
SLAC-PUB-2837 
October 1981 
(T/E) 

COMPARISON OF WEAR INTERACTION THEORY WITH EXPERIMENT* 
Stanley G. Wojcicki 

Physics Department and 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94305 
TABLE OF CONTENTS 

1. Introduction 
2. The Status of Charged Currents 

2.1 Leptonic reactions 
2.2 Hadronic processes 
2.3 Limits imposed on alternate models 

3. Neutral Current Reactions - Comparison with Theory 
3.1 Introduction to the standard model 
3.2 Purely leptonic reactions - v electron scattering 
3.3 e+e' + leptons 
3.4 Semihadronic Neutral Current Reactions:v-Hadron interactions. 
3.5 Weak-electromagnetic interference in hadronic interactions. 
3.6 Summary of neutral current processes. 

4. Glashow-Iliopoulos-Maiani (GIM) model 

5. Extension- to 6 quarks 

6. CP violation 

7. Summary and conclusions 
1. INTRODUCTION 

It is the purpose of this review to see how well the existing 
experimental data agree with the standard weak interaction theory. 
A literal interpretation of this task would be clearly beyond the 
intended scope of this work; accordingly some decisions need to be 
made as to the material to be included. In making these choices, my 

guiding principle has been to discuss only these data which test the 
heart of the standard model without having to rely too much on var- 
ious peripheral assumptions. In this spirit I tend to exclude, for 

example, the various predictions about the purely hadronic weak de- 
cays, since the expected accuracy of these predictions can be under- 
stood only in the framework of rather involved QCD calculations. 1) 

The agreement, or lack thereof, between the data and the predictions, 
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represent in this case more a test of the calculational techniques 
than of fundamental weak interaction theory. In the same spirit I 
tend to ignore various nuclear physics experiments whose interpre- 
tation is obscured by the uncertainties having to do with the nuclear 
matrix element calculations. 

The main body of this review shall concentrate on what I consi- 
der the three cornerstones of today's standard model: charged 
current phenomenology as related to the V-A theory, 2) neutral current 
phenomenology in the framework of the Glashow-Weinberg-Salam model, 3) 

and the comparison of the charm picture with the Glashow-Iliopoulos- 
Maiani model. 4) In addition, I shall briefly discuss the extension 
of the old 4-quark picture to the Kobayashi-Maskawa 6 quark model 5) 

and summarize very briefly the present experimental and theoretical 
status of the CP violation. This program will clearly leave out 
some aspects of theoretical and experimental work that are at the 
forefront of testing and defining the standard model; neutrino masses 
and oscillations, and the axion hunts are two examples that come 
readily to mind. The main justification for this omission is their 
extensive coverage in parallel lectures. For the same reason, I 

shall not go beyond the standard model into the realm of SU(5), 
SO(lO), and beyond. 

To the extent possible, I would like to take a pedagogical and 
historical approach to this review. What I mean here, is that I will 
try to indicate as much as possible what specific aspect of the 
standard model is tested by a given experiment and where does this 
prediction come from. In addition, I will try to a certain extent 
to follow the historical development of the main ideas. The develop- 
ment of physics does not, however, always take a logical course - 

some of the recent work attacks similar questions that were origi- 
nally confronted by experiments 20 years ago but in a different 
subfield. A ? and u decay comparison is one good example of such a 
situation. In these cases, I shall violate the history in the 
interest of a more rational logical structure. 

To conclude these introductory remarks, I should acknowledge 

several recent excellent reviews, more limited in subject matter 
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covered then the present one, that have made my job considerably 
easier. I should mention especially the work of F. Scheck on muon 
physics, 6) J. J. Sakurai's on The Structure of Charged Currents 7) 

and the review of Weak Neutral Current by J. E. Kim, P. Langacker, 
M. Levine, and H. H. Williams. 8) As is apparent in what follows, I 
have drawn heavily on the material presented in those papers. 

2. THE STATUS OF CHARGED CURRENTS 

The charged current reactions played the same role in helping 
to formulate the weak interaction theory in the late 1950's that the 
neutral currents have enjoyed some 20 years later. After the "dark 
ages" of early and middle fifties characterized by confusion due to 
several contradictory experiments, came the Renaissance of the late 
fifties. It was characterized not only by brilliant theoretical in- 
sights as exemplified by prediction of parity non-conservation 9) and 
formulation of the V-A theory 2) but also by a variety of crucial and 
frequently ingenious experiments. Lack of space does not allow me 
to describe this fascinating chapter in the history of weak inter- 
action physics; I shall limit myself to summarizing the main conclu- 
sions, showing what results they are based on, and discussing briefly 
how well these conclusions have withstood the twin tests of time and 
higher energies. 

As will be seen in a moment some of the most precise experiments 
in this field have been performed over a decade ago. Since that time 
there have occurred great improvements in technology, and thus one 
can think today of improving the accuracy of some of these results by 
quite a good margin. Because of new theoretical interest there are 
current plans to redo some of these older classical experiments with 
a much improved precision; considerably higher accuracy can thus be 
expected in the near future. 10) 

I would like to start this chapter on charged currents by summa- 
rizing some of the qualitative features of the standard picture that 
emerge from these experiments. These features are: 

a) V-A nature of the interaction 
b) short range of weak interactions (consistent with locality) 
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i.e. an intermediate vector boson that is heavy on the mass 
scale of the experiments in question. 

c) 3 lepton families with similar structure 
d) leptcm conservation law 

e> "universality" between u weak interaction processes and 
nucleon B decays. The exact meaning of universality will be 
developed as we go on. 

2.1 Leptonic Reactions 

Next I would like to turn to specific experiments. The 
simplest, from the theoretical point of view, are pure leptonic 
reactions, as they do not involve any complications due to hadronic 
structure. Historically, muon decay was the sole laboratory for 
pure charged current study that fell into this category; today the 
list is expanded to 4 different processes, i.e. 

+ 
lJ + e++v +v' 

e P 
+ 'I -f e++v -6 e T 
+ + T + p +v +J 

lJ 'c 
V 

u 
+ e- -f we + Ve 

(plus the charge conjugate reactions of the first 3 decays). It is 
still the muon decay, however, that provides the most precise experi- 
mental input and I shall start by reviewing the information available 
on this process. 

The muon decay in the conventional picture is described by the 
Feynman diagram of Fig. 1. Because of the low values of 4-momentum 
transfer involved in comparison with the expected W mass, this 
picture is however indestinguishable experi- 
mentally from a simple V-A 4 point interaction. e+ 

If we integrate over all directions, the P+ 
W+ 

electron spectrum is described by two para- ve 
meters, conventionally called p and T-I. The p + 5 Ir. 
and n parameters, as well as 5 and 6 dis- 10-81 4187A.17 

cussed below, can be expressed in terms 
of scalar , pseudoscalar, vector, axial 

Fig. 1. u decay 
diagram 
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vector, and tensor coupling coefficients that occur in muon decay 
Hamiltonian (see Ref. 6 for explicit formulas). Thus they measure 
directly the form of interaction responsible for the decay. The 
spectrum is quite sensitive to the value of p as can be seen from 

Fig. 2a; on the other hand the spectrum term involvoing n is 

multiplied by me/mu and thus the 
spectrum is affected very little 
as one varies n over its full al- 
lowed range from -1 to +l (see 
Fig. 2b). Only at very low elec- 
tron energies, is there any sensi- 

tivity to the value of n. 
To take into account the 

correlation between muon spin 
direction and the electron momen- 
tum vector, 2 more parameters are 
required, 5 and 6. The former is 

related to the magnitude of the 
forward backward asymmetry; the 
latter parametrizes the differ- 
ence in momentum spectrum of the 
electrons emitted at different 
angles. The most recent pub- 
lished values of these parameters 
are listed in Table I together 
with the V-A prediction. Since 

1.0 
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dx 
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Fig. 2. Dependance of the elec- 
tron spectrum on the value of p 
(a> and n (b). The solid curve in 
(b) corresponds to n=O; the out- 
side 2 curves to n=l and n=+l. 

experimentally one always measures 5 x P , I list the product of u 
these 2 quantities in the Table. 

Table I 

Parameter Exp. value V-A Prediction Reference I 

i Low Shape Shape symmetry energy - difference P x shape P lJ - - - sp, r( 6 0.752 -0.12 0.972 0.755 f f k 2 0.21 .003 .009 .013 0.750 0.750 0 1 11 12 13 14 
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The other measureable set of parameters has to do with the 
polarization of the electron emitted in the muon decay. More specif- 
ically one can measure both the longitudinal polarization as well as 
the two components of the transverse polarization, one of which is 
forbidden by time reversal invariance. The values of these 3 polari- 
zation components as of the time of the 1979 Vancouver Conference 
are summarized in Table II. 

Table II 
Electron polarization: experiment vs. theory 

Component Exp. value V-A Prediction Reference 

-1.00 + 0.13 World Avg. (1979) 
Longitudinal - PQ -1 

-0.94 2 0.08 15 
l?ransverse(Tcons)P 

T1 
B/A=-. 0042.033 0 15 

Transverse(Tviol)pT B'/A=-.003+.033 0 15 
2 

Few words of explanation are needed regarding the transverse polari- 
zation components. The theoretical values of those components can 
be expressed in terms of a, a', 13, B', A and 5 parameters (a, a', B, 

6' and A just like 5, are functions of the different coupling con- 
stants) and are functions of both electron energy and angle 
of emission of electron with respect to muon spin direction. Thus 
it is more meaningful to fit these polarization data in terms of the 
above parameters rather than quote the absolute value of the polari- 
zation. The values quoted represent fits under the assumption of 
total cancellation of scalar and pseudoscalar coupling (a = a' = 0). 
The maximum possible value that B/A (and B'/A) can take is 0.25. 

We can now write a phenomenological current responsible for the 
&J part of the charge retention Hamiltonian of u decay as V-(1+ e)A, 
and ask what are the experimental limits on E. I would like to em- 
phasize that since we are using the charge retention formalism, this 
question is not equivalent to the problem of possible existence of a 
heavy intermediate vector boson with right handed couplings; The 
limits set on E by values 16) of Tlr sp P' 

and Pt are displayed in 
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Fig. 3. One should emphasize 
that PG and n measure intrinsi- 
cally similar things (both can 
be expressed in terms of a and 
B), but PF is free of the me/mu 
suppression factor discussed 
above. 

The structure of the v' v u e 
part of the same Hamiltonian 
can be tested 17) by measuring 

the cross section for the reac- 
tion 

vp+e -+u +ve 

which depends both on the rela- 
tive number of right handed and 

left handed neutrinos and the 
V, A interference term. The 
implications of the measure- 
ments by both the Gargamelle 
Collaboration 18) and more re- 
cently the CHARM experiment 19) 

are shown in Fig. 4. 
It is clear that the muon 

decay process, probing the weak 
interaction structure is con- 
sistent with the conventional 
V-A picture. A good test of 
possible admixtures of S and 
P interaction is provided by 
the measurement of u polari- 

Fig. 3. Possible values of E al- 
lowed by different u decay experi- 
ments. 

F--T--l 
l- I 

-I 0 

%gA \ - 

Fig. 4. Limits on P and A set by 
the Gargamelle and CHARM experi- 
ments on inverse u decay. 

zation from the inclusive reaction 
vu+A+u ++x 

where A stands for a nuclear target. The first such measurement was 

performed several years ago by CHARM Collaboration 20) and their 
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result, i.e. P = 1.09 k.22, 
imposed a 95% C.L. of 18% 
on possible admixture of S 
and P interaction. More 
recently the sensitivity of 
the experiment was increas- 
edzl) by studying the muon 
polarization as a function of 
y variable (inelasticity). 
As can be seen from Fig. 5a, 
any possible S, P admixture 
will be relatively more im- 
portant at high y values. 
The u decay asymmetry, how- 
ever, shows no trace of y 
dependence and within sta- 
tistical and systematic 
errors its magnitude is con- 
sistent with what one would 

0 

1041 

0.5 

Y 

Fig. 5. a) Expected y distributions 
for V-A and S, P; b) decay asymmetry 
of the stopped u's as a function of y. 

expect on the basis of V-A prediction of maximum polarization. 
I would like next to summarize very briefly some of the other 

features of weak interaction theory that have been deduced from p 
decay. The first very important point, already noticed over 20 years 

agO, is the apparent universality of weak interaction coupling con- 
stant in a variety of different processes. More specifically very 
intriguing was the fact that the weak coupling constant as deduced 
from u decay appears to agree within 2% with the vector coupling 
constant in 6 decay as deduced from the study of 0 14 . It was this 
question of why the vector part of the weak interaction does not get 
renormalized by strong interactions that was the motivation for the 
COnSeTVed-VeCtOT current (CVC) theory. The small discrepancy of 2% 
can be understood today in terms of the Cabibbo theory and its subse- 
quent generalization to 6 quarks. 

The muon decay also provides the most stringent tests of lepton 
conservation number, and more specifically of the separate 
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conservation law of both the electron and muon number. The limits on 
the muon "forbidden" decay modes, i.e. the ones that induce u -P e 
transitions have been summarized 6) by Scheck and at this conference 
by Martin Cooper. They attain now values in the neighborhood of 10 -9 

of total decay rate and provide important constraints on any theory 
incorporating u-e mixing. 

Most of the observed leptonic processes cannot distinguish 22) 

between the so called additive lepton conservation law which implies 
ZL = constant v 

CLe = constant 

i.e. separate conservation of electron and muon number and the multi- 
plicative law, which would demand only 

CCL, + Lu> = constant 

wCLIJ = constant . 

One can discriminate between these 2 alternatives by searching for a 
decay mode + 

P -f e+ + Ge + v lJ 
which is forbidden by the first, more stringent hypothesis, but al- 
lowed by the second one. This decay has been recently searched for 
at LAMPF by looking for secondary interaction of the decay electron 
neutrino, i.e. 

+ Ge+A+e +... 

The decay process allowed by both schemes i.e. 
+ 

P -t e+ + ve + 3 
v 

will yield only ve, whose interactions to produce e- serve as con- 
venient normalization. The quoted limit 23) is 

+ +- 
P +e vv 

eu 
R=+ - < 6.5% (90% of C.L.) 

u + e+v v eu 
proving the dominance of the additive law. 

Two other questions, related to the lepton conservation law, 
deserve to be mentioned here. The first one consists of theconnected 
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problems of neutrino masses, oscillations and decay. This is a field 
of great theoretical and experimental interest at the present time 
and its various aspects have been discussed at this conference by 
both Adelberger (neutrino mass experiment) and Soni (neutrino oscil- 
lations). The space limitations do not permit any discussion of 
these complex and interesting questions; I would like to merely state 
here my personal opinion that as yet no convincing case has been 
made either for neutrino oscillations nor for non zero neutrino 

The second topic deals with the double beta decay which could 
occur if lepton conservation law is violated (e.g. v is a Majorana 
neutrino) and if the leptonic part of the weak interaction current 
does not obey exact y5 invariance. Thus if the latter invariance is 
broken at some level, either by non zero neutrino mass or explicit 
existence of both left and right handed currents (due for example to 
presence of both right handed and left handed coupled W bosons), 
then the limits on neutrinoless double f3 decay can limit the conceiv- 
able descriptions of the neutrino. 

Traditionally, 25) limits on double 13 decay without neutrinos 
have come from the geochemical experiments on 82Se , 128Te , and 13'Te , 
which searched for corresponding noble gases trapped in the ore. The 

amount of the noble gas admixture could then be translated (if the 
age of ore is known) into a sum of both neutrinoless and 2 neutrino 
(i.e. allowed in standard picture) double beta decay rates. Much 

higher matrix element for 2 lepton emission makes this study an 
effective way of setting limits on neutrinoless process. The field 

has recently been thrown into a state of flux by a reported obser- 
vation26) in a cloud chamber of 2 neutrino Bf3 decay of 82 Se with a 

rate 28 times higher then the total !3f3 rate obtained by geochemical 
means. Furthennore,arecent theoretical calculation of this pro- 
cess2') appears to agree with the latest laboratory result, lending 
additional credibility to this result. The interesting conclusion 

is that Russian mve measurement, 24) new limit on 82 Se neutrinoless 

double beta decay, 26) and the theoretical calculations 27) appear to 

be incompatrble with a Majorana electron neutrino. Clearly all of 
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these results are rather preliminary at this stage but they lead us 
to believe that better laboratory experiments on double $ decay can 
teach us something fundamental about weak interactions. 

The f decay phenomena provide us not only a means of testing the 
hypothesis that T with its neutrino form a third leptonic doublet but 
also allow one to repeat many of the p-decay studies at higher ener- 
gies. The 'c situation has recently been reviewed 28) comprehensively 
by Per1 and most recent results have been summarized at this confer- 
ence by Feldman. To avoid duplication, I shall only briefly enumer- 
ate the points most salient to the theme of this review. 

In the conventional picture, the 'I decay can be described by the 
generalized Feynman diagram of Fig. 6. In terms of this diagram, the 
most important conclusions can be summarized as follows: 

a) The 'c appears to couple to the same intermediate vector 
boson that is responsible for other weak interactions. This state- 
ment is based on the fact that all the measured branching ratios 
(i.e. behavior of vertex B) of the T agree with the predictions based 
on standard W hypothesis. 

b) At the vertex A, the coupling as determined by a measure- 
ment2') of the Michel p parameter is consistent with V-A. The 
experimental value of p = 0.72 f 0.10 should be compared with the 
theoretical V-A prediction of 0.75. 

c) The V~ appears to be distinct 30) 

is consistent with zero, 29) 
from ve and vu; its mass 

albeit the precision is still quite poor 

Cm v < 250 MeV). 
T 

d) There is now a first measurement of 't lifetime which 

measures the coupling strength at vertex A. The Mark II group 

finds31) 

r 10 -13 sets e;p-, d' 
T = (4.6 f 1.8) x 

B 

in good agreement with the prediction from 
-13 

e, k T universality of 2.8 x 10 sets. 

Fig. 6. f decay diagram 

11 



I 

2.2. Hadronic Processes 

So far the discussion has been limited to the leptonic part of 
the weak current. Turning now to the hadronic sector, the early 
experiments indicated that V-A also seems to be operative there, but 
the complications due to strong interactions make a straightforward 
formalism more difficult. By applying, however, rather general 
principles or by resorting to a specific model, these difficulties 
can be overcome to a large extent and accurate predictions are 
possible. I would like next to turn to some of the confrontations of 
the charged current weak interaction theory with the experiment in 
the hadronic sector. 

Historically the conserved vector current theory 32) and the 

related isotriplet current hypothesis have been the first truly 
successful link between the weak and electromagnetic interactions. 
By placing the vector weak interaction charged current in the same 
multiplet with the isovector part of the electromagnetic current, it 
provided an explanation of lack of renormalization effects and pre- 
dicted the existence of some direct weak interactions between various 
particles. The latter hypothesis allowed one to calculate precisely 
(except for small electromagnetic corrections) the matrix elements 
for a variety of processes involving hadrons. One of the most cele- 
brated of these predictions was the $ decay of the pion, i.e. 

+ 0 + 7r +T ev e 

which according to the CVC should occur with a miniscule branching 
ratio of 1.045 x 10 -8 . A new experiment at LAMPF measuring this 
branching ratio 33) quotes a preliminary result of (1.02 + .06)x10 -8 , 
representing already a significant improvement over the old world 
average. 

Another recent, and quite different test of the CVC hypothesis, 

involves the measurement of the branching ratio T T -+p%. The decay 

rate for this process can be related via CVC to the annihilation 
0 cross section e+e- + p . The latest experimental number of 34) 

BR (T- -t p-v) = 121.6 4 1.8(stat)+ 3,6(syst)}% 
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agrees very well with the most up to date prediction 35) of 

(21.5 -+ 1.5)%. 
I would like to turn now to a brief discussion of the parton (or 

quark) model which has had some remarkable successes in predicting 
the behavior of hadrons in terms of structure composed of elementary 
constituents. As we shall see later on, the quark approach has been 
remarkably successful in linking the theory with experiment in the 
field of neutral current phenomena. Here I want to address myself 
specifically to the idea that quarks make up a V-A charged current of 
the same kind as the leptons, and thus the knowledge of hadron com- 
position can lead to some very specific experimental predictions. 

If the quark part of the current is pure V-A then we have ex- 
plicit predictions: 

Y - quark (or 3 - antiquark)scattering: da/dy = constant 
G - quark (or v - antiquark)scattering: 2 da/dy = (l-y) . 
For the V+A quark current the predictions are simply inter- 

changed (y is the standard inelasticity parameter). Thus if nucleons 

were composed exclusively of quarks we could readily test the hand- 
edness of the quark current. Unfortunately, the presence of the qq 

sea in the nucleons makes the interpretation of the v scattering data 
slightly more obscure. 

The antiquark component, however, cannot participate in single 

charm production, i.e. for neutrino interactions we can only have 

processes 
vp + d -+ p- + c + . . . 

V 
P 

+ s -f JJ- + c + **. 

Thus p-p+ events, to the extent that they represent a pure sample of 
charm production followed by muonic decay of charm particles, consti- 
tute a convenient test of quark handedness in charged current weak 
interactions. More specifically, the general y distribution can be 

written as 

- = a + (1-a)(l-y>2 do 
dy 

where (l-a) represents the V+A admixture. The recent result 36) from 
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the CDHS collaboration gives (l-a) 5 0.10, consistent with pure left- 
handedness. This limit, however, is comparable to the magnitude of 
the (l-y)' component present in non-charm producing neutrino inter- 
actions and normally interpreted as due to antiquarks in the sea. 
Accordingly, the value of (l-a) quoted does not contribute very much 
towards restricting the nature of the current. 

I would like to turn finally to another general principle that 
has provided us with a wealth of theoretical predictions that appear 
to be well satisfied by the experiment, namely the Cabibbo theory. 
In the original formulation, 37) the universality of weak interactions 
meant that the leptonic weak interaction current has the same 
strength as the total hadronic current, which has 2 components. One 
of these of strength proportional to cos2ec, is relevant to the AS=0 
processes; the other, proportional to sin20 c, governs the AS=+1 

channels. In the quark language, we say that the mass eigenstates 
are not identical to weak interaction eigenstates, and that the lower 
member of the lightest quark weak interaction doublet is d' defined 
as 

d' = d cosec + s sinec . 

5 the Cabibbo angle, is a free parameter to be determined by the 
experiment, and whose theoretical prediction represents an important 
challenge to all higher symmetry models. 

The formalism has been since extended first to the second doub- 
let, containing the charm quark and more recently to the six-quark 
world by the addition of 3 more parameters. However, even in the 6 

quark picture, the original predictions involving u, d, and s quarks, 
as well as purely leptonic processes, differ from the 6 quark pre- 
dictions only in second order of quantities that appear to be small 
experimentally. Thus for the purpose of present discussion we shall 
stick with a single parameter formalism. 

The strength of AS=+1 transitions (i.e. sin2ec) can be measured 
in 2 independent ways i.e. 

a) The Keg decays (both neutral and charged) represent pure 
vector transitions and hence the SU 3 breaking effects are supposed to 
be small as one extrapolates the Dalitz plot density ts q2=0. 
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38) (Ademallo-Gatto theorem). Thus the decay rate coupled with the form 
factor determination can yield the value of sin8c. 

b) The baryonic semileptonic decays are completely parametrized 
by the D/F ratio in the axial-vector matrix elements and the Cabibbo 

angle ec (P rovided that one uses CVC to obtain behavior of some of 
the form factors and assumes absence of second class currents). Thus 
a global fit to neutron and hyperon decay data will yield these 2 
parameters. 

Schrock and Wong have recently performed an analysis 39) of the 
above data to obtain 

sin0 
C 

= 0.219 2 0.003 from Ke3 data 

Sill8 
C 

= 0.220 + 0.003 from baryonic decay data 

To allow for possible theoretical errors having to do with SLJ3 
breaking effects, radiative corrections, etc., they prefer to quote 
an average value with a larger error, i.e. 

sin8 = 0.219 * 0.011 . 
C 

More recently, the WA2 collaboration have presented new results 

on hyperon semileptonic decays from the CERN hyperon beam. 40) Their 

data are considerably more extensive than the previously available 
total world sample, and they have been analyzed within the framework 
of CVC and Cabibbo theory. Non branching ratio measurements (i.e. 
asymmetry coefficients, charged lepton-neutrino correlations, Dalitz 
density, etc.) can be analyzed to extract the ratio of form factors 
gl/fl without any assumption as to the value of sinec. gl/fl, in 
turn, can be expressed for each decay as a linear combination of D 
and F coupling constants i.e. a straight line in the D, F space. 
Self consistency of the picture exhibits itself in a common inter- 
section point for all the data. The gl/fl data are shown in Fig. 7b. 
The branching ratio measurements (translated into partial decayrates) 
do involve sinSc, and their results can be displayed in the D-F space 
only after a best fit to sinec has been made (Fig. 7a). The WA2 

group has also performed a global fit to D, F, and ec parameters 
using all of their data as well as the gl/fl measurement for neutron 
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decay, obtaining 
sine = 0.228 5 

C 
0.012 

in good agreement with the prev- 

iously quoted value. 
Clearly the self-consis- 

tency of the hyperon data and 
the agreement of the 2 methods 
of determination of sinec con- 
stitute an important test of 
the Cabibbo theory. The re- 

lative decay rates x + uv 
and K + pv are also consis- 
tent with that picture al- 
though the much larger SU3 
breaking effects have made 
the test less quantitative. 
Finally, one should mention 

that the first results on the 
'I decay processes 41) 

1.5 

1.0 

F 

0.5 

0 I I I 
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F 

0.5 

Cl 

(b) I 

Fig. 7. The limits on D and F 
couplings imposed by the semilep- 
tonic hyperon branching ratio 
measurements (a) and the gl/fl 
ratios (b). 

also agree with the theory within the very limited statistics of the 
present experiments. 

2.3. Limits Imposed on Alternate Models 

I have tried in the preceding discussion to show that the 
charged current processes are consistent within the experimental 
errors with the conventional picture of weak interactions. I would 

like to conclude this chapter with a very cursory look as to what 
limits are imposed by the current data on some of the alternate 
models that have a certain degree of popularity today. More 
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specifically I would like to look at the possibility of charged Higgs 
particles contributing as the intermediary to the weak interaction 
and at the postulate of the existence of right handed coupled inter- 
mediate vector boson, W R' The former arises naturally in Glashow- 
Weinberg-Salam model with a complex Higgs structure; the latter's 
attractiveness has to do with restoring left-right symmetry and mak- 
ing the preferential lefthandedness a strictly low energy phenomenon. 
Since comprehensive reviews of these topics have been recently given 
by Strovink 10) and Sakurai, 7) I shall limit myself to only stating 
some general conclusions. 

The charged Higgs models have been recently discussed by Haber, 
Kane and Sterling42) and McWilliams and Li. 43) In the notation of 
ref. 43 the Lagrangian for the charged Higgs coupling is 

( 
1+Y5 
2) 

l-Y5 
+ atfl (~)$$,,j H + H.C. 

and the experimental problem is to determine the limits (or values) 
of a L R 

ff' and a ff' . In general the effects of charged Higgs parti- 
cles will exhibit themselves as presence of effective scalar and 
pseudoscalar couplings and apparent violation of e, u universality. 
The Fierz interference term in pure Fermi transitions imposes best 
limits on Higgs contributions to nuclear B decay, 43) i e . . 

-0.025 < (a R 
du + Odu 'ev L, L < 0.035 . 

The limits from u decay on products of leptonic couplings to Higgs 
are approximately an order or magnitude weaker. 10) 

In the standard Riggs models, the couplings are proportional to 
fermion masses. Thus comparison of IT -f ev to IT + uv decay rates does 
not provide any information about Higgs couplings (recall that in V-A 
theory the matrix element also goes as me/mu). However, there are 
models where couplings are independent of fermion masses; in those 
cases this measurement can provide quite stringent limits. The 
comparison of latest experimental number with theory translates into 

I(adz - ad~)Ilae~I % 6.5 x 10D4 

if the present 2 a discrepancy is attributed entirt!ly to Higgs. 
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The natural motivation for a heavy righthanded coupled boson is 
the restoration of left-right symmetry. Models incorporating a La- 

grangian that is left-right symmetric 44) can be characterized by 2 

parameters, i.e. the ratio of the masses of the two bosons and their 

mixing angle. The sensitivity of various experiments to possible 

existence of a heavy right handed boson has been recently summarized 
by several authors 44,45,10) . The p value from u decay provides the 

most stringent constraint on the allowed value of the mixing angle; 
electron polarization from Gamow-Teller transitions give the most 
stringent limits on the mass ratio. The current status of these 

measurements has been recently summarized by Koks and van Klinken 46) 

who have measured the polarization for low energy electrons by look- 
ing at the decay products from 3 H decay. According to the V-A theory, 

the polarization of the electrons after correcting for Coulomb ef- 
fects (i.e. P/A) should be just equal to the velocity of electrons 
in natural units. The summary of data is shown in Fig. 8 and the 

agreement appears good but the 
anomalous behavior of older 
measurements in the inter- 
mediate energy region is still 
not very well understood. 

The constraints on the 2- 
boson model imposed by the 
different experiments are best 
expressed in the plane defined 
by the mixing angle and the 
mass squared ratio. They are 
exhibited in Fig. 9 and come 
from the paper by Strovink. 10) 

The lower limit on the mass 
of the righthanded boson 
appears to be about 240 GeV 
(under the assumption that 
the corresponding neutrino is 

-- 1 
0.6 

KINETIC ENERGY (keV) 
1410 40 100 400 1000 

-6Oco =P 

’ ’ ’ ’ ’ ’ ’ ’ ’ 
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10-81 vk 4,87A,d -- 

Fig. 8. Summary of data on electron 
polarization from nuclear &decay 
(from Koks and van Klinken) 

massless, or at least has very low mass). The anticipated 
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improvements in the E,P value lJ 
from the upcoming round of 
experiments should significantly 
improve the limits on both 6 and 
5 parameters. 

3. NEUTRAL CURRENT REACTIONS - 
COMPARISON WITH THEORY 

3.1. Introduction to the standard 
model. 

I would like to commence this 
chapter with a brief introduction 
47) to the standard model. We 
can start out by recalling the 
first three steps of Bjorken- 
Llewellyn Smith's recipe 48) 

on how to build a gauge theory 
i.e. 

1. Choose a gauge group 

2. Choose a fermion repre- 
sentation content 

3. Choose Higgs scalar repre- 
sentation content 
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Fig. 9. Constraints on the 2- 
boson model imposed by different 
low energy experiments (from 
Strovink). 

In a certain sense SLJ(2), called here weak isospin in analogy 
with strong interactions, is a natural component of a successful 
gauge group, since, as we have seen from the previous discussion, 

the lepton family appears to divide itself into various multiplets. 
Since in SU(2) we have 3 structure matrices (the familiar Pauli 
matrices) this will imply 3 vector gauge bosons. The 2 charged 

bosons can be identified naturally with the intermediate vector 
bosons responsible for the charged current weak interactions; the 
neutral vector boson, however, is not a good candidate for the photon 

because a coupling of gauge bosons with lepton multiplets will yield 
a coupling of the neutral boson to the neutrinos. Accordingly one 

has to enlarge the gauge group at least to SU(2) x U(1) which yields 
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one new neutral gauge boson and provides additional degrees of free- 
dom that are'necessary to obtain agreement with theory. 

Regarding step 2, isospin doublets of the form 

are the obvious candidates for fermion representation of left handed 
leptons because of the successes of the V-A theory. However in light 
of the fact that there appear to be no right-handed neutrinos and 
the photon does couple to right-handed charged leptons, the natural 
assignment for the right handed charged leptons is isospin singlets, 
i.e. 

ce->, , (v-)R $ tT-jR ' 

Parenthetically one should remark here that gauge theories 
without new neutral massive bosons can be constructed for example 
with a group structure O(3). They are characterized by the multiplet 
assignment such that Q = T3 and thus require postulating new leptons. 

The standard model makes similar multiplet assignment for the 
quarks, i.e. 

(I'), and perhaps (19, 

(where d', s', and b' are some appropriate linear combinations of 
mass eigenstates d, s, and b) and uR, dR, cR, sR, bR and perhaps tR. 

The reasons here are less compelling than in the lepton sector. 
First of all, there is the esthetic quark-lepton symmetry agreement. 
This symmetry allows one to have the simplest possible Higgs struc- 
ture, as discussed below. Experimentally there is only evidence that 
u, d, and s couple in a lefthanded way (and only at low energies, as 
discussed previously). In principle uR and dR could be in a higher 
multiplet with heavier quarks, but the absence of high y anomaly in 
u interactions 49) would force the mass of that quark to be so high 
that it would not effect the v phenomenology at energies studied to 
any appreciable degree. Furthermore, according to Glashow-Weinberg 

theorem, 50) one way to guarantee absence of flavor changing neutral 
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currents is to assign to all quarks of a given handedness and the 
same charge, the same weak isospin (T) and the same third component 

(T3). 

Turning now to the Higgs scalars, a single Higgs doublet is the 
minimum necessary requirement for SU(2) x U(1) with the above fermion 
representation. With that assignment, we shall have only one non- 
zero vacuum expectation value and thus only one real-life Higgs 
particle, the neutral member of the doublet. It turns out that 
adding additional Higgs doublets would not effect the phenomenology 
of weak interactions, but would generate additional visible Higgs 
scalars (both charged and neutral). A different Higgs multiplet 
structure, would, however, affect some of the predictions to be 
discussed below. 

We have seen that so far we have tacitly introduced at least 3 
parameters, which can be taken to be: 

g- strength of coupling of SU(2) vectors 

g' - strength of coupling of U(1) vector 
v - vacuum expectation value of Higgs scalar 
There are still other parameters, like the couplings of the 

U(1) vector boson to right and left handed quarks and leptons (a 
priori these are undetermined by the formalism). These additional 
parameters, however, are constrained by our requirement that we need 
to form 2 linear combinations out of the 2 neutral gauge bosons, one 
of which will be the photon (v) and the other massive carrier of 
neutral current 'weak interactions (Zo). The photon combination must 
satisfy certain requirements, i.e. be massless, and couple vectori- 
ally to the charge. It turns out that imposition of these require- 
ments removes all additional degrees of freedom. Furthermore it 
specifies the strength of Zo-quark and Z. -1epton couplings in terms 
of the above 3 free parameters and third component of weak isospin. 

It is convenient to re-express the three arbitrary parameters 
above in terms of constants more directly accessible to experiments, 
. i.e.: 

e - electronic unit of charge 

GF - weak coupling constant 

21 



I 

sin20 - where 8 
W  

w is defined by tanew E g'/g. As we shall see 
in a moment sin2e w is a parameter occurring in all of 
the neutral current phenomenology. 

We can now enumerate some of the explicit predictions that fall 
out of the formalism discussed above: 

a> all neutral current phenomenology is determined once fermion 
assignments are made and sin2ew is measured. 

b) masses of gauge bosons can be determined from low-energy 
experiments: 2-5/4 -l/2 

Mw = GF e 
sin0 MZ = Mw/cosew 

W  

These predictions are independent of the details of the fermion 
representation assigned; the second prediction depends on having only 
Higgs doublets. 

c) The ratio Mw/Mz can be measured in low energy reactions by 
comparing the strength of neutral current and charged reactions. 
It is customary to define 

Mw/Mz case = p 

and to have experiments test whether p=l (as it should be for 
doublet Higgs structure). 

d) The left handed and right handed couplings of quarks and 
leptons can be expressed as 

tzL,R (i) = TtgR (i) - Q(i) sin26w . 

Note that the above expression follows from the general SU(2) x U(1) 
gauge group. The standard (G-W-S) model makes the expression 
specific by assigning multiplet structure (and hence T3) to all the 
fermions. 

I would like to end this general discussion by a brief discussion 
about factorization. 51) Consider the diagrams in Fig. 10 representing 
some of the different neutral current weak interaction processes. 
For simplicity, assume that the couplings indicated refer to the 
strength of coupling of lefthanded fermions indicated (q stands for 
one of the quarks) to the Z" (assume that there is only 1 of these, 
as in SU(2) x U(1)). The essential point to be made here is that 
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any one single process 
can only measure the 
product of the two 

~~*wx~~~~~qxuA~e 

Y Y 8 q y q bf e 
relevant coupling IO- 81 4187416 

constants, e.g. AB Fig. 10. Schematic representation of 
for neutrino electron factorization. 

scattering. Factorization means that the coupling constants thus 

extracted will satisfy the expression stated graphically in Fig. 10, 
i.e. 

A2 x BC =ABxAC 

This is clearly true under the assumptions stated above, but 
generally will not be true if there are more than 1 Z". In that 

case, the coupling constants to different Z"'s can be different and 
instead of a single numbers A, B, C, we shall have a vector A B 
CU of dimensionality equal to the number of Z"'s. 

u' lJ' 
Each reaction 

will than measure a dot product of the 2 appropriate vectors and it 
will no longer be necessarily true that 

A-A x B*C = A*B x B-C 

It is frequently customary to parametrize neutral current 
reactions by linear combinations of E'S we have defined above i.e. 

a) for neutrino quark reactions: a, 8, y, and 6 representing 
vector isovector, axial isovector, vector isoscalar and axial iso- 

scalar coupling constants. 
b) for neutrino electron reactions: gv and gA' representing 

vector and axial coupling constants. 

cl for electron-quark reactions: z, 8, T, 2 defined analo- 

gously as in (a). 
d) for ee + uu reactions: hvV, ha, hVA, representing vector- 

vector (i.e. vector interaction at both vertices), axial-axial, and 
vector-axial coupling constants. 
Note that in all these cases these parameters are defined to include 

the strength of coupling at both vertices. 
For models characterized by a single Z-boson and under the 

assumption of e-u universality, we have 7 independent parameters 
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corresponding to the couplings of v L' UL' dL, y (and u,), uR9 dR 
and eP, (and uR). Thus 6 factorization relations must exist, whose 
validity tests the single Z" hypothesis. To test the standard model 
one can either analyze each reaction in terms of its own character- 
istic parameters and subsequently see if factorization relations are 
satisfied, or analyze all reactions right away in terms of the above 
7 independent parameters and see if a self-consistent solution 
exists. I shall tend to use the second approach but occasionally 
will utilize a more general analysis. 
3.2 Purely leptonic reactions - v electron scattering 

The purely leptonic reactions fall naturally into 2 classes; v- 
electron scattering discussed in this section and e+e- -f leptons, 
discussed subsequently. So far, 3 different v electrons scattering 
channels have been investigated, i.e. 

vu + e- -f v + e- 
lJ 

Gu + e- -f 3 + e- 
lJ 

Ge + e- + Ge + e- 

The effective Lagrangian density for these processes can be written 
as 

L GF = - $ yu (1 + yS)v J; 
eff J2 

where JE is the electronic current given by 

JE = EL(e); y,(l + y3)e + CR(e); ~~(1 - Yg)e 

and e,(e) and eR(e) are the couplings of the left and righthanded 
electron that have been discussed previously. 

For purposes of writing the expression for cross section, it is 
customary to define the vector and axial coupling constants: 

e 
gV = EL(e) + ER(e) 

gAe = EL(e) - ERk) 

The differential cross section section can be written as 

do 2 -= y A + B(~-Y)~ + F I 
dy I 
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where y is the inelasticity, m the mass of electron and E the neu- 
trino laboratory energy. For neutrino scattering (v P' 

ve) we have 

A= (gv+ gA12 

B = (gv - gA)2 

c = (gv2 - gA2) 

and for antineutrino the coefficients A, B, C are obtained by sub- 
stituting gA + -gA . In general for accelerator experiments, the 
last term can be neglected because m << E. The expression for the 
total cross section then becomes (for neutrino electron scattering) 

'TOT G2m -=- 
E 2n I 

(gv + g,12 + li3 (g, - g,)* 
1 

Before looking at the data one needs to make 2 explanatory 
comments: 

a) for the last reaction i.e. 

Ge + e- -t Se + e- 

in addition to Z 0 exchange diagram there is also a charged current, 
W exchange diagram. The latter is characterized by gv = 1, gA = 1 

and thus since the 2 diagrams contribute coherently we must substi- 
tute 

N.C. 
gv + 1 + gv 

N.C. 
gA +l+g A 

b) gvandgA can be thought of as products of couplings at the 
neutrino vertex and the electron vertex. Alternatively, in the 

standard model coupling at the neutrino vertex is unity, and they can 
be viewed as Z"-e coupling constants. 

We can right away write down the predictions for these coupling 
constants for the standard SU(2) x U(1) G-W-S model. They are 

listed in Table III below 
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Table III 
ng couplint 

ER 

Neutrino-t 
Reaction 

V v +e 
v’ lJ 

Ge + e- 

.ectron scatter 

EL 
-+j + sin2ew 

-& + sin2ew 

sin20 
W  

Sin26 
W  

constants (G-W-S,model) 

gV gA 
-+i + 2 sin20 

W  
-s 

% + 2 sin28 
W  

+ 

The experimental cross section values together with their errors 
define elliptical bands in the gv, gA space. The Gee ellipse is dis- 
placed from the origin because of the extra charged current term (the 
gv, gA space in our convention corresponds to neutral current gv and 

gA only). The latest compilation of data are displayed in Fig. 11 
and they come from Barbiellini's talk at the 1981 Bonn Conference. 
The Gee- data comes from the reactor experiment of Reines et al.; 52) 

the G e- ellipse is dominated by the new result from the CHARM Col- 
lJ 

laboration, 53) and the vPe- result is influenced mostly by the 
Fermilab experiment of Heisterberg et al. 54) . The data yield 2 
possible solutions for gv and gA, one of which is compatible with the 

G-W-S model and a value of 
sin2ew around 0.25. As we 
shall see later, the non G-W-S 9.4 

2 

solution appears excluded by 
the e+e- work and neutrino 
hadron scattering coupled with 
factorization. 
3.3 e+e- -f leptons 

We consider here the 
experimental study of the 
reactions: 

e+ + e- + e+ + e- 
+ 

e++e-+p +p- 

+ e +e--+T + + ‘c- 
Fig. 11. Summary of vPe, Sue, and 
Gee scattering data. 
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The interest in these reactions from the point of view of this review 
lies in the fact that they are sensitive to the interference effects 
between y and Z" diagrams, as shown in Fig. 12. (The first reaction 
has additional 2 diagrams with y and Z" in the t channel). In 
principle these reactions can yield information on 3 differefit cou- 
pling constants, commonly referred to as b, hAA, and hvA, which 
in the standard model and assuming lepton universality reduce to: 

hvv = g: = Q (l- 4 sin26w)2 

hVA = qgA = $ (l- 4 sin2ew) 

The term multiplied by hW shows up 55) in the expression for 
total cross section as a percentage change away from the prediction 
of one photon exchange diagram and rises linearly with s. %A gives 
rise to parity violating effects like non zero helicity of outgoing 
leptons and cross section dependance on the helicity of the incident 
electron or positron. Finally hAA will manifest itself as a forward 
backward asymmetry of the outgoing leptons of a given charge. 

Besides the intrinsic difficulty, connected with the measurement 
of the first 2 effects they are expected to be very small in the 
standard model. This is due to the fact that they are p:edicted to 
vanish if sin29 

W  
= 0.25, which appears to lie very near the experi- 

mental value. Thus it is not surprising that none of these effects 
have been observed as yet 
presence of non zero hAA 
terms. The most con- 
vincing evidence comes 
from the observed asym- 
metry in the reaction 

+ e+ + e- + p + p- 

The results on that reac- 
tion, as well as the re- 
lated T+'I- channel, pre- 
sented56) at the Bonn 

There appears now, however, evidence for 

H+H 

P- F 

2 

IO-81 4187A5 

Fig. 12. The two interfering diagrams 
in e+e- -t li+u- . 
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Conference are summarized in Table IV. 

t 

Table IV 
Charge Asymmetry Results for e+e- Annihilation 

MARK II CELLO JADE MARKJ PLUTO TASS0 Last 4 
combined 

A (%I -423.5 -1.3 zl; -1lk4 -324 7210 -11.3k5.0 -7.722.4 ~~ 

GWS Pred -4 -5.8 -7.8 -7.1 -5.8 -8.7 -7.8 

A TT (%I -6212 Ok11 

GWS Pred -5 -7 . 

Though still limited statistically, the agreement with the standard 

model is quite impressive. 
The effect in angular distribution for 

+ + e + e- + e + e- 

is much less significant. The folded angular distribution from 
MARK J is shown 57) in Fig. 13 and shows preference for hAA = a, hVV 

= 0 solution over the hVV = k, hAA = 0 hypothesis. The full angular 
distributions from the other 4 PETRA detectors 57) (Fig. 14) do not 
appear to show very much discriminating power between the same 2 
alternatives. 

Alternatively one can combine 
all the available data on the 3 1 I I I I - 

1.5 - MARK J 
leptonic channels, i.e. total cross Q 
section as a function of s, angu- ; c: 

I 
lar distribution of Bhabha scat- < I.0 -0-i +-y- 

tering and the forward-backward bc: 
I 

v+u- 
+- -O ‘IJ 0.5 - and 'I 'I asymmetry to I I I I I _ 

extract both hVV and h AA 0 0.2 0.4 0.6 0.8 
simultaneously. This has been 9-R, I cosel 4187A.3 

done by the 5 different groups Fig. 13. Comparison of MARK J 
at PETRA (not all the different data on e+e- + e+e- with predic- 

tions based on 2 different sets 
pieces of input were utilized of values for hAA and hw. The 
by all groups) and the results 56) lower curve corresponds-to 

are shown in Fig. 15. I have 
hAA&,, hW=O; the upper one to 
hAA=O, hVV=k. 
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-0.6 0 0.6 -0.6 0 0.6 
cos 8 4181.2 

Fig. 14. Comparison of PETRA 
data on e+e- -t e+e- with pre- 
dictions based on 2 different 
sets of values for hAA and hw. 
The lower curvescorrespond to 
hAA='<, hW=O; the upper to _-- 
hAA=O, h;=%. 

also indicated on the same figure 
the 2 possible solutions obtained 
from the ve scattering data, to 
illustrate that e+e- data clearly 
favors the one compatible with 
the GWS model. 

In summary all of the pure 
leptonic reactions are consistent 
with the GWS model. The e+e- 
statistics are still quite limit- 
ed but they appear to give first 
indication that p-e universality 
also holds for neutral current 
couplings. 

1 
0.8 

I 

-0.4 

10-o I 

1 I I I ) I I LCTV,LLcg 

-0.2 0.2 0.4 
A. 
Y hvv(gc> 

A JADE 
- -0.4 q MARK J 

A PLUTO 
0 TASS0 
0 CELLO 
m ve 

- -0.8 4 IBlAT 

Fig. 15. Summary of PETRA data on hvv and 

hAA' Also indicated are the 2 solutions 
from the ve data (assuming factorization). 
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3.4 Semihadronic Neutral Current Reactions: v-Hadron Interactions 

These processes present additional complication that is not 
present in purely leptonic interactions, i.e. the fact that hadrons 
are complex structures. Thus we have to rely on the quark model and 
sometimes other theoretical assumptions to make the connection be- 
tween theoretical predictions and experimental reality. Fortunately, 
the structure functions of the nucleons are known now quite well in 
the region of interest as is the fraction and composition of quark- 
antiquark sea. Serious theoretical and calculational difficulties 
still remain: questions regarding exclusive pion production channels 
and size of atomic physics effects are some of the examples illustra- 
tive of this point. 

The reactions I shall discuss fall naturally into 2 different 
categories: v-hadron scattering experiments and weak-electromagnetic 
interference experiments in hadronic reactions. I shall begin by 
discussing the neutrino reactions. 

This topic has been comprehensively reviewed rather recently 458) 

and the new experimental data 59) since that literature review was 
completed appear consistent with the previous conclusions. Accord- 

ingly I shall rely heavily on the published review of Kim et al. 8) . 
Just as for the v electron channels, we can write the effective 

Lagrangian density 
L GF - eff = z v y,, (1+y5)v J; 

with the hadronic current JF given by 

(l+Y5)qi 1 [ + ER(i>Si Vu (l-Y5>qi 1 
where the sum extends over all the quark flavors, i.e. u, d, c, s, b, 
etc. An alternative notation, involves decomposition into isovector 

(isoscalar) vector and axial vector currents. Ignoring the heavier 
quarks 

H Ju = $ o(;y,u - &,,d) + %B(u y,,y5 u - h,,v5d) 

+ %Y(~Y,,u + &,d) + %(;Y,,Y~ u + &,v5d) 
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The 2 sets of couplings are related linearly in an obvious manner. 
As far as the heavier quarks are concerned , it is generally customary 
in the fits to assume generation symmetry i.e. that s(c) quark 
couplings will be the same as the d(u) quark couplings as required 
in the GWS model. Heavier quarks are generally ignored. The results, 
however, are not too sensitive to these assumptions. 

There is a variety of experimental input that determine the 
quark neutral current couplings. I enumerate them briefly below: 

a> measurement of Rv E uv NC /uv Cc and R - f (y- 
V 

vNC/o;CCOfrom zn 
isoscalar target. These measurements are sensitive to tL + dLL and 

UR 2 + s2 since no information about isospin structure of the 
neutral current can be obtained. 

b) deep inelastic scattering from neutron and proton targets. 
These are measurements equivalent to (a) except that the isoscalar 
target is replaced by a single nucleon. Thus the experiments differ- 
entiate between uL(uR) and dL(dR). 

c> inclusive pion production (VA + vnX). The charge of the 
leading pion provides some information about the nature of the 
struck quark from the knowledge of the quark fragmentation function 
Dq"(r). 

d) elastic scattering: vp + vp and sp + 3~. These cross 
sections are written in terms of the vector and axial-vector form 
factors of the proton. The former can be related by CVC to the 
electromagnetic form factors; some additional assumptions are needed 

to parametrize the axial form factors. 60) 

e> exclusive pion production channels. The analysis of these 
channels is probably most complicated theoretically since it is 
obscured by the imperfect knowledge of the relevant hadronic matrix 
elements. Abbott and Bamett use the model developed by Adler (jl) to 

perform the analysis. 
f) The exclusive reaction 

$ e +d+Ge+n+p 

can proceed only via axial current and the magnitude of its cross 
section is predicted by the GWS model. 
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Fig. 16 illustrates the con- 
straints~imposed by the different 
sets of input data. The data are 

parametrized by EL(d), Ed, 
ER(d) and Ed and it is con- 
venient to display the con- 
straints as allowed regions in 
both left-handed and right-handed 
coupling constant spaces. Again 

it should be recalled that in 
both these spaces the standard 
model limits the allowed region 
to a straight line segment, each 
point on which corresponds to a 
different value of sin20w. 

Fig. 16a shows the restric- 
tions imposed by Rv, R; measure- 
ments on an isoscalar target. As 
mentioned earlier only an annular 
region in each space can be de- 
fined by these data. Adding the 
data on neutron and proton tar- 

gets, restricts the allowed re- 
gions to those shown in Fig. 16b. 
There is also a correlation be- 
tween the allowed regions in the 

EL(U) - EL(d) space and the 

Fig. 16. Constraints imposed on 
the neutral current couplings by 
the neutrino-hadron data: a) 
data on isoscalar targets only; 
b) data on isoscalar targets 
combined with data on neutron 
and proton targets; c) all v- 
hadron data (from Kim et al.). 
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ERW - CR(d) space which is displayed as a shaded region in the 
eL, eR plot. Finally, Fig. 16~ illustrates the allowed regions if 
all the v  hadron data of the first 4 types (a-d) are included. Of 
the two allowed regions in the lefthanded space, the non GWS region 
(unshaded) is excluded both by the exclusive pion production data 58) 

and the experiment of Pasierb et al., 62) on sed reaction. 

In summary, we see thus that all of the neutrino hadron data 
define (within errors) a single set of coupling constants, both in 
lefthanded and righthanded space. Furthermore, both solutions are 
consistent with the constraint imposed by the standard model and both 
correspond to the same value of sin2ew. Finally the value of sin2ew 

(0.2 - 0.25) is consistent with that obtained from the purely 
leptonic reactions. The GWS has obviously passed another stringent 
test. 
3.5 Weak-electromagnetic interference in hadronic interactions 

The relevant experiments here fall into following categories: 
a) polarized electron deep inelastic scattering 
b) parity violation in atomic experiments 
c) e+e- + hadrons 
It is the first two categories that have provided so far the 

most relevant information although the situation regarding the atomic 
parity experiments has been confused from the start, both in experi- 
mental results and theoretical calculations. In the famous SLAC 

parity violating electron scattering experiment 63) one studies the 

reaction 
e-+d+e-+X 

with polarized electrons. Due to the interference between the y  and 

Z" exchange diagrams, the cross sections for electrons polarized 
parallel and antiparallel to the beam will be unequal. The size of 
this asymmetry as a function of x  and y  Feynman variables has been 
calculated by Cahn and Gilman 64) in the framework of the parton model. 

If one neglects antiquarks as well as heavy quarks, the expression 
for asymmetry AD, defined by do + -do 

AD= 1 da, +da 
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becomes 

% gGF 
-=-FizG 
Q2 I 

QU’ 'u + 'd ' Au + 9,. Ad ve 1 
- % VdAe 1 1 + F(Y) AuVe - % AdVe II 

where Vu is the vector coupling of the u quark, AU the axial coupling 
of the u quark, and similarly for Vd, Ad, Ve, Ae. Q, and Q, are 
charges of the up and down quarks, respectively. F(y) is defined by: 

F(y) = l - (1-y)2 
1 + (1-y)2 

The expression above is model independent. If factorization 

holds (and v-Z0 coupling is unity) then 

vu = EL(U) + ER(U) 

AU 
= EL(U) - E,(U) 

ve = gz E EL(e) + CR(e) 

and similarly for Ae,, Vd, Ad. 
Furthermore in the GWS model the y independent coefficient be- 

comes -318 + 516 sin28 
W  

and the y dependent coefficient $ (sin2flw-4). 
The experimental results of Prescott et al. 63) give: 

AD - = 
Q2 

+ 2.6) + (4.9 t 8.1) F(y) 1 x 1O-5 

which translates into the following constraints on the coupling 
constants: 

'uAe 
-$VA = de -0.23 +_ 0.06 

AuVe - 5 AdVe = 0.11 +_ 0.19 

The experiments looking at parity violation in atomic transitions can 
measure a linear combination of VuAe and VdAe that is almost orthog- 
onal to that investigated at SLAC. Thus in principle these-2 sets of 

experiments can determine coupling constants quite well. In practice, 
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however, the status of atomic parity experiments has had a rather 
confusing history and some of the discrepancies between the older and 
newer experiments are still not completely understood. In addition 
the situation is also clouded by the difficulties of theoretical 
interpretation; the value of the magnitude of the parity violation 
expected in the GWS model has been reduced by a factor of 2 as more 
sophisticated calculations were performed. 65) 

In light of this checkered past history and the fact that a 
detailed discussion of these experiments is given in Adelberger's 
review at this Conference, I shall limit myself to merely summarizing 
all the results in the Table below. Different experiments prefer to 
quote their results in terms of different quantities, i.e. weak 
charge (Qw), ratio of El to Ml matrix elements (R), and amount of 
rotation due to parity violation (A$,,, - related to R through number 
of absorption lengths in the vapor). I prefer to keep in the Table 

their original choices when presenting their results. 

Table V 
Summary of atomic parity violation experiments 

:roup Element A Quantity Experimental Theoretical* Ref. 
quoted value prediction 

berkeley Th 2927 Q, -155563 -116.5 66 
(-0.7+2.1)x10-8 -8 67 Jashington Bi 8757 R (-1o.4+1.7)x1o-8 -(8-12)x1o 68 

Jovosibirsk Bi 6476 R (-20.2+2.7)x10-8 -(lo-16)~10-~ 69 

)xford Bi 6476 R (2.7+4.7)x10-* 
(-1o.7+1.5)x1o-8 -(1o-16)x1o 

-8 70 
71 

ioscow Bi 6476 A4pNC (-o.22+1.o)x1o-8 1o-7 72 

* 
Range of theoretical values for R represents my relatively 
uninformed estimate based on the spread of values obtained 
from various calculations. 

The atomic parity experiments can best be compared with SLAC ed 
experiment if one uses the concept of weak charge, 73) defined by 

Q, (N,Z) = - 4 VuAe (22 + N) + VdAe (Z + 2N) 
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and thus for Thallium we have 

Q, (123,81) = - 1140 V A - 1308 VdAe ue 

The Berkeley result can thus be expressed as 

-1140 VuAe - 1308 VdAe = - 115 f 63 

VuAe + 1.15 VdAe = .14 2 06 

I have also converted the results of the most recent Washington 
experiment and the Novosibirsk experiment into weak charge by utiliz- 
ing the central value of theoretical predictions indicated in Table 
V. The results of these 3 experiments are displayed together with 
the SLAC experiment in Fig. 17. Clearly the result is consistent 
with the GWS model and a value of sin2ew = 0.23. 

I end this section with a very brief comment on the channels 

e+ + e- + hadrons 

which can also exhibit effects of y-Z0 interference. The normalized 
cross section for the production of quark pair fF can be written as 
(before QCD corrections) 

2 2 2 f2 2 
Rf = Q, - 8sQfg;g; g P(s) + 16s2g2(gVe + 8; mv + g; )P'(s) 

where the 3 terms represent the photon term, y-Z0 interference term, 
and Z 0 term respectively, P(s) is the propagator term for the y-Z0 
interference and P'(s) for the pure Z" exchange, and g = 4.47 x 10 -5 

-2 GeV . 
In the framework of the GWS model gVe and gVf are functions of 

sin2e 
W  

and thus the total cross section will have a mild dependance 
on that parameter (ew also comes in the propagator terms through 

mZ O>. Thus if QCD corrections are believed to be known exactly one 
can write the total normalized cross section as a function of sin2fIw. 
This kind of analysis has been performed by the MARK J group 74) and 
their results for R as a function of & are shown in Fig. 18. The 
95% C.L. limits yield 

sin28 +0.34 
W  = o*27-OeOf3 . 
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One should add here, parenthet- 

ically, that the contribution of 
the heavy quarks to the value of 

R is just as important as of the 
u and d quarks. Thus the situ- 
ation here is different from 

the experiments on stationary 
targets. 
3.6 Summary of neutral current 

processes 
It should be clear from the 

above that the GWS model appears 

Vd 4 
to satisfy all the data. 3 

SLAC + - 0.5 (b) 
separate kinds of reactions 

Atomic Pority - (purely leptonic, v hadron, and 

electron hadron) give self- 

consistent solutions with a 
% 0.23. One 

-0.5 
value of sin2ew 

I 1 1 1 would like to be a little more 

I 
quantitative about how good the 

lo-81 -0.5 

Fig. 17. a) Constraints imposed q=pL&&cl 
in the VdA,, V,A, space by the 
SLAC polarized ed experiment 2 - +sin2Bw=0.27 
and some,of the recent atomic -*-sin2 8,= 0. IO 
parity violation experiments. I - -- sin2 t3,= 0.70 
For clarity the error range 
(both experimental and theo- OL I I I I I I I 
retical) is shown only for the 8 12 I6 20 24 28 32 36 38 
Berkeley experiment. b) lo.8 JF (GeV) 4 w.?&c 
Comparison of these experiments 
with the GWS prediction. 

Fig. 18. Mark J results on R as 
a function of 6 compared to 
theoretical predictions with 
different values of sin20 

W ’ . 

37 



agreement really is. For this purpose, I shall quote here some of 

results obtained by Kim et al. 8) from global fits to all the data 

they considered. The data included there were significantly scarcer 
than available today and discussed in this report. At the time of 

their fits none of the e+e- data were available and atomic parity 

experimental situation was much more obscure then it is today. Thus 

none of these data were included in their fits. Furthermore the 

recent high statistics experiments on vue and ;ue scattering were 
unavailable at that time, as well as some of the recent v hadron 
data. Nevertheless, all of these new experiments support the results 
obtained by Kim et al., and thus would not change the values result- 
ing from their fits significantly. 

I would like next to discuss some of the results of their fits 
and their implications. 

a) factorization. As already mentioned, the different subsets 

of the data can be fitted in a totally model independent way. 75) 

Subsequently, the different coefficients can be compared to see if 

they satisfy the factorization relations (true if there is only one 
2' present). We have seen, however, that the different pieces of 

data are all consistent with the GWS model, a single Z" hypothesis. 

Hence they must satisfy the factorization relations. 
As an example, however, of how these tests work in practice, I 

illustrate in Fig. 19 the 2 regions in gVe , gAe space allowed by the 

ve scattering experiment. 51) . We have a general factorization relation 

g,fehAe = [(a + y/3)(3 + %/3)]/[(: + T/3)(8 + a/3)] 

whose right hand side can be evaluated from neutrind hadron and SLAC 
ed experiment. Without errors, this relation would give a straight 

line in gVe , gAe space; the errors broaden it out to two triangular 
sectors. Clearly, the factorization admits the predominately axial 

solution and is incompatible with the vector one. 

b) 5 parameter fit. If one assumes SU(2) x U(1) with conven- 

tional T3L assignments we can fit the data to 5 parameters,~ i.e. 

P2 ’ sin2ews T3Ru , TjRd , T3Ke 
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10-81 g: 4187AlO 

Fig. 19. A graphical repre- 
sentation of one of the 
factorization relations 
(from Kim et al.). 

where we have ignored the n and T 
leptons as well as heavy quarks. 
Kim et al. obtain for this fit: 

2 P = 1.018 f 0.045 
2 sin 8 = 0.249 _+ 0.031 

W  

T3RU =-0.010 + 0.040 

T3R 
d =-0.101 t 0.058 

T3Re =- 0.039 f 0.047 

The feature of the fit that I 
want to emphasize here is that all 
right-handed fermions are compatible 
with the singlet assignment, i.e. 
GWS model. More specifically, 
doublet structure of the type 

(E" e-jR is ruled out, where E" is a 

heavy righthanded electron neutrino. 
Note that these data cannot say anything about heavy neutral 

muon neutrino, since none of the u data were included in the fit. 
However, there is now independent evidence against (MO u-)~ doublet 
from the work of A. R. Clark et al. 76) who rule out an MO decaying 

via 
ii0 -t lJ+; cu 

in the range 1 2 mMo 5 9 GeV. 
c) 2 parameter fit. Accepting the singlet assignment for the 

right handed fermions, the data can be fitted to 2 parameters only: 

P2 and sin2ew. The results of Kim et al. are, 
2 

P = 1.002 t 0.015 
2 sin ew = 0.234 f 0.013 

The value of p2 consistent with unity indicates that the data are 

consistent with Higgs doublet structure, i.e. absence of any other 
multiplets for Higgs scalars. In addition, this result has 
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implications on possible existence of heavy fermions. Because of 
renormalization effects involving loop diagrams, the presence of such 
fermions would be expected to displace the value of p away from 
unity. Specifically, the quoted 90% confidence level upper limit on 
p implies77) an upper limit on any heavy fermion of 500 GeV, assuming 
that its partner is massless. 

d) single parameter fit. Finally one can constrain p2 = 1 and 
fit to sin2Bw only. The result is 

sin20 = 0.233 2 0.009 
W  

x2 = 33.1 for 45 d.o.f. 

This is an impressive result, and a great success for GWS model 
considering the variety of experimental results that have gone into 
this fit, and the fact that some of the input data are determined 
reasonably accurately by now. I should also emphasize that the new 

data obtained since Kim et al. fit will make this conclusion even 

stronger, since all of it is consistent with the above quoted value 
of sin20 

W ’ 

4. GLASHOW-ILIOPOULOS-MAIANI (GIM) MODEL 

The GIM model 4) was invoked to explain the absence of neutral 

currents in strangeness changing interactions deduced from searches 
for the decays 

FI- 

and K+ + r+ v< . 

The authors picked up on an earlier suggestion by Bjorken and 
Glashow7') to postulate a fourth quark, charm, which symmetrized the 
overall situation in the quark sector by hypothesizing that the left- 
handed quark doublets that participate in weak interactions are 

C 

and sinec + s 

where ec is the previously discussed Cabibbo angle. 
This postulate had far reaching consequences both in the field 

of spectroscopy of new particles and in the field of their 
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interactions (i.e. currents). The space is too short here to 
describe the many successes in spectroscopy;~ the basic idea was that 
the postulate of a new quark, with a new quantum number conserved by 
both strong and electromagnetic interactions, would imply that there 
should exist a whole spectrum of new particles, 79) both of the type 
(SC) and of the (c;), (cqq), etc., where q stands for a light quark. 
Furthermore, the lowest lying charm states should be long lived 
(T 2 10 -13 set) and decay only by weak interactions. 

It is now well known that the observed charm spectroscopy 
agrees well with what one might expect from the GIM model and its 
many succeeding elaborations. One has seen the expected bound states 

(JI/J , ‘4’ , n, , x> as well as the open charm states (D, F, AC) and 
their masses agree remarkably well with the predictions of the 
model. Since these subjects have been reviewed extensively in the 
literature, 80) I will not discuss them any further, but turn instead 

to the question of predicted currents. 
I shall start out by enumerating in Table VI the currents that 

are possible within the 4 quark model. 

Table VI 
Weak interaction currents in the 4 quark model 

GIM-Cabibbo Typical 
Current AQ AS AC Strength K-M Strength Relevant Experiments 

1) ;d 

2) us 

3) dc 

4) SC 

5) L 

6) ;id 

7) is 

8) & 

9) 2s 

LO) ';c 

-1 0 

-1 -1 

10 

11 

0 0 

0 0 

0 0 

0 0 

0 1 

0 0 

0 

0 

1 

1 

0 

0 

0 

0 

0 

1 

c0.9e 
C c1 

sine 
C s1c3 

sine 
C -s1c2 

c0se 
C c1c2c3-s 1 

depends on - 
sine 

W  

same as dd - 

same as uu 

absent 

absent 

$ decay, v inter- 
actions 
Ke3, hyperon decay 

v+charm, forbidden D 

is decays 
s e 3 allowed D decays 

I 

N.C. v interactions 
electron hadron 
interactions 
v interactions 

v interactions, $+vv 

q + + u IJ-, K ++,+s, 

v+charm+v, charm 
decays J 
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The first 2 charged currents and the first 2 neutral currents 
are "old" currents that have already been discussed. Furthermore the 
2s current is also an "old" current whose absence was the raison 
d'@tre for the GIM mechanism. Accordingly I shall limit my discus- 
sion to the other 5 currents, emphasizing mainly the comparison of 
the experimental data with the GIM predictions. One should note that 
the extension to the 6 quark mode (K-M scheme) will not change 
predictions within the experimental errors, since the K-M and GIM 
predictions are different only in the 2nd order of what appear 
experimentally to be small quantities (I use standard notation where 
cl 5 cosel , s3 f sine3 , etc.). 

Zc coupling. In principle one can extract this information in 2 diff- 
erent ways: by studying either charm production in v interactions or 
the Cabibbo forbidden D decays. It turns out that the only reliable 
quantitative information one can obtain is from the 1st process, so 
I shall discuss it first following the treatment of Sakurai 7) and 
Pakvasa, Tuan, and Sakurai. 81) 

Charm can be produced in v interactions in one of two ways: 
either off the d quarks 

v+d+v-+c 

or off the s quarks in the sea 
v+s-ql-+c. 

It is the first process that is relevant to the coupling of interest; 
it can be separated out by studying the x distribution with the 
conclusion that 50-63% of charm production (more rigorously: OPPO- 
sitely charged dileptons, since that is signature used for charm 
identification) comes off the d quark. Using the total measured di- 
lepton rate (Q 10e2 2 30%), allowing for threshold effects, and 

taking (9?1)% as the average semi-muonic branching ratio, one obtains 

0.19 < js1c2] < 0.34 . 

This should be compared with sinec = 0.229 quoted earlier. 
The Cabibbo suppressed branching ratio 

D+x+e+v e 
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coupled with the lifetime measurement could in principle determine 
the same parameter, just as Ke3 determines the value of sine=. 
However, no data on these decay modes are available as yet. The non- 
leptonic branching ratios of the Do measured 82) to be 

I'(s+&I'(K-r+) = (3.3 f 1.5)% r(K-K+)/I'(K-n+) = (11.3 + 3.0)% 

are difficult to interpret theoretically because of strong inter- 
action effects. It can only be said that they support the quali- 
tative conclusion that ac coupling is of order sinec. 
SC coupling. The cleanest channel to study here is 

D+ + K" + e+ + ve 

because symmetry breaking effects are minimized in this channel for 
the same reason as in Ke 

3 
decay. The experimental input consists of 

DS lifetime and D+ + itoe v e exclusive branching ratio. 83) Together 
they yield: 

r(D+ + K'e+v,) = (1 + 0.5)~10~~ -1 set 

This value, coupled with the assumption that the form factor in the 
decay is dominated by the F* yields 7) 

Iclc2'3 - s1s3 e -ifi 1 = 0.8 +_ 0.2 

Ss coupling. This neutral current coupling can be obtained from the 
do/dy distribution in neutrino hadron neutral current interactions. 
The contents of the s, s sea has to be first obtained from charged 
current interactions. Jonker et al. obtain 84) 

lgs12/19,12 = 1.39 f 0.43 

Cc coupling. The strength of this coupling can be measured by ob- 
serving Q/J production in neutrino interactions, that presumably 
proceeds through the diagram illustrated in Fig. 20. The CDHS col- 
laboration quotes 85) 

lgc12/lgu12 = 1.7 + 0.5 

In principle, at least, this coupling could also be measured by 
observing the decay mode $/J + vs, if one would know the exact 
number of neutrino flavors. 
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u u 

wx 

? I should add here parenthetically that the 
l-0 

z" 
fact that e+e- -t hadrons~agrees with the theory 
at high energies74) says that N.C. coupling of 

C 

F heavy quarks (including ib) cannot be anomalously 
F 

9 
large. 

n &z coupling. This current should vanish in the 
2 
4 GIM model. It can be looked for in the reactions 
; 

Fig. 20. Diagram like 

for $/J production vu+A+v + c+ . . . LJ 
by neutrinos. 

+ e+ + vu + hadrons 

i.e. charm production by neutrino beams without any final state muon. 
From their work in neon filled bubble chamber, Baltay quotes 86) 

u (charm changing N.C.) I 3Y 
o (total N.C.) 0 

based on no significant signal found. I believe that a comparable 

or better limit can be extracted from the emulsion work 87) in the v 

beam at Fermilab, designed to measure charmed particle lifetime. 
Alternatively, one can search for neutral current charm decays, 

for example by looking in neutrino interactions for signatures of the 

type 
vu + A -f u- + c + . . . 

I+ e+ + e- + hadrons 

Based on no events of this type found, Baltay quotes 86) 

r (charm changing neutral currents) 5. 2T 
T (charm changing charged currents) 0 

In summary, the spectroscopy and interactions of the charm 
particles are in good agreement with the GIM model. In several 

sectors, however, there exists great deal of room for experimental 
improvement. 

5. EXTENSION TO 6 QUARKS 

In a remarkable paper, written before the discovery of~the c 

quark, Kobayashi and Maskawa 5) argued that within the simplest SU(2) 

x U(1) model (i.e. only one Higgs doublet) with only 4 quarks, there 
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is no natural way to generate CP violation. They showed that one of 
the possible ways to have CP violation within this model, was to 
enlarge the quark population to 6. Within this framework the charged 
current would be written as: 

d 
J+ = (U c f) u s 0 b 

where U is a unitary matrix that defines the mixing of the mass 
eigenstates. For the 3 x 3 dimensionality U is characterized by 3 
Euler-like angles and one phase. Specifically U can be written 88) as 

c3s1 s1s3 
i6 c1c2s3+c3s2e i6 

C1C2C3-S2S3e 
16 i6 

-C1C3S2-C2S3e -cls2s3+c2c3e 
> 

This scheme became more attractive as r lepton gained respectability, 
insofar that equality of quark and lepton populations (with conven- 
tional charge assignments) is one way to remove the triangle anoma- 
lies. The scheme became the "new orthodoxy" with the discovery 89) 

of T at Fermilab and its subsequent confirmation 90) at DESY. I 
would like to review in this chapter the question as to how well this 
"new orthodoxy" is supported by the experimental data. 

We may first ask how well is the existence of this new doublet 
established. There is now reasonably good circumstantial evidence 
that new flavor has been produced in the e+e- annihilations: from 

the T spectroscopy, 91) the excess electrong2) and kaong3) production 
at the 4s T state, and the value of R at high energy. 74) On the 
other hand, it is not clear that any unambiguous naked beauty b 
signal has been seen as yet. 94) In summary, however, I think most 
people would agree that the evidence for existence of a b quark is 
quite good. 

What about the top quark, t ? PETRA detectors have searched for 

the t quark up to the highest energies of that ring and see no evi- 
dence of t production. 95) This places an upper limit of mt% 18 GeV. 
Should this be a source of worry to the advocates of the 6 quark 
model? The theoretical estimates are uncertain, but it appears that 
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t quark mass of around 40 GeV would not be too surprising. 96) A 

fair statement to make would probably be to say that even though 
there is no experimental evidence for the t quark, neither do the 
present searches speak strongly against the existence of a (t b) 
doublet. 

I turn next to the possible alternative multiplet assignments of 
the b quark. 97) The Glashow-Weinberg theorem no longer guarantees 
automatic suppression of neutral currents, 50) and thus one might 
expect an appreciable decay rate into 2 charged leptons, i.e. 

b-+e++e-+X 

b-tp + - +p +X 

The exact prediction is impossible to make because it depends on the 
mixing parameters of the K-M matrix (the form of the matrix remains 
the same as for the 6 quark picture.) The requirement that AS=1 
neutral currents are absent forms now one of the constraints that 
have to be imposed in obtaining possible solutions of the K-M matrix. 
V. Barger and S. Pakvasa have examined the possible alternatives 99) 

and conclude that 

B(b + e+e-X) = B(b + u+p-X) 2 l-2% . 

This prediction already appears to be in trouble with the latest re- 
sultsloO) from the Cornell e+e- work. 

The other possible alternative away from the standard models is 
a (c b)R doublet. This doublet is hard to rule out experimentally 
because NC couplings can be strongly suppressed in this case; 97) 

only detailed study of b+c decays could exclude this possibility. 
Thus it appears that (t b)l alternative is the most appealing 

one. I would like to end this chapter with a very brief discussion 
of how well the K-M parameters are determined. Any self-inconsis- 

tency in this determination would be evidence for necessary modi- 
fications or expansion of the K-M scheme (8 quarks?). 

I have already discussed previously the determination of Ucd, 

u ucs us' elements (the subscripts refer to the 2 quarks linked by 
a given element). Until t quark is discovered, no direct information 
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on Utd, UtS, and Utb is possible. It remains to discuss Uud, Uub, 

U cb' and the constraints on el, e2, e3, and 6 imposed by our infor- 
mation about these matrix elements. 

The 'ud element is obtained by comparing the strength of the 
weak interaction constant as obtained from pure Fermi B decays to 
that obtained from u decay. The most recent analysis gives 101) 

lUudl = 0.9737 f 0.0025 . 

At present there exists no experimental information on Uub and Ucb 
separately. A lower (and not very useful) limit on the sum of their 

squares 

Iucbi2 + Iuub12 ' 'L 10 -4 

can be obtained from the upper limit on B lifetime (rB < 3 x 10 -11 

set) by assuming the spectator model, which does not appear to work 

too well in D decays. 
More useful information exists on the ratio of these 2 matrix 

elements, IUub/Ucbl, from the study of the details of b decay. A 
relatively large value of Ucb would result in a larger numbers of K's 

and a lower energy charged lepton spectrum, than one would have if 
The experimental situation on the electron spectrum 
supports the large Ucb element (shown in Fig. 21). 

r ’ I I 

24 (0) 4 
c 5 3 IO 

0 M1 
0 I2 3 

V-81 Ee (GeV) 

2 
2 0.04 
00 
$ 0.03 
E 
s 0.02 
2 
2 0.01 

$+ 0 I I 2. 3 
Ee (GeV) 4187A23 

Fig. 21. The observed experimental energy spectrum 
of electrons from the 2 CESR detectors taken at the 
4s T: a) data from CLEO detector with 1 GeV experi- 
mental cutoff. The curve corresponds to the spectrum 
expected on the basis of b-tc decay. b) data from 
CUSB detector compared with B -f ev(D,D*) prediction 
(solid curve) and B + evX (Mx = 1 GeV) prediction 
(dashed curve).. 
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A quantitative interpretation of these plots is difficult because 
of the uncertainties about the mass of the final state hadronic 
system. Thus the CUSB group 102) obtains for r(B+evXU)/I'(B+evD,D*) 

I 0.23 (90% C.L) if Xu = 50% (r,n) and 50% (p,w) 

.S 0.32 (90% C.L) if Xu = 1 GeV . 

Similarly the measured number of K's/event 93) is 2.5 + 0.5 + 
0.5 to be compared with the prediction of the standard model 103) of 

NK = 1.5 for b+c transition 

NK = 0.7 for b+u transition 

Superficially, at least, both pieces of evidence support predominance 
of the b+-c decay mode. 

We finally interpret these results on the U matrix elements in 
terms of the 4 basic parameters. Logically the steps are as follows: 

a) from Uud that measures cl one can deduce that 

sl = 0.23 5 0.01 

b) UUdandtJ us (c3s1) give the relation 

2 2 2 2 2 cl + sl c3 = 1 - s1 s3 = 0.996 2 0.004 

2 2 or s1 s3 = 0.004 f 0.004 

yielding +0.12 
s3 = o*27-O.27 

') 'cd (slc2) then gives 

s1c2 = 0.265 f 0.075 

or s2 - < 0.57 

d) Ucs (c1c2c3 - s2s3eis) ' p lrn oses a coupled constraint on s 2 
and s3 which for small e2 and e3 can be approximated as 

e2 2 I2 + e3 2 I2 + 0203 5 0.4 for 6=0 

e,2/2 + e32/2 - '2'3 5 0.L for 6=n 
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e) IUub/UcbI ratio (Isls3/Ic1c2s3 + c3s2e isll) can also be 
translated into a constraint in the s2, s3 plane. 
The 4 constraints of s2 and s3 are illustrated graphically in Fig. 22, 
for 2 specific values of 6, i.e. 0 and IT. 

For completeness, one should mention that a limit on e2 can be 
obtained from theoretical arguments based on the 
ence.lo4) 3 105 

O-K; mass differ- 
We recall that the original estimate for the mass of 

the charm quark came by estimating the Am(s-KS) from box-diagrams 
in Fig. 23. Of course, in those days the t quark was not included 

in such calculations, but the fact that the mass of the c quark came 
surprisingly close to the theoretical expectations, argues that the 
contribution of the t quark to the mass difference cannot be too 
large. Very roughly that contribution is 

0.8 

t 
0.6 f- Dileptons O’, 

0.6 t Di leotons 

0 0.2 0.4 0.6 0.8 
s3 4107422 

Fig. 22. Constraints imposed 
on sin02 and sin03 by differ- 
ent experiments (from Sakurai). 

to t 

than 

Am (%-KS) = mt2 x 

strength of td*fs couplings 

Arguing that contribution due 
quark should not be greater 
that due to c quark leads to 

inequality 

S u,c,t d \ . / c ’ 

)4w+ $w- 
. 2 . / 
d u,c,t S 

d W- S 
V-81 4187Al9 

Fig. 23. Box diagrams 
contributing to the 
KE-KE mass difference. 
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tan e2 $ 2; 0.3 . 

mt 
It is instructive to look at the K-M matrix by using the values 

of s 1' s2$ and s3 derived from the arguments applied above. -1 re- 
produce below the matrix as derived by Sakurai 7) from his typical 
values for 6=0, i.e. 

He then obtains 
s1 = 0.227 s2 = 0.250 s3 = 0.262 

0.219 0.059 

u= 0.845 0.488 0.489 0.870 > 

The values (especially the last decimal figures) should not be taken 
literally. They are useful, however, to illustrate the feature that 
the couplings tend to get smaller as we get further away from the 
diagonal. 

6. CP VIOLATION 

Very little has happened experimentally in this field since the 
review article of K. K. Kleinknecht. 106) The general situation can 
be surmnarized very succinctly as follows: 

a) CP violation has been observed 107) in the C-K; system. 
b) CP violation in I$ 

108) 
-Ki system is consistent with 

Wolfenstein's superweak theory (Fig. 24). 
109) c) No CP violation effect has been seen in any other system. 

On the other hand there is now a renewed interest in studying 
the CP violation and several precise experiments are in the running 
or planning stage that may shed new light on this old problem. 

This revival of the experimental interest has been stimulated to 
a large extent by the theoretical work attempting to answer the 
questions posed by the CP violation either within the framework of 
the standard model or by applying some variant thereof. 

The 2 acid tests of the different theories appear to be the 
ratio Is'/cI that can be measured by comparing the magnitudes of 
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25 

2 

: 

(b) 

- 

9- a1 4187A21 

Fig. 24. Summary of measured 
(a) and derived (b) CP vio- 
lation parameters in I$-Kg 
system (from Cronin, 
ref. 106). 

‘I+- and no0 and the electric dipole 
moment of the neutron. The import- 
ance of these two quantities stems 
partly from the fact that different 
theories have at least a fighting 
chance of making a prediction about 
them and partly from the fact that 
the present experimental limits are 
very close to at least some of the 
recent predictions. The present 
experimental limits are: 

IEVE/ : o.02110) 

dn=(0.4 t 1.5)x10-24e cmlll) 

Within the framework of the standard 
model the E parameter is given 
by lo41 : 

161 % k sine2 cose2 sine3 sin8 

x P(e2 , mc 2/mt2) 

where the last factor is a slowly 
varying function of e2 and quark 
masses. Since no one knows how to 
calculate 6, the above equation can 

be viewed as a means of measuring 6 (provided that there are no 
other contributions to CP violations). That will be possible once 
better knowledge of e2 and e3 will be available. 

It does appear that the ratio IE'/E/ can be calculated within 
the K-M model, and the consensus of different calculations is that 
112) 

l/500 ; (c'/cI s l/50 , 

i.e. on the verge of experimental detectability. As for the dipole 
moment, however, the prediction is far away from the present limits, 
namely 
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(dn)KM % 10-30'1 e cm1'3) 

For comparison, one should mention some of the other presently popu- 
lar schemes of generating CP violation and their predictions on the 
2 measurements cited above. 114) These mechanisms are: 

a) 2 or more Higgs doublets with flavor changing couplings. 
Here E' 2 0 but dn could be in the vicinity of 10 -24 e cm. 

b) 3 or more Higgs doublets without flavor changing couplings. 
Here both 8' and dn measurements could be on the verge of experi- 
mental feasibility. 

c> right handed currents could be another source of CP viola- 
tion. The models studied generate rather small values for both E' 
and d n' 
Of course, there could be more than one source of CP violation 
giving a more complicated set of predictions. 

Finally one should note that one could hope to see CP violating 
effects in new heavy meson systems i.e. DO-5 0 , Be-go , and To-To 
(if they exist). A priori, it is the B"-io system that looks most 
promising, but the expected low yields of these particles for some 
time to come make the experimental prospects rather dim. 

7. SUMMARY AND CONCLUSIONS 

It should be clear by now that the agreement of the experimental 
data with the standard GWS model is excellent. There do not appear 
to be any reliable data that contradict this amazingly simple and 
economical model. On the other hand, in a review of this nature, 
there is a danger of overemphazing the successes of any theory. It 
tends to lull one into a false feeling that everything is already 
known and may cause us to overlook evidence which points to a higher 
level theory. The history of physics is full of theories that 
appeared amazingly successful, but eventually turned out to be only 
approximations, i.e. low energy, low velocity, or low something else 
limits of a more encompassing scheme. In this spirit it is worth- 
while to emphasize all the unresolved experimental and theoretical 
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115) problems. 
On the experimental side a highly incomplete list of topics that 

need to be investigated might be: 

a> search for t quark 
b) observation of T neutrino 

c> observation of W ', Z", Higgs scalars 
d) determination of v masses and the v mixing parameters 
e) determination of K-M matrix parameters 
f) better measurement of CP violation parameters 

d search for additional generations 
h) better limits on all the couplings 
i) proton stability question 

plus many others. 
On the theoretical side many questions remain also: 

a) why is there a quark-lepton similarity? 
b) is there a larger group than SU(2) x U(l)? 

c> why are there only certain color-charge combinations? 
d) how many generations are there? why? 

e> what causes CP violation? 
f) why is there left-right asymmetry? is it just a low energy 

phenomenon? 
g) are quarks and leptons fundamental? 

plus many others. 
One could also ask a general question: Do we have an ultimate 

theory of weak interactions? I do not want to answer it, but would 
like to remind the reader about the existence of the large number of 
free parameters in the theory: 

3 GWS model parameters (e, GF, sin2ew) 
10 K-M matrix and quark mass parameters 
10 lepton sector parameters 

1 mass of Higgs scalar 
1 number of generations 
1 number of Higgs doublets - 

26 minimum total number of parameters. 
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If the number of Higgs doublets, number of generations, or the 
size of the gauge group are larger, the number of parameters can 
grow to a significantly higher number. Whether a theory with so 
many parameters can be called truly fundamental is at least partly 
a subjective question, that cannot be answered on any absolute 
scale. Most of us, however, would probably answer it in the 
negative. 
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