
PROC. 19th INT. CONF. H I G H ENERGY PHYSICS 

TOKYO, 1978 

P 8 Weak Interactions 

S. WEINBERG 

Lyman Laboratory of Physics, Harvard University and 
Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138 

§1. Introduction 

I will first offer a very brief review of the 
charged and neutral current weak interactions, 
and will then turn to some special topics in 
weak interaction physics. 

§11. Charged Currents 

We heard a review yeasterday by Tittel1 of 
the experimental information on the high 
energy charged-current weak interactions of 
neutrinos. In brief, everything here is in ag­
reement with expectations based on the parton 
model and the simple gauge theory. 2 

First, there is no more "high-j anomaly." 
That is not to say that quantities like B= 
\xF3dx/\F2dx and <y) are strictly constant, 
but rather, that there is no evidence for an 
energy dependence which would not be ac­
counted for by the corrections to scaling 
predicted by QCD. (I believe that this is a 
matter on which all groups are now in sub­
stantial agreement.) Thus there is no evidence 
now for a right-handed coupling of the u or d 
quarks to other quarks, and in fact one can 
use this data to put an upper limit on the 
strength of any such coupling. Barnett 3 finds 
in this way that any coupling g%(u9 b) of the 
right-handed u and b quarks must be less 
than a tenth of the usual coupling g\(u, d). 

In addition, the total cross sections are 
behaving as they should. They are linear in 
neutrino lab energy, up to the highest energies 
studied (~250 GeV). According to an analy­
sis4 by the CalTech-Fermilab group, this im­
plies a W mass greater than about 30 GeV. 

Trimuons were also reviewed by Tittel.1 

These itpN-*/*"/*"i^X events are now essen­
tially all explained by "conventional" mech­
anisms, including inner bremsstrahlung of 
pt+iu~ pairs or associated D+D~ production in 
v^N-^prX reactions.5 

Even though the word "nuclear" is no 
longer in the title of these Conferences, I 

thought that I would also say a bit about 
classic weak interaction phenomena—that is, 
beta decay and allied low-energy charged cur­
rent processes. Almost eveything that we 
know about beta decay and allied charged-
current processes is incorporated in an effec­
tive current-current Hamiltonian 

(i) 

in which the current is the sum of leptonic 
and A S=0, 1 vector and axial-vector hadronic 
currents 

(2) 

The hadronic currents are supposed to satisfy 
the chiral SU(3) x SU(3) commutation rela­
tions of Gell-Mann; among other things, this 
fixes the normalization of the currents, and 
thus allows us to give a precise meaning to 
the Cabibbo angle 6C. In addition, the cur­
rents are supposed to satisfy CVC and PCAC; 
that is, they are all approximately conserved 
(nearly exactly for JS=0; rather poorly for 
J.S=1), with the rc and K serving as Goldstone 
bosons for the spontaneously broken sym­
metry associated with Afs=0 and Af8=l. Fin­
ally, the JS=0 currents are supposed to be of 
first class with respect to their G-transforma-
tion properties 

(3) 

This whole body of classic weak interaction 
theory is a mathematical consequence of QCD 
plus the simple gauge theory of weak and elc-
tromagnetic interactions. In this framework, 
the gauge symmetry dictates tha t the W~ 
couples to the currents el x (1 + f s K >ftr z 0-+T&)v v> 
and (dcos dc-\-~s sin dc)jx{\ +rsK just as gauge 
invariance in QED tells us that Ax couples to 
eyxe. The properties of these currents can 
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then be worked out by direct calculation, and 
one finds that they must satisfy all the establi­
shed conservation, commutation, and G-
conjugation rules. Thus, there continue to 
be deep connections between the classic part 
of weak interaction theory and high energy 
physics. 

One aspect of classic weak interaction theory 
that has been studied experimentally in the 
last few years is the G-conjugation property 
of the axial-vector current. First-class terms 
in Ajs=0 give nucleon matrix elements pro­
portional to yhy\ or yhqx (where q=kv—kn) 
while any second-class terms would give a 
matrix element of the induced-pseudotensor 
form iy5(JXvg

v. The conclusion reached on the 
basis of this experimental study is that there is 
no evidence for second-class currents, and 
good evidence that any second-class terms in 
the axial current must be quite small.6 As a 
spin-off to this work, additional confirmation 
has also been found that "weak magnetism" 
has the value predicted by CVC. 7 

The absence of an induced pseudotensor 
term j^^q^ in the nucleonic matrix element 
of the axial-vector current is a nice counterpart 
to the very well known absence of an intrinsic 
Pauli moment term oXvq

v in the leptonic 
matrix element of the electromagnetic current, 
which would destroy the agreement between 
theory and experiment for g-2 values in quan­
tum electrodynamics. In both cases these 
terms would be allowed by current conserva­
tion, but are ruled out by the constraint of 
renormalizability, at least (for second-class 
currents) in the absence of strongly interacting 
scalar fields. The same reasoning also rules 
out any Konopinski-Uhlenbeck derivative 
coupling terms in the leptonic part of the weak 
current. 

The current-current Hamiltonian (1) contains 
specific non-leptonic terms, but the difficulty 
of calculating effects of strong interactions at 
low energy has so far precluded quantitative 
calculations of non-leptonic weak processes. 
In particular, the AI=\/2 rule is not yet 
satisfactorily understood. Attention has re­
cently focussed8 on a previously neglected 
term of the form (syXTad)dvFiv in the operator 
product expansion of two charged currents. 
(Here Fiv is the Yang-Mills curl of the gluon 
field, and ra is the color SU(3) generator.) 

This is a pure A1=1/2 term, but it remains to 
be seen whether its matrix elements are suffi­
ciently enhanced to account for the JI=l/2 
rule. 

§HL Neutral Currents 

Baltay9 gave a comprehensive summary here 
of the experimental data on neutral currents, 
and its comparison with the gauge theory. 
There is not much that I need to add, and I will 
only make some disconnected remarks. 

Our most detailed experimental information 
on neutral current weak interactions comes 
from data on vN and vN reactions, including 
inclusive reactions vN-+vX, \>N-+vX, vp-+vX, 
vp->vX\ elastic scattering vp-*vp, vp-*vp\ semi-
inclusive reactions vN->vnX, VN-^VTZX, and ex­
clusive reactions vN->vNn, VN-^VNTI:. It has 
been clear for more than a year now that the 
empirical cross sections for these reactions are 
in good agreement with the predictions of the 
simple gauge theory, and recent data has fur­
ther improved the precision of the agreement 
here between theory and experiment. 1 0 

The data on neutrino-electron reactions is 
less precise than for neutrino-nucleon reac­
tions, because at any given lab energy above a 
few GeV, the cross sections are smaller by a 
factor me/mN. Within the experimental un­
certainties, data on vee, v^e, and v^e scattering 
has for some time all been in agreement with 
the simple gauge theory. This spring, the 
Gargamelle group for a while observed an 
unexpectedly large rate of v^e events, but some 
of these events have been withdrawn; the large 
event rate did not appear in analyses of 
further samples of Gargamelle data; and a 
much larger data sample of the Columbia-
BNL group gave a v^e~ cross section in good 
agreement with the simple gauge theory. As 
indicated here by Baltay, 9 an average of all 
data on v^e" scattering, including that from 
Gargamelle, gives a cross section of (1.7± 
0.5) x l O " 4 2 £ v cm 2 /GeV, in excellent agree­
ment with the gauge theory prediction of 
1 . 5 x l O - 4 2 £ y c m 2 / G e V . 

The electron-nucleon neutral currents have 
been difficult to study experimentally, because 
electrons interact with nucleons electromagne-
tically, so that one must look for effects that 
are characteristic of the weak interactions, and 
in particular, for a parity violation. The 
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first round of experiments on bismuth at 
Oxford and Seattle set upper limits on the 
optical rotation that were well below the level 
expected on the basis of the original atomic 
calculations using the simple gauge theory. 
However, subsequent atomic calculations re­
vealed significant shielding corrections, lead­
ing to a large reduction in the theoretically 
expected circular polarization. Then the ex­
perimental situation itself became unclear, 
when the Novosibirsk group reported a cir­
cular polarization in bismuth in disagreement 
with the limit set at Oxford for the same fre­
quency, but in agreement with the theoretical 
results as calculated by Novikov et ah in the 
gauge theory. At this Conference, we have 
heard an indirect report from the Riga Con­
ference that the Oxford group are now ob­
serving a parity violation of the expected sign, 
and some three standard deviations above 
zero, but still in disagreement with that seen at 
Novosibirsk. 1 1 

On the basis of this experience, even if one 
did not know of the specific gauge theory 
predictions, one could only conclude that 
experiments on heavy atoms like bismuth may 
be a good way to learn about heavy atoms, 
but they are not a good way to learn about 
neutral currents. The conflict between the 
experimental values of the circular polarization 
reported from Oxford and Novosibirsk shows 
that these are hard experiments, subject to 
systematic errors that are difficult to eliminate. 
And even if the experimental conflict is re­
solved, there is still the formidable difficulty of 
calculating the circular polarization to be 
expected in a complicated atom like bismuth, 
for which theoretical results have already 
changed by more than a factor of two. 1 2 

Fortunately, this is a problem that may now be 
left to the atomic physicists to settle at their 
leisure, because a far cleaner way has been 
found to determine the electron-nucleon neut­
ral current interaction, in high energy colli­
sions of polarized electrons with nucleons. 

The deep inelastic cross sections for eN-^eX 
with left-or right-handed electrons striking an 
isoscalar target differ by a fractional amount, 
given in the simple gauge theory as 3 3 

(4) 

This asymmetry has now been measured in 
deuterium by a SLAC-Yale experiment, des­
cribed here by Taylor. 1 3 At j=0.21, they 
f ind ^ 2 = ( - 9 . 5 ± 1 . 6 ) x l 0 - 5 G e V " 2 . This 
result puts it beyond doubt that parity is 
violated in the neutral currents, and is quanti-
tavely in good agreement with the simple 
gauge theory prediction (4), which, for values 
of sin2/? in the range 0.20 to 0.25 indicated by 
vN and vTV data, yields a theoretical value 
for A/q2 in the range (-9.7 to -7.2) X 10"5 

GeV~ 2 at j=0.21. A parity violation was 
also found in hydrogen, with a value also in 
agreement with theoretical expectations, but 
with a larger experimental uncertainty. 

Apart from the gauge theory itself, the only 
theoretical input needed in deriving eq. (4) 
is the use of the parton model. Experience 
with deep inelastic electron and neutrino scat­
tering at similar values of q2 and y suggests that 
the parton model should work well here. 
Nevertheless, it is of interest to judge theore­
tically how much of the parton model is actually 
needed here. This has been clarified by a 
recent analysis by Wolfenstein.14 

First, note that the asymmetry consists of 
two terms AAV and AVA, with AAV arising from 
the product of the axial-vector electron current 
and the vector nucleon current, and AVA from 
the product of the vector electron current 
and the axial vector nucleon current. In the 
parton model, the term in (4) proportional to 
1—(20/9) sin 2 # gives AVA, and the remaining 
term proportional to 1— 4 s i n 2 # gives AVA. 
Now, without using the parton model, we 
know that AVA vanishes at y=0, and vanishes 
for all y in the simple gauge theory if sin2 6= 
1/4. As it happens, the SLAC-Yale experi­
ment was carried out at a low value of y, y= 
0.21, and we know that sin2 d is rather close to 
1/4, so in the simple gauge theory AVA is ex­
pected to make a relatively small contribution 
to A. (In the parton model, at y=0.2l and 
sin2 #=0.20, the AVA term in eq. (4) contributes 
only 8% of the total asymmetry.) Thus, it 
would not matter if the use of the parton 
model did introduce rather large errors in 
AVA; the error introduced in A would still be 
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small. 
The AV term in oR—aL involves an inter­

ference of the electromagnetic Je JN interaction 
with the Ae • VN weak neutral current interac­
tion. The electromagnetic and weak neutral 
hadronic vector currents of the simple gauge 
theory are 

with sums running over quark flavors, and 

The A V term in OR—GL then takes the form 

where Fnm is a structure function appearing in 
the Fourier transform of the target expectation 
value of the product of the vector currents of 
the nth, and mth quarks. The same structure 
functions appear in the total eN cross section 

The parton model would give Fnm=0 for 
ni=-m, because the collision of electrons with 
different quarks is supposed to lead to ortho­
gonal final states. Of course, this is just an 
approximation, because recoiling quarks of 
different type can assemble themselves into the 
same final states, but it is a reasonable con­
clusion to abstract from any sort of parton 
model. In addition, the parton model suggests 
that for nuclear targets, we may neglect Fss. 
With these two assumptions, the A V part of 
the asymmetry is 

(5) 

For scattering on an isoscalar target Fuu=Fdd, 
so without further use of the parton model 
Wolfens te in f inds 

(6) 
in agreement with eq. (4). On the other hand, 
for a proton target we need to use the parton 
model to estimate Fuu~2Fdd; Equation (5) gives 
in this case 

(7) 

Finally, the neutral currents also contribute 
to a parity violation in the nucleon-nucleon 
interaction.1 5 Unfortunately, even apart from 
the problems of dealing with complex nuclei, 
the difficulty of calculating soft gluon effects 
makes it impossible to predict the parity viola­
tion in NN or nN interactions that should be 
expected in the gauge theory. 1 6 

In all of the large number of cases where a 
comparison can reliably be made between 
theory and experimental data on charged and 
neutral current weak interactions, the results 
are found to confirm the simple gauge theory. 
It has been clear at this Conference that the 
simple gauge theory is in fact the correct theory 
of these interactions. In what follows, this 
theory will be used as a basis for the discussion 
of some topics of current interest in the physics 
of weak interactions. 

§IV. New Leptons and Quarks 

This section will deal with the weak interac­
tions of the newest particles: the r lepton, b 
quark, and further leptons and quarks. 

1. r Lepton19 

The simplest assumption is that the r lepton 
is a "sequential" lepton; that is, that e", //", 
and T~ are in three left-handed SU(2)xU(l) 
doublets 

(8) 

The primes indicate that if neutrinos have 
masses, then the v' are in general linear com­
binations of particles of definite mass. It has 
been pointed out 1 7 that the existence of a third 
neutrino is strongly indicated by the non-
observation of the neutral-current processes 
r->eee, ee/u, efi/u, or ju/iju. [If there were no r 
neutrino, then e~, p~9 and r~ would have to 
be in doublets with linear combinations of 
ve and v^r and mixing effects would give a total 
branching ratio for r-*eee, etc. of at least 
5%, in contrast with an experimental upper 
limit of 1/2%.) 

If the neutrinos are all massless, then the 
numbers of e, ju, and r-type leptons are all 
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separately conserved. This is consistent with 
the observed absence 6 0 of processes like v^N-* 
r~X. As to direct measurements, we know 
that the neutral particles emitted in r decay are 
lighter than a few hundred MeV. Fritzsch 1 8 

has pointed out that this leaves open the pos­
sibility that vv is heavier than r, and that r 
decays by mixing effects into channels like 
veiid, veud, vevee, etc., but in order to keep the 
mixing angles sufficiently small to be con­
sistent with muon conservation and univer­
sality, the T would have to be rather long-lived. 
However, the observed limits on the r lifetime 
now rule out this possibility, so that the r 
neutrino is lighter than a few hundred MeV, 
and the r does decay into vT. 

The observed properties of r decay are all 
consistent with the simple picture that (v r, r~)L 

forms a third SU(2)xU(l) doublet. Measu­
rements of the Michel parameter by the 
DELCO, SLAC-LBL, and PLUTO groups 
indicate a V minus A matrix element. Also, 
all r decay branching ratios are now in good 
agreement with theoretical expectations. In 
particular, the n~vT mode which seemed to be 
missing last summer is now observed to have a 
branching ratio compatible with the theoretical 
value. 

The semileptonic modes r->vzX have been 
the subject of a number of recent papers, 2 0 

including several submitted to this Conference. 
With (y„ z~)L an SU(2)xU(l) doublet, the 
differential rate for these modes is 

(9) 

where Q is the total energy of the hadrons 
" X " in their own center-of-mass system, and 
PV,A(Q2)&VZ the spectral functions of the vector 
and axial-vector currents of beta decay. In 
the "PCAC limit" mu=md=0 of QCD, these 
functions satisfy the two spectral-function sum 
rules 

(10) 

(11) 

while \\fiy—pA]Q2dQ2 diverges. When I dis­
cussed these sum rules at the Vienna "Roches­
ter" Conference ten years ago, it was clear 

that pv(Q
2) could be measured from the rate 

e+e~ annihilation into hadrons, but we could 
only dream of being able to measure pA(Q

2). 
Now, using r decay and eq. (9), we should be 
able to determine pA as well as p v from g 2 = 
ml to Q2=m2

T. (To the extent that strange 
particles can be neglected, we can even deter­
mine p v and pA separately without using e + e " 
annihilation; pv and pA receive contributions 
only from states with even or odd numbers of 
pions, respectively.) At the present time the 
data only allows us to test a resonance-
saturated form of eqs. (10) and (11); this 
yields 2 0 a branching ratio of 0.09 for T-^Axvt, 
in good agreement with the observed value of 
0.10±0.03. 

2. b Quarks1* 
Though not definitely established, it seems 

reasonable to assume that the 7*(9400) and 
r'(lOOOO) are bound states of a new quark of 
charge —1/3 and its antiquark. The simplest 
assumption is that this b quark forms part of 
a third left-handed SU(2) x U(l) doublet. As 
first described by Kobayashi and Maskawa, 2 1 

the three quark doublets may be written as 

where w, c, and t are quarks of definite mass 
and charge 2/3, and d\ s\ and b' are linear 
combinations of quarks of definite mass and 
charge — 1/3: 

(12) 

file:////fiy�
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of universality relations, Shrock and Wang 2 3 

have given a value |.S3| =0.28d=0.2. From the 
success of the Gaillard-5. Lee estimate2 4 of 
the c quark mass from m(K°)—m(K°), Ellis 
et ai25 estimate that |£ 2 |<0.4. From experi­
mental upper bounds on the reaction vuL-+ 
[A+bL, Barnett3 estimates that (^.Ssl <0.3 . 
Finally, if it is really true that CP violation 
arises from the phase angle <5, then the ob­
served rate of Kl-^ln would indicate that 2 5 

(13) 

These estimates have important implications 
for the decay of hadrons containing the as­
sumed Z>-quark. Quigg and Rosner estimate 
the decay rates 2 6 

(14) 

(15) 

If the observed CP violation does arise from <5, 
then (13), (14), and (15) yield a bound on the 
total b decay rate 

(16) 

At present, all we know about b decay is that 
tracks of "bottom" particles are not seen at 
Fermilab, 2 7 so that if the cross section for 
producing these particles is comparable to 
that for the T, then their lifetime must be 
shorter than about 5x 10" 8 sec. Thus we do 
not yet know if b - d or b-s mixing is strong 
enough to account for the observed violation 
of CP. 

In connection with the use of universality 
here, this is a good place to mention the work 
of Sirlin on radiative corrections.2 8 In the 
Fermi theory of beta decay, photon exchange 
between protons and electrons would produce 
an ultraviolet divergence. This problem is 
cured in the gauge theory, for both j and Z° 
exchange, by the natural ultraviolet cut-off 
provided by the and Z° masses. With 
rnz~ 90 GeV and a mean quark charge Q= 
1/6, Sirlin finds a radiative correction of 3.4% 
to the ratio of the 1 4 0 and /u decay rates, which 
yields a value of sin 6C of 0.224, in good agree­
ment with the values 0.22 to 0.23 derived from 
Ke3 and hyperon decay for small Ss. This 
radiative correction plays an essential role in 
checking universality; without it, the value of 
sin 0C derived from 1 40 and ju decay rates would 
be about 0.13! In his recent work, Sirlin has 

been able to use current algebra to avoid the 
complications due to strong interactions in 
these calculations. 

5. More neutrinos! 

We do not know of any fundamental physical 
principle which determines the number of quark 
or lepton flavors, but at least it is possible 
to put experimental limits on the numbers of 
neutrino species. These limits are of two 
types, cosmological and terrestrial. In both 
cases, the limits exploit the property of 
neutral currents, that the Z° couples equally to 
all types of neutrino, no matter how heavy are 
the charged leptons with which they are as­
sociated. 

The cosmological limit arises from consi­
derations of helium synthesis. If there had 
been a large number of neutrino flavors present 
during the first few seconds, then the energy 
density would have been greater, so the 
universe would have been expanding faster, 
less time would have been available for neut­
rons to turn into protons, and hence more 
helium would have been formed at the end of 
the first three minutes. In this way, Steigman, 
Schramm, and Gunn 2 9 find that for a cosmo­
logical helium abundance <26%, there cannot 
be more than 3 to 4 neutrino flavors. 

It is important to be clear as to what 
particles are included as "neutrinos" in the 
above limit. The relevant particles are those 
which would have been about as abundant as 
v e's or photons during the first few seconds, 
when the temperature was above about 300 
keV, and most of the conversion of neutrons 
into protons is believed to have taken place. 
Such particles can be of either of two exclusive 
types: 

(a) Particles whose collision rate became 
less than the cosmic expansion rate at a "freez­
ing" temperature T*>300keV. In this case, 
it is necessary that T7* be less than about 100 
MeV to 1 GeV, because the annihilation of 
hadrons and muons at temperatures between 
1 GeV and 100 MeV raised the temperature of 
the other particles (y, e~, e+

9 ve9 etc.), so that 
any particle that had frozen out of equilibrium 
before this annihilation occurred would after­
wards have made a relatively small contribu­
tion to the total energy density. It is also 
necessary that these particles be massless or 
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have masses rn<T*, so that they would have 
been as abundant as photons and ordinary 
neutrinos when they froze out of equilibrium. 
Finally, it is necessary that they be stable or 
have lifetimes longer than a few seconds, so 
that they would have survived until n->p con­
version occurred. 

(b) Particles whose collision rate remained 
greater than the cosmic expansion rate at least 
until the temperature dropped below about 
300 keV. In this case, it is necessary that the 
particles have masses below about 300 keV, 
so that they would have been about as abun­
dant as photons and ordinary neutrinos at 
the time of n->p conversion. However, they 
could have any lifetime. 

For instance, gravitons are not counted in 
the limit on "neutrino" types, because they 
froze out of thermal equilibrium very early, 
long before the ordinary hadrons and leptons 
began to annihilate. Semi-weakly-interacting 
particles could fall in category (b) if their mass 
is below 300 keV. 

The known neutrinos ve, vt fall in 
category (a), because they all froze out of 
thermal equilibrium at T*~\ MeV. (Even 
though it was much too cold then to allow 
charged current processes like v^e'^Veju' or 
vTe~-±veT~, thermal equilibrium would have 
been maintained down to T~ 1 MeV by neutral 
current processes like v^^e~e+++vTvT.) Note 
that if right-handed neutrinos existed, then 
they too would have to be included in the 
upper limit on neutrino flavors.30 The only 
exception would be if they froze out of equili­
brium at a temperature J7* > 100 MeV to 
1 GeV. The neutrino collision rate varies as 
T 5 , while the cosmic expansion rate varies as 
r 2 , so in order for neutrinos to have frozen out 
of equilibrium at r* = 100 MeV to 1 GeV in­
stead of T*=l MeV, it could be necessary 
for their cross sections to be about 106 to 109 

times smaller than usual. Putting aside this 
possibility, the cosmological upper limit on 
the number of neutrino flavors already makes 
it unlikely that there are right- as well as left-
handed neutrinos. 

There are also limits on the number of 
neutrino types, provided by purely terrestrial 
experiments. These limits again use the fact 
that the Z° couples equally to all neutrino 
species, irrespective of how heavy the associated 

charged leptons may be. Thus the rate for a 
neutral current transition A-^Bvv is propor­
tional to the total number Nu of neutrino 
flavors, and may approach empirical limits if 
this number is large. For instance, Ma and 
Okada 3 1 estimate that the ratio of the rates 
for e+e~-+yvv and e+e~->3y is of order 
(G*Fs*/a2x2)N„ or 2xl0~3 Nu for J s =10 
GeV. An upper limit of 10% on this ratio 
would set a limit Nu<50 on the number of 
neutrino flavors. Similarly, we could imagine 
sitting on the Y' resonance at PETRA, CESR, 
or PEP, and looking for the decay chain 
Y'^YITZ, Y-+VV. The ratio of Y-^vv and 
Y^>e~e+ can be estimated as 3 2 

(17) 

This does not appear very useful as a means 
of providing a limit on N„ but it might be 
more promising for bound states of even 
heavier quarks. At any rate, it is nice to know 
from the fact that vv emission does not 
dominate over electromagnetic processes that 
there is some upper limit on the number of 
neutrino flavors. 

§V. Scalar Fields 

Up to this point, I have left open the ques­
tion of the number of doublets of scalar fields. 
No matter how many doublets there are, one 
still gets the same successful formula mz=mwj 
cos 6 for the mass of the Z°, which sets the 
scale of neutral current coupling strengths. 
The phenomenological differences between 
having one scalar doublet or several scalar 
doublets are more subtle; this section will deal 
with some of them. 
(a) Higgs spectrum 

For one scalar doublet, there is just one 
physical Higgs boson, a neutral particle H°. 
For N scalar doublets, there are 4N-3 physical 
Higgs bosons, of which 2N—2 have charges 
± 1 , and 2iV—1 are neutral. 
(b) Higgs masses 

For one scalar doublet, vacuum stability 
sets a lower bound on the Higgs boson mass 3 4 

(18) 
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lower bound is in the range of 7.4 to 6.1 GeV. 
With several scalar doublets, (18) only gives a 
lower bound on the mass of the heaviest Higgs 
boson; in fact if the scalar part of the Lagran-
gian happened to have an "accidental" sym­
metry which is not shared by the Yukawa 
couplings, then the corresponding pseudo-
Goldstone Higgs boson would be quite light. 
Whether there is one or several scalar doublets, 
the Higgs boson masses must be below about 
1 TeV in order to keep scalar self couplings 
weak. 3 5 If the Lagrangian is scale invariant, 
then for one scalar doublet the H° has a mass 
given by \AT times the expression (18), 3 6 

and even for arbitary numbers of scalar 
doublets, there is one neutral boson, the 
"scalon," with the same mass. 3 7 Aside from 
this, it seems reasonable to expect that Higgs 
bosons generally have masses comparable to 
intermediate vector boson masses, 3 8 and in 
fact the Higgs bosons might be confused for 
W's or Z's in the first round of experiments on 
W or Z production. 

(c) CP and lepton flavor nonconservation 
For one scalar doublet, the Higgs couplings 

are uniquely given by the Lagrangian 

(19) 

the sum running over lepton and quark fields 
<p of definite mass m. This coupling con­
serves C, P, T and all lepton and quark flavors, 
so effects of virtual Higgs bosons would be 
very difficult to detect. In particular, with 
massless neutrinos and one scalar doublet the 
simple gauge theory would automatically 
conserve all lepton flavors, so that processes 
like (i-+ey would be forbidden. Also, with 
one scalar doublet, the only mechanism in the 
simple gauge theory for CP violation is the 
complex phases in the quark mixing matrix, 
such as 8 in eq. (12), and in consequence the 
neutron electric dipole moment would be very 
small, of order 10~ 3 0 ecm. 2 2 On the other 
hand, for several scalar doublets the Higgs 
couplings can be quite complicated, and could 
violate C, P, T, and/or flavor conservation. 
(However, the "scalon" mentioned above 
would have the same interaction (19) as in the 
case of one scalar doublet.) The violation of 
CP by Higgs boson exchange 3 9 is naturally 
"milliweak," and would give the neutron an 
electric dipole moment 3 9 , 4 0 of order 10~24<?cm 

to 10 2 5 e cm. (The present experimental limits 
are ( 0 . 4 ± l . l ) x 10" 2 4e cm 4 1 and (0.4±0.75)x 
10~ 2 4 ecm. 4 2 ) With several scalar doublets, 
Higgs exchange could produce lepton-flavor 
non-conserving processes. The present ex­
perimental limits on these processes are (at the 
90 % confidence level): 

(The phenomenology of other ju-+e processes 
has been studied by Kakh. 4 9 ) From these 
limits we can conclude either that there is only 
one scalar doublet, or that there is some 
selection rule which only allows one scalar 
doublet to couple to all the leptons, or that 
Higgs bosons are very heavy (above about 
200 GeV), or that muon conservation is a 
fundamental symmetry principle. 

In discussing CP violation, I have not taken 
into account the problem raised in QCD by 
instantons. I reviewed this in detail in my 
talk at the Neutrinos '78 Conference,5 0 so I will 
not go into it further here. 5 1 

§VL Grand Unified Theories 

There is no experimental motivation for a 
gauge group of weak and electromagnetic 
interaction larger than SU(2)xU(l) . Also, 
everything indicates that the strong interac­
tions are described by QCD, with a gauge 
group SU(3). But even though there is no 
experimental evidence for anything beyond 
SU(2) x U(l) x SU(3), it is attractive to sup­
pose that the weak electromagnetic and strong 
interactions are joined in a grand unified theory, 
based on a simple 5 2 gauge group G, which con­
tains SU(2), U(l) , and SU(3) as subgroups. 
The larger group structure might fix those 
physical parameters that are still left free by 
SU(2)xU(l)xSU(3). In a grand unified 
theory, the spontaneous breakdown of G into 
SU(3) x SU(2) x U(l) would be much stronger 5 3 

than the breakdown of SU(2)xU(l) into the 
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U ( l ) of electromagnetism, and hence the gauge 
bosons " X " associated with those generators of 
G that are outside the algebra of SU(3)x 
SU(2)xU(l ) would be very heavy, with rax> 
mw. These superheavy gauge bosons would 
mediate a new class of "hyperweak" interac­
tions, with effective couplings weaker than the 
usual weak interactions by factors m^/ra| . 
The topic of grand unification was assigned to 
Salam's talk, 5 4 so I will only touch on some 
general aspects of the subject here. 

An immediate question is, how large is the 
mass mx of the superheavy gauge bosons of 
G? For a simple group, the couplings should 
all become equal (up to group theoretic 
factors of order unity) if measured at energies 
of order mx. At ordinary energies, the 
strong coupling gs is of course much larger 
than the "electroweak" couplings g or g\ 
but it decreases logarithmically with the 
energy at which it is measured, so it can 
become of order g, g' at a very high energy. 
Hence mx is expected to be quite large. 
Estimates in various sorts of grand unified 
gauge theory range from a "low" value 5 5 mx~ 
104 GeV up to 5 6 m x ~ 1 0 1 6 GeV, and beyond. 
In any case, it is clear that the hyperweak 
interactions will be very weak indeed, and may 
not be detectable at all. 

As already mentioned, the larger group 
structure of a super-unified gauge theory might 
serve to fix some of the physical quantities 
which are at present free parameters. For 
instance 

(a) Z°-j mixing angle 
A simple 5 2 grand unified gauge group can 

have only one free coupling parameter, so the 
ratio tand=g'/g is fixed. However, the group 
structure fixes this ratio at energies of order 
mx; at ordinary energies, tan/9 is subject to very 
large renormalization effects. In one esti­
mate, 5 6 with the best present value of gs, the 
corrected value of sin 2# is 0.20. 
(b) Quantization of e 

For any semi-simple grand unified group G, 
the ratios of the values of any given gauge 
coupling constant for different particles will 
be rational numbers. These ratios are unaf­
fected by renormalization, whatever the value 
of mx. 
(c) Fermion Mass Matrices 

A grand unified theory may in some cases 

impose relations among the mass matrices of 
the quarks and leptons. One example of the 
sort of relation we would like to be able to 
derive is the well-known formula for the 
Cabibbo angle 

(20) 

whose numerical success is so far not under­
stood. 5 7 

(d) Small mass ratios 
It is noteworthy that a number of otherwise 

identical leptons and quarks have extremely 
different masses 

This might be explained in a grand unified 
gauge theory if some of the superheavy gauge 
bosons produce transitions 5 8 e<-*ju, u^c, d^b 
with couplings gx of order e. In this case, if 
e, d, u were massless in zeroth order, then the 
emission and absorption of superheavy gauge 
bosons would give them masses of order 

where I is a logarithm of superheavy gauge 
boson mass ratios. Since this depends only 
on the superheavy mass ratios, we can get 
reasonable orders of magnitude for the fer­
mion mass ratio even if mx is enormous. If 
the same superheavy gauge boson produced 
transitions e^/u and u^c or d<^>b, and if it 
is not too heavy, then it might produce obser­
vable rare decay processes like Z ) 0 - * / ^ ^ or 
(bd)-+iJL±e+, with branching ratios of order 
m^/mx. 

The hope is also sometimes expressed that 
a grand unified gauge theory might respect a 
left-right symmetry, which is broken when the 
grand gauge group breaks down to SU(3)x 
SU(2) X U(l). However, we know of no neces­
sity for such a left-right symmetry, and in fact 
it leads to problems in dealing with neutrinos. 
If a left-right symmetric theory distinguishes 
fermions and antifermions, then for each left-
handed neutrino ve, vT, there must be a 
right-handed neutrino (as opposed to anti-
neutrino) as well. This gives 6 neutrino 
Species, which already exceeds the cosmological 
l imits 2 9 , 3 0 discussed in Section 4. (However,, 
as mentioned there, these limits would not 
apply if the cross sections of the right-
handed neutrinos were less than usual neutrino 
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cross sections by a factor 10~6 to 10~9, which 
would require that the interactions of right-
handed neutrinos be mediated by gauge bosons 
with masses above 102 to 103 times mw.) A 
left-right symmetric theory also risks giving 
the neutrinos masses in excess of present 
limits. 5 9 Perhaps we should be satisfied with 
TCP, as the only really essential symmetry 
between right and left. 
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