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Stimulated by recent indications that neutral-current effects may have been seen in high-
energy neutrino reactions, we take up several issues that bear on the characterization of
neutral hadron currents. Occasional guidance is sought in gauge models of the w'eak inter-
actions, but the discussion is essentially phenomenological. Special emphasis is given to
the question whether the neutral currents have "new" pieces, unrelated to those which appear
in electromagnetism and in weak charge-changing reactions. Of particular interest here is
the question: Are the neutral vector currents conserved?

I. INTRODUCTION

The possibility that neutral currents play a role
in the weak interactions has long been of interest,
purely as a matter of conceivable phenomenology.
The issue has recently become more urgent with
the development of the gauge-theory approach to
weak (and electromagnetic and strong) interactions,
since neutral currents make a natural appearance
in certain variants of the theory. Still more re-
cently, interest has been further stimulated by the
first reports of experimental evidence suggesting
(what may be) neutral-current effects: in the
CERN heavy-liquid bubble chamber exposed both
to neutrino and antineutrino beams, a single event
interpretable' as v„+e-P„+8, and also at CERN"
numerous events interpretable as v„+nucleon- v„+X, P& + nucleon- v& + X. The first order
of business, surely, wil1 be to subject ~Nese in-
dications to further experimental test, and then,
if neutral-current effects persist, to embark on
the task of characterizing the neutral currents in
various qualitative and quantitative ways.

In strangeness-changing semileptonic reactions,
wherever one has been able to look so far, neutral-
current effects are known to be very tiny at best;
for the present, in model building, one seeks to
banish such effects altogether in lowest order
(and to sufficiently suppress them as they arise
indirectly in higher order). Discussion of neutral-
current effects therefore tends to focus on purely
leptonic and ~8=0 semileptonic processes. The
latter are our special concern here, and we re-
strict ourselves to processes involving only ordi-
nary (i.e., "charmless") hadrons. The purpose of
this note is to discuss a variety of issues that may
form an experimental basis for characterizing
these neutral currents.

To establish notation for the later discussion,
let us first consider the charge-changing but
strangeness- and "charm" -conserving semilep-
tonic processes

v, +n-E+P, E=e or p,

where n and P are hadrons or systems of hadrons.
The effective current-current amplitude, pre-
sumed to arise via exchange of charged, massive
vector bosons (W), has the structure

cosec(P~ j „""ia)c7,y (1+y,)u„,
2

where 8~ is the Cabibbo angle. The charged cur-
rent j'„'", so far as we presently know and as
the notation suggests, is purely isovector, and it
is composed of vector and axial-vector pieces in
the V -A combination (for which a precise mean-
ing is given by the algebra of equal-time commu-
tators)

~ 1+ i2 yl+f2 ~1+j2

For invariant momentum transfers small com-
pared to the 8' mass, M~, the basic constants
which characterize the coupling of lepton and had-
ron currents to this W field are combined, along
with the boson propagator factor, =M~ ', into the
effective coupling constant 6, Qm~2= 10 '.

Next, consider electromagnetic processes

I+a'-E+P', l=e or p,

as mediated solely by one-photon exchange. The
amplitude is

2 &&'lj t lu')&ry„&i

where q2 is the invariant momentum transfer.
The electromagnetic current is of course purely
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vectorial, and with respect to isospin, so far as
we know, it is composed only of I=1 and 1=0
pieces. According to the CVC (conserved vector
current) hypothesis the former piece is related to
V'„'" by an isotopic-spin rotation, hence we de-
note it by V'„. The I =0 piece is written as V'„;
altogether, therefore,

)em- V3+ Vo
P

(6)

Finally, consider the weak neutral-current pro-
cess

V+A ~V+P
y

which is presumed to arise through coupling of
neutral lepton and hadron currents to neutral,
massive (Z) bosons. We write the effective am-
plitude in the form

(p'~ j x(a'}u„y (1+y,}u, . (8)

By convention we have again displayed the factor
G/v2, all other parameters of the underlying the-
ory (e.g., the mass ratio M~/M~) being absorbed
into the definition of the neutral current j ~.

The first interesting questions to be faced, once
neutral-current effects are at all established, will
have to do with the spatial (V, A} and isotopic
structure of j ~. To preserve sanity, we restrict
ourselves exclusively to I =1 and 0 currents (in
accord with present-day models, which universally
build the currents in a bilinear fashion out of
quarks with isospin restricted to I =-, and 0). In
an obvious notation, then, the general structure is

j„=v„+a„+v„+a„. (9)

We have denoted the vector, v„, and axial-vector,
a„, currents by lower-case letters to distinguish
them for the general case from the currents of
Eqs. (3) and (6).

We shall make a number of comments on how to
probe further into this general structure of j ~.
Initially, in Sec. II, we consider the simplest pos-
sibility for the form of the neutral current:
namely, the case where it is an arbitrary linear
combination of the electromagnetic current and

j„, the current obtained by isotopic rotation of the
charged current j '„+" in Eq. (3). Here it becomes
possible, with the added input of certain standard
scaling assumptions, to obtain a useful relation
connecting deep-inelastic neutrino-induced produc-
tion and electroproduction processes, Eqs. (1),
(4), and (7}. Such a connection has already been
discussed 4 for the Salam-Ward-Weinberg mod-
el,"which represents a special case in the class
under discussion. For j ~ an arbitrary linear
combination of j'„and j '„we shall again find an
equality, contained in Eqs. (14) and (16) below,

but for this more general situation the tests re-
quire separate measurements on neutron and pro-
ton targets. We cannot recommend these rela-
tions to experimentalists as being all that simple
a tool. However, it seems to us important to see
how far one can come with such a minimal as-
sumption about the structure of the neutral cur-
rents.

In Sec. III we revert to the more general struc-
ture of Eq. (9) and to the possibility that "new"
components appear in the neutral current. We
discuss three items:

(i) comparison of the elastic scatterings v+ d
-v+d and v+d -v+d, as these may bear on the
presence of an isoscalar axial vector current,

(ii) weak neutral-current effects in e'e an-
nihilation reactions, and

(iii) what seems to us a fundamental issue: Are
the neutral vector currents conserved? (Since
this question is so broad, it may not be superflu-
ous to state that on this one point our discussion
will be independent of whether or not charm-
carrying states are produced. )

The various issues raised in this paper will of
course be pertinent only if experimental evidence
persists for neutral currents. None of the tests
that we propose bearing on one issue or another
will be all that easy to carry out [with the possible
exception of Eq. (11)below]. The discussion is
everywhere frankly phenomenological, since until
we know what is the right model (it may, after all,
not even be built on the gauge strategy) many
questions are open and have to be approached
empirically. On the other hand, we think it useful
to indicate on occasion, quite briefly, where
existing gauge models fit in, and to invent (with-
out great pride of ownership) a new gauge model
for the sole purpose of illustrating that some gen-
eral option for j „ is at least not excluded by the
general ideas of gauge theory.

II. A SPECIAL CLASS

Among the simplest possibilities for j ~ is that
one or another of the currents in Eq. (9) is not
really a new ingredient of the weak interactions,
but instead that it is related, directly or via an
isotopic-spin rotation, to a corresponding current
already encountered in Eqs. (3}and (6), for exam-
ple, v'„proportional to V'„, or v~ocV„, or a'„~A„',
where A'„ is the current obtained by isotopic rota-
tion of A„"". It is only for a'„ that such a possi-
bility does not exist, since no I =0 axial-vector
current enters into Eqs. (3) and (6}. In this sense
the existence of a„ is of special qualitative sig-
nificance. The discovery of effects attributable
to a'„, whatever their numerical size, would rep-
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resent something new. For the remaining currents
of Eq. (9), the simple possibilities discussed
above, i.e., the question whether they represent
old things, depends for its testing on quantitative
comparisons among isotopically related sets of
reactions, Eqs. (1), (4), and (7).

The sixnplest possibility of all is that j &~ is ex-
luslvely composed of j ~

and j
that it is just a linear combination (with allowance
for isotopic rotation) of the currents of Eqs. (3)
and (6):

j s =P(V'„+ Vv) +&((V'„-A'„). (10)

We focus on Eq. (10) in this section.
The structure implied by Eq. (10) is certainly

achievable in the framework of gauge models, as
witness the following two examples.

(1} A. =l, p fixed by v„+e-v„+e. This is the
original SU(2) x U(1) model. 6 While the model is
unsatisfactory in not making provision for chmged
strangeness-changing currents, it has nevertheless
been widely utilized as a basis for discussions of
neutral-current phenomenology. The parametex
p =-2 sin'8 (-2& p&0) can be determined indepen-
dently in the model from analysis of purely leptonie
processes, e.g., v„+e-v„+e. Among other
things, this model has been applied' to analysis of
the deep-inelastic cross sections for v(P)
+nucleon v(v)+X, in relation to e +nucleon

e +X and v(P) +nucleon- )((p)+X. It turns out
that the neutral-current cross sections reported
by the CERN group, for both v and v beams, are
in rough agreement with the theoretical predictions
based on this model —for a value of the parameter
p which also accords with the value implied by de-
tection at CERN of a single v„+e —v„+e event
(and nondetection of v„+e-v„+e). This is a re-
markable situation and suggests that additional
currents in j„, though perhaps formally present,
do not contribute greatly in the deep-inelastic re-
gion at enexgies so far explored. In turn this leads
us to consider the same deep-inelastic processes
in the somewhat wider context of Eq. (10), with

both p and A, left as free parameters. This allows
for a wider range of options, in which, however,
additional currents are still presumed to make
only small contributions even if formally present.
Before coming to this let us mention one more
specific example, however.

(2) A. =O, p not fixed by v„+e-v„+e. This is
the model of Bhg and Zee.' In spite of the fact
that the determination of p is more involved hex'e, '
the model has several obvious and immediate con-
sequences. Indeed, since j „ is proportional to jom,

the differential cross sections for v+ n- v+P and
e+ a-e+P are propoxtional' up to an obvious pho-
ton propagator factor (q2) 2. Thus ratios such as

do(vp vX)/do(vn v Y), do(Pp vX)/do(Pn PY),
and do(ep-eX}/do(en-eY} must be equal. More-
over, since here the neutral current has no axial-
vector pieces, all neutral-current processes, Eq.
(7}, are free of V, A interference. Hence

&(v) &{v) (11)

for any target and any channel (and, in fact, dif-
ferentially as well). Needless to say, Eq. (11)
holds true in any theory in which j ~s is pure V (or
pure A).

Now then to the case of general p and A.. Let
o~(""' and o„""&be the cross sections for v(P) +p
-v(v)+X and v(P)+n v(P)+X. Similarly, let
a~(" "' and o„(""' refer to v„(P„)+p(n)—g(P) +X.
The cross sections are given by familiar expres-
sions involving certain structure functions W,', S'„
8'„which depend on q and v and which have to be
labeled also by the name of the target and by the
nature of the process (neutral-current vs charged-
current reactions). For electromagnetic process-
es e +nucleon- e +X there is a similar formula for
differential cross sections, expressed in terms of
W,

' and W2™.Let us define o~ and o„ to be the total
cross sections one would obtain for the neutrino
reactions with the structure functions given by
W, and S, . Thus

q =4ee sin $8). Finally, let the sub-
script N on a cross section refer to the average
over p and n, o„=——,'(o~+o„); similarly o~=—,'(o~ -o„).
Then define

o(+v& ) (()(u&+o(v)) a( v& ) (o(u) o-(7))
N ~ N N ~ E 2~M S

o(+)() ~ (og() go())&) o(-v) ) (()g() og())

and similarly for N- &. We now seek to relate
the various cross sections on the basis of the
neutral-current structure of Eq. (10). For the
deep-inelastic scaling regime we invoke one addi-
tional theoretical ingredient: namely, the standard
assumption for the charged-current processes
that the vector and axial-vector currents make
equal contributions to o "~).

It is now an easy matter to establish the follow-
ing results (for ease of writing we have set the
Cabibbo factor cos8e =1). First, an equation
which determines the parameter p in terms, ex-
clusively, of cross sections averaged over neu-
trons and protons:

j()I H N N 2O e
(p) (u) (v) (p)

&(p) & gD
N N

Although we are regarding p as a free parametex,
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this result is not without predictive power. What-
ever the value of p, the right-hand side of Eq. (14)
must be positive. Moreover, we already know

that o„(~'& o„'~'. Thus, we require that

&(v) 0 Fp)

0 (v) 0 (p)
N N

This constitutes a first test of Eq. (10}. It just so
happens, however, that it is not likely to be use-
ful. This is because in any case, at high energies
and assuming scaling, one has the bounds o„'"'/o„"'
& —,', ogv'/o'„'"'& —,'. Since the ratio on the right-hand
side of Eq. (15) has an experimental value close
to the bound, "oNv'/o„'"' ='0.38 + 0.02, there is not
much room for Eq. (15) to be violated.

There is a second equation that determines the
parameter p:

(15)

(16)

The requirement that Eqs. (14) and (16) yield the
same value for p' constitutes the essential test of
Eq. (10). Of course, again, there is also the re-
quirement that the left-hand side of Eq. (16) be
positive. Finally, the parameter A. is determined
from

&(-p) 0 (+v) (17)

We may also note that contained in these equations
are the results of Ref. 4, generalized to arbitrary
Rand p:

o„'"' ——,
'

[A(A. +p)]o„'v' =o„'"' —2[A.(A+ p)]o'g+'

p2o8
N

(18)

Recall again that the foregoing results are
based on the supposition that the neutral current
is built up solely out of j'„and j„. We have con-
sidered this case first because of its theoretical
economy. At the next level of generalization it is
natural to consider the structure

j„=p(V„'+ V'„) +A(V'„-A'„)+o(V'„+A'„), (19)

which represents a completely arbitrary combina-
tion of all the currents already encountered in
electromagnetic and weak charge-changing interac-
tions. We have not discussed the deep-inelastic
reactions in the context of this rgore general situa-
tion simply because it is no longer possible here
to obtain a simple cross-section equality for arbi-
trary values of the parameters p, A., o, except for
a special configuration that we shall note in Sec.
III. However, even with its greater complexity
Eq. (19) is certainly testable if one is prepared to
study individual channels in sufficient detail. For
example, consider the. related set of processes

v+p(n) -v +p(n), e+p(n)-e+p(n), v+n- p, +p.
A full experimental analysis would serve to deter-

, mine separately the vector and axial-vector form
factors for each reaction. In this way one could
test for the absence of a'„and determine the pa-
rameters p, A, , o, which are to be used to now in
consistency tests applied to other related sets of
reactions. We do not pursue such examples here,
both because the principles are obvious and be-
cause the experimental demands are excessive.

III. "NEW" CURRENTS

Let us return to the question of what the gauge
models say. We have already mentioned examples
which correspond to the neutral-current struc-
ture of Eq. (10), and we may also note" the exis-
tence of at least one model which contains a 0
term. There are also situations in which the iso-
vector currents are still as in Eq. (10), but in

which "new" isoscalar currents, both vector and

axial-vector, make an appearance. Such models
are described by

j„=p V„'+A.(V„' -A„')+ v'„+a'„, (20)

where a'„ is necessarily a new object but also
where v'„is not proportional to V'„(it is simply a
different operator. This is the case for the model
of Glashow, Iliopoulos, and Maiani, "for one ver-
sion of the three-triplet model, "and for the O(4)
xU(1) spinor model. " [As it happens, in all these
cases the extra piece of v„' and the new a'„enter
in the (V-A) combination. ] So far as the isovector
currents are concerned, one can again relate
their matrix elements for neutral-current pro-
cesses to corresponding matrix elements for as-
sociated processes, Eqs. (1) and (4). This has
been exploited by various authors" to set lower
bounds on various neutral-current processes.

It happens that all published gauge models
(among those which feature neutral currents at
all) stop short of the full generality of Eq. (9), in

that none of them contain "new" I=1 currents.
The quark content of these models embraces
either one strong isodoublet (4', X), or three of
them —as in the (Han-Nambu or color) models of
the SU(3}XSU(3)' variety. It is easily seen, when-
ever the quark content is in the above categories,
that no new I =1 currents can arise, independent
of what choice is made for the weak-electromag-
netic gauge group. In spite of this the reader can
convince himself, by examples, that gauge models
can be constructed (of course outside the above
categories) which do contain new isovector cur-
rents and which do meet the usual requirements,
including the constraint imposed by the 71 2y
rate.
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As already emphasized, one reason for contem-
plating the simple current of Eq. (10}is the pos-
sibility that (for appropriate p and X) any addi-
tional "new" pieces may happen in typical eases
to give small contributions to neutral-current
cross sections. After all, just because such added
pieces (as they might arise explicitly in some
model) are new, we have no way to assess their
effects from estimates based on reactions (1) or
(4). For this very reason, however, such cur-
rents, if they exist, would be objects of great in-
terest, so one wants to consider special situations
which may serve qualitatively (perhaps at the cost
of low counting rates) to signal their existence.
%e wish to make several points in this connection.

(1} Consider first the question of an I =0 axial-
vector current. In principle this can be looked for
without reference to any but neutral-current pro-
cesses. For example, consider again the process-
es v+p-v+p and v+n-v+ n. A complete exper-
imental analysis mould clearly serve to isolate the
matrix element (p)a'„(p) = (n ~a~0)n), but the practi-
cal difficulties are of course enormous. A more
attractive possibility, though still difficult enough,
is to study elastic scattering of neutrinos and
antineutrinos on an I =0 target with nonvanishing
spin, e.g. , deuterium:

v+d~v+d
y

v+d~ v+0 .
(21)

+$3 1-

where the + (-) sign in the coefficient of W, refers
to the v (v) process. Here M is the deuteron mass,
e the (laboratory) energy of the incident neutrino,
and q' the invariant momentum transfer. The
form factors S', depend only on q', and it is W3,
in particular, that measures V, A interference.
In principle the form factor W3 can be disentangled
from W, and W2 at each value of q' by holding q'
fixed and varying e. Alternatively, one can inte-
grate over q' to obtain the total elastic cross sec-
tions c'"'(e ) and o''"'(e ) at any e . Any nonvanishing
difference between these signals the existence of
V, A interference. For q'=0 the various form

The important point here is that only the1 =0 vec-
tor and axial-vector currents can contribute.
Therefore discovery of any V, A. interference
would in itself signal the existence of the new cur-
rent ao, independent of whether the vector current
v'„ is old or new. The differential cross section
has the familiar form

go(v, V) 62 - q2
W, 1 — +(2W, -W, )2 4~2

factors might well be comparable to those de-
scribing, say, v+p elastic scattering. However,
since the deuteron is a loosely bound system its
form factors will begin to drop off rapidly at an
early stage (in comparison with the situation for
v+p —v+p), namely when q'E~'»1, where II„ is the
the deuteron radius. This already leads one to ex-
pect that the total elastic deuteron cross section
mill be much smaller than that for elastic v+p
scattering (something which itself has not yet been
seen} if q' E~' =2Meft, '» 1. What is worse, W,
in Eq. (22) is multiplied by a factor which vanishes
as q' 0, so information on W3 comes from large
q', where the event rate is bound to be especiaQy
low. On the other hand, at very low energies
where q' ~ is sufficiently small (e& several tens
of MeV) there is a chance that the deuteron cross
sections mould be comparable to that of the pro-
ton (all would of course be small) and that the dif-
ference v'"~' —o'"~' could be a substantial fraction
of the sum if an I =0 axial-vectox currents exists.
At any rate, insofar as deuterium-filled bubble
chambers are going to be exposed to v and v

beams, one ought to be on the lookout for the elas-
tic reactions of Eq. (21).

(2) Electron-positron annihilations represent
another potential source of information on weak
neutral currents. To get at both the hadron and
lepton neutral currents one wants to consider the
processes e'+e -hadrons. At foreseeable ener-
gies such reactions will usually be dominated by
pure electromagnetic (one-photon exchange) con-
tributions, but one may hope to see small inter-
ference effects arising from the weak interactions.
The weak amplitude would have the structure of
Eq. (8), with the neutrino current replaced by an
electron current (this will in general have both
vector and axial-vector parts, in a combination
that depends on the model). The weak and electro-
magnetic amplitudes are expected to stand roughly
in the ratio Gs/4mo. '; interference effects at the
highest presently accessible energies might there-
fore be of order of 1%.

However, for certain special final states the
electromagnetic contribution cannot arise in low-
est (one-photon exchange) order. This is the case
for states with charge conjugation C =+1. For
such channels the electromagnetic contribution re-
quires exchange of two photons, whereas in ap-
propriate cases the meak axial-vector currents
(C =+1) can still contribute in lowest order. In
this situation the cross sections mill certainly be
small, but the weak contributions have a chance,
relatively, to play a big role. An example is the
system KOK'+m" s, where the K'Ko subsystem is
in a C =+I state, which we select by looking for
KsKs decays, i.e., by observing the final state
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K+z+v" s. Another example, of course, is the
state 3m'.

However, let us return to those final-state chan-
nels which can be reached via one-photon exchange.
This will then provide the dominant mechanism for
the reaction, but what is of interest here are the
effects produced by possible weak neutral-current
contributions. One effect which would clearly sig-
nal a weak contribution is the occurrence of a
parity-violating term in the differential cross sec-
tion. There is more, however. The structure of
such parity-violating effects, in their dependence
on the various kinematic variables of the reaction,
can serve to reveal something of the nature of the
neutral lepton and hadron currents (vector versus
axial-vector).

It is also the case that the parity-conserving
terms in the spectrum can provide information on
the presence and nature of weak neutral-current
contributions. Namely, in the absence of such
contributions the spectrum arising from one-pho-
ton exchange has a restricted form with respect
to dependence on certain variables of the reac-
tion. ' On the other hand, the weak neutral cur-
rents (Z exchange) can produce new kinds of pari-
ty-conserving terms in the spectrum. Unfortu-
nately, however, the new terms can also arise at
the level of two-photon exchange, in interference
with the dominant one-photon exchange, i.e., at a
level of order e relative to the dominant terms.
At this level, therefore, the observation of such
terms would not be decisive as a signal of weak
contributions. These qualifications of course do
not apply to the parity-violating terms, which
necessarily require the intervention of Z exchange.
Here it is enough to restrict consideration to in-
terference between g exchange and one-photon ex-
cha, nge.

These issues are discussed and illustrated in
more detail in the Appendix. There we note that
the presence of special correlations can yield in-
formation about the vector and axial-vector con-
tent of both the leptonic and the hadronic parts of
the weak current.

(3) Our last topic has to do with the question
how to discover whether the weak neutral currents
v'„, vs, a'„have "new" pieces (a„', as repeatedly
emphasized, is necessarily new if it is there at
all). We earlier discussed how this could be tested
in principle, namely, by assuming the contrary,
Eq. (19}, and studying related sets of neutral-cur-
rent, charged-current, and electromagnetic pro-
cesses. However, here we want to ask how one
might come to a decision on the basis of more
qualitative considerations, restricted solely to
neutral-current processes.

That this can be done may seem hard to imagine,

Thus the differential cross section is determined
here by the divergence of the neutral current j~.
The divergence of the axial-vector part of j &~ is
certainly nonvanishing; the conservation question
has to do rather with the vector currents. If they
are conserved there can be no V, A interference
effects and therefore no parity-violating terms in
the spectrum. The test consists in looking for
parity-violating terms, of the sort

k, 'k2xk3,

where the k, are any three momenta that remain
independent as q'-0. For nonforward neutrino

(24)

in the absence of characterizations that go beyond
the spatial (V, A) and internal symmetry (e.g.,
isospin) properties of the various currents. But
the electromagnetic currents V„' and V'„ in fact do
have another distinctive property, reflecting, re-
spectively, hypercharge and isospin conservation
in the strong interactions; they are conserved. If
the weak vector currents v'„and v'„have new pieces,
not simply proportional to V„' and V'„, are these
new pieces conserved?

For the last time in this paper we shall ask:
What do gauge theories have to say on the issue?
Neglecting electromagnetic and weak effects, one
clearly cannot construct a nonconserved vector
~S=O current from 6', X, A, only —but then, as far
as is known, one cannot make a sensible gauge
model only out of (P, M, A. either. In turn, this has
led to the introduction of additional SU(3}-singlet
quarks in many models. This, of course, opens
the possibility for the existence of new vector con-
servation laws (charm), but that is not our con-
cern here. However, it is not difficult to show;
once quarks of the latter variety are admitted,
that also nonconservation of the vector part of j ~

becomes a logical (if perhaps not attractive) pos-
si.bi.lity iv

To test the conservation question, we can take
over ideas first proposed by Adler" in connection
with the issues of CVC and PCAC (partial con-
servation of axial-vector current} for charge-
changing weak reactions. Namely, consider the
process

V+ Q~ V+P, +P2+

where {P,, P„.. .j is a system of hadrons, and
specialize to the configuration where the outgoing
neutrino is moving in the same direction as the in-
cident neutrino. Let q„be the momentum transfer
between the neutrinos. In the "parallel" configura-
tion q' is strictly zero and the differential cross
section is proportional to
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v+d» v+X»

v+d~ p, +X .
(25)

(26)

In both cases we r'estrict ourselves to the parallel
configuration of the outgoing lepton (forward scat-
tering}. Insofar as the muon mass can be ne-
glected, forward scattering for both processes
corresponds to q' =0; we are therefore dealing
with the differential cross section

=- f(e, M)~q2~M2 (2V}

at q' =0, as a function of incident neutrino energy
e and "missing mass" M. If Eq. (19) is correct,
along with Eq. (3), it is evident from the reason-
ing that has gone before that

configurations such terms are always, in general,
to be expected. If they are nevertheless invisible,
even for the general neutrino configuration, that
in itself may be interesting but the conserved- '

current test becomes empty. If such terms a~e
detected, the question is then whether they persist
as q'-0. If so, the vector current is not con-
served. In the same way, if some of the final par-
ticles have spin, one looks in the general con-
figuration for parity-violating terms of the sort
o'k, where k is some momentum in the problem.
If such a term is detected, one then asks whether
it persists as q'-0. These tests are of course
equally applicable to exclusive or inclusive
studies.

Suppose that the vector current turns out to be
conserved, for whatever reasons [either it contains
only the old pieces of Eq. (19) or else any new
pieces happen themselves to be conserved]. What
else can then be learned from the forward (in-
elastic) lepton scattering? Here the answer is:
We can learn whether the axial-vector current is
exclusively "old" [as in Eq. (19)] or whether it has
new pieces. To bring this out in its simplest form,
suppose that the target particle has zero isospin
(for illustration we take it to be a deuteron) and
consider the inclusive reactions

neutral leptons (call them L') that are suggested
by certain gauge models, and if these were to de-
cay via Z exchange according to

v +hadrons,

a whole new range of interesting tests would be-
come available. For example, consider the decay
px'oc es s

where one encounters the matrix element
(k'k ~u'„~0) . In greatest generality this has the
structux'e

f, (k'-k )„+f, (k'+k )„,
where f, and f, depend on the invariant dipion
mass. If the current u„' is conserved, f, must
vanish. One can readily think up other similar
tests, but this whole subject is clearly for the
remote future, at least as it now seems.

I

APPENDIX

Consider the annihilation reaction

e'+e- -P, (k, ) +P, (k, ) +P, (k,) + ~ ~ ~,

where the P,. are the names of the hadrons and the
k, are the corresponding momenta. For simplici-
ty suppose that the leptons are unpolarized and
that one integrates the cross section over all final-
state variables other than the momenta k, and k2
of particles P, and P, (hadron spine, if any, are
also summed over}. The remaining variables of
the problem are the total center-of-mass energy
vs and, in addition, five final-state quantities.
Expressed in terms of center-of-mass parameters,
these latter are taken to be: F., and E„ the ener-
gies of P, and P, ; the angle 8, between k, and the
positron momentum p; the angle 0, between k, and

p; and the angle 8» betmeen k, and k, . Let
Zy = cos8y, Z2 =cose2, Z» = cos8~2 . Vfe wx'lte the
spectrum in final-state variables in the form

d u) =W~ 'j2dE, dE dZ, dZ dZ, ,

where
f'" "'(c,M) =-,'(X —o}2f'" ~ '(e, M), (28) 6 =1 -Z~ -Z2 +2Z1Z2Z» Z»

i.e., the forward differential cross sections are
proportional for all c and M. If the idea of PCAC
is correct, then, as Adler has shown, f ~(e, M)
would in turn be related to the total cross section
o„(M) for v'+d-X; but Eq. (28) does not rest on
PCAC.

Returning to the importa~' '"~ne of conservation
of the neutral vector currents, we regret that it
must rest on such difficult experimentation, but
we have not been able to think up more practical
tests. If one were someday to discover the heavy

8'=W( Es, , E~, ~,Z,Z2, Z). 2

Ignoring exchange of more than a single photon,
but allowing for contributions from weak neutral
currents, one finds for W the following structure,
which is simple and explicit in its dependence on

g~ and Q2.'

W-A, +A2Z~ +ASZ2 +A~Z~Z2+H~Z~+B2Z2

+ (C +D~Z~ +D+~}p ' k
~
x k2,
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where the A, , B, , D, , and C depend on s, E, , E„
and Z» but are independent of Z, and Z, . These
coefficients have been labeled in groups according
to the following scheme.

(i) The terms with coefficients A, are the only
ones that would survive in the absence of neutral-
current contributions. They are therefore ex-
pected to be the dominant terms. However, the
A, can also receive contributions from the weak
neutral currents, in interference with one-photon
exchange —if, and only if, the weak lepton and
hadron currents both have vector parts.

(ii) The parity-conserving terms with coeffi-
cients B, arise from interference between neutral-
current contributions and one-photon exchange if,
and only if, the weak lepton and hadron currents
both have axial-vector parts.

(iii) Similarly, the parity-violating term with
coefficient C arises if, and only if, the weak lep-
ton current has an axial-vector part and the hadron
current has a vector part.

(iv) The parity-violating terms with coefficients
D, arise if, and only if, the weak lepton current
has a vector part and the hadron current has an
axial -vector part.

Several points are worth making here. Two-
photon exchange, which has been ignored in the
above analysis, leads to a more complicated
structure for the parity-conserving part of the

spectrum in its dependence on Z, and Z, and, in
particular, can produce contributions to the B,.
Thus, detection of the B, at a level of order a
relative to the dominant A, terms would not con-
clusively signal the presence of weak neutral-
current effects. On the other hand, observation of
any of the parity-violating terms would surely re-
veal the presence of weak-current effects, and
distinction between the C and D, terms would pro-
vide the kind of information about these currents
that has been noted above.

We may also remark that since the variables E,
and E, played no interesting role in the above
analysis, nothing is lost if one integrates the spec-
trum over these variables. Finally, we may com-
ment on the special interest that attaches to an-
nihilation reactions leading to channels of even G
parity, e.g., 4m, 6m, etc. Here the only weak
neutral hadron currents that can play a role are
v„' and a„', so, in particular, detection of the terms
with coefficients D, would establish the existence
of the "new" isoscalar axial-vector current a'.
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Three-body amplitudes have two-body threshold singularities over and above those coming
from the usual treatments of final-state interactions. These are analyzed both formally and
numerically. In the numerical model studies, they account for an important variation of the
amplitude. The singularity comes from the "next-to-last" rescattering, and hence, may be
represented correctly by any approximate amplitude that has that rescattering, even if the
approximation scheme diverges. This may account for the correct shape (not magnitude) of
multibody spectra determined with a divergent multiple-scattering series.

I. INTRODUCTION

M=gfir;(c;), (a)

How to extract two-body information from a
multibody final state is an old problem. Empir-
ically, we have learned much from such situations
in nearly every branch of physics, but when there
are more than two strongly interacting particles
in the final state, there exists little in the way of
a firm theoretical basis for the analysis. In this
paper we investigate the nature and consequences
of an important singularity in the final-state am-
plitude that has been ignored in most previous
analyses. This is a threshold singularity in the
pair subenergy of each final-state pair. It is
therefore on the boundary of the physical region,
and produces considerable variation of the am-
plitudes over that region. Its neglect can lead to
incorrect final-state parameters. We carry out
our analysis in the context of the three-body prob-
lem, but the existence and nature of the singularity
is by no means restricted to that case.

The existence of this singularity was already

implicit in 1967" in a different guise, but we
were not then aware of its importance for phenom-
enology. Much more recently we have demon-
strated its presence in a general way through
unitarity. ' In this paper we explore further its
origin, nature, and numerical importance.

It is customary to decompose a three-body final-
state amplitude into a sum of terms, depending
on which pair interacts last,

where v; is the j-kth pair's two-body t matrix
(i 4j wk) and o, is that pair's center-of-mass en-
ergy. f, is the coefficient of r; in the decomposi-
tion. This form is closely related to the Faddeev
or multiple-scattering expansion of nuclear phys-
ics and to the isobar expansion of particle phys-
ics.' Most empirical analyses proceed by assum-
ing that f, is slowly varying and that f, and f&

(f wj) are totally independent. But what we have
already shown is that for small o, (Ref. 1-3)

f =A. +i(o )'~'B

and

By
——Q jara .

k vej
(b)

This result on the coherence of the amplitude
shows that in some sense it is the entire ampli-
tude that carries the phase 5 and not just a part.
This is a kind of Watson theorem which has been
known for some time in some circles, "'' but its

This means that f; has a square root singu-larity
in the pair subenergy of the j-kth pair and the co-
efficient of the singularity is the "non-i" term in
the decomposition. Near o; =0 we can write

M = (A + zBq) e' +B,; q sin5
q

where q =(&r;)' ', T, = (e ~ sins)/q and we have drop-
ped the i label to keep the expression simple.
Elementary algebra then gives

) g SlQ5M=A e' +Be cos5 .


