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§1. Introduction 

In the usual current-current theory of the 
weak and electromagnetic interactions, the 
interactions can be classified as: 

a. The electromagnetic current, such as 
(e~, e + ) , (/?, p), ( 7 T + , 7 T ~ ) , etc., which is respon­
sible for the electromagnetic interactions. 
The properties of this current are that it 
is charge conserving (dQ=0), has a pure 
vector spatial structure (V), and has isospin 
1=0 and 1 parts. 

b. The weak charged current, such as 
(e~, ve), (//", (n, p), etc., which is respon­
sible for the weak decay processes and the 
first neutrino interactions that were observed. 
This current is charge chaning ( J g = l ) , has a 
V-A structure, and is isospin /= 1. 

c. The weak neutral currents, such as (e~, 
e + ) , (y, v), (/?, p), etc. This is a charge con­
serving (JQ=0) or "neutral" current. Its 
spatial (V, A, S, P, T?) and isospin ( / = ? ) 
structure is the subject of a large portion of 
this talk. 

Until 1971-72, the weak neutral currents 
were widely believed to be absent in nature, 
in part due to the low experimental limits on 
various processes such as K ± - > 7 r ± + e + + e ~ 
or K£-> / / + + / / ~ , or vp—^vp. However, in 
1973-74 weak neutral currents were discovered 
experimentally in elastic neutrino interactions 1 

and in single pion production processes by 
neutrinos. 2 In the past four years, a great 
deal of data on neutral currents has been 
accumulated, so that for the first time at 
this Conference, we can say that the main 
features of the neutral current interactions 
are understood. 

The discovery of neutral currents was strong­
ly motivated by the Weinberg-Salam model 3 

(W-S), and this model together with the 
Glashow-Iliopoulos-Maiani 4 (G-I -M) charm 
scheme gives an adequate description of all of 
the experimental data. In §11. A of the talk, 

the survey of the experimental situation, the 
experimental results will be compared with the 
prediction of the W-S model. In §11. B, the 
determination of the neutral current coupl­
ings, a "model independent" analysis will be 
followed, not assuming any specific model 
but using the experimental data to determine 
the relevant neutral current couplings. As 
we will see, the couplings obtained are just 
those of the W-S model. 

In order to be able to discuss the predic­
tions of the W-S model meaningfully, and 
introduce the terminology, we give here a 
very brief outline of some features of the 
model. The model introduces, among other 
things, four intermediate vector bosons : 

Isotriplet W+ WQ W~ 
Isosinglet B° 
The neutral members of these bosons mix 

to give the physical Z° and the r : 

where 0 is a mixing angle (the Weinberg angle) 
to be determined by experiments. The W± 

mediate the usual charged current weak interac­
tions, the Z° mediates the neutral current weak 
interactions, and the y mediates the electro­
magnetic interactions. 

The mixing angle can be expressed in terms 
of the coupling constants of the intermediate 
vector bosons to leptons: 

g —coupling constant of isotriplet to leptons, 
g'—coupling constant of isosinglet to letpons. 
In terms of these coupling constants, 

The electromagnetic coupling constant is 

and the ratio of the electromagnetic to the 
weak coupling constants is 

The Fermi coupling constant G can be ex-
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pressed in terms of the above coupling con­
stants and the intermediate boson mass, Mw, 
as 

or 

and similarly for the Z° : 

Thus the masses of the intermediate bosons 
are given in terms of the known constants e 
and G and the single free parameter of the 
model, sin2 6. For values of sin2 6 near 1/4, 
the masses are predicted to be 

This model predicted the existence of weak 
neutral currents. However, experimentally 
strangeness changing neutral currents were 
known to be absent in K decays. This 
motivated the G- I -M mechanism, in which a 
new hadronic quantum number, charm, was 
introduced to cancel out the strangeness 
changing neutral currents, while allowing 
strangeness conserving neutral currents. In 
quark language, this implies the introduction 
of a fourth quark to the still undiscovered 
triplet of quarks, as follows 

In order for this cancellation to work, the 
couplings between the quarks in terms of 
the Cabibbo angle must be 

Z/-+COS 0c(d+ ^ + ) + s i n 6c(s+ W+) 
c-+sin 0c(d+W+)+cos dc(s+W+). 
The G- I -M charm scheme also predicetd 

the existence of a new family of charmed 
hadrons. This seemed to be a problem until 
just recently when charmed particles were 
indeed found experimentally. Note that the 
above coupling scheme implies that charmed 
particles will decay predominantly into strange 
particles. 

In the W-S model, the cross sections and 

other properties of the weak neutral current 
processes are determined in terms of the single 
free parameter, sin2 0, For example, in the 
purely leptonic neutrino-electron scattering 
processes 

the differential cross section is given by 

where y=Ee/E„ the ratio of the energy of the 
final state electron to the incident neutrino 
energy. The constants gv and gA are, for the 
four processes : 

Thus the purely leptonic processes are com­
pletely determined in terms of the single param­
eter, sin2 and a theoretically unambiguous 
interpretation of the experiments is possible. 
For processes involving hadrons, however, 
uncertainties of varying degrees creep in due to 
hadronic form factors and other poorly un­
derstood features of hadronic interactions. 

§11. Neutral Current Interactions 

A. Summary of the experimental situation 
Table I summarizes briefly the neutral cur­

rent processes that have been experimentally 
studied with some comment on the difficulty 
of the theoretical interpretation. Unfortunate­
ly the theoretically cleanest processes are the 
most difficult to study experimentally because 
of their very low cross sections. 

We now proceed to a discussion of the 
experimental status of the processes listed in 
Table I. 
1. Purely leptonic processes 

i. The process, v e + e " - > v e + e ~ , has been 
detected by Reines et al.5 in an experiment 
at the Savannah River Fission Reactor using 
ve with energies between 1 and 8 MeV. They 
obtained a result of 

o(ye+e^ve+€)=(\.06±0.22) x aV-A 

where GV~A is the cross section predicted for 
this process by the V-A theory, 0.54 x l O " 4 1 
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T a b l e I . E x p e r i m e n t a l l y s tud ied N . C . processes . 

Ev cm 2/GeV. This process can proceed by 
either the standard charged current V-A in­
teraction or by neutral currents. The theore­
tically predicted cross section for both the 
V-A interactions and the W-S model of the 
weak neutral currents, with the experimental 
detection efficiency folded in, is shown on 
Fig. 1 as a function of sin2 6. The experimental 

Fig . 1 . C o m p a r i s o n of t h e expe r imen ta l resu l t 
o n < j ( v e + e ~ - » £ + e - ) wi th t h e p red ic t ion o f t h e 
W - S m o d e l . 

result is in agreement with either the V-A 
theory or with the W-S model with 

sin2 0-O.29±O.O5. 

At this value of sin2 #, the total cross sec­
tion for this process is very similar for the 
V-A theory and the Weinberg-Salam model. 
However the distribution in the electron 

Fig . 2. D i s t r i b u t i o n in Ee-/Ev for t he p rocess v e + 

e " - > £ e + e " i n t he cha rged c u r r e n t V - A theo ry a n d 

t h e W - S m o d e l . 

energy Ee- is not the same in the two models, 
as shown in Fig. 2. The cross section for the 
W-S model is smaller than the V-A theory 
below Ee-IEv~\j2 and larger above. 

The experimental cross sections when divid­
ed into low and high Ee- regions are 

^ e x P t = ( 0 . 8 5 ± 0 . 2 5 ) X ( 7 ^ , 1 .5<£ e _<3.0MeV 

^ p t = ( l - 7 0 = h 0 . 4 4 ) x i r F _ i l , 3 .0<£ e -<4 .5MeV. 

This favors the W-S model, but the statistical 
significance is not conclusive. 

ii. The experimental results on the process 
i ^ + e ' - n ^ + e " are summarized in Table II. 
In the low energy Gargamelle experiment6 

at the CERN PS, one candidate for this 
reaction was observed with a background of 
0.3±0.1 events. The signal was not consider­
ed significant and an upper limit for the cross 
section was quoted. In the low energy 
Aachen-Padova spark chamber experiment7 

at the CERN PS, 32 events were seen with a 
rather large background estimated to be 21 
events. The high energy Gargamelle experi­
ment 7 at the CERN SPS published 8 a result for 
the cross section that was about five times 
larger than the prediction of the W-S model, 

(7.3±i:»)x 10" 4 2 £ v cm 2<tf <(8.2±!; 7) 

X l 0 - 4 2 £ v cm 2, 

based on 10 observed events in a sample of 
24,000 charged current interactions. Soon 
thereafter a Columbia-Brookhaven experi­
ment at Fermilab using the 15 ft bubble cham­
ber filled with heavy neon published** a result 
of 

^ e - - > ^ - ) - ( 1 . 8 ± 0 . 8 ) x l 0 - 4 2 £ ' , c m 2 

based on 11 events found in a sample of 
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Tab le I I . y ^ + e ' - ^ + e . 

106,000 charged current interactions, not 
confirming the Gargamelle result, and in 
good agreement with the Weinberg-Salam 
model. At this conference the Gargamelle 
group reported a more recent value for the 
cross section of 

based on a scan of 75% more film with a 
combined 9 events in 41,000 charged current 

interactions. The agreement between the 
experiments shown on Table II, while not 
excellent, is no longer all that bad. The 
average of all the experiments is 

where the average is obtained by adding the 
numbers of events observed in the experi­
ments and dividing by the sum of the effective 
denominators. 

The signal for this reaction in the high 
energy bubble chamber experiments is very 
clean. Figure 3 shows the plot of 0e-9 the lab 

Fig . 3. E lec t ron angle 6e- vs e lect ron energy Ee~ 

for t he 11 Vfi+Q~->vfi+C events (from ref. 9). 

angle of the recoil electron, vs Ee-, its lab 
energy, for the 11 Columbia-BNL events. 
All of the events are consistent with the 
kinematics of the reaction, i^+e~->iv+e~, 
shown by the curves on Fig. 3. A nice variable 
to show this is Ed\- ; the kinematic limit for this 
reaction is E6\-<2 me, where me is the mass of 

Fig. 4. D i s t r ibu t ion in Ed2

e- for a) t he single e~ 

even t s ; b ) the single e + events a n d c ) the single 

r - » e + + e ~ events (from ref. 9) . 

F ig . 5. D i s t r i bu t ion in the e lect ron energy E e for 

the 11 i>ti+s~-*vti+G~ events ( f rom ref. 9) . T h e 

curve i s t he predic t ion of t he W - S m o d e l for 

s in 2 0 = 1 / 4 . 
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the target electron. Figure 4 shows the 
distribution in this variable. The single e~ 
events peak below 1 MeV with a small tail 
above 1 MeV consistent with the experimental 
resolution. The single e+ events, which are 
consistent with coming from the reaction 
v e + p - > e + + n , and the single j events, are 
much more spread out in E0\~, as expected. 
The distribution in the electron energy Ee-9 

shown in Fig. 5, is consistent with the distribu­
tion predicted by the W-S model with sin2 0 ~ 
1/4, as shown by the curve on the figure. 

The W-S model, with sin2 6=0.23, predicts 
a cross section for this process of <r=1.5x 
10~ 4 2 £ v cm 2. The average value of 1.7±0.5 
for all of the experiments is in good agreement 
with this prediction. Conversely the average 
value can be used to obtain a mixing angle of 

sin 2 #=0.21i°;°. 
There is also a solution at a large value of 
sin 2 6 as shown on Fig. 6a. 

iii. The experimental results on the reac­
tion i ^ + e - ^ + e " are summarized in Table 
III. All five experiments find results which 
are consistent with the W-S model which 
predicts a cross section of (7=1.3 x l O " 4 2 E v 

cm 2 for this process for sin2 0=0.23. The 
average of the two low energy experiments, 
where a signal is seen, is 

( j ( ^ + e - ^ v j U + e - ) = ( 1 . 8 ± 0 . 9 ) X 10" 4 2 E v cm 2. 

This value corresponds to a mixing angle of 

sin2 0=0.3111 

in the W-S model, as shown on Fig. 6b. 
2. Elastic scattering on protons 

The process, i ^ + p - ^ + p , has been ob­
served in four experiments, and i ^ + p - ^ + p 
in one experiment, as listed in Table IV. The 
agreement between the experiments is good. 
The errors on the weighted averages shown on 

Fig . 6 . C o m p a r i s o n of t he expe r imen ta l cross sec­

t ions w i t h t h e p red ic t ions o f t h e W - S m o d e l fo r 

a ) t h e r eac t i on i ^ + e ' - ^ + e - , a n d b ) t h e r eac t ion 

v / < + e _ — • v ^ + e ~ . 

Table IV have increased by \/2 since the 
quoted errors in the experiments are statistical 
only. The agreement between the averaged 
ratios and the W-S model is good, as shown 
on Fig. 7. The best value of the mixing 
angle from the reaction is 

sin2 0=O.26±O.O6. 

The qh distribution for both the and 
scattering from the HPB experiment are 
shown in Fig, 8. Again the agreement with 

T a b l e I I I . v ^ + e - • i J p + e " . 
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T a b l e IV. Elas t ic sca t te r ing on p r o t o n s . 

887 

* E r r o r s inc reased by V 2 since q u o t e d e r ro r s stat ist ical only . 
T C a u t i o n — t h e expe r imen t s h a v e slightly different Q 2 cu ts . 

F ig . 7 . C o m p a r i s o n of t he expe r imen ta l cross 

sect ion r a t i o s wi th the p red ic t ions o f t he W - S 

m o d e l for a ) t h e r eac t ion y j u + p - ^ + P a n d b ) t he 

reac t ion i ^ + p - ^ + p . 

F ig . 8 . D i s t r i b u t i o n in q2, c o m p a r e d w i th t he p r e ­

d ic t ions o f t h e W - S m o d e l for va r ious va lues o f 

s in 2 6 , for a ) y j u + p - ^ + p a n d b ) i ^ + p - ^ + p 

( f rom ref. 15). 

the predictions of the W-S model, shown by 
the curves on the figure, is good with values of 
sin2 0 - 1 / 4 . 
3. Single pion production 

The large amount of data that is available on 
the various neutral current single pion pro­
duction processes is summarized in Table V. 
The predictions of the W-S model for these 

reactions, listed in the last column on the 
table, are model dependent because of the 
form factors at the hadronic vertex. The 
model developed by Adler 2 3 is the basis for the 
numbers given in the table. The theoretical 
uncertainty on these is substantial, as indicated 
by the errors given on some of the numbers. 
There is an additional uncertainty on the 
ratios measured using complex nuclear targets 
due to the rescattering of the final state pion. 
In view of these uncertainties, the agreement 
between the experimental results and the model 
is satisfactory, as can be seen from a com­
parison of the last two columns on Table V. 

The pion-nucleon mass distribution in the 
neutral current single pion production pro­
cesses indicates that the J(1238), the 7=3/2 
pi-nucleon resonance is produced in these 
reactions. Figure 9 shows the prc0 and the 
p:r~ mass distributions in the reactions 
J ^ + p - ^ + p + T r 0 and i ^ + n - ^ + p + T r " - , re­

spectively, in the Gargamelle propane experi­
ment. This is significant because it shows in a 
model independent way that the neutral 
current is not pure isoscalar but has a sizeable 
isovector part to transform an 7=1/2 nucléon 
into an 7=3/2 J(1238). This conclusion is 
important in resolving the isoscalar-isovector 
ambiguity in the model independent analysis 
of the neutral current couplings. 
4. Inclusive reactions 

The neutral to charged current ratios for 
both Va and v« induced inclusive reactions 
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T a b l e V . Single p i o n p roduc t i on . 

* We igh t ed ave rage of th ree exper iments . A g r e e m e n t be tween exper iments no t very good . E r r o r s 

caled by ^/x2/n — l. Ave rage m a y n o t be valid ! ! 

F ig . 9 . N u c l e o n - p i o n m a s s d i s t r ibu t ions f rom the 

reac t ions v + p - > £ + P + r c ° a n d v + n - * £ + p + 7 r ~ 

(from ref. 21). 

have been measured in a large number of ex­
periments. Their results are summarized in 
Table VI. The targets (x) used were mostly 
heavy nuclei, so that the ratios are averages 
for approximately equal number of neutrons 
and protons. A cut on the visible hadronic 
energy has been used in all of the experiments. 
The raw ratios with the Eh cuts are listed in the 
table. The last two columns give the ratios 
extrapolated to Eh=0. The agreement be­

tween the experiments is very good, especially 
when one considers that the incident neutrino 
energies vary from a few GeV to a few hundred 
GeV in the various experiments. The measur­
ed ratios are also in good agreement with the 
predictions of the W-S model, as shown in 
Fig. 10. The weighted averages for the ratios 
are 

£,=0.29=1=0.01 

^=0.35=1:0.025. 

The ratio Ru implies a value of the mixing 
angle of 

The determination of sin2 6 from Rv is some­
what dependent on quark-parton model as­
sumptions. However, the current understand­
ing of the quark parton model is such that 
these uncertainities are not very large, and 
are estimated to be comparable to the quoted 
error on sin2 6 of ±0.02. Paschos and 
Wolf en stein 3 1 have pointed out that the quark-
parton model dependence cancels out in the 
ratio 

Using this method the BEBC narrow band ex­
periment obtained 3 2 

5. Parity violation in atomic bismuth 
Due to the weak neutral current interaction 

between an atomic electron and the nucleus, 
parity violating effects at the 10" 7 level might 
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T a b l e V I . Inc lus ive neu t r a l c u r r e n t r a t i o s . 

F ig . 10. C o m p a r i s o n o f t h e e x p e r i m e n t a l c ross sec­

t i o n r a t i o s R u a n d R» fo r t h e inclusive n e u t r a l 

c u r r e n t p rocesses w i t h t h e p r ed i c t i ons o f t h e W - S 

m o d e l w i t h n o a n t i q u a r k c o n t r i b u t i o n s (da shed 

curve) a n d w i th t h e bes t e s t i m a t e o f t h e a n t i q u a r k 

c o n t r i b u t i o n , q/q=0.l (sol id curve) , f r o m ref. 27 . 

be expected m heavy nuclei like Bismuth 209. 
The effect is due to the V-A interference term 
between the vector part of the hadronic current 
and the axial vector part of the leptonic 
neutral current. The experiments measure 
the optical rotation of the plane of polariza-

T a b l e V I I . Op t i ca l r o t a t i o n i n a t o m i c b i s m u c h . 

tion of incident plane polarized laser light. A 
nonzero rotation measures a preferred direc­
tion (clockwise or counterclockwise) and is 
thus clearly parity violating. The results ob­
tained in three experiments are summarized 
in Table VII. The agreement between the 
experiments is very poor. The predictions of 
the W-S model, listed in the last column of 
Table VII, have very large uncertainties due 
to the complex atomic physics calculations 
involved. 3 6 Bismuth has 83 atomic electrons, 
3 valence and 80 in the core. The effects of 
the 80 core electrons are apparently very 
difficult to calculate. In view of these theore­
tical uncertainties and the disagreement be­
tween the three experiments, no conclusion 
seems warranted at this time, and one should 
not be too concerned about any possible dis­
crepancies with the W-S model. 
6. Parity violation in polarized electron scat­

tering 

Interference between the weak neutral cur­
rent and the electromagnetic interactions can 
lead to parity violating effects in polarized 
electron scattering 
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An experiment to look for such effects has 
been carried out at SLAC. 3 7 The experiment 
measured the asymmetry between the cross sec­
tions of left and right handed polarized in­
cident electrons 

A nonzero value of A is clearly parity non-
conserving. 

At incident electron energies of 19.4 and 22.2 
GeV, <7 2-1.6GeV 2 , and y=(EB-ln-^-out)/ 

Ee-in=0.2l9 a significant asymmetry was 
found 

For a given polarization of the electrons 
injected into the SLAC accelerator, the longi­
tudinal polarization of the electrons hitting the 
deuterium target varied with Ee~ because of 
the precession of the spin. The observed 
asymmetry as a function of Ee-9 i.e., the elec­
tron polarization, shown in Fig. 11, has the 

Fig . 11 . Cross sect ion a s y m m e t r y vs t he e lec t ron 
b e a m energy in e~ ( p o l a r i z e d ) + d - » e ~ + . . . ( f rom 
ref. 37). 

correct behavior for a spin dependent asym­
metry. This as well as many other careful 
consistency checks make the experiment very 
convincing. 

The agreement between this result and the 
prediction of the W-S model for values of 
sin2 6 determined by the neutrino experiments 
is very good, as shown on Fig. 12. The best 
value of the mixing angle from this experiment 
is 

This final conclusion is somewhat dependent 
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interference term). Experimentally, the re­
sults of the HPB experiment3 8 for the elastic 
scattering process is 

and for the inelastic inclusive interactions the 
CDHS experiment 3 9 finds 

These ratios are significantly different from 
unity so we can conclude that the neutral 
currents are not pure V, A, S, P or T. 

(b) The distribution in y=(Evin—Evout)/ 
Ev i n for the inclusive neutral current process is 
sensitive to the space time structure of the 
interaction. For example, 

for v scattering on real quarks. The y distribu­
tions for various interactions are shown in 
Fig. 13. Several experiments have looked at 

Fig. 13. D i s t r i bu t i ons in y=(Evin —Euout)/E»in for 

t he process i ^ + N - > i ^ + . . . for va r ious possibilit ies 

for the space- t ime s t ruc tu re of the neu t ra l cur ren t 

in terac t ion (neglect ing a n t i q u a r k con t r ibu t ions ) . 

the y distribution of the inclusive neutral cur­
rent reaction, using narrow band neutrino 
beams where the incident v energy is known to 
some extent: the CITF experiment4 0 at Fermi-
lab, the CDHS experiment4 1 at the CERN 
SPS, and the BEBC experiment4 2 with a heavy 
neon fill at the CERN SPS. The conclusions 
are that: 

(ii) Pure V, pure A, and pure (V+A) can 
be ruled out and pure (V—A) is unlikely 

Fig . 14. C o m p a r i s o n of the exper imenta l d a t a for the 

V + A coupl ing (gE) vs t he V - A coupl ing (gL) for 

va r ious possibil i t ies for the s t ruc tu re of the weak 

neu t ra l cu r ren t in te rac t ion ( f rom ref. 41). 

(see Fig. 14). 
c) The parity violating asymmetry observ­

ed in polarized electron scattering at SLAC is 
due to an interference between the neutral 
currents and the electromagnetic interaction, 
which is a vector interaction. Thus the weak 
neutral current must have some V or A part 
to it. 

2. In view of the above conclusions it 
seems reasonable to proceed with the analysis 
in terms of an arbitrary mixture of V and A 
interactions. 

The various neutral current couplings be­
tween the leptons and the quarks are illustrated 
in Fig. 15. The purely leptonic processes, 
y + e - ^ + e depend only on the V and A 
couplings of the electron, gv and gA. In 
neutrino hadron scattering, isotopic spin is 
also relevant, so we have four couplings, V 
and A with 1=0 and 1=1 each. Sakurai 4 3 

introduced the four couplings a, /3, y and 8 
for (V, 7=1), (A, 7=1), (V, 7 -0 ) , and (A, 
7=0), respectively. Sehgal4 4 introduced an 
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alternate four coupling constants uL, dL, uR, 
and dB. The subscript L and R are for 
(V—A) and (V+A) combinations, and the u 
and d are the isospin combination appropriate 
for the u and d quarks. The two sets of 
coupling constants are obviously just linear 
combinations of each other: 

The parity violating effects in atomic bismuth 
or polarized electron scattering depend on six 
coupling constants: gA9 gv for the electrons, 
and uL, dL9 uR9 and dR for the quarks. At 
this point some theoretical assumptions have 
crept in. The fact that gA, gv for the last 
case are the same as gA9 gv for v+e-»v+e 
scattering depends on the assumption that the 
same Z° mediates both processes and that the 
neutrino couples to this Z° with the normal 
V-A coupling. 

3. Determination of the v-quark couplings. 
The analysis follows the work of Sehgal,44 

Hung and Sakurai,4 5 Abbott and Barnett,4 6 

Sidhu and Langacker,4 7 Paschos, 4 8 and Claud-
son, Paschos and Sulak.4 9 

(a) The neutral to charged current ratios 
for the inclusive channel are used to determine 

Fig. 16. Experimental ly al lowed values of the neutr i ­

n o - q u a r k neut ra l cur ren t coupl ing cons tants . A , B , 
C, a n d D indicate the solut ions discussed in the 

text (from ref. 44). 

the overall strengths (ui+dl) and (u2

R+dR). 
These are the circular bands on the uL vs dL 

and the uR vs dR planes, shown in Fig. 16. 
(b) The charge ratios in inclusive pion 

production select four allowed solutions A, B, 
C, and D indicated on Fig. 16. The data 
used comes from the Gargamelle experi­
ment 5 0 at the CERN PS. 

(c) Recent results on the exclusive channels, 
v + p - » v + p from the HPB experiment15 at 
Brookhaven and y + N - * y + N + 7 r from the 
Gargamelle propane experiment21 at the CERN 
PS, select solution A as the only one allowed, 
as illustrated on Fig. 17. 

The weakest part in this analysis is step (b), 
since the interpretation of the inclusive pion 
production data are quark-parton model 
dependent and the Gargamelle experiment 
was done at low neutrino energies. In a paper 
by Claudson, Paschos and Sulak 4 9 submitted 
to the Conference a similar analysis is carried 
out but the reliance on the inclusive pion ratios 
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Fig . 18. A l lowed reg ions in the uL—dL a n d the 

UR—djt coup l ing c o n s t a n t p lanes f r o m t h e analysis 

of ref. 49. 

is eliminated. The inclusive neutral current 
process is used to obtain (u\+dl) and (w|+</£), 
as above. The improved i ^ + p - n ^ + P and 
ï > + p - » i v + P data from the HPB experiment 1 5 

is then used to obtain the solutions A and F 
shown on Fig. 18. Solution F, which is al­
most pure isoscalar, is ruled out using the fact 
that the J(1238) is produced in neutral current 
single pion production. This leaves solution 
A, which is essentially the same as solution A 
obtained by the analysis outlined above. 

The values of the coupling constants for 
the unique solution are listed in Table VIII. 

4. Determination of the v-electron coupl­
ings. 

(a) The intersections of the regions allowed 

T a b l e V I I I . S u m m a r y o f the w e a k neu t r a l c u r r e n t 

coupl ings . 

Va lue in W e i n b e r g - S a l a m 
C o u p l i n g U n i q u e 
c o n s t a n t so lu t ion* s in 2 0 = 1/4 As F u n c t i o n 

of s in 2 0 

gv 0 . 0 ± 0 . 1 0 . 0 - l / 2 + 2 s i n 2 0 

gA 0 . 5 5 ± 0 . 1 - 0 . 5 - 1 / 2 

0 . 3 5 ± 0 . 0 7 0 . 3 3 l / 2 - 2 / 3 s i n 2 0 

dL ~ 0 . 4 0 ± 0 . 0 7 - 0 . 4 2 - l / 2 + l / 3 s i n 2 0 

UR - 0 . 1 9 ± 0 . 0 6 - 0 . 1 7 - 2 / 3 s in 2 0 

dR 
0 . 0 ± 0 . 1 1 0 . 0 8 1/3 s in 2 0 

* U s i n g so lu t ion A of A b b o t t & Barne t t . 

REINES et a{ 

Fig . 19. Al lowed reg ions in t he neu t r ino-e lec t ron 

coup l ing p lane , gA vs gv. 

in the gv-gA plane by the cross sections for 
the processes, i ^ + e ^ - ^ + e - and v e +e~-+ 
£ e +e~ produces two ambiguous solutions, one 
wi thgv~0 , g A ~ —1/2, the other w i t h g v ~ — 1/ 
2, gv~0, as shown in Fig. 19. The region 
allowed by the cross section for i^«+e~ 
e~ is consistent with these two solutions but 
does not distinguish between them. 

(b) The region in the gv-gA plane allowed 
by the parity violating asymmetry in polarized 
electron scattering observed at SLAC 3 7 is also 
shown on Fig. 19. This region overlaps the 
solution near g F ~ 0 , gA~—l/2, but not the 
other solution and thus resolves the ambiguity. 
The values o f g v and g A with errors for this 
solution are also listed in Table VIII. 

C. Summary of neutral currents 

1. The "model independent" analysis now 
produces a unique solution. The values of 
the neutral current couplings for this solu­
tion are summarized in Table VIII. The 
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Table IX . S u m m a r y of neut ra l currents compar i son wi th the Weinbe rg -Sa lam model . 

W - S Predict ion 
Process Exper imenta l results s i n 2 0 with s in 2 0 = 0 . 2 3 

1. Purely leptonic 

y e + e ~ - > v e + e ~ ( 5 . 7 ± 1 . 2 ) x l 0 - 4 2 £ v c m 2 0 . 2 9 ± 0 . 0 5 5 . 0 

y ^ + e - ^ y ^ + e " ( 1 . 7 = t 0 . 5 ) x l 0 - 4 2 £ ,

v c m 2 

0.21±g;gS 1.5 

v / /+e"~ -> i^+e~ ( 1 . 8 ± 0 . 9 ) x l 0 - 4 2 £ ' 1 / c m 2 O.3O±0°;J8 1.3 

2 . Elast ic scat tering 

y / i + p - » y p + p (0 .11 ± 0 . 0 2 ) X ofo+n-» \r + p ) 0 . 2 6 ± 0 . 0 6 0 . 1 2 

v > + p - > v > + p ( 0 . 1 9 ± 0 . 0 8 ) x c / ( ^ + p - > / i + + n ) < 0 . 5 0 . 1 1 

3 . Single p ion p roduc t ion 

^ + N - ^ + N + 7T0 (0 .45 ± 0 . 0 8 ) X a ( v ? i i ~ + N + T T 0 ) 0 . 2 2 ± 0 . 0 9 0 . 4 2 

V^ + N ^ ^ + N + T T 0 ( 0 . 5 7 ± 0 . 1 1 ) X t f ( v > + N - ^ + + N + 7 r ° ) 0 . 1 5 - 0 . 5 2 0 . 6 0 

4 . Inclusive 

i>/<+N-»vH ( 0 . 2 9 ± 0 . 0 1 ) x ^ + N ^ / ^ - H ) 0 . 2 4 ± 0 . 0 2 0 . 3 0 

v > + N - > y > H (0 .35 ± 0 . 0 2 5 ) X aiPfi+N-+ + • • • ) 0 . 3 ± 0 . 1 0 . 3 8 

couplings in the W-S model are also listed 
on the table. The agreement is very good with 
a value of sin2 0~l/4. 

2. The experimental results on the neutrino 
induced neutral current processes are summariz­
ed in Table IX. The agreement with the W-S 
model is excellent in all cases, as can be seen 
by comparing the second and fourth columns 
on the table. 

3. The values of sin2 6 obtained from each 
reaction are listed in the third column of 
Table IX. These values are displayed on 
Fig. 20. They are in very good agreement with 
each other. The weighted average for all of 

1 1 1 1 1 

SUMMARY OF MEASUREMENTS OF S t n 2 f l w 

WEIGHTED AVERAGE sin2 0 = 0.23 * 0.02 

0.23 

e +d—e +X Assym. 

. 4 . 6 

*\nz8 
1.0 

Fig . 20. De te rmina t ion of the mixing angle, s in 2 6, 

from the var ious neut ra l current react ions . 

the reactions is 

sin 2 #=0.23±0.02. 

§111. Charm Production by Neutrinos 

The production of particles with the new 
hadronic quantum number, charm, has been 
observed in neutrino interactions both via the 
semileptonic and the hadronic decays of the 
charmed particles (C) : 

^ + N ^ - + C + - - -

L>̂ ++̂ +- • • or e + ' + ^ + - • • 

— > K 7 T 7 T 

The signature of the first process is the 
presence of two charged leptons in the final 
state: i.e., dilepton events, like pCp,+ or p~ç+. 
The signature of the second process is a pT 
and a visible strange particle decay such as 
K°->7r + 7r" (vee) in the final state. In the first 
case there is an undetected v in the final state 
so that the mass of the charmed particle 
cannot be reconstructed from its decay pro­
ducts. The evidence that these dilepton 
events come from charm production is the 
correlation of these events with strange par­
ticle production and the consistency of the rate 
and other properties of the events with the 
GIM scheme. In the case of the hadronic 
decays, all of the decay products are seen and 
the charmed particle can thus be directly ob­
served as a peak in a mass distribution. 

A. Dimuon production in counter experiments 
Dimuon production by neutrinos has first 

been observed by the HPWF experiment51 at 
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Tab le X. D i m u o n p roduc t i on by a n d î>p. in the 

large coun te r exper iments . 

Fermilab, soon followed by the CITF experi­
ment 5 2 at Fermilab and later by the CDHS 
experiment5 3 at the CERN SPS. The results 
of these three experiments on opposite sign 
dimuons (ju~ j u + ) are summarized in Table X. 
Like sign dimuon production and trilepton 
production has been discussed in the previous 
talk by Professor Tittel. The rates for the 
fi~/u+ events relative to single pC events are 
somewhat below 1 %, as shown in Figs. 21 and 
22 for the HPW and the CDHS experiments, 
respectively. These rates seem to increase 
very rapidly with increasing E v . However, 
this effect is now understood to be caused by 

Fig. 2 1 . T h e j u ~ ^ + p r o d u c t i o n r a t e relat ive t o the 

to ta l charged cur ren t cross section in the H P W F 

exper iment (from ref. 51). 

F ig . 22. T h e /u~fx+ p r o d u c t i o n r a t e relat ive to the 

to ta l charged cu r ren t cross section in the C D H S 

exper iment ( f rom ref. 53). 

the severe cuts ( i%>4 or 4 1/2 GeV/c) imposed 
on the muon momenta in these experiments. 
The x and^ distributions for the dimuon events 
from the HPWF and the CDHS experiments 
are shown in Figs. 23 and 24, respectively. 

B. Dilepton production in bubble chamber 
experiments 

In the large bubble chambers filled with 
heavy liquids such as neon or freon the 
electron identification is very good and thus 
neutrino interactions, v / / + N - > / / ~ + e + + • • - , 

Fig. 23 . D i s t r ibu t ion in x=q2/2mv a n d y=é/E for 

the ju~p+ events in the H P W F exper iment (from 

ref. 51). 
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F i g . 24. D i s t r i b u t i o n in x a n d y for t he \ i fi+ events in t h e C D H S expe r imen t ( f rom ref. 53). 

can be identified with very small backgrounds 
(typically 10-15%). Using external muon 
identifiers, production can also be 
isolated. The results of these experiments 
are summarized in Table XI for vp experiments 
and in Table XII for experiments. In 
these experiments neutral strange particles can 
be detected via their decays K ° - » 7 r + + 7 r " and 
A^-^p+n" (vees). The number of vees ob­
served with these dilepton events is also listed 
on these tables. There is a significant correla­

tion with strange particle production. For 
example in the Columbia-BNL experiment 5 6 

the visible vee production in charged current 
(single JU~) events has been measured to be 
6%. Thus ~15 vees would be expected with 
the 204 /u~e+ events, but 43 were observed. 

In the selection of the /u~e+ events much 
less stringent cuts were imposed on the lepton 
momenta than in the counter experiments. 
For example in the Columbia-BNL experi­
ment no cut was imposed on P v - , and a 300 
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T a b l e X I . D i l e p t o n p r o d u c t i o n b y n e u t r i n o s i n b u b b l e c h a m b e r s . 

MeV/c cut was imposed on Pe+. Thus es­
sentially the whole signal is observed, as 
shown in Fig. 25. The cuts used by the 
counter experiments throw out most of the 
signal, especially at low Eu. The rates ob­
served for the dilepton events relative to single 
li events in the bubble chamber experiments 
are consistent with each other. The weighted 
average rate is (0.5±0.1)% for neutrinos and 
(0.20±0.06)% for antineutrinos. The energy 
dependence of the cross section for the jbt~e+ 

events, shown in Fig. 26, seems relatively 
constant or possibly rising gently relative to 

the total charged current cross section in this 
energy range. The sharp rise observed by the 
counter experiments can be understood as an 
effect of the selection cuts on the muon 
momenta. For example, if the same cuts, 
Pfi,e>4.5 GeV/c, are applied to the JU~q+ 

events of the Columbia-BNL experiment, the 
rate is found to rise with Ev as shown in 
Fig. 27. For comparison the rates measured 
in the CDHS experiment for pr JU+ events is 
also shown on this figure. The agreement is 
very good, indicating that the / /~e + and the 
jLt~fi+ events have the same origin. 

T a b l e X I I . D i l e p t o n p r o d u c t i o n by a n t i n e u t r i n o s in t he 15 f t b u b b l e c h a m b e r . 
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F i g . 25 . D i s t r i b u t i o n s i n a ) t h e p o s i t r o n m o m e n t u m 

Pe+, b) t h e m u o n m o m e n t u m Pp- a n d c) t h e to t a l 

visible energy EY[S for t h e ^ ~ e + events in t h e 

C o l u b m i a - B N L expe r imen t ( f rom ref. 78). 

I 1—i i 11 m 11 1—i « i « m i «— 

TOTAL CROSSECTIONS IN NEON 

I0" 3 6 - CU - BNL DATA J / s ^ ' 

f f } / / 
10» - ^ if Jf -

• I / 

I 0 " M - / / -

I / * 

I q"43| I i i I i i 11 I I i i I i i i i I i 

1 2 5 10 20 50 100 300 
Ev IN GeV 

F i g . 26. P r o d u c t i o n cross sec t ion as a func t ion of 

i n c o m i n g n e u t r i n o energy E v for t h e fi~e+ events 

re la t ive to o the r n e u t r i n o in t e r ac t ion c ross sec t ions . 

T h e d a t a p o i n t s a r e f rom t h e C o l u m b i a - B N L ex­

pe r imen t . 

F ig . 27 . C o m p a r i s o n o f the re la t ive p r o d u c t i o n r a t e s 

o f t he a n d the / /~ /* + events us ing the s a m e 

i \ e > 4 . 5 G e V / c cu t o n b o t h samples . 

C. Evidence that dilepton production is related 
to charm 

The observed dilepton events are not con­
sistent with being single p~ events with the 
second lepton, the / / + , or e + , coming from n 
or K decay. The cross section for the dilepton 
events is too high by a factor of 103 to be due 
to the four fermion process vpC/u+vp or 
Vp->/ji~e+ve in the Coulomb field of the target 
nucleus. These events, therefore, must be due 
to some new effect, such as the production and 
decay of a heavy lepton, an intermediate boson, 
or charmed particles. The interpretation as 
heavy lepton production followed by decay 
into /u~ju+ or ju~e+ was ruled out by the ob­
servation that the p~ carried much more 
energy on the average than the JU+ or e+ (see 
Fig. 25), which is not what is expected for 
heavy lepton decay as pointed out by Pais and 
Treiman. 6 9 The interpretation as production 
and decay of an intermediate boson is incon­
sistent with the energy dependence of the 
cross section (see Fig. 26) and the high inelas­
ticity of the dilepton events. The interpreta­
tion of these events as the production and 
semileptonic decay of charmed particles is 
consistent with all aspects of the data, as will 
now be discussed in more detail. 

1. The rate of 1/2 to 1% of the total 
charged current cross section, with a semilep­
tonic branching ratio around 1/10, indicates 
5 to 10% charm production as expected from 
sin2 dc. 

2. The x and y distributions are con­
sistent with the dominant charm production 
mechanisms : 
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i. For incident : 

On valence quarks : Rate ~ d(x) sin2 6C 1 
strange particle/event broad x distribution 

On sea quarks: Rate ~s(x)cos2dc 2 strange 
particles/event narrow x distribution 

ii. For incident i ^ , charm can be produced 
on sea quarks : 

On s sea quarks: Rate ~s(x) cos2 6C 2 
strange particles/event narrow x distribution 

We thus expect the x distribution for i ^+N-* 
fi~+l+-\ to be a combination of the 
valence and sea x distribution, while for 
i^+N-*^" 1 ' + / " H to be narrow like the sea 
x distribution, as observed (see Figs. 23 and 
24). For example in the Columbia-BNL 

Fig. 28. Dis t r ibu t ions in x a n d y for the ^ ~ e + events 

of ref. 56. T h e curve is the best fit of a com­

bina t ion of valence a n d sea q u a r k x dis tr ibut ions 

to the da ta . 

experiment, a fit to the x distribution to (1) 
(sea)+(l — a)(valence) produced a good fit with 
tf=0.37±0.10 (see Fig. 28) implying that 
charm production occurs about 1/3 of the time 
off sea s quarks and 2/3 of the time off valence 
quarks. Similar analyses, as well as the v/v 
ratio for dilepton production, lead to the 
following estimates of the fraction of s or s 
quarks relative to valence d quarks: 

s or s (sea) 
valence d quarks 

= ( 3 ± 2 ) % Columbia-BNL, x distribution 
= ( 5 ± 2 ) % CDHS, vjv ratio 
=(9.9±3.5)% HPWF, x distribution 
=(6.6±6A)% HPWF, vjv ratio. 
3. Strange particle production. The visi­

ble vee production (K°->;r +7r~ and A-*pn~) 

in the dilepton events (see Table XI) is: 
43 vees in 204 events—Columbia-BNL 
45 vees in 198 events—all others combined 
88 vees in 402 events—Total; 

or, ~21 % visible vee production. Correcting 
for decay branching ratios, detection effici­
encies, etc. Columbia-BNL obtain a rate of 
0.6±0.1 total neutral strange particle produc­
tion per JU~Q+ event. If the number of 
charged strange particles equal the number of 
neutral strange particles produced in these 
events, this rate leads to a total of 

~ 1.2 strange particles/event. 
This agrees well with what we would expect 
from the G-I-M scheme, keeping in mind that 
from the fit to the x distribution we have 2/3 
of the events on valence quarks with 1 strange 
particle per event plus 1/3 on sea quarks with 
2 strange particles per event for a total ex­
pectation of 1 1/3 strange particles per event. 

4. The detailed distributions of the dilepton 
events, such as the aximuthal angular distribu­
tions of the transverse momenta of the 
the p + or e + , and the hadrons, the distributions 
in P and P± of the leptons, and the total 
hadronic energies, etc. are all in good agree­
ment with what is expected from charm pro­
duction. The K°e + mass distribution from the 
!^+Ne-» / /~+e + +K°H events, shown in 
Fig. 29, is in good agreement with the semilep-
tonic decay of a D meson. 

D. Direct observation of charm production via 
the hadronic decays D°->K°-{-7r+

 - \ - T T ~ 

In the Columbia-BNL exneriment7 0 usine 

file://-/-tt~
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Fig . 29. D i s t r i b u t i o n in the K ° e + effective m a s s f r o m 

t h e r eac t i on j ^ + N e - > A i ~ + e + + K ° H i n t h e 

C o l u m b i a - B N L exper imen t . 

F ig . 30. D i s t r i b u t i o n in t he K ° + 7 r + + 7 r - effective 

m a s s i n t h e r eac t ion ^ + N e ^ / / " + K 0 + T T + + 7 T " + 
. . . i n t he C o l u m b i a - B N L expe r imen t ( f rom ref. 

70). 

a heavy neonhydrogen mix in the Fermilab 
15 ft chamber, a total of 1815 i ^ + N e - > / r + K ° 
H and 1367 z ^ + N e - > ^ - + / l 0 + • • • events 
have been measured. A peak in the K ° 7 r + 7 r ~ 

mass distribution is observed at the mass of 
the D° discovered at SLAC, as shown in Fig. 
30a. The signal is ~60 events above back­
ground, with a statistical significance of four 
standard deviations. The mass and width of 
this peak are : 

m = 1 8 5 0 ± 1 5 M e V 

< 7 - 2 0 ± 1 0 M e V . 

The observed width is consistent with the 
mass resolution of the experiment as expected 
for a very short-lived particle. No correspond­
ing peak is observed in events without a ju~ 
in the final state (Fig. 30b) consistent with the 
prediction of the G- I -M scheme that charm 

changing neutral currents are absent. This 
effect is thus interpreted as the production 
and decay of a charmed D meson: 

Correcting for K° branching ratios and detec­
tion efficiencies, this effect corresponds to a 
D 0 ^ K ° 7 T + 7 r - decay in (0.7±0.2)% of all 
charged current Vp. interactions. The distribu­
tion in Z=EDolEhaiATOnic, the charm fragmen­
tation function, from this sample is shown in 
Fig. 31. 

Fig . 3 1 . D i s t r i b u t i o n in Z=EDo/Eh&dTOnic for t h e 

p A I + N e - > A * " + D ° + . . D ° - > K 0 7 r + 7 r events i n t h e 

C o l u m b i a - B N L expe r imen t ( f rom ref. 70) . 

E. Limits on charm changing neutral currents 
Charm changing neutral current interactions 

were looked for both in production and decay 
processes. 

1. Charm production by neutrinos via 
neutral currents would lead to 

The signature for this process would be events 
with an e + or j u + in the final state but no /u~. 
Such a search has been carried out in the 
Columbia-BNL 7 1 and the Fermilab-Michigan-
IHEP-ITEP experiments 7 2 at Fermilab look­
ing for e + , and in the CDHS experiment 7 3 at 
CERN looking for / / + , all with negative re­
sults. The best limit was obtained in the 
CDHS experiment 
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2. Charm changing neutral currents would 
lead to decays of the type C->e + + e ~ +hadrons 
in analogy with the charm changing charged 
current decays, C - » e + + v e + h a d r o n s . The 
Columbia-BNL experiment has carried out a 
search for such decays in the process: 

where the signature is a ^ ~ + e + + e ~ - l in 
the final state. No signal was found, and an 
upper limit was set, using the 204 / /~e + events 
as normalization, of 

§IV. Limits on Heavy Lepton Production 

Searches for heavy lepton production by 
neutrinos have been carried out via their decays 
into electrons or / / ~ + T T + , which will be dis­
cussed here. The search for heavy leptons in 
the tri-muon events observed in the counter 
experiments has been discussed by Professor 
Tittel in the previous talk. 

A. Charged heavy leptons 
Charged heavy leptons L* could be seen in 

neutrino interactions via the production and 
decay processes 

1. A search for L* using this reaction, 
looking for events with a single e* but no p T , 
was carried out by the Columbia-BNL ex­
periment 7 4 with negative results. Their con­
clusions are: 

(a) Muon type heavy leptons, if they exist, 
are heavier than: 

(b) The heavy lepton, r (1.8), discovered at 
SLAC is not muonlike. 

(c) Any JU-T mixing is less than 2 1/2%. 
2. Similar searches were carried out by the 

counter experiments by the CITF 7 5 and the 
CDHS 7 6 groups looking for events with a 
single /LC+ but no with negative results. 
The best limit on the mass of a muon-type 

heavy lepton comes from the CDHS experi­
ment 

No limit is available from these experiments 
on m(L~) since a single ju~ signature from L~ 
decay cannot be distinguished from the 
dominant charged current vfl interactions. 

B. Neutral heavy leptons 
Several experiments have found evidence 

suggestive of neutral heavy lepton produc­
tion by neutrinos. These effects, however, 
have not been confirmed in other experi­
ments. 

1. The Aachen-Padova experiment 7 7 has 
reported 7.2:t3.7 events of the type i ^ + N - * 
/ / ~ + e + H which they feel are not from 
charm production but might be due to heavy 
lepton decays. The rate for this effect is 
(1 to 3)x 10~4 depending on the Eu cut. This 
is at the CERN PS with incident neutrino 
energies of a few GeV. 

The Columbia-BNL experiment 7 8 sees no 
evidence for such an effect. After cuts to 
separate L° production from charm produc­
tion in the pt~e+ events (the effects of these 
cuts are model dependent) set a limit of < 2 x 
10~4 on "non-charmlike" /u~c+ events that 
could come from heavy lepton decays. This 
is at Fermilab energies where the cross section 
for the production of a light L° would be ex­
pected to be much higher than at the energies 
of the Aachen-Padova experiment. 

2. A heavy liquid bubble chamber experi­
ment 7 9 at SKAT at Serpukhov has reported 
1 or 2 events of the type i ^ + N - ^ ~ + e + + • • • 
where the ju~ and the e+ originate from a 
common point which is not the neutrino in­
teraction point (i.e., there is a gap between the 
v interaction point and the beginning of the 
ju~ and the e + tracks). The possibility that 
these events might be due to the decay of a 
neutral heavy lepton has been suggested. 
These events are seen in a sample of ~500 
charged current neutrino interactions. 

The Columbia-BNL experiment 5 6 has ob­
served no such events in a sample of ~ 80,000 
charged current neutrino interactions. 

3. Two experiments 8 0 in BEBC at the 
CERN SPS have presented evidence at the 
Oxford Neutrino Conference earlier this sum­
mer for a peak in the ^ ~ 7 r + mass distribution 
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near 1.85 GeV in events of the type i^+N-* 
/ Z ~ + T T + H . In a similar sample of events, 
applying the idential selection criteria as used 
in the BEBC experiment, the Columbia-BNL 
experiment5 6 at Fermilab sees no such effect 
with comparable statistics. The effect is also 
not seen in the BFHSW experiment8 1 E-546 
in the Fermilab 15 ft chamber. Two other 
experiments, the BHS (Expt. 172)82 and the 
FIIM (Expt. 45) 8 3 in the Fermilab 15 ft 
chamber have data relevant to this question. 
At this conference the BEBC experiment (talk 
by D.R.O. Morrison) reported that the trans­
verse momentum distribution of the TC+ from 
the events in the /U~K+ peak makes the inter­
pretation of this effect as the decay of a heavy 
lepton unlikely. 

In summary then, there appears to be no 
convincing evidence for either charged or 
neutral heavy lepton production in neutrino 
interactions. 
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