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& this addendum there is a short discussion of the 9.5 GeV resonance re- 

ported by Lederman for the Columbia-Fermilab-Stony Brook group (CFS) at 

this conference, as well as a listing of some new neutrino data also reported 

here and corrections and additions to references. 

An unfortunate oversight in this. report was the omission of the earliest 

references for the SU(2) X SU(2) X U(1) model. The model was first discussed 

by Pati and Al Salam and by Fritzsch and Minkowski. A2 

One of the interesting features of the CFS 9,5 GeV resonance produced in 

PP - /J+F- + X is that it appears to be wider than the experimental resolution, A3 

It is, however, consistent with two resonances separated by several hundred 

MeV, At first glance this might suggest two new quarks, However, there are 

two different arguments why the two resonances may be just T and To (a radial 

excitation) 0 These involve different assumptions about the mode of production. 

Consider, first, Z/J production in pp collisions, The $ may be produced di- 

rectly or (as suggested by Einhorn, Ellis, Quigg A4 and Carlson, SuayaA4) in- 

directly, occurring dominantly through ep (=Jlp-wave) production and decay to 

$., Clearly $’ cannot be produced via the indirect mode since it is heavier than 

$p’ 
Ellis, Gaillard, Nanopoulos, and Rudaz, A5 proposing the direct mode, as- 

sume that $ and T are produced by a Drell-Yan type mechanism, Ax - &for 

some constituents A. The production cross sections are proportional to 

~(PP - # + X) B ($ - /J+/J-) a m~3@m+/fi)r(’ +FT$)<(zli; hadronsr 

where 9 is the luminosity for Ax collisions and is taken from the excitation 

function for $ production. As a result EGNR find $I/$ relative production (and 

decay to /J’P-) of a few percent, T’/T of 30% (for b quarks) and ??/z,!J of about 

20 x 1o-5 (for b quarks) 0 

The indirect mode of T production makes use of the result of Eichten and 

GottfriedA6 that Tp and T’;, (and 7”‘) are both below the threshold for Zweig- 

allowed decays. Clearly it follows that T and T’ can be produced by the decays 

of Tp and ?.‘b respectively (unlike the case of $ and #I)., 

It should be noted that neither the direct nor the indirect mode implies 

equal pp and pp production of e0 First, a different production mode may 
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dominate ppO Second, the direct and indirect modes may occur via the Aa - 

(z) or $) process. With this latter assumption, S. Ellis and I have estimated 

the cross sections via the indirect mode (see also Ref. A’7) 

With this we obtain T’/?? of about 40% and T/z,0 of about 5 X 10m5 (for b quarks) 

compared with 20 X 10 -5 from EGNR and 3 X low5 from experiment. Theory 

increases by a factor of about four for top quarks, but these calculations are so 

crude that one cannot make any judgements on the charge of the quark and must 
+- rely on future results from e e experiments. 

Therefore the CFS resonance may be the unresolved combination of T and 

T’, whose splitting Eichten and Gottfried A6 predict to be 400 MeV, 

Many features of heavy quark states (b6, db, etc.) have been discussed in 

Refs. A5-A8, They are fine tools for testing linear potential models, asymp- 

totic freedom, and Zweig’s rule. Below I always assume T = b6. Eichten and 

GottfriedA6 estimated I’(T -p+~-)=0.7keVandI’(T*-~‘~~)~=004keV. One 
+- 

can also do a naive phenomenological fit to the p, w, +, and $ decays to e e 

which gives the widths proportional to charge squared over m 1/8 ; this gives 

I’(T - p+p-) = 1 keV, 

Using a leptonic width of 0. ‘7 keV, I calculated A8 an integrated area for T 

in e+e- annihilation of 130 nb-MeV compared to 10,000 nb-MeV for q0 For a 
resolution of 15 MeV (expected at PEP and PETRA) this gives a signal to back- 
ground for r of 2/l compared to 250/l for $ (the background is proportional to 

resolution). Clearly T will not be nearly so easy to see as ZJ but will not be 

missed 0 
The leptonic width, 0.7 keV, yields F(T - y - hadrons) = 3,5 keVif R=5. 

However, the calculation of F(T - glue - hadrons) involves some- more severe 

assumptions, It is assumed that the three-gluon calculation is a reasonabie ap- 

proximation (which is not certain) ., Then one must choose the value of the 

strong coupling as where 

12?r o! z 
S 25 log(s/A2) 
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Eichten and Gottfried A6 took as from the potential calculations with 

cYs(fi= 30 1) M 0,2 (or A = 0.07 GeV). As an alternative, S. Ellis and I take as 
fromgp and e+e- scattering with as(&= 3.1) M 0.4 (or A = 0.5 GeV). With A = 
0.07, EGNR obtain I’@?(Y) - glue - hadrons) = 14 keV (9 keV) while we obtain 
6.6 keV (3,7 keV) with A = 0.5 GeV, Also Eichten and GottfriedA6 obtain 
ryrt -. yTp) = 8 keV,while different methods give 1 or 2 keV. 

Assuming the CFS resonance is b6, what are the weak couplings of b? Cer- 

tainly the coupling (u, b)R through W is forbidden by the neutrino results dis- 

cussed in this report since m b M 5 GeV, 
However, right-handed currents for b are not ruled out (and are worth con- 

sidering in light of the atomic-parity-violation experiments) 0 For example, all 
of the following couplings are allowed: 

and even (u, b)R may be allowed if the coupling is not through the usual W boson 

but through a Wp boson, 

Of course, the b quark may well have left-handed couplings (or both left- 

and right-), such as: 

U 

or d 0 bL 

All of the SU(3) triplets shown here could lead to trimuon production if the cou- 

pling (p-8 zJ $ MO) also exists (see trimuon section) 0 The couplings (c, b) and 
(t, b) are likely to lead to decays of b through c. 

Each model discussed in Set, I has a candidate for the CFS quark (A - b, 

B-g, C -berg, D-b, E -berg, F-b). 

New neutrino results were announced at this conference,, For deep-in- 
elastic neutral currents (see Fig. l), Cundy reported for BEBC .- 

R, = 0,33 f 0004 Rv = 0,45 * 0.07 

and Steinberger for CDHS 

R, =0,30*00,015 Ri;=0,38*00,03 
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For deep-inelastic charged currents (see Figs, 6 and 7), Cundy (BEBC) re- 

ported (for E in GeV and a/E in 1O-38 cm2/GeV): 

Energy @‘)/E Energy &)/E Energy Rc 

20 - 60 0065 rtO.06 20- 60 0.26 f 0.03 40 0.40 f 0006 

60 - 100 0056 f 0005 60 - 90 0025 f 0,03 75 0045 * 0.06 

100 - 150 0061 f 0,05 90 - 190 0032 f 0,04 145 0056 f 0008 

150 - 190 0,51 f 0,05 

Steinberger (CDHS) reported the <y> was approximately constant at 0.32 for 

E = 30-200 GeV and Rc was approximately constant at 0,44 for E = 25-200 GeV; 

study of systematics in cross sections is still under way, 
I would like to acknowledge valuable conversations with D. Cundy, S. Ellis, 

J. D, Jackson, K, Kleinknecht, D. Nanopoulos, and J. Steinberger, I thank 

the CERN theory group for their hospitality. 
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I. Introduction 

The minimal group for gauge theories of the weak and electromagnetic 

interactions is SU(2) x U(1) (discussed by Weinberg and Salam’ (W’S)). Two 

_ 

models in this group (see Table 1) have done remarkably well in accounting for 

a very large variety of phenomenology. Model A (of WS and Glashow, Iliopoulos 

and Maiani2 (GIM)) has only left-handed currents. Model B (discussed by vari- 

ous authors3-6 ) has both left- and right-handed currents. No other SU(2) x U(1) 

model7 seems likely to agree with experiment. 

However, even these two models have shortcomings. Model A appears to 

be in serious conflict with experiments8 which find little or no parity violation 

in electronic transitions in heavy atoms. In Model B the required lack of 

mixing between b and d or s quarks (to avoid strangeness-changing neutral- 

currents) has been called Y&naturalw . 9 If the reported observation 10 in neu- 

trino scattering of trimuon events (above background) is confirmed, both models 

might have difficulty accounting for them. 

As a result, many authors 11-18 have considered other groups. Here I will 

examine four 11simple’1 extensions (shown in Tables 2, 3 and 4) based on higher 

These are from SU(3) x U(1) (Model C of Lee and Weinberg 13 groups. and ” 

Model D of Barnett and Chang 14, I5), f rom SU(3) xSU(3) (Model E of Giirsey, 

Ramond and Sikivie l6 and of Bjorken and Lane17), and from SU(2) x SU(2) x U(1) 
(Model F of De Rujula, Georgi and Glashow” and of Mohapatra and Sidhul’). 

There are other versions of these models not considered here, and there a-re 

different models which are also interesting; it is my purpose only to discuss a 
\ sample of extensions of SU(2) x U(1) models. 

Among other models of interest (which I do not have time to discuss) are 

the SU(2) x U(1) x U(1) model of Fritzsch and Minkowski, 18 the SU(3) models of 

*Work supported by the Energy Research and Development Administration. 

(Invited talk presented at the European Conference on Particle Physics, 
Budapest, Hungary, 4-9 July 1977.) 
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Table 1. SU(2) x U(1) Models (mixing angles neglected). 

Model A (Refs. 1 and 2; expanded version) 

- (ud)L - (i,, (k,, UR’ ‘R’ !R’ dR’ ‘R’ bR 

6e), (;)L (:z), eR’ ‘R’ ‘R 

Model B (Refs. 3-6) 

Table 2. SU(3) xU(1) Models (mixing angles neglected). 

Model C (Ref. 13) 

tL’ vL 

t 0 b 

dR 

Model D 

U 0 d 

bL 

(Refs. 14, 15) 

0 
E 

dR 
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Table 3. SU(3) xSU(3) Models (mixing angles neglected). 

Model E (Refs. 16, 17) 

(u s b) R (c d g), 

Table 4. SU(2) x SU(2) x U(1) Models (mixing angles neglected). 

Model F 

U 0 dL 

m - ‘e 

(-) e L 

and ? 

(Refs. 11,12) 

(3, (3, (u bjR tc ‘)R ct d)R 

(;)L (jL tEo e-)R . v” T-)R 

MO ( -> M L 
(NM, M-JR 

Fritzsch and Minkowski 18 and of Horn and Ross, 15 the SU(6) model of Abud 

al., et 18 and the SU(8) x U(1) model of Pakvasa et al. 18 Furthermore there -- 
are models involving integer-charge quarks which I do not consider here. 

Given the remarkable success of SU(2) x U(1) models, it is attractive to 

retain the basic features of that group. It will be seen that Models C and-E 

resemble Model A, that Model D resembles Model B, and ,that Model F resem- 

bles a purely vector model. 

Each of these models (C, D, E and F) is free of triangle anomalies. The 

suppression of strangeness-changing neutral-curren’is is “natural” 9 in the 

sense that no paramete r is arbitrarily made small; this suppression usually 



-4- 

is obtained through imposition of discrete symmetries. The universality of 

the Gee, Fpp and iid coupling strengths is assured in each model. In some 

cases I2 the Cabibbo angle is related to quark mass ratios. CP viol&on 

occugs although usually without any explanation of its small magnitude. There 

is no means to calculate the masses of b quarks or heavy leptons, and in each 

case there are other parameters which can only be determined experimentally. 

By the introduction of higher groups, one has introduced additional gauge 

bosons, both charged and neutral. Among the neutral bosons can be those 

which change flavor. In the old SU(2) xv(l) models, there are two charged 

(W+ and W’) and two neutral (2’ and photon) bosons. In the tables, I have used 

the following conventions in every case: fermions in columns are coupled by 

W, V or U and fermions in rows by W’, V’ or U’; the first and second fermions 

in a column (row) are coupled by W (W’), the first and third by V (VT) and the 

second and third by U (U’). 

In the SU(3) x U(1) models (C and D) there are nine bosons, w’, v*, z”, 

Y”, U”, v” and y (or A). The 2, Y and A can be written as: 

zp =Lose 
h2( 

3 ($3 Vl + Vi) - sin S3Vl 

$ vf - $3 v*y 
A’ = i sin O3 ($3 V[ + V8’) I- cos e3 vop 

where the V,” (Vo”, interact with the currents - 

wf = (Vl T iv,)/*, etc. The quantity y E Q-I,- y1 which are defined in Sec- 

tion II. 

Model E (SU(3) x SU(3)) has 16 gauge bosons, but most of them are quite 

heavy. Model E is similar to Model A except that the electron and muon have 

both left- and right-handed couplings through W, and their neutral currents 

are vector. 

Model F has seven bosons, W’, W’*, Zl, Zt and y (or A). A unique 

feature of this model is that ZA is an axial-vector boson and Zv is a vec+&r 
boson which guarantees that most neutral currents are parity-conserving; how- 

ever, neutrino and antineutrino cross sections need not be equal for neutral 

currents since the neutrino is an exception. The W’ is somewhat heavier than 

the W. In Model F the ZA, Zv and A can be written as: 

z; = (ti3L - 3&-2 
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Z; = cos B2 ($L + $R)/J2 - sin e2 BP 

A'= sin02 ($L +#3R)/& + costI2 BP 

In?his review I will consider the phenomenology of the four new models 

(C-F) in contrast with that of models A and B. Much of the discussion is 

applicable to other models not discussed here. Included in the discussion will 

be the neutral-current phenomenology (neutrino-nucleon deep-inelastic, 

neutrino-proton elastic, neutrino-electron elastic and atomic parity violation). 

The charged-current neutrino scattering section includes discussion of the y- 

dependence, the ratio of Y to v cross sections, dilepton production and tri- 

lepton production. Other topics are also discussed. 

II. Neutral Currents 

A. Calculations 

In Model C the diagonal neutral currents (k, ad, ee, iv, etc. ) occur 

through both the Y” and Z” bosons. In Model D the mass eigenstates are Zy 

and Zi which are mixtures of Y and Z. From the neutral-current phenome- 

nology, these mixtures are approximately: 

1 d-3 Z1=yjY+-p 

z2= 43 TY-$z 

The coefficients of Y and Z couplings relative to couplings to W can be 

written for each fermion (of each handedness) of Models C and D as: 

-G3 
a 

- 3Y’) for Y” 

2m” ( 
. 2 

cos e3 I3 + Y’ - Q sin e3 > for Z” 

where Q is the charge, 13=1/2, -l/2, 0 and y’=1/6, l/6, -l/3 for the first, 

second and third fermion in each triplet; cos2 e3 = g2/(g2-kgT2/3) is analogous 

to cos2 ~9~ in SU(2) x TJ(l) theories. bne can see that in Model C neutrino scat- 

tering and in Model D electron scattering do not occur via the Y”. 

In calculating scattering in Model C, one uses the mass ratios 

2 
mW=3 

2 4 
mZ 

~0s~ e3 

v2 

, 

2 
mY -7=3 

mZ 

cos2 e3 (1-7j2) 
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The parameter q 2 can vary from 0 to 1 and is related through the Higgs struc- 
‘2 ture of the model to fermion masses (but n is not well constrained). Best fits 

are obtained 13 with sin2 e3 x 6.25 andn2=0.85. 

Fe;r Model D the mass formulae are not quite so simple. The best fits are 

obtained14 with 

sin26J3 = 0.5 , 

2 
mW -= 0.636 , 2 

mZl 

2 

mZl - = 0.451 2 

mZ2 

In Model E the neutral-current couplings of all quarks and of the neutrino 

are very close to those of lMode1 A (since most gauge bosons are quite heavy). 
The electron and muon have vector couplings similar to those in Model B. 

In Model F the coefficients of ZA and Zv for each fermion are propor- 
tional to (for left- and right-handed): 

for ZA 

for Zv 

where cos2 82 = g2/(g2+2g12) and 13=1/2, -l/2 for the first and second mem- 

bers of doublets. 

The mass ratios for Model F are: 

2 2 

mW 1 mZ 
-=v A= l+E 

2 l-tE ’ 2 1- 
c0s2e 

2 

mZA mZV 

where E can vary from 0 to 1 and is related (through the Higgs structure of the 

model) to fermion masses. Best fits 11 are obtained with sin2 6 2~0.4 and 

EWO.0. 
B. Deep-Inelastic Scattering 

The results of neutral-current deep-inelastic scattering experiments 39 

along with model predictions are shown in Fig. 1. For Models A and B a 

range of. values of sin2 ew are shown. For Models C-F only the particular 

values of the parameters which give the best fits to all neutral-current phenom- 

enology are shown. Asymptotic freedom corrections 20 induce 5 or 10% changes 
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which increase (decrease) the theoretical values of Rv (IL). 
V 

The b quark has 

been assumed heavy enough not to affect these results. 

Clearly all of the Models A-F agree with the data while a purely vector 

model pnnot. There is not complete freedom to fit data because of the addi- 

tional parameters of higher groups. For example, no set of parameters in 

Model D can yield o(~~~)/cJ(v~v)< 0.634. 

C. Elastic Neutrino-Proton Scattering 

Unlike the deep-inelastic scattering, the elastic neutrino-proton scatter- 

ing provides a test which differentiates the models discussed here. While 

present HPW data21 shown in Fig. 2 (and ClR d&a22 for Rv which is consis- 

tent with HPW) do not rule out any models, within a few months they will 

report results with much higher statistics and with a complete analysis of 

background. There should then be a clear test of these models. 

The q2 dependence reported by these groups does not distinguish among 
these models. All obtain q2 dependences consistent with the data. 

D. Elastic Neutrino-Electron Scattering 

At the present time there are three experiments measuring elastic 

neutrino-electron scattering, all with quite low statistics, which are not 

entirely consistent with each other. These data 23 are shown in Fig. 3. For 

vpe and cpe scattering the upper and lower limits of the Gargamelle experi- 

ment are shown; the average values of the Aachen-Padua data are in both 

cases very close to the upper limits for Gargamelle data. 

Given the poor statistics and difficulties in estimating backgrounds, 

model-builders should probably be concerned only with obtaining approximate 

agreement with these experiments. It is, however, a crucial point to distin- 

quish (experimentally) whether neutrino and antineutrino cross sections for . 

this process are equal. Model F which has no atomic parity violation, has non- 

equal cross sections. Present experiments are not clear on this point. 

E. Atomic Parity Violation 

Experiments searching for evidence of parity violation from weak neutral- 

currents in atomic phenomena have been reported. 24 These experiments have 
been performed with a heavy atom, Bismuth, for which the term 

J”A edronic 

dominates (where A and V refer to axial-vector and vector). Since Models B- 

F have a vector electron, they expect no contribution from this term. Model A, 
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I ” ‘1 ’ 1 ’ II 

0 0.1 0.2 0.3 0.4 
*-.a RY 

Fig. 1. The ratio o(vN-vX)/ 
a(vN- ,uX) for anti- 
neutrinos vs. that ratio 
for neutrinos. Several 
values of sin2 eiu are 
shown for Models -4 and 
B but only the best points 
for Models C-F. Data 
from Ref. 19. 
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RF 

0.2 

0 
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0 0.1 0.2 0.3 

b >a.,., 

Fig. 2. The ratio of neutral (elastic) to 
charged (quasi-elastic) current 
cross sections for antineutrinos 
vs. that for neutrinos. Data 
from Ref. 21. 

‘j’,, e . Model A 
---vpe, 0 Models B-E 
---Fee ..” uw., 

Fig. 3. The limits placed on gA and g 
Y 

by ve scattering. 
Outer (inner) lines indicate 90 ‘0 confidence upper 
(lower) limits. The best value for Models B-E 
is shown in the middle of the upper shaded region. 
Those shaded regions are the overlap or allowed 
regions for gA and gv. Model F coincides with 
sin2 Ow=O. 3 for Model A. Data from Ref. 23. 
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however, predicts an optical rotation of abott -30 x 1O-8 radians ( the Washing- 

ton and Oxford experiments use different transitions so that the actual numbers 

differ by a factor of about 3/4). The most recent results reported are 
(-0.7 *.. 2) x 1o-8 (Washington) and (3.2 f 4.6) x 10m8 (0,uford). Despite some 
question about theoretical calculation of this number, the discrepancy between 

Model A and experiment is now so great that one.should take this result 

seriously. 

Clearly, however, the proposed experiments on hydrogen are vital since 

the theory is clear and in addition the other term 

J”v JhAadron 

can be measured also. These experiments will be quite difficult, and results 

are probably more than a year away. Predictions of the models for the param- 
eters of Cahn and Kane 25 are shown in Table V. Note again that Model F gives 
no parity violation at all while Model D has a very small violation. 

Table 5. Hydrogen Parity Violation. Parameters 
Described and Calculated by Cahn and Kane. 25 

Model 
clP ‘In C 

2P 
C 2n 

A -0.17 -0.50 -0.21 +o. 21 

B 0 0 0.13 -0.28 

C 0 0 0.22 -0.10 

D 0 0 0.04 -0.12 

E 0 0 0.42 -0.42 

F 0 0 0 0 

F. Polarized e-p Deep-Inelastic Scattering 

There is an experiment 26 starting at SLAC to measure polarized electron- 

proton deep-inelastic scattering at a level sufficient to provide another test of 

neutral-current couplings of electrons and quarks. The predictions of the 

models are shown in Fig. 4; experiment will measure the y region from about 

0.15 to 0.50 with an accuracy for the parallel-antiparallel difference-sum 

ratio of about &O. 06 on Fig. 4 (where it should be emphasized the units are 

such that -1.0 on Fig. 4 corresponds to -16. x lo-’ xQ2 with Q2 in GeV2 and 

equal to about 1 GeV2 for this experiment). The calculations shown here are 

those of Cahn and Gilman. 27 



III. Charged Currents 

A. Cross Sections 

-lO- 

For some time now there has been debate on whether there is an anoma- 

lous behavior 28 for antineutrino charged-current cross sections, both in their 

magnitude and in their y dependence as a function of incoming energy. Simul- 
taneously there has been discussion on whether such anomalous behavior can be 

understood as the scaling violations 29 expected in asymptotically free theories . 
or alternatively whether there was evidence for a heavy quark b of charge 

-l/3 which has a right-handed coupling to u quarks. Given the results in both 

electron-proton deep-inelastic scattering and in electron-positron annihilation, 

it is safe to say there are scaling violations which should appear in antineu- 

trino scattering as rises in both a/E and q> with increasing energy. While 

the asymptotic freedom calculations involve several approximations, there is 

general agreement 29 on the approximate magnitude of the effects in o/E and 

w. Irrespective of the existence of b quarks, these quantities should 

increase with ener,gy. 

The data28 are shown in Figs. 5 and 6 along with the expectations for 
models with and without a (u, b)B coupling but always with asymptotic freedom 

corrections. It is clear that while the early data of HPWF indicate a need for 

a quark b of mass about 6 GeV, the later data of CF and CDHSB which have 

greater statistics and higher energies, rule out any b quark of mass less than 

8 GeV which couples with full-strength to u quarks (right-handed). While 

there is no direct evidence for b quarks, it should be emphasized that there is 

no evidence against b quarks greater than 9 GeV, and no evidence against 

lighter b quarks which do not couple to u quarks or couple with reduced 

strength (as in Model F). In Model D for example another quark (g), which 

might be quite heavy, couples to the u quark while b couples to c (and to d 

through the heavy U” boson); this b quark could be as light as 4 GeV. The CF 
results28 show the absolute cross sections also (see Fig. 7) and again, they 

are consistent with no b quark. 

Given the present data, gauge theories need not have the (u, b)B coupling, 

but it is not ruled out. 

B. Dimuons 

The questions of the existence of b quarks and heavy leptons can be 

addressed through consideration of dimuon production in neutrino scattering. 

One of the best tests2’ for b quarks is the ratio of dimuons to single muons 
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Fig. 4. The parallel-antiparallel asymmetry for polarized 
electron-proton scattering. See text for units and 
discussion. Curves are model predictions calcu- 
lated by Cahn and Gilman. 27 

0.6 I I I 

. HPWF 
A FSMM 
0 CF 

CN -/.L+ X 

0 50 100 150 200 
a-7, L (GeV) IxR** 

Fig. 5. The average y vs. E. Theory curves include asymp- 
totic freedom corrections. Data from Ref. 28. 
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0 40 80 120 160 200 
LX-77 Ev (GeV) ,044*1 

Fig. 6. The cross section ratio vs. E. Theory curves 
include asymptotic freedom corrections. Data 
from Ref. 28. 

0.6 , I I I I 

0.6 

Fig. 7. The cross sections vs. E. 
Theory curves include 
asymptotic freedom cor- 
rections. The upper T; 
curve includes a b quark 
of mass 6 GeV. Data 
from Ref. 28. 
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for antineutrinos divided by that ratio for neutrinos. Most cuts, efficiencies 

and branching ratios cancel out, with the exception of the branching ratio to 

muons of b quarks relative to c quarks. Asymptotic freedom corrections play 

an impprtant role when (and only when) hadrons with b quarks are produced as 

can be seen in Fig. 8. However, with the new data 30 of CF and CDHSB (see 

Figs. 9 and 8), it is clear that these results like those of the last section, 

indicate that b quarks with (u, b)R couplings must be heavier than 8 or 9 GeV, 

unless the branching ratio to muons of b quarks is surprisingly small. It is 

very difficult to imagine that the branching ratio to muons of b quarks should 

be more than a factor of two less than charm. 

H b quarks are produced which decay to muons, those muons should have 

pI which are considerably larger than that of muons from charm decay (almost 

in proportion to their relative masses). No such phenomena have been reported 

yet. 

Most sources of trimuons lead to dimuon signals which may be different 

from ordinary dimuons. 31 Model C can have p+ps in both v and ‘; scattering. 

Model D will have p-p- in v scattering but less frequently in ‘; scattering. The 

rates are dependent on several factors but especially on the trimuon rate 

which is certainly not well determined. 

C. Trimuons 

Three experiments 32 have reported trimuon events in neutrino scattering. 

While it is not yet absolutely certain that these handful of events are not back- 

ground, theorists have produced many papers 33 on the subject. It is difficult 

to reach strong conclusions from distributions containing a handful of events. 

Nonetheless if the signal is real, we can anticipate increasing statistics to 

which present analysis can be applied. Most (but not all) authors have argued. 

that the five (clean) events of FHPRW do not appear to have characteristics 

indicating two of the muons were of hadronic origin, see for example Fig. 10. 

These authors have suggested that all three muons may be of leptonic origin 

as in the production and decay of a charged heavy lepton into three muons (plus .- 
other particles). 

However, Chang and I have shown that the present limited data are equally 

consistent with one muon being of hadronic origin (and two leptonic), see again 

Fig. 10. There are distributions which with higher statistics could distinguish 

the source of trimuons, such as Fig. 11. Chang and I had in mind the simul- 

taneous production of a heavy neutral lepton (which decays to two muons) and 
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Fig. 8. The ratio of dimuon ratios vs. E. Solid curves 
contain asymptotic freedom (AF) corrections. 
Data from Ref. 30. 
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Fig. 10. The angle in the plane transverse to the incoming 
neutrino between 52sjZ3) and ‘j7 where 1, 2 and 
3 label the fast ,u-, slow p-, an ii ,LL+. The dotted, 
dashed and solid curves have two, one and zero 
of the three muons from the hadronic vertex. 
Data of Ref. 10. 
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trino’s visible momentum and all other terms 
defined in Fig. 10’s caption. 
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a b quark (which decays to one muon). This mode gives different charges (--+) 

in antineutrino trimuon production than heavy charged lepton decay (-++). 

One interesting point is that the most remarkable trimuon event (FHPRW 

event &l9 with muon momenta of 157, 32 and 47 GeV/c) cannot be accounted 

for by any of these trimuon modes. Even if one lowers all momenta of this 

event by a standard deviation, all modes have less than one chance in 104 of 

producing this event (or events with higher momenta) compared to the other 

trimuon events. 

IV. Other Phenomena 

Lepton mixing 34 (leading to processes such as .u - ye) can occur in most 

of the models discussed here, but there usually is great flexibility in deter- 

mining the rates for experimentally observable processes. Nonetheless, 

measurement of such processes will provide important restrictions for model- 

builders. 

_ 

Model E which does not have a coupling (u, b)R through the usual W boson, 

has a quark b which has only semileptonic decays (including b - sv3). In 

models such as this without (u, b)R the b quark could be as light as 4 GeV and 

only experiments at PEP, PETRA and CESR will detect it. There is no physi- 

cal or aesthetic reason to expect the number of quarks to be limited to four, so 

searches at these e+e- colliding beam experiments are quite important. 

Given the discovery of the 1.9 GeV heavy lepton T- (included in all models) 

and the possible new heavy leptons giving trimuon events, there is further 

motivation for e+e- searches. Even neutral heavy leptons might be easy to 

detect there. Several models give 
- 

+- ee --E 0 0 0 or EE 

where E” can decay to e-r’, e7m, epv, etc. 

I believe there is much excitement ahead for us for the next few years. 

There are a wide range of experiments which hopefully will provide much 

insight. While present gauge theories may not survive, it is to be hoped they 

provide useful tools for investigating and understanding the structure of weak 

and electromagnetic interactions. 
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