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The recent data on ~&p —
v& p are examined from the point of view of discriminating

among models of the space-time structure of the neutral weak current. The value of the
total cross section appears to exclude pure S,P from the interaction and we describe
tests to confirm this conclusion.

Now that the process v„p-v„p has been ob-
served, '' we can begin to analyze the interaction
which engenders it. Elastic neutrino-proton scat-
tering is to weak neutral-current interactions
what elastic electron-proton scattering is to elec-
tromagnetic interactions, namely the simplest
process that probes the hadronic part of the in-
teraction. The aim of this Letter is to study the
space-time structure of neutral currents in light
of the recently obtained experimental data on v„p
~ v p

Two other hadronic processes have already
provided us with some insight into the nature of
the neutral-current interaction. The data' for the
inclusive process v„p- v„X, when analyzed in
terms of the spin- —,

' parton model, ' suggest that
the hadronic neutral current is predominantly V
and A rather than S or P, but it is also consis-
tent, by virtue of the "confusion theorem, "' with
a linear combination of S, P, and T. We note,
however, that the application of the naive spin--',

parton model to neutral-current scattering leads
to problems which do not arise in either deep in-
elastic electromagnetic scattering, or neutrino
scattering via the charged weak current. These
arise from the fact that neutral vector gluons,
which are thought to carry roughly half the mo-
mentum of the initial hadron, can couple to the
weak neutral current but not to either the charged
weak or electromagnetic current. '. The exclusive
process vÃ-vs, ' where N is a nucleon, is sen-
sitive both to the space-time structure of the neu-
tral current, and to its isospin structure. An ex-
tensive analysis' of this process indicates that
the data are consistent with several V, A or
S, P, T models containing both isoveetor and iso-
scalar currents. Thus one looks to the reaction
v„p- v„p as a possible source of information
about the weak-neutral-current interaction.

The most general matrix element &" for
v„(Q)p(P)-v„(Q')p(P'), where the particle mo-
menta are given in parentheses, is given by

&"= u(Q')(1+ y,)u(Q)u(P') li S(t) + ty P(t)] u(P)

+iu(Q')y&(1+y5)u(Q)u(P')[y&F, (t)+~zo'& q F2(t)+y&y5G, (t)+~zmcr&„q y5G2(t)]u(P)
4

+ u(Q')o, „(1+y,)u(Q)u(P') j Q I'~„' T,(t)]u(P),
a=1

where q = P —P', t = —q', m is the proton mass,
and

i(y&yu yuy&)/2

~xp (yxqp ypqx)™t
(2

I'„„=i[y (P+ P')„—y„(P+P') ]/m;

I"„„'= [q „(P+P') „q„(P+P'),]/m'. -
To obtain the matrix element &' for incident an-
tineutrinos we let S(t), P(t), T, (t)-S*(t),P*(t),
T,*(t), while making the usual replacements
u(Q')(1+y, )u(Q)-v(Q)(1 y, )v(Q') and u(Q'-)oz&(1

+y,)u(Q)-V(Q)(1 —y, )vz„v( Q)in the S, P, and T
matrix elements. For the V, A contribution the
replacements are u(Q)-v(Q') and u(Q')-V(Q).
The differential cross sections dv" "/dt and the
proton polarization 6' can be computed from Eqs.
(1) and (2) using standard techniques. The gen-
eral results will be given elsewhere' along with
an analysis of the consequences of time-reversal
invariance for the various form factors in Eq. (1).
For present purposes we limit ourselves to a
qualitative description of some of the salient in-
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dicators of the space-time structure of the inter-
action.

We begin by calculating the total cross section
o„ for v„p-v„p and the neutral- to charged-cur-
rent ratio, R„=o(vp-vp)/o(vn-p. p), for various
models. In all of these calculations we integrate
over the observed range of momentum transfers,
namely 0.3 &

~
t

~

~0.9 (GeV/c)', and perform an
average over the Brookhaven National Laboratory
neutrino energy spectrum. We assume that all
form factors have the usual dipole" form (1
—t/A') ' except in the case of the pseudoscalar
interaction for which we also consider the pion
pole (1 —t/m, ') '. Our results are displayed in
Table I; the values of R, are fairly sensitive to
the numerical value" A=0.84 GeV in the sense
that a 10% change in A causes a comparable shift
in A, .

The Weinberg-Salam (W-S) model, "for a given
value of sin'9~, fixes the overall strength of the
neutral current as well as the form of the had-
ronic current, and so the magnitudes of 0, and

R, represent a direct test of the model. The
same is not true for other V, A models, or for
the S, P model, because there presently exists no
fundamental theory to fix the scale of these coup-
lings. We therefore follow the procedure of Sa-
kurai and Urrutia, " and fix the scale for these
other models by normalizing them to the data on

inclusive reactions vp- vX. From Table I we see
that the experimental values A„=0.23+0.09' and
0.17+0.05' fall within the range predicted by the
W-S model, but appear to be larger than the pre-
dictions of S, P models. This suggests that the
neutral current is not predominantly S, P.

We now turn to other properties of neutrino-
proton elastic scattering that can be used to con-
firm this conclusion. The simplest such property
is the cross section o„- for antineutrino scattering
v„p- v„p; if the neutral-current interaction is
S, P then, independently of the admixture of S and
P and of the hadronic form factors, the cross
sections for neutrino-proton and antineutrino-
proton scattering must be precisely equal to each
other at the same energy Th. us the experimental
observation that o„to„- soould immediately imply
that the neutral current is not S, P in character;
it zoould also exclude pure V models. " The W-S
model predictions for o; and 9„- are shown in Ta-
ble I.

Other tests of the nature of the neutral current
are based on properties of the differential cross
section: (1) do(t=0)/dtc0 implies that some V,
or A, or T is present in the interaction. (2) Q,'do/
dt+ const for a fixed value of t, and any range of
laboratory neutrino energies Q„ implies that
some V, or A, or T must be present in the inter-
action. When Q, '»m' and t, the latter interac-

TABLE I. Flux-averaged neutrino- and antineutrino-proton total cross
sections. In the %einberg-Salam model the weak neutral current is given
by ~ +&)„-2&jq where the +'s are the usual octet currents, jq is the
electromagnetic current, and +=sin 6)~. The remaining models are de-
fined similarly in terms of the &'s. For the ~, P currents 83' and (p '

correspond respectively to 3, 8 and +3 8 of Adler et a/. , Ref. 8. The flux-
averaged charged-current cross sections used in computing && and Rp are
o(vn p p) =3.02x10 3 cm2 and o{vp p+n) =1.14&&10 39 crc~.

Model
(Tp Op

(10 cm ) |'10 cm )

Weinberg-Salam
x=0

0.20
0.40
0.60
0.80
1.00

+X ++gX
+ +/PE + $5$ + +3 Sg

Fq3+ Vg $~8
y 0&

X
g8+ $'8

g3+ g3

7.97
3.90
2.14
2,70
5.58

10.77
3.19
5.15
5.21
5.46
1.57
0,146

3.00
1.29
1.89
4.80

10.04
17.60
1.20
2.31
5.21
5.46
1.57
0.146

0.264
0.129
0.071
0.089
0.185
0.357
0.105
0.170
0,172
0.181
0.052
0.005

0.264
0.113
0.166
0.421
0.881
1.544
0.105
0.203
0.457
0.487
0.138
0.013

%e have used the fermion-current model of Ref. 11.
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tions lead to Q, 'dv/dt ~ Q,
' at fixed t. (3) da'/dt

ado" /dt implies that the interaction is not pure
V, or A, or T, or any combination of only S and
P. (4) Proton-polarization effects, should they
become measurable at some future time, could
provide unambiguous evidence for the presence
of VorA.

Points (1) and (2) follow from the observation
that if the interaction contains meit&er V, nor A,
nor T, then the cross section must have the sim-
ple form do/dt= tf(t)/Q, ', where f(t) is essen-
tially a proton form factor, With respect to point
(1), the behavior of the cross section at t = 0 can-
not be measured directly, but can be inferred
from measurements at sufficiently small, non-
vanishing values of I;; how small they need be
will be explored below. With regard to point (2),
revealing measurements of the energy depen-
dence of the cross section may be possible at
Brookhaven National Laboratory. Point (3) is an
important test of special theories of the neutral
current with pure-V couplings. "

The distinction between V, A and S, P can be
seen if we plot do/dt as a function of

~ t~, as
shown in Fig. 1. For V, A couplings in general,
and for the Weinberg-Salam model in particular,
the differential cross section has its largest val-
ue at t=0 and then decreases as

~

t
~

increases;
this decrease results partly from the kinematic
features of the coupling and partly from damping
by the hadronic form factors. The S, P differen-
tial cross section vanishes at t= 0, and so it
should be an increasing function of

~
tl for small

momentum transfers; at some point, however,
the form-factor damping will set in and the cross
section will begin to fall. To compare the shape
of the S, P cross section, we use the results of
Adler et al. ' for the values of the form factors at
t= 0, and we normalize da/dt to the data of Ref. 1
at t=0.65 (GeV/c)'.

In Fig. 1 we compare the experimental data of
Ref. 1 with the theoretical curves for the S, P in-
teraction, and for the Weinberg-Salam model
with values of sin'0 ~ which envelop the predic-
tions of the model. For 0.3 &

~

tI &0.9 (GeV/c)',
the differential cross sections for S, P and for
W-S are both decreasing functions of

~
t~, and

hence the distinction between them occurs in the
region 0 &

~
t~ &0.2 (GeV/c)'where the S, P cross

section is an increasing function of
~

t
~

while the
W-S one is a decreasing function. Therefore a
measurement of the differential cross section at
t = 0.2 (GeV/c)' would be extremely useful in de-
termining the nature of the weak neutral-current
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inte raction.
Another way of determining whether or not the

neutral current contains V, A or T is to measure
the energy dependence of the differential cross
section at fixed t [see point (2) above]. Since
measurements of the energy of the recoil proton,
and its direction with respect to the neutrino
beam, enable us to infer the energy of the inci-
dent neutrino, it may be possible to extract this
information from the present data together with
the known spectrum of the wideband neutrino
beam at Brookhaven National Laboratory. Alter-
natively, the energy dependence can be measured
by using a narrowband beam and allowing its peak
energy to vary. If the data fail to fall like Q,

'
then V, or A, or T must be present in the inter-
action.

The authors are indebted to L. Sulak, H. H.
Williams, and J. Smith for helpful discussions.

*Work supported in part by the U. S. Energy Research
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FIG. 1. Plot of do/d t versus t for the Weinberg-Sal-
am and S,P models of the neutral current. The broken
lines give the predictions for the W-S model. The solid
lines give the predictions for the S,P model described
in the text. All form factors are assum. ed to be char-
acterized by a dipole t dependence (1—t/A2) 2, with
A =0.84 GeV, except for the case labeled & pole in
which the t dependence of the pseudoscalar form fac-
tors is given by (1—t/m„)2. All of the curves are
normalized to the data at

~
t j =0.65 (GeV/c); only the

shapes are significant.
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Evidence for the n decay of the giant quadrupole resonance is reported. Measurements
of the reaction 3 U(e, e', 0.) Th in the region 9-24 MeV are presented. The results im-
ply that the reaction goes dominantly through E2 absorption. The amount of E2 strength
used by the o.. emission ch~nnel exhausts 50% of the isoscalar energy-weighted sum rule.

It has recently been suggested that the study of
(y, o.') and (n, y) reactions could reveal interesting
features of the giant quadrupole resonance (GQR)
since in these reactions the effects of the isovec-
tor giant dipole resonance (GDR) are supressed. '
In this Letter, evidence that the GQR decays
strongly by n emission is presented.

The GQR has been extensively studied by elec-
tron and hadron scattering. From these measure-
ments it is possible to observe the strength of
quadrupole absorption by the nucleus. While for
the dipole absorption the dominant mode of decay
of the GDR is by neutron emission and fission,
no measurements have been reported on the de-
cay modes of the GQR.

The electrodisintegration cross section by emis-
sion of a particle x (integrated over all scattering
angles), o, „(E,), is related to the corresponding
photodisintegration cross section, v~ „(E),
through

where 8, is the electron bombarding energy, E is
the photon energy, N ~ is the virtual photon spec-
trum, and 0 „~is the cross section for photo-
disintegration through a, nuclear transition of mul-
tipolarity AI. . Gargaro and Onley' have obtained
computable expressions for N~ using the distort-
ed-wave approximation and agreement with exper-
imental results has been shown by Nascimento,
Wolynec, and Onley' and Wolynec and co-work-
ers.~'

If we know that in the energy range under study
there are one or two dominant multipoles in the
absorption, then the sum in expression (1) re-
duces to one or two terms. It is possible in this
case to obtain the multipolarity of the transitions
involved in the photodisintegration by measuring
the electrodisintegration cross positions.

Since the quadrupole component of virtual pho-
tons is one order of magnitude larger than the
dipole for high Z (see Fig. 1), while real plane-
wave photons have all multipole components in
equal amounts, the relative magnitude of the
cross section for the quadrupole to the dipole
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