinge,
to compute <roes sections.

T will write down the full Weinberg-Salam theory and them we will

invegtigate it piece by plece to sce the ph a1 d

at work.
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Let me defina

-3 a8 o afy ,8,v
E), "3 A) + 3 A0+ gt A0} for the SU(2) vectors ar.1)
and
Ow - au‘v + avnu for the U(1) vector . {11.2)
Further let
1
e ( k ) a3
ot
L

where 1 runs ovar both leptons and qusiks, Thon

1 Wy _ ) v
9"41':\"“ 35
% ! 2
+zk|(au-m\‘e 1B gl

_ .
* ’3{ b~ 0 - 5 o)

+.:y(a- }An'fbly(ﬂ-’.x—ﬁ )bl‘
Baw o3+ 3 Ire o3 -
+ ‘ﬁ [v“k Do ¥+ g DBl ¥ + 1 ] + V) (I1.4)

How ve shall proceed through a set of trivial exercises in algebra with

this Lagrangisan, the Biggs al is such that the vacuum

expsctation value
Sey =(F (IL.5)
< k‘ll“‘ (0)
For simplicity we will carry out these exerciscs 45 if there is only ope
term in this sum, that is as if there is only one doublet. If there ave

many doublete we can simply define that (normslized) linear combinaticn

vhich gets a nouvanishing vacuum expectation value to be 01 and then the
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following discussion 1s valid for k=l.

Bxezcise I, What are the vector mass terms? We have in the Lagrangian

I(ix-: + -521 Bl) (:g)v.cll

g B oj\yw|2
',% ,;". N +3,'»[ o) aLe
- 0B
1
Floagras) ¥ e + 8B
o PO I R e
1
3
Thug, 1dentifying the magsive neutral state aa 2, we have
MO + g
_W = ros O, Ag *+ ein 6.8 (11.7)

we cun read off the masses from (II.6)
ek Gy e

This gives the advertizad ratio “’u/“‘z = cos 9“ and the orthogonal com=
bination to the Z, the photom,

A=~ -pin b, Ay + cos [* ] (11.9)
clesrly has zero masa, by constructiou.
Bere we have defined a photon as the linear combination of Ay and
B which gets no mass. Now for Exercise II we can go back and check how

to choose ay» 8y and 61 50 that this particls has pure vector couplings
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with the right coefficients, that is
«1 for electron, muon, tau, etc.
q = 2/3 for u quark, ¢ quark, ete. (IL.10)
~1/3 for d quark, s ~uark, ate.
To do this we start by aimply rewriting the relevant terws in terms of 2
and uaing
Ao- 2 cos 9" =-Asin eu. B=2sinb+ y cosd

[+ S o) (52 + B2, 5 o,
PPN
“s “—?ﬁﬁ !;,_V"l-(eo-zew*unze"u 1) (—-z—’) + u.nzewe 1(‘-2'5.)] 28,
+ 3,7 (s1nt, cost) [(-m 1)(.H'TS) +e, (l_';_s_)] A%y
5 fronrtn st (03) + assto, (S,

l-y 14y, l
BF e 5) ( 5)]

+ by (6in8,; cos8y) [(Hc’_) ( 71+ 87 Aubﬂ (11.1)
The of of g 14 for the photon impediately
gives

B’. -1l ey and 5l -1+ a; (11.12)

The charges of ay and h’_ are then given by

. l-g
___ER 1
"7 2 ls( ) )
e+e') _._sx'__; ( (A ary

- T, - =5 .
. el PR 3”721
eq. = i

b (szﬂ;'z)" 2
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where 1'3 is the weak isuspin assignment of the left-handed fermion.
Heace vwe can identif; the cbupling of the photon
.
e —zﬁ%& (IL.14)
(s"43'")
My parameter ay is the negative of the hypercharqe. Wa arrive at the
right charge asaignment for leptons with al-l giviog q‘-o and qb--L
(Notice that this gives g 1-0 as it must since there 16 no Tight-handed
neutrino to form af type coupling with the B,) For quarks we set
ay = '—3' giving q, " -g- and Q= .—;‘. Furthermore we bave now specified the
Z-coupiings which witu a little further algebra ve can rewrite as
1 }
gty | ( Vs) 2
%4597 173 57 @ stn o) (11.15)
Clearly the couplings of the Z are in general a mixture of V and A
although a peculiar accident way happen to remove the V part, for ¢xam-
ple the negative leptons e, j, etc., would havo ‘e axial coupling to

the Z 1f sl.nz

By 0.25. (Experimentally we will find the preferred
value of sfn’ g, 18 not very far from this value,) I could at this poist
pioceed to the pext set of terms—-the Yukawa coupling terms, and earry
out exercise III, which 1s to find the quark and lepton uass matrices.

I will not do more than mak. a few on this 1 y it

out as a homework problem if you wish. I remark that the !ﬂk and ;1.:“'-
do not require that i=j~-this has the consequence -hat the mass eigen-
states, the quarks, u,c... and d,s... may be linear combinations of che

a" and b" P vely. This has alresdy be.a rentioned, we

find Cabibbo combinations

b) = cos 8,d +sina s

(11.16)
by = ~sin @ d + cos 8,3
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are ths wveak ef f wa furiher quarka with the same

chatges then L{hey could, in primciple, also mdx with the d and 8. Exper-

1 1ly the of Cabibb 11ty tells us thac the amouat b

15 the doublet with u must be small, as Stas Wojcicki discussed in Monday's
lecturs. The Yukawa couplingm must then be arranged go that this is so.
Just a fev wore comments on the rules for putting together theorien
of the Weinberg=-Salam type and then on to real physics--thot is to cross
saction calculations. One of the advertized virtuea of g~vge theoriss
compaved to the old forc fermi theory is reaormal’rzabiiity. In fact tha

Weinberg~Salam theory as I have written {t 1s not necessarily enormaliz-

b1 of which veane procerses involving the triangle
of Fig, 7. One caa take the ateitude thee this does ot wuch macter.

Wa have to go to such high order befure there s any problem that we
might be being unressmaably optimistic to hope that our p:usent theery
1 vglid to that sccurscy. Hovever the dogma gays we must g2t rid of
these anomalies; that is to say we must have a renosmalizable theory.
Wa can aztsuge to do eo by having & number of such triangle diagrums vith
their eum vaniching idencically. In general this ig¢ achieved by requir-
iog the sum of the fermion charges to vanish. In Weimberg-Salam, with
80(3) color, this happens if one has as many flavors of quar’. doublet

(0 09
() () C)
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For each pair of Joubletg Iq = (0 + ~1) for leptons + ny u(-g- + -% vhere
o, 48 the nunber of colors cf each quark flavor. For color SU(3}, "c'J
and Lqu0 with this arrangement.

As I atrosaed yeaterday thave 1s a0 g priori resson for the continu-
ing replication of similar multiplets. Assuming such replicntien leads
to a prediction that there are no flaver chonging weutral currents, To
the context of this thenry the tagses of tho various formions are
achievad quite arbitrarily by adjusting Yukowa couplings.

We have ‘10w written a model which tel)s s everything there 1a to
know about the weak interactions of leptons and of quarks. Fer leptons
the rest iv completcly atraightforward, we can simply caleulste any
process we choosc. For hadron physics wo rced sousthing more to relate
this model to experiment—--3 ncad to know how th: quarks are put tegether
o make hadrons. That we do not eally kmow, 50 we rre laft somewhat up
in the air by our beautiful theory of <he weak interactiona. Howover
there 1s & great deal we can do, in the framework ot the quark-parton
wodel, We define a set of functicus called the etructure functiona
vhich deseriby at least part of what we aeced to know - hey are a duscrip~
tion, at lerst in the high emergy limit, of hadron composition in terms
of quarks. We ean theu calculate cyoss geceions for a number of processes

in terms of these ..ame functiona, and hunce test the theory by the con-

={stency the 1 r ing whether all exp can
be fit with the same set of structure functions,

Let us therefore discuss the familiar exnaple of deop 3..elastic
acattes ing. For sufficiently high emergy avd momentum transfer we ean

neglect lepton and quark masses, though clearly if we coza to a new
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quark threshold that rule will be in abeyance for a while. This means
we only have to do very few calculatiaons, since the interactions W and
s each preserve helicity up to corrections of order w/E. The calcula-
tions are simple enough. I will not go through them heve; I will pimply
state the results for deep inelastic scattering. [ define the ugual set

of variables for the procass shown in Fig. 8,

2
V= gqp x= % y = pog/p-k (1r.17)

In teras of the quarkepsrton model the cross sectious for various

4,

deep- ¢ p can be by

iog off the a quazk 8 of che target and defining
atructure functions fq(ﬂ which, in the high emergy limit, represeat tha
probability of finding a quark of type q carrying a fraction x of the
proton's momentum in a £rama in which the proton is woving with very

large momencuw. This parton pi

P of the
function 19 of coursa frame dependent, but the ¢ross sections vhich we
vrite down are of the and hence ars not. In & more

general picture one finde that the structure functioas could in fact be

2

functions of q“ aa well as X, the fact that to a firat approximation

thay chould be q° independent was first suggested by Bj and hence ia

known as Bjorken nnls.u.u In the context of a specific model of the

strong interactions, namely QCD, one can obtain more detailed predictions

about these functions apnd their qz d 13 eh d wity

be discussed tomorrow by Jobn Bllis. For the moment however let us take
the naive parton madel point of view and treat these as functions of x

alone. Neglecting lepton and quark masses one obtains a very simple set
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of dicti namely ing left-handed fermion on lafe-handad
feraion or right on right gives

et a8

gcattering lefe-handed on right-handed gives

w00 a? ar.19)

Let us 200k at this for v(¥) mueleon + 3~ (3¥) snything. The charged
wesk current secs only left<handed quarks aod thus only righe-handed

antiquarks, so the sbove rule gives the familiar predictions

_z_ Gz“’ B o z [t + gan 3

(11.20)
4 _che 2
- % [l’q(x)(l-Y) + t,,(x)]
with
242
e % - Lz .2y
z.u 8v

{in Weinberg-Salam,
The sane ealculacions can be wade for the deep inelastie peutral

To do so it ie corventent to wxite the Z

couplings as

k2 i
g Uy  ex(l4ye)
gzlg'z)I’ L 3 5 + R . 5 t

(12.22)
For SU(?) = U(1) theories wa fiud
si - T;L - q" unz 8y
(11.23)

:: - ‘!;'n - q" sinz oy
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In the standard verston ve had r;n-o for all fernion typas. We notice

that these formulae spply either for quarks ~r antiquarks, and imply the

relaticonships

98 ol

€= tpi ey =y {11.24)
The of the 1 eon te parcd to those of
harged For d the amplitude ie proportional to
szlm: -1t for the ble factar is

(245D :'c"l-: « 2¢%P/v?. Thus for example ve obtain for neutcine

deep inelastic scattering, using (II.24),

2,
., ); ‘(s:)z[!q(x) + ggma
* (.;)2 [Eq(x)(l—y)z + ‘i""]l) (11,25)
and gimilarly

.y, 2“:{(6,'_)z [fma-n? + 5]

+ (&) g+ :a(x)u-y)’ﬂ (x.26)
(An obvious note, if the target and p then
target, \ .
£ ) = Byl + L) (ar.zn

vhere “l' (lln) 1e the nusber of protona (meutrons) in the target. Isospin

invariance tells us that
£ - )

G = B
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f‘.'(x) - :':(.‘) (11.28)
and similarly for antiquarks.)

1 con treax photon exchange in this same formaliem, the photon coup—

11nge can be written in analogy to the Z-zouplings as

(A=) [¢0, 78]
ea," —15+ e} — (11.29)
vhere obviously
g -6l = o (I1.30)

The atrength factor gzlsz, 1s replaced by nzlqz.
For deep inelastic elzctron scattering X can trest the left- and
right-handed parts of the electron incoherently, but I wust remembar that

photon and Z exchanges add coheremtly. Thus I have

L R
dg & &
axdy - E*—My (11.31)
and
L e ! Lot :
&’ e Q" LL z]
P e + | (2 () + £2 (x)(1-y)
dxdy A ;{ @ sto®o, costoyq?-ad) [“1 a4
LN 2
1 el ¢
P e [r wami g ]
q sin‘e, cos 6(q"up) 9y 94
(1.32)
For dunldxdy one simply makes the replacements
q 9.
S+s glegt .33

1n (II1.32).
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lecture 1I1

Note for the reader--this lecture followed after Lecture I by

John Ellis.

I wvant to start this lecture with some commants on what we have dis=~
cussed 60 for., In ay firat lecture I told you how to build a gaugs theory
wodel. I zemind you that it is an extremely ad hoc process, good and had
wodels are distinguished by experimental tests, not by theoretical rea-
soning. Even when a model can be coastructed to £it all present data it
wakes no definite prediction about how many heavier quarks there might be,
and there is similarly much art the prediced about the

scalar sector. These things will be discussed further by John Ellis in
subsequent lactures, and by Mary Kay Caillard in the topical comfsrence.
In tha second lecture I told you how to celculate: Given a model,
one can read off W and Z magser and couplings and from them praceed
directly to predictions for deep inelastic scattexinp proceseis. These
calculations are valid in the naive form only whep it is reasonable to
ueglect both the lepton and the quark masses. Near a thresbold, for
exmuple, vhers charm production begine to eater in the allowed final
states, the model is not capable of giving clear predictions. Thero exist

s mmbor of slightly diff sugg for Aud: quatk moss cor-

vections in the near threshold reglon. They all interpolate smoothly
between the scaling prediction below threshold and the new scaling pro-
diction sufficiently far above, They differ somewhat in how rapidly the
oev valua 18 achieved——in other words in how far above threshold is
suffieiencly far. I will not go into thia digcussion bete. The quentity

y plotted as a function of energy for v seattering has been used in the
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literature as a particularly sensitive test for the appoarsnce of &
threshold corresponding to a right-handed coupling of a u or d quark to
a heavier quark. The reason for L.?e choiee is obvious enough, With only
left-handed couplinge the val quark to 1

acattering is proportional to (l-y)z. so a right-handed coupling, giving
a term proportional to 1 would give a marked increase in <y», However

the scaling a4 dy y by John Ellis aleo tend to

inerease <y> with increcaing enaxgy. The veason for this is that the
contribution of antiquarks in tha target increases, due to the
glue + quark-antiquark terms which John discussed, giving also su increasing

cont>:

of y €roge 1 I think it ie now generally
agreed that these corrections are sufficient to account for the observed
variation of <y> wicth enargy, thus excluding right-handed coupling of the
u or d quarks to any quark with mass less than about 5 GaV.

For the theorists in the audience I want to »dd one wvarning (it is

to the exper )~~every 1 makes in cuts in the
data for purely experimental reasons. In compsring experiment with
theory one must know about thess cuts and take them into adcount. We . '
theorista have a bad habit of trying to extract numbers frim the sxperi-

ments to compare directly with the simpl th 1eul

What should be done is the othar way around, one extracts numbers from
the theory (if necessary via Monte Cerlo caleulations) to coupare directly
with what has actually been messured.

Let me now go on ko discuss further predictions vhich csn be ob—
tained from a gauge theory model, as before coatinuing to use Weinberg-

Salam SU(2) x U(1) as the sample wodel. Obvicusly purely leptonic
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processes such as vua scattering can be caleulated by the eame rules as

deep 1nel simply replact f Ly o delea-funetd
at xwl, For v o8 of ;u" one must ber that there ia a
direct ch 1 W h diagram to lude as well as the t-channel Z-

exchange. The predictions are usually givea in terus of g, and g,, in
teraa of the previously defined Z-couplings

By "‘: * "; - % + 2."“1 eH for stundard
Weinberg-  (I1X.1)

IR SRE - —
The experimentsl situsticn is shown in Fig. 9. There is ons further
result from Gargamelle which is in conflict with the other experiments,
and with the Weinberg-Salam prediction, howaver, it appears that the
analysia of the second half of the data will aignificeutly change the
result, so I do not include it here.

The next area vhere the theory can be tested is in elastic vp meat-

tering One nev enters~-the axial form
factor of the proton. However, one can mske 2 ressonable model for this,

in parallel to the behavior of the vector form factor. In the context of

such a wodel the Salam diction 1s in good ag: with the
mejsurements, 15 gor -l.n2 8y in the range .2 to .3.

Recently Mike Barnett and Larry Abbot:“ have made @ very nice
ayatematic study of predictions of neutral current process, including
sexi-inclusive procesges, They find this gives them a good tool for
distinguishing between gauge theory models. Mike will be talking about

this in the topical cenference, go T will not discuss it further here.
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Nou we come to the topic of the firp!. worning of the topical cooe
forence, parity v.nlations. Let me start vith the easy cases first. I

refer you to a papex by Bob Cahn and Fred (H.lmux!n7

for the dectails of the
calculations, Ualng vhe decp imelastic scattering Eormulae given in

lecture Il one arrive: At the €ollowtng predictions

* R R
ale - o d0) do
A(x,y) (d:- = xdy) U (dxdy d.ndy) (Ir.2)

for deuterium, keeping only valence quark contriburione

2
‘u';%'_'k‘*“zn)h‘—“““w* -4d)

+(1-4ntn%o, - 202 )it - Y%, + %5)(1—(1—;,)’)/(1«1-,)’)] (m.3)

Notice A 1s x independent. For any Larget
£, = e (x) + By N
£a0x) = RPS:(x) + llnf:(z)

Thus we eeg that if N’-ll! then fu-f 4 d hence £(x) cancels out in che

ratio A. I remark also that with right~handed singlet assignment for

all gnarka and leptona tha prediction bscomes y-independent for

oiuz 68, = .25, or slouly varying with y for unz by hear that valve; and

the present best valuea ara quite closa to .25. This is in sarked eon-

trast to gome other models, for exampla, models with nontrivial rn.

Models such as SU(Z)L = SU(Z)R % U(1) (Ref, 18) have also been con—

structed to d the d Weinberg-Salam predictions for deep
inelastie v-scatrering, but can give quice different predictions for
parity violating effacts, in particular for the atomic pbysics expari~

ments they predict no effect, The result of the SLAC-Yale me:mnt“
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along with the predictions of Weinberg-Selam and of a theary with the

Tight=handed alectron in a doublet is shown in Fig. 10. This result is
alao in conflict with the version of su(z)L * su(z)n % U(1) uhich gives
no atomic physies parity violations. Furthor information, im particular
on the relative u and d couplings is geimed from data on hydro;m.n
The SLAC-Yale collaboration intends to make further measuremeats for

szaller y. The 1te of such » if they can be made with

errors comparable to those of the existing measurement, will provide very

ag further

Cabn and Gilman have also calculated diced for 1es Lor

elastic ep and ep + £4(1236). Tucea predictiong like those for elastic
vp total cross aections, depand on some wgsumptions about form factorsm,
but ons could obtain same Eurther tests of the model by measuring these
quanticies.

How we come to the "Haxes Nest" for Weinberg-Salam, tha question of

parity 1 in atomic pt These are of course tests of sowe

of the exme parameters iu the model as oceur in op and ed scattoring at
y0. (One needa both ep and ed .:u be able to test up and down quark

couplinge separacely.) In the atomic physics experiments what is meas-
ured 19 the optical rotation of light im a laser induced atomic tramsi-—
tion, Thia effect is proportional to the matrix clement for the mixing

of & "wrong parity” etate due to the axiel coupling of the Z to an

1 In Sal 8: = -1/2. At the nucleus ve ueed a gy
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coupling, vhich ig given by

W4t o) ol b dant )

- gy~ 4 st o) + cgmpl- 1+ 2t )

.- 2 AcZhj
z(sin® B, + 55 (I11.5)

However this is the easy part of the calculation, the hard part 15 the
conatant of proportionality, which is to say the calculation of the

atomic physics matrix clements

<£|n|n><n|ev veel|1> <f| e|n><n|D| >
(cuefﬂcicn:) }:’ E“" 5 e";; ~T } (111.6)

where D 1s an elactric dipole operator. To cslculate this one needs to
knov the euergy levels and the relevaut wave funccions For the atom in

1 which 18 Bi h in all exp carried out to this date.

The energy levels are well weasured, but the wave functions are not
as easily obtained. Oue makes wodels for them, and the models are tested
by their ability to reproduce certain measured results, such as energy
lavels. 1 display in Table I as an example B tabie from a paper by
Henley, Kaplisch aod Wilecs.0 CI in this table means " onfiguration
interaction.” The point of the paper is that the original calculations

by Henley and Wilats of the expected parity violatirg effect used a

ticle model, the conf

cor the predicted effect by as much as 0.65.
You may judge for yourselves from the table the extent to which the enexgy
levels confirm these corrections.

There are independent calculations by Novikov, Sushkov, and Khriple-

v!.chn vhich take what they call a semi-empirical approach. This means
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TABLE L Some coorgy lavels in Bit of J= § (in inverse centimetera),
Clincluding  Cl inchuding
T Ll

Without CX Expt?

1ess 11399 uR 149

e 3490 36694 2336¢ aa16¢

09 nBpaniills 42014 Q@ 4853

s 10608 3 49438
836p,,"0p 1" 81209 84020

*C. E. Moore, Afomic Ewergy Levels, Fationat Tureau of Standards
Cireular No, 467 (US. GPO, Washington, D, C., 1858), Vol, Il
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that adjusttents are mada in the model to eertain d to

match measured values. Unfortunately some corrections have to be made
based on messurements in Thallium rather than Bigmuth, since the relevant

@aasurement ig ot available for Bi. The rvelevant quantity is

3
0 = Jdr T R R, {1I11.6)
6 f Py/2
vhere R is the redial part of relevant wave function. For Thallium the
model predicte

pg v ~2.9 8,

and photoiend give ]p°| = 1.8 ay. Honce the effect of
a 68 + 6p electron transition in Bismuth is corrected by a factor
(1.8/2.9) frow the theoretical prediction. There are other relevant
contributicns coming from 6p + 78 and &p + (higher atates including con-
tinuym) for vhich the estimates are made eimilarly, but with veferonce to
teste in Bi. In calculating the total predicted effect the relative
signs of these various contributions are very important. (The above dig-
cugsion was given, vith gome further detail, in a talk by Peter Rosen at
the Workshap on Weak Interactions at Amas, Iowa last wonth,) 2

Where does all this leave ug~—after all corrections have been
applied the beast value for tha predicted effect, for cither the 876 or
658 om line ia of order -10 x ll)'e using sio? 8y ® +2 - .25. The experi-
meatal will be & in decall ac the Topical Conferetce

next week. There are now four experiments, two from Seattle, onc from

oxford and one from Novosibirsk. Of these, three iucluding the second

ion Seattle give an upper limit about an order of

magoitude below the prediction while the fourth, frow Novosfibirsk finds
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an effect in agreement with the predicteZ value. Obviously mot avaryone
1s right--there are sevoral options, among them
1. Noveaibirsk, Atomic Theory and Weinberg-Salam are right
and Oxford and Seat..e are wrong.
2. Hovosidirsk and Atomic Theory are wrong and Weindberg-
Salam, Oxford, and Seattla are right.

3. % sud b Salam are wrong and Atomic
Physies, Oxford, snd Seattle ave right.
4. Bveryone ia vrong.
I do not intand my i1 to be a jud on tha atomic

physics theory. I have mot studied it carefully ecough to maks such a
Judgment, Clearly there are some uncertainties, but the question is
vhethsr they are at the factor of 2 level or as much as an order of mag-
uitude, Oune must also look very carefully at the experiments to try ko
widerstand vhat might possibly be going wrong in sny one of them, since
they disagree. These sre difficolt measurements but 1 do mot know of
any telling paint which hgo been raised against any one of them, all 1

can say 18 the wext promd to he 1

The cicustion may also be by An experi-

ment in Thellium ia being worked on at Berkeley, which has the virtue
that certsin cross-checks of the model can be made at tha same time.
From the theoriets point of view cthe ideal experiment 18 of couree in
hydrogen. This will come; groups at Michigan, Seattle, and Yale are
working on it. Results are not expected for some time. (Predictions

vary from s few moaths to wore than a year.)
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For the most part the composite quark of had

vith a gauge theory of tha weak interactiona, gives us a good description

of the weak Let me list gome salient poinca:
We do not see second class currents.“ (Their sxistence would ba &

serious problem, if not a di for these th )

Deep inelastic neutrino scattering data is for the most part well
£1t by the mndel; we do not need to invoke scelar ¢ompouent, which would
give a term proportional ta {i-y) in do/dxdy, though such a contributiom

18 alss not d by the date. One lem here

18 the ratio u"la.‘. which is found in electron scattering which, even
1ncluding highor order gluon effects, is predicted to be somewhat smaller

than the measured mmm.26 This quantity must be douinated by terms fn-

mass cor torms pped in all the standard asymptotic
(scaling) Ti 25 have been cade to eetimate such
effects, it ia n pretty grubby ¥row a ic point of view

it 1 fair to keep the magnitude of uLIo.l. in wind as a measure of the
aorder of magnitude of paseihle corrections to the quark model plua QCD
treatment which we have discussed.

There aroc some areas wherc the theory cesses to be useful. It in o
theory of the weak interactisna of quarks and not of physiecal hadrons.
In deep inelaptic scattering we could absotb our ignorance of the hadron

wvave functions into a few structure and then 4

ments. For explaining hyperon decays however we need to know mote.
Certain absolute rulss like AQ = AS arise as a natural coassquenco of the
structure of the quark currents. However the AI ™ 1/2 enhancement, which

Scan Wojeiki discussed on Monday, 15 a decailed property of the hadronic
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ustrix elements of two quark currente. There are both AI = 1/2 and
81 = 3/2 operators formed from these currents. Pmpirically we find the

81 = 1/2 parts dowinated by a factor of 50-100. Keeping higher order

gluon anomalous di 1 as di d in the of

2
scaling violations by John Ellis, gives some Al = 1/2 anhancemeat, 6 but

ic e gy § that with le valuea of the parameters involved

it is not enough to fit the data, it is more like a factor of 5 chan the
factor experimentally observed. That does not mean the theory ia wrong,
lilply that the effect is dominated by the part which we caanot calculate,
the long distance part, rather than by the short distance part for which
this calculation can be made. If wa really understood hadrons as quark
bound states we should be able to explain the effect, but that of course
ia a strong interaction problem, gauge theories of the weak Interactions
can at present only make useful predictions where such problema can ba
mided.n

There is another area of weak phenomenology which 1 have harely
mentioned--the area of CP violation. As Stan Wojcicki told you on Mon~
day a six quark version of Weinberg-Salam in general hae some CP violating
phase in the quark-mixing matrix which defines weak eigenstates in terms
of wass-eigenstates (or vice versa). Adding more than one Bigpa doublat
can also introduce CP violating effecta. Joha Ellia will tell you more
about how these thinga work. I just waut to comment that these theories
naturally incorporate CP violating effects without having to add anything
radically new. The simplest Weinberg-Salam theory with just four quark
flavors and one complex Higge doublet does not have CP-violacions, but

experimental results are already pushing us beyond that model anyway,
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A covplicated Higgs sector can lead to CP violations 5f the uilliveak
type, with a predicted value for the neutron dipole woment nct wuch below
the present experimental upper bound. 28 ‘The CP violations coming from
phoges fn the quark sector ara typically supervesk in character. The
CP violating phase in this case, like everything else comirg from the
Yukava coupling terms, ia a frae parsmeter in the model.

I have trisd in thess lectures to give you scme feeling for the
generality of the gauge theoty idea, as vell ag of tha status of the

'
"standard model". Thera clearly are some

q yet to be 1ad,
but in the last year uuch progress has been made. A year ago there were
many candidate aodels to discuss--now there is just one, end that ia a

very economical one. A viable model must at least reproducs the neu-

trino logy of ths Wainb Salam uodel. There is 2 lurge class
of models of the type 5U(2) » U(l) x G which do lo;” the parity viola-
tion situation may force us to extend the model in this way. There are
many araas yat to be explored. I hsvs focused nuhuvnhwvmﬂ/
leaving John Ellis with the problem of sperding his unext three lectures
talking sbout things we know practically nothing about, at least experi-
meatally epeaking.
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Fig. 7. The enaralous triangle graph.
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