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the ts,/(s, t)j—""factor in Eq. (2). However,
while the statistical significance is not overwhelm-
ing, Figs. 3 and 4 do show that the data for ~'
& 20 GeV' at high

~
t

~
(i.e., ~

t (& 0.5 GeV') are
consistently above the model predictions. This
suggests that other than pion exchange may con-
tribute appreciably in this not-very-peripheral
region. Further high-statistics data at the higher
t values would be desirable.

can be reasonably understood with a simple version
of the multiperipheral model for 20%M' & 200
GeV' and

~
t

~
& 1 GeV'. It would clearly be of

interest to extend the present multiperipheral
analysis to higher values ot s, M', and

~
t ~; to

the higher multiplicity moments ot X, such as f,
and f„and to other reactions of the form a+p-pX.
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On the basis of general phenomenological arguments, it is suggested that the neutral weak
hadronic current should transform as a U-spin scalar. Possible tests for this hypothesis are
proposed, and the implication of the available data is discussed. The question whether such a
structure can be generated from unified gauge theories is also examined.

Several recent experiments' ' have established
the existence of neutral currents in neutrino-
induced reactions. Qualitatively at least, such
neutral currents have been proposed in some
gauge-theory models of weak and electromagnetic
interactions. Not surprisingly, a great deal of
effort has been directed recently at testing the
original Weinberg-Salam model, ' and although
nothing conclusive can be said at the present time,
more definitive and elaborate comparisons will
undoubtedly be forthcoming as the experimental
data grow.

At this stage, however, it is worthwhile to keep
an open mind on various theoretical or phenomeno-

logical possibilities. Even within the context of
unified gauge theories such an attitude is useful,
due to the fact that several models exist or can be
constructed with different structures for neutral
currents, although probably none is as simple in
appeal (at least for the leptonic sector) as the
original Weinberg-Salam model.

In this note we propose a general structure for
the weak hadronic neutral current from a phenom-
enological point of view. This structure is a gen-
eralization of a recent proposal due to Sakurai. '
We suggest possible tests for this current struc-
ture, and also discuss the implications of the
available data. The question whether such struc-
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It is clear that we can always add contributions
from possible SU(3)-singlet vector or axial-vector
currents, so that a general U-spin-invariant
structure can be written as

g(0) + y3 + y8 +y ~3 + g8

+ (a V)t +dA )t ) sU(3) cinglet (2)

We see that simple phenomenological considera-
tions' based on the absence of strangeness-chang-
ing neutral currents lead to the U-spin-invari. ant
structures (1) or (2) for the neutral hadronic
current.

The hypothesis that the neutral hadronic current
is a U-spin scalar can in principle be tested by
future experiments. In analogy to photoproduc-
tion, "it is easy to check that the following rela-
tions for the production of decuplet states in neu-
trino scattering must be satisfied, if U-spin in-
variance is assumed:

tures for neutral currents can be generated from
gauge theories is also examined.

The neutral hadronic currents must satisfy some
stringent restrictions. Experimental data' on
K& —p P, K'- m'vv, etc. strongly suggest that the
strangeness-changing piece from hadronic neutral
currents must be highly suppressed or absent.
For the charged currents, on the other hand, one
obviously needs strangeness-changing currents
obtainable by the Cabibbo prescription of rotating
the charge-raising and charge-lowering currents
(V+A)'„'" around the seventh axis in SU(3) space.
If the Cabibbo prescription is generalized, so that
we demand that not only the strangeness structure
of the charged currents but also that of the neutral
current be obtained by Cabibbo rotation, it is easy
to see that a simple way to avoid neutral strange-
ness-changing currents is to require that the
neutral current be invariant under this rotation.
Accordingly we propose that the neutral hadronic
current should transform as a U-spin scalar.

We shall assume that the neutral current con-
tains only vector and axial-vector pieces, although
in principle other covariant structures are pos-
sible. It is natural to consider the octets of vector
and axial-vector currents belonging to the chiral
SUI. (3) SU„(3) group, so that the only U-spin-
invariant structure is given by J &+(1/0 3)J ~,
where J„ is a vector (V&) or an axial-vector (A„)
current. In this case, then, the requirement that
the neutral current be a U-spin scalar leads to
the following structure for the neutral hadronic
current:

o(vp- vs') + cr(vp —v=*'X) = 2cr(vp —v Y,*X),

a(vp- vQ X) —a(vp- v=* X)

= a(vp- v=* X) —a(vp- v Y* X)
(3)

= o'(vp- v Y* X') —a(vp- v4 X),
3o'(vn- v Y* X) +a'(vn- v4 X)

=3a(vn- v * X)+a(vn- vA X),
where X stands for the sum over all hadronic
states. Also, for the meson and baryon octets,
the following triangular inequalities for 'he ex-
clusive reactions must be satisfied:

[2a(vp- vtr'n)]"'

~ [3o(vp- vK'A)]"'+[o(vp- vK'Z')]"',

[a(vp - vrlop)]"' (4)

& [2o(vp- vKOZ')]"'+ [3o(vp- vtr)p)]' '.
Note that the relations (3) and (4) are also valid
if we replace v by v. %'e might also mention that
the assumption that g „' does not contain an I= 2
piece can also be tested" in principle. For ex-
ample, the absence of an I=2 piece would imply
that

3a(vd- vb, 'X)+a(vd- vb, X)

= 3a(vd- vLPX) + a(vd v4" X)

[a(vd- vPP)r )]"'
& 2[o(vd- vpntr')]"'+ [a(vd- vnn)r')]"'.

Several other tests for the U- and I-spin structure
of the neutral current can be written down in
analogy with the photoproduction relations dis-
cussed in Refs. (10) and (11).

From a theoretical point of view, one may in-
quire if structures like (1) and (2) can be gen-
erated from a renormalizable gauge theory. For
this purpose, it is usual to consider the SU(2)
gauge group generated by the charges Q' corre-
sponding to the charged currents, and Qr ) corre-
sponding to the neutral current. However, if Q'
are given by the usual Cabibbo form

Q' = cos8(F +F,)""+ sin6'(F+ F,)4"',

where F' and F,' are the standard SU(3)S SU(3)
generators, it follows that QC ) = ~[@',Q ] will
contain a strangeness-changing piece. Unfortu-
nately no simple solution has been found for this
problem. Usually one employs the GIN construc-
tion, "where the weak hadronic currents are
written in terms of suitable vector and axial-
vector currents built out of four quarks, the
familiar 6', R, and ~ and the charm-carrying
quark 6". In particular, for the purely weak sec-
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tor of the steinberg-Salam model, ' i.e. , for weak
interactions invariant under the gauge group
SUI. (2), the GIM construction gives"

r) (0) V3 ~ V8 (2)1/2V15 + (V g )p v3

where V„"=iqy„(h "/2)q and A. „=iqy„y, (A /2)q.
Here q is a column matrix with the quark states
cP, X, A. , and 6", and A

" (o. = 1, 2, . . . , 15) are
4&4 matrices" which are generalizations of the
more familiar yc matrices of the SU(3) theory.
Note that (6) is a U-spin scalar and is in fact a,

special case of the structure (2). Unification of
weak and electromagnetic interactions can be
achieved by extending the gauge group to SUi(2)

Y~ in the well-known manner, so that the neutral
current that couples to the neutral weak boson Z„
is then given by g „—2 sin'0+ J"„'"', also a U-spin
scalar (81» is the Weinberg angle' ), with a structure
again like (2).

Alternatively, one can consider the colored-
quark model where the usual quarks, (P, 2, and
~ come in three different colors. Several gauge
theories incorporating the colored quarks can be
constructed. In the Beg-Zee version, "the neutral
current, coupled to Z„, for the familiar hadrons
(neutral with respect to color) is given by just the
electromagnetic cur rent

which is a special case of the current (1) for the
usual hadronic structure of the electromagnetic
current. It is clear from these examples that
gauge theories can in fact generate the U-spin-
invariant structures (1) or (2) for the neutral
currents. The specific values of the constants
a, . . . , d of course depend on the details of the
model or its variants. However, the phenomeno-
logical structure (1) or (2) is clearly more general
than any specific gauge-theory result, and by itself
merits experimental confrontation.

Sakurai has recently proposed that the weak had-
ronic neutral current be identified with the SU(3)-
singlet baryon current (vector and possibly axial-
veetor). As emphasized by him, such a current
would be invariant under the Cabibbo rotation. In
fact his current is a special case of (2) with a = 5
= d =0. Sakurai has not made any attempt at con-
structing a unified gauge theory model that would
reproduce such a neutral current. However, such
models can be constructed. As an example we
discuss a rather trivial extension of the Georgi-
Glashow model. " The Georgi-Glashow model is
based on the SO(3) gauge group, generated by the
weak charges Q' and the electromagnetic charge

Q, and contains no weak neutral currents. Con-
sider now the total fermion neutral current, the
conserved charge Q+, corresponding to which is
the sum of the baryon and lepton numbers. Note
that Q~ generates the Abelian ferrnion gauge group
U»(1), and since Qz commutes with Q' and q we
may consider the extended gauge group SO(3)

U~(1). In contrast with the SO(3) gauge symme-
try, which is spontaneously broken by the Higgs
mechanism to generate masses for the charged
vector bosons (leaving the photon massless), we
may realize the Abelian gauge symmetry U»(1)
by introducing, to start with, a massive gluon
coupled to the absolutely conserved fermion cur-
rent of a pure vector type. Since a massive gluon
theory is renormalizable, we have a renormali-
zable SO(3)8 U»(1) gauge theory model which re-
produces Sakurai's vector baryon current as the
weak hadronic neutral current, Obviously, one
can adjoin" U»(1) (or for that matter other Abelian
gauge groups generated, for example, by con-
served quantities like charm, etc. ) to any renor-
malizable theory based on a gauge G, as long as
U~(l) commutes with G. Especially, this allows
us to add a unitary singlet hadronic vector current
to any spontaneously broken gauge-theory model,
such as the Weinberg-Salam model, the Georgi-
Glashow model, the Beg-Zee model, etc. These
are simple examples of the so-called mixed re-
norrnalizable gauge theories. "

Undoubtedly, as more experimental information
becomes available, it will be possible to test the
structures (1) and (2) for the neutral currents.
The choice between (1) and (2) is also related to
the question whether the hadronic part of the elec-
tromagnetic current contains a pure SU(3) singlet
component or not. Although it is not essential, we
shall assume here for the sake of simplicity the
validity of (1) as well the absence of any SU(3)
singlet component in the electromagnetic current.
Then the semileptonic interaction between neutri-
nos and hadrons, at momentum transfers not too
high, will be described by the effective coupling"

2;„, =i —vy„(1+y,)v V„+—V~
.G» 1

2 3

+i. -"ry, rr y, )y A', + A. ',) .

We can also add contributions from the electron
and the muon to the neutral currents, if we wish,
in analogy to the electromagnetic interaction. The
interaction (8) leads to an inequality

cr(vT- vX)+ —cr(7rT- vX))—» 2i2 cr(eT- r.X)—
dt 47t'n' dt
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for any unpolarized target T and for any inclusive
or exclusive final state X, in a one-photon ex-
change approximation for the electromagnetic
process eT- ex. In Eq. (9), o. is the fine-struc-
ture constant and t is the square of the momentum
transfer four-vector between leptons. This in-
equality enables us to estimate an upper bound for
Gv. For this purpose, we adapt the calculations
of an earlier publication" and find that the avail-
able data on the deep-inelastic neutrino and elec-
tron scattering cross sections imply

Gv- Gp, (10)

where G+ is the usual Fermi coupling constant.
Actually, a more precise relation can be written

down, if we assume that for the deep-inelastic re-
gion chiral Uz (2) U~(2) or SU&, (3)I3 SU+(3) symme-
try will become asymptotically" valid. With this
assumption, the vector and axial-vector current
contributions will become equal, so that in the
deep-inelastic region, we now expect the equality

do(vT-—vX)+ o(vT- v—X)
df dt

This interpretation implies

V ~ 2

v2

in the approximation Ff''(t) =—, a't for the neutrino
electromagnetic form factor, where a2 = mean
square charge radius of the neutrino. Further-
more, irrespectively of this interpretation, one
can construct gauge theories, like the Bd'g-Zee
model, ' which reproduce the electromagnetic
current as the only contribution to the neutral
weak hadronic current for the usual hadrons. An-
other alternative but rather speculative interpreta-
tion is the conjecture that the vector interaction
may have something to do with the neutrino theory
of light, ' since this interaction can be formally
obtained from the electromagnetic interaction by
the substitution e8„-e8„+v 2G~i vy„v, where
8„ is the electromagnetic potential.

In the special case G„=O, the relation (9) be-
comes an equality and with equal neutrino and
antineutrino cross sections (no VA interference)
we obtain

, , (G~'+G„')t' o(eT-—eX). (11)
d do(vT—- vX) = —o(PT- vX)
dt dt

The present experimental data are consistent"
with

2

, t' o(eT- ex—) .8m'n' (16)

Gv +GA GE
2 2 ~ 2

which makes it tempting to set

G„=G~ cosQ, G„=G~ sing

(12)

(13)

in terms of a, new angle Q.
The natural choice would be to assume Q =~/4

corresponding to the V —A. combination in (8).
However, recent experiments at FNAL seem to
suggest that

o(v„+Iv'- vs +anything) = o(v„+N- v „+anything) .

(14)

If the equality (14) is confirmed it will imply the
absence of the VA interference term, so that
either GA = 0 or Gv = 0. Although there is no

a Priori reason for choosing one or the other of
the two possibilities, we shall in the rest of the
paper set G„=O or /=0. In this choice, we are
motivated by the following considerations. Since
V~~+ (1/W3) V'& is the usual hadronic electromag-
netic current, and since for a two-component
neutrino vy„(1+y, ) v = 2vy~v, the G& term in Eq.
(8) admits of an attractive physical interpretation.
It effectively represents an electromagnetic inter-
action" between the neutrinos and the hadrons,
through a one-photon exchange, where the photon
couples to the neutrino through its charge radius.

In contrast to Eq. (11), the validity of Eq. (16) does
not depend on the assumption of asymptotic chiral
symmetry. Also, Eq. (16) should be valid not only
for the deep-inelastic region but also for any in-
clusive or exclusive final states X. Utilizing"
the available data on the deep-inelastic neutrino
and electron scattering, Eq. (16) now implies"

Gv =Gz

or equivalently, if we use Eq. (15), a=6X10 "
cm. If we assume that the elastic leptonic scat-
tering v„+e —v„+e is also due to a one-photon
exchange, we find" that this value of the neutrino
charge radius is consistent with the CERN data'
for this process. It should, however, be pointed
out that the numerical result (17) tends to dis-
credit the interpretation that the neutral-current
interactions for the neutrino are electromagnetic
in origin. This is because if the neutrino charge
radius is a weak effect one expects a'-O(G~), so
that, from Eq. (15), G~-O(Gro. ). However, we

should keep in mind that the neutrinos are rather
illusive objects, as the problem" with solar
(electron) neutrinos has recently emphasized, and

it may well turn out for reasons not understood at
present that the neutrinos possess an anomalously
large charge radius.

For the pion production process vN» vNn it is
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well known that for low momentum transfers the
vector-current contribution is somewhat sup-
pressed compared with the contribution of the
axial-vector current. Direct computation of this
cross section from Eq. (16) in terms of the avail-
able data on the electroproduction of pions will be
discussed elsewhere. We might mention here
that B. W. Lee' s" simplified adaptation of Adler's
work" leads to a result which is consistent with
the experimental upper bound on the cross section
given by W. Lee,"but is somewhat smaller than
the more recent ANL results. '

It is perhaps too soon to draw any definitive con-
clusion. The details of these and related calcula-
tions (such as vP- vP) will be presented in a forth-
coming publication.

Note added in proof. For Sakurai's theory, 7 the
weak neutral current is an SU(3) singlet. In this
case, we have in addition to the inequalities (4)
the following relation:

o(vp -vlf') + o(vp -vZ'K')

= o(vp - vpm') + o(vp - vpq)

in the exact SU(3) limit. One can also derive the
~I = 0 relations

o(vp-vnv') =2o(vp -vpm'),

o(vp -vZ'K') =2o(vp -vZ'K') .

These relations are also valid if we replace v by
v. These may be tested in future experiments.
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