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We apply current-algebra techniques to study neutrino-proton elastic scattering and neutral-current-induced
soft-pion production in the case of second-class vector and axial-vector currents. (Such currents are CP-
violating if the final and incident neutrinos are identical, but can be CP-conserving if the final and incident
neutrinos are different particles.) The second-class currents are constructed phenomenologically from meson
fields and the usual first-class V, A quark currents. The matrix elements of the second-class currents between
one-nucleon states are estimated by inserting a complete set of intermediate states and saturating the sum with
one-nucleon states. In this way the second-class matrix elements are expressed in terms of the experimentally
measured renormalization constants of the first-class V, 4 currents and the pion-nucleon coupling constant.
Using standard soft-pion techniques, we analyze recently reported Brookhaven National Laboratory results for
neutral-current—induced soft-pion production under the simplifying assumption of a purely isoscalar second-
class V, 4 neutral current. We find in this case that a second-class ¥ — A4 current is consistent with the
reported results. Some qualitative features of second-class neutral currents are (i) equal cross sections for vp
and Vp elastic scattering, with only the axial-vector current contributing, and (ii) very small vp and Vp elastic
cross sections at energies of order 50 MeV, which are relevant for possible neutrino experiments of the Los
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I. INTRODUCTION

Now that experiments have conclusively shown
the existence of weak neutral currents,' neutral-
current experiments are entering a new phase of
sophistication which will eventually enable the de-
termination of the phenomenology of the weak neu-
tral interaction. This determination will largely
follow from the analysis of the three most exten-
sively studied semileptonic reactions: deep-in-
elastic neutrino-nucleon scattering, neutrino-pro-
ton elastic scattering, and neutral-current—induced
weak-pion production.

This is the third in a series of three papers
which develop the necessary apparatus to analyze
and correlate data from these inclusive and ex-
clusive neutral-current—induced semileptonic pro-
cesses. In the first paper, these three processes
are analyzed using standard current-algebra tech-
niques in the framework of the conventionally as-
sumed Weinberg-Salam model and more generally
for neutral currents formed solely from members
of the usual vector and axial-vector (V,A) nonets.?
The remaining papers in this series explore the
possibility of unconventional current structure. In
the second paper, a similar apparatus is set up
for correlating data from inclusive and exclusive
semileptonic processes in the case of neutral cur-
rents with scalar, pseudoscalar, and tensor
(S, P, T) Lorentz structure.® Since (V,A)-induced
reactions leave the helicity of the neutrino un-
changed while (S, P, T)-induced reactions flip neu-
trino helicity, the cases of V,A and S, P, T neutral
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currents do not interfere and may be studied inde-
pendently.

In the present paper we calculate the cross sec-
tions for neutrino-proton elastic scattering and
neutrino-induced pion production in the case of
V,A neutral currents with abnormal G-parity.
Since the existence of weak second-class charged
currents is still an open guestion and the phenom-
enology of the weak neutral currents is as yet un-
determined, we think it important to consider sec-
ond-class V,A currents as possible candidates for
the semileptonic currents participating in the weak
neutral interaction.

The paper is organized as follows. In Sec. II
we discuss our choice of phenomenological current
and review other possible second-class currents
discussed in the literature. We also set up the
necessary apparatus for using current-algebra
methods to obtain the cross sections. We derive
the commutation relations, needed for the pion-
production calculation, of our second-class cur-
rent with the usual axial-vector current in the
framework of the SU(2) X SU(2) ¢ model. We also
estimate the necessary matrix elements of the
second-class current between one-nucleon states.
In Sec. III we calculate the elastic and pion-pro-
duction cross sections. The quark-parton—model
methods used in the previous papers of this series
to calculate deep-inelastic cross sections cannot
be applied here because of the phenomenological
nature of the current.?® In Sec. IV we analyze low
invariant mass [W=M(nN)=1.4 GeV] pion produc-
tion for the Brookhaven National Laboratory (BNL)
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flux spectrum under the simplifying assumption of
a pure isoscalar neutral current, describe some
general features of second-class-current—induced
reactions and compare results obtained here with
those obtained from the usual V,A currents or
from the S, T, P currents discussed in the previous
two papers. The formulas for the pion-production
amplitude are given in an appendix. Our metric
and y-matrix conventions follow those of Bjorken
and Drell.

II. PHENOMENOLOGICAL SECOND-CLASS CURRENT

In this section, we discuss our choice of second-
class current and lay some of the foundations for
the cross-section calculations in Sec. III which
employ current-algebra techniques. In Sec.ITA
we review some of the possible second-class-cur-
rent structures suggested in the literature and
discuss why we settle on a phenomenological
choice. In Sec. II B we calculate the commutation
relations of the second-class currents with the
usual axial-vector charge, which we will need when
we apply PCAC (partial conservation of axial-vec-
tor current) to calculate pion production. In Sec.
IIC we estimate the one-nucleon matrix elements
of the second-class vector and axial-vector cur-
rents. These renormalization constants are neces-
sary for both the elastic and pion-production
cross-section calculations.

A. Choice of current

The classification of strangeness-conserving
weak currents into two classes according to their
G-parity was first introduced by Weinberg.* First-
class vector currents are defined to have the same
G-parity as the electromagnetic current [G =(-)*!,
I=isospin] and first-class axial-vector currents
are defined to have opposite G-parity [G =(-)7].
These are in fact the G-parities of currents formed
out of the usual quarkfields, Py, s\ *pand Py, vsz1y,
where \! are the relevant SU(3) matrices and
are the quark fields. Second-class currents have
opposite G-parity to first-class currents.

As it is not possible to build second-class cur-
rents in the usual way out of nonstrange quarks,
we must try other constructions. Since we are
interested in using these currents to calculate neu-
trino-proton scattering and pion production, the
current we construct must have certain properties.
It must have nonzero (and computable) matrix ele-
ments between one-nucleon states because these
are ingredients in the elastic calculation and in the
Born and PCAC-consistency-condition terms of the
pion-production amplitude. Our experience in the

“ previous two papers of this series indicates as
well that the commutator of the current with the
axial-vector charge should be nonzero, and should
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have a nonvanishing one-nucleon matrix element.
This is because experimentally the pion-production
cross section is large relative to the elastic cross
section; in the isoscalar neutral-current theories
we have previously considered,’ it is difficult to
achieve a sufficiently large pion-production cross
section while at the same time satisfying the ex-
perimental upper bounds on the elastic and deep-
inelastic cross section, without a sizable commu-
tator-term contribution.

Although second-class currents cannot be built in
the usual manner from nonstrange quarks, Okubo®
suggested that a second-class axial-vector current
could be constructed as the total derivative of the
pseudotensor current built out of the usual quarks

A r= 3uT},
=94(F0 YA ) . (1)

However, this choice is not appropriate for our
purpose since it has zero commutator with the
axial charge. Similarly, Maiani’ suggested build-
ing second-class currents out of two types of
quarks—the usual one plus their parity doublets.
This model has the problem that the one-nucleon
matrix elements of the current vanish in first
approximation since the nucleon does not seem to
contain these peculiar quarks.

Since no second-class current built out of quarks
seems to work, we turn to the suggestion of Lipkin
and others?® that the second-class current be com-
posed purely of meson fields. For example, the
isovector second-class axial-vector current could
be given by 7w,, the isoscalar axial-vector cur-
rent given by 7-5,, etc. We will follow Lipkin’s
lead and construct our second-class currents (de-
noted by a bar) in a phenomenological manner as
follows:

7I=0 - 11/ - F oo 7o
Py 'E'Z&;(W'lp'h'ysilb"'lpyxysglp'")

< >(1r-A +A Ty,
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Because of vector-meson dominance, our choice
is essentially equivalent to Lipkin’s, but is some-
what easier to use in calculating. The choice of
{0), the vacuum expectation value of the ¢ field in
the SU(2) X SU(2) o0 model,® is a convenient normal-
ization of the currents, as will become clear in
Sec. II B, where we will also eliminate it in terms
of physically measurable quantities. In the re-
maining parts of this paper we restrict our atten-
tion to isoscalar currents only. The generalization
to isovector currents is straightforward.

B. Commutation relations

To calculate the commutation relations of the
second-class currents with the usual axial-vector
current, we will work in the framework of the
SU(2) x SU(2) 0 model. We expect that our relations
are more generally valid in any theory with the
same underlying symmetry. We begin by writing
down the o-model Lagrangian®;

Pl=if +glo+iT Fys) Ju+ 3(87)? + 3(80)?
“2

(T2 +0%) = AMF2+02-A)P = co. (3)

£=_
3

The usual axial-vector current A; is generated by
the field transformations

omt==06'%q, bo=1*, 61/)=%Tk75w. (4)

Then the divergence of the axial-vector current
can be computed and used to relate the parameter
€ to the pion decay constant f, via PCAC:

oL

axA;=—-6-K

=em,

=/

MyM®
=-—-—Ng—"g.A_7rk . (5)
r

Similarly by requiring that the vacuum be a mini-
mum of the potential, and choosing a vacuum for
which (7)=0, we can relate the vacuum expectation
value of the ¢ field, (o), to physically measurable
quantities, as follows:

=2
0= <80>
=—(@)[1® - M ((0)* - A)] +¢

={(0)= _Mﬁ’_gA . (6)

Using this relation, (o) will be eliminated in the
calculation of renormalization constants in Sec.
IIC.

Finally, using the fact that the axial-vector
charge is the generator of the transformation of
Eq. (4) and using the relation

@, ¢l=id¢, (7
for any field ¢, we find

IA 4 Abrd
5k A1=0)=_sykoy s w1 (MAL+ Alnf)
[Q%F, A =°]==iV}+i€ 2(0) ’
(8)

i (TVAt Vir) |

(@, 71-0]=iagvie LS

C. Estimation of second-class-current renormalization constants

To estimate the one-nucleon matrix elements of
the second-class phenomenological current, we
will write each form factor as a sum over inter-
mediate states and truncate the sum at the one-
nucleon intermediate state. (This method is an-
alogous to that used to calculate nonleptonic hyper-
on decay induced by the weak current X current
Lagrangian.'® A sum over intermediate states is
inserted between the two currents in the effective
Lagrangian and the sum is truncated after the nuc-
leon and decuplet intermediate states.)

The second-class form factors for the isoscalar
currents of Eq. (2) will be defined as follows:

N(p,) | V2= [N (p,)) =m”F:’O)(p2)ﬁ(1’2)';ﬁ
N
X 3@ 2 ulpy),
9)
W (pa) | AN (p,) = —WNFE:’KPZ)ﬁ(pz)om'z%;’N

X5z (31 2ulpy) ,

where p=p, - p, and

1/2
plO p20

We proceed by writing each form factor as a sum
over intermediate states and saturating the sum
with one-nucleon states:
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N () [ 71=°(0) [ N(p, )

& )
T s;es [ (p) | 74(0) [N () (k) |4L0) N (p,))

+(N(p,) [AL0) [N RN () |74(0) | [N(p )], (10)

-V,(0) +V,+ 7(0) [N(p,))

NP AL [N () =57

2 [N (p,) [ (0) NRWN () | VE(0) [N (p,))

ZMNgA states
+(N(p,) | VE0) |N(R)YWN () | 74(0) [N (p,))] . (11)

The quantities on the right-hand side of Egs. (10) and (11) are experimentally known. The pion matrix
element between nucleon states is given by

My MN>

V() 1) e = (5 2

8 (P BB )i TR (12)

where the momentum dependence of the form factor g, is taken to be monopole (which together with the ex-
plicit pion pole gives a total dipole falloff):

8, @) =g,/(1-q*/M?). (13)

We will leave the mass M as a parameter which we will vary to get an idea of the sensitivity of our calcula-
tion to this assumption. Quark-model considerations suggest the value M =0.9 GeV.}' The usual axial-
vector current matrix element is

My MN 1/2

oV 400 [N = (B 2E0) ™ 70y = KR = RPN = s ) (19)

We use PCAC to express &, in terms of g,;

2M 2
e =208, (15)
and assume a dipole falloff, consistent with experiment,'? for the momentum behavior of g ,:
2) — Sa
gala®) "'(1 _ qz/Mz)z' . (16)
The vector-current matrix element is well known experimentally:
My My\'"? . E—p)"T
(N (R) | V;(O) |N(P1)> = <_E" =X (k) Fl((pl - k)z)'YA'*'ZFz((pl - k)z)(’mi—zi]_iu(pl) . 1
ko Pw ZMN 2
The experimental behavior of the vector form factors may be parameterized as'?
Fy Fs
2 =
Fl(q ) (1 - qz/Mz)z > (q ) (1 q/4M 2)(1 qz/Mz)z ’ (18)

with F, and F, being constants.

To find the second-class matrix elements at zero momentum transfer, we will work in the brick-wall
frame, P, +P,=0, and keep only leading powers of || =|{, -5, |. Inserting Eqs. (12)-(18) into Eq. (11), we
find for the zero component of the second-class axial-vector current matrix element

I=0 = ‘gr d k MN 1 1 1
OG- @1 "o & mF = (b= R 1= (D kV'/M* [1= (p, - kV/M°F
u( )i Z iFy (=p1)' 7
X sg; A po)ivsT ulR)u(k) {1;1170+1_(p1_k)2/4MN2 0oy - ]—ziu(pl).

isospin N

(19)
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In the brick-wall frame in the static limit, Eq. (9) for the isoscalar second-class axial-vector form factor

becomes

(N(pp) |AL=° [N(p,)y == (272 FL(0) X35+ B %, + O(|B|?) corrections. (20)

After some algebra and dropping nonleading terms in ]5 [ from Eq. (19), we find

2g,(3\'/2 3 g(M)e
©)(0) = 28z(2 z
F@)=-~ <z) 128 7

dy(l—yz)”z{ [1+1-y2< 1

1 “}fyﬂ +F2y(11+ 2s [ - ?:yyz) <1 13} 1 +1gy 1 +1fy>]} ’

b (L+fy)(1+gy) 3 \l+gy
(21)
where
f___m,z—ZMJﬁ _M?®-2M,*
a,? 8T oMy
A similar calculation for the second-class vector current, performed for the z component, gives
FO0)=— 2g,( ) &C‘IJ\/I) dy(L=y?)'/2 ( 1=y 1 1\ 1- y[ 1-4?) 1 }
1287° o (L+fy)(1+gy) 3 \+gy “1+7y) 145y 3 lgylf”
(22)

The integrals were done numerically for different
values of the dipole mass M, using the experimen-
tal values g,=13.44, g,=1.24, F, =1, F,=3.7T1.
The numerical results are given in Table I. There
is approximately a 50% variation of the renormali-
zation constants over the dipole-mass range of
0.8-1.0 GeV. A more serious uncertainty in our
calculation arises from the neglect of higher-mass
states in the sum over intermediate states. In
attempting to include the decuplet we found that its
contribution was highly sensitive to the momentum
dependence of the form factors of the V,A currents
sandwiched between nucleon and decuplet states.
Different experimentally acceptable momentum
falloffs'* gave contributions which varied from
finite to infinite. Therefore, we neglect the decup-
let-and-higher-state contributions and expect that
our calculation is good only up to order of magni-
tude, at best.*®

TABLE I. Renormalization-constant values for differ-
ent choices of the dipole mass M.

M (GeV) —F9(0) —F(0)
0.8 5.1 8.2
0.9 6.4 10.0
My 7.0 10.7
1.0 8.0 11.9

III. CROSS-SECTION CALCULATIONS

In this section we set up the cross-section form-
ulas needed for correlating neutrino-proton elastic
scattering (Sec. IITA) and neutral-current—induced
pion production (Sec. III B) in the case of second-
class V,A currents.

We specialize to the case of pure isoscalar cur-
rents. The salient new feature of the isovector
case is the possibility of exciting the (3,3) reso-
nance. The effects of (3,3) excitation can readily
be calculated using the methods of Appendix B of
Ref. 3. In the static limit, only the second-class
axial-vector current excites the (3,3) resonance.
If experimental results indicate the need for iso-
vector neutral currents, our methods can easily be
extended to include isovector second-class cur-
rents as well.

In principle, there may be interference with
first-class V,A neutral currents if they are also
present. Explicit calculation indicates that there
is no interference for neutrino-proton elastic scat-
tering, although there may be interference in the
pion-production calculation between first- and
second-class V,A currents. For the present we do
not consider first- and second-class mixtures,
although our calculation in the first-class V,A
case in Ref. 2 can easily be combined with the re-
sults of Sec. III B to consider mixtures if more
detailed experimental information than is now
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available warrants it. Of course, there isno inter-
ference with S, P, T currents in any exclusive (or
inclusive) channels.

A. Elastic neutrino-nucleon scattering

We consider a general mixture of the isoscalar
second-class V,A currents. We begin with the
neutral-current effective Lagrangian

£2’sf=%/Gz=(hoﬁ7w7*"°+gol7'7wsvz“=°), (23)

with 7, and 4, being the hadronic second-class
vector and axial-vector currents of Eq. (2). The
parameters g, and 7, set the strength of the vector
and axial-vector contributions to the neutral cur-
rent. As written, the interaction of Eq. (23) is
parity-conserving but CP-violating; Eq. (23) can
be made CP-conserving if the outgoing “neutrino”
is not the same species as the incident neutrino.®
Since experimentally the incident neutrino is left-
handed, the effective matrix element for acceler-
ator neutrino reactions is obtained from Eq. (23)
by substituting v~ 3(1 - v,)v to give

G - —
fmg’f! =T'2: v?’h(l - 7’5)V(hon —goA,‘) . (24)

To calculate vN elastic scattering, we evaluate
this amplitude between one-nucleon states using
the current matrix elements given by Eq. (9).
Squaring to get the differential cross section, we
find

I, =(N(p,)1(q) |9(0) |N(p,))

==, 00) [T = )+, ) ¢

¥s Tj

-G? tgo?
Lo+ N~ vN) =3 £ |F 0|

TE®M,? 24M 2
X [~4M,2E? + M (2E + M,,)],
(25)

where ¢=-Fk? and E is the incident neutrino energy.
The second-class vector current does not con-
tribute because the one-nucleon matrix element

of the second-class vector current is proportional
to &, =k, — ks, which is annihilated by the leptonic
amplitude 7(k,)¥*(1 - v,)v(k,) for massless neutri-
nos. Since there is no V,A interference in the
elastic channel, the neutrino and antineutrino
elastic cross sections are identical.

B. Neutral-current pion production

We now turn to the main focus of this paper, the
calculation of weak-pion production induced by
second-class V,A currents. As in the two previ-
ous papers in this series, we use a pion-production
model which includes without kinematic approxi-
mation the pseudoscalar coupling nucleon Born
terms and pion-pole terms. To these are added the
PCAC consistency-condition terms and current-
algebra equal-time commutator terms so as to
guarantee that the pion-production amplitude has
the correct soft-pion limit. This model when ap-
plied to the vector current in pion photoproduction
and electroproduction and to pion production in-
duced by the charged weak V- A current!” is in
good agreement with experiment in the low-invari-
ant-mass (W=1.4 GeV) region.

We begin with the standard soft-pion formula for
the process §+N -1/ +N, with § being a general
external current and N being a nucleon:

ﬁ2+d+MN 1‘1_4+MN 8r
S - T P K,

+possible additional pion-pole “seagull” contributions}u( PVF+0(g), (26)

with

v= (p1+p2)'k/(2MN) ’ UE=-q'k/(2MN) ’ m]v,rzmzv(zqo)-llz )

27

N (52) [8(0) [N(p))) =Ty T p)T (D2 = by )ul D), N (B) |[F3, SOV [N (p,)) =Ty W po)T; (Do = pr)ul py) .

In these equations, k=p,=q - p, denotes the four-momentum carried by the external current, g,=13.5 is the
pion-nucleon coupling constant, and i; is the isospin wave function of the emitted pion. On the right-hand
side of Eq. (26) the first term is the current-algebra equal-time commutator, the second term is the

PCAC consistency-condition contribution, and the the third and fourth terms are the usual pseudoscalar coupling
nucleon Born terms. The additional pion-pole terms are needed only when the first four terms do not con-
tain all the possible pion-pole contributions expected for the reaction. In the case at hand, parity consid-
erations rule out pion-pole contributions from the axial-vector current. Bose symmetry for the pion to-
gether with the masslessness of the neutrino rule out a pion-pole contribution for the isoscalar vector cur-
rent.
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In our case the external current is given by
G _ - <I-
g5:¢-(0) i PYML = v ) V=0 = g, AL=0). (28)

Using the o-model result of Eq. (8), the relevant commutator is

N(p) | [F3,9(0)%C1|N(p,))

rgge \mVitVim s (mAY+AMT
ho<—zA;+zejk,Lk—‘2<o—>—'—“)->—go <—zV§+z€m———( . 21(0) 1 k))

The one-nucleon matrix elements of the usual vector and axial-vector currents V? and A? are defined in
Egs. (14)-(18). The matrix elements of €,,,7,V; and €,,,m,A} are related by simple isospin considerations
to the second-class matrix elements computed in Sec. II C,

=S (- nv(N(p) N(p)). @9)

1k
€jkl<N(p2) Tr_k% N(p1)>="mN3(3)1/2FA((P2 p1)2)u(172)l ﬂ"}’sT’u(pI)
e (30)
ejk,<N(p2) E—A—z‘%&iﬁ N(p1)>=- v G, (p, - pl)z)u(pz) T’u(pl)

Substituting Egs. (28)-(30) into Eq. (26) and neglecting O(g) pion recoil corrections, we arrive at the
following expression for the pion-production amplitude:

G T
m,= —fﬂ,,,,,ﬁﬁ“/"(l = Vs V() OMTOM + T CAC +IMORN) St py) B (31)

where MM, MPCAC and MEORN | the commutator, consistency-condition, and nucleon Born terms, re-
spectively, are given by

-1, 2M, Y S k- )n
WCOM-MN‘? [ogA(k )<7’x7'5 ", 75 >+ho (3)3/2 1FA(k2)°'>.n (k=g s

* - (¢- kY 2M
—go<F (), +iF, () g3 = a) )+go ()7 Fv(kz)zgﬁ”]’ (32)
PCAC — gr 1/2 2 O'Mkn
Iy ()12 goF 4(k*) 52— oM, ’ (33)

SmeRN_ (2M )2 (3)1/2 goFA(k2)< 4 O')mk +0'mk"va5> . (34)

Note that the vector current contributes only through the commutator term for massless neutrinos.
To calculate the pion-production cross section we express the matrix element in terms of a convenient
set of nine invariants defined by

G _
E}Il”=—f)”(m—ﬁﬁ'y)‘(1 = Vs)Wi(py) (A, — 2BP, + Fp, + Cy,vs + Dpyys + 2EP,y5+ G0y, q"+Hg,f + 2JP ) u(p,) , (35)

r

where P, = 2(P1l+ b2,). Expressions for 4,B, techniques. The result, which is complicated, was
J are given in the Appendix. The plon-productlon checked by independently calculating the amplitude
differential cross section is then computed to give acting on nucleon Pauli spinors, assembling it
do 1 lql 02 using the complex arithmetic feature of Fortran 4,
- f ae,z,, (36) and then checking this program against the pro-
dtdw 167 E 4 . . .
gram for the covariant cross-section evaluation.
with T, given by In Eq. (36), W is the invariant mass of the out-
8M P, , goi‘ng pion-nucleon is9bar, and |6| and dSZ,,.
Z,,=—G—2— Z o2 (37) =sin¢pd¢ dd are the pion momentum and solid angle
spin in the isobaric rest frame.

averaege
Finally, we note that all formulas in this section

2, was calculated from 9, using standard trace are for incident neutrinos. For incident antineu-
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trinos, all axial-vector amplitudes are reversed in
sign.

IV. NUMERICAL RESULTS

In this section we give sample numerical results
obtained from the formulas developed in Sec. III,
as applied to the analysis of low-invariant-mass
(W=1.4 GeV) pion production in the BNL neutrino
flux. In particular, we study three choices of sec-
ond-class isoscalar currents: pure V, pure A,
and the combination V- A.

Recently, the Columbia-Illinois-Rockefeller
collaboration at BNL reported a measurement of
the ratio

o(v+T—v+7°+.0)

! =
R wrT= v 70 +47)’ (38)
T =3[C?]+ §[;5 AT"]
with the preliminary result'®
R;=0.17+0.06. (39)

This measured value is consistent with the value
expected'? in the Weinberg-Salam model when
sin®@,, is in the currently favored range of 0.3~0.4.
Hence if (3, 3)-resonance excitation is observed,
which is expected in the Weinberg-Salam model,
then this measurement would support the standard
gauge-theory interpretation of neutral currents.
However, preliminary BNL invariant-mass spectra
for 7° production show a clear (3,3) excitation
peak for charged-current—induced pion production,
but no comparable excitation in the neutral-cur-
rent case. Our discussion focuses on issues which
will be raised if this preliminary result is con-
firmed by a more detailed analysis of the BNL
data.

The simplest interpretation of nonexcitation of
the (3,3) resonance by the neutral current is that
the neutral current is pure isoscalar. However,
as mentioned earlier, the presence of a sizable
second-class isovector vector-current piece need
not lead to a sizable (3, 3) peak in the neutral-cur-
rent sector, since the second-class vector current
does not excite the (3,3) resonance in the static
limit. Nonetheless, all of our numerical work is
done with pure isoscalar currents.

Applying nuclear final-state corrections as de-
scribed in Appendix C of Ref. 2, we find that the
nuclear-target ratio given in Eq. (39) implies a
nucleon-target ratio

BN (ptp~vtn+7)+ M (vep~v+p+7°)

2R, = BNyt —p +p+7°)

=2R} x1.4
=0.48+0.17,
(40)

with the superscript BNL denoting averaging over
the BNL neutrino flux. Using the theoretical es-
timate for the usual V- A charged-current-induced
reaction?®®

B (pin—-p +p+7°, W=1.4 GeV)
~0.14 X10" % cm?, (41)

we get from Eq. (40) the cross section for neutral-
current 7° production

BNyt —-vtn+n°, W=1.4 GeV)
+0P" e (p+p—v+p+7°, W=1.4 GeV)
=(68 £24) X 10"% cm®. (42)

This is one of the basic numbers which must be
approximated by an acceptable model.

We will simultaneously take into account the
available data on neutrino-proton elastic scatter-

ing®:

o®ER¥(y+ p~ y+p, Cundy cuts)
=0.240°F® (y+y -~y +p, Cundy cuts)
at 95% confidence level; Cundy cuts are
1<E<4 GeV, 0.3<|r?|<1(GeV/c}. (43)

Neglecting possible distorting effects of the cuts
and using the fact that the CERN and BNL neutrino
flux shapes are similar,?* Eq. (43) gives an ap-
proximate upper bound on the BNL neutrino-pro-
ton elastic cross section

PN (y+p—v+p) £0.240PN (v +n ~ p"+p)
=0.21 X10°%8 cm? (44)

at 95% confidence level. ,
In our numerical work, all form factors are
chosen to be dipoles:

F(*)=F(0)(1 - #*/M?)2, (45)

with dipole mass M =0.9 GeV, a value suggested by
experimental and quark-model considerations.'
The second-class form factors, F ,(0) and F,(0),
are given the values calculated in Sec. II C for the
same value of M. Although we expect that our cal-
culation is only good up to order of magnitude,
varying these form factors is not likely to change
dramatically the shape of the experimental dis-
tributions. The over-all strength of the current
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FIG. 1. Cross section o(v +p — v +p) versus incident
neutrino energy E for an A or V—A current. The
cross section vanishes for V current. The same graph
applies for antineutrino-proton elastic scattering.

determined by the parameters g, and %, was not
adjusted in our sample fits but rather was taken
to be either 0 or 1 depending on the choice of cur-
rent as follows:

14 2,=0, hy=1,
A go=1, By =0, (46)
V-A g.=1, hy=1.

The features of these three choices of neutral cur-
rent are given in Figs. 1-5 and Table II. The gen-
eral shapes of the distributions for the three
choices are not that dissimilar, except that there
is no elastic scattering for the pure vector sec-
ond-class current case. In Fig. 1 we give the
elastic neutrino-proton scattering cross section,
which is the same as the elastic antineutrino-pro-
ton cross section. In Figs. 2 and 3 the pion-pro-
duction cross sections induced by neutrinos and

by antineutrinos are drawn. For pure vector or
pure axial-vector currents the neutrino and anti-
neutrino cross sections are equal, while in the

HO[ V-A
90+
70+

50|

o in 107 cm2

30 A

10

-
L 1 1 1
0 [ 2 3 5
E (GeV)
FIG. 2. Cross section o(v +n —v +n +19)
+0( +p—v +p +7) versus incident neutrino energy E
for three current choices.

100~

0 1 | 1 1
E (GeV)

FIG. 8. Cross section o(F+n—7 +n +70)
+0(T+p—7 +p +7Y% versus incident neutrino energy E
for three current choices.

V — A case the interference is constructive for
neutrinos and destructive for antineutrinos, giving
o(vnm®+vpr ) = o(Tnr®+ vpr°). In Figs. 4 and 5

the pion-production distributions in invariant mass
for the Brookhaven neutrino and antineutrino fluxes
are given. These curves resemble those calculat-
ed for isoscalar first-class currents, particularly
the one obtained in Ref. 2 for an isoscalar vector
current dominated by the anomalous magnetic-
moment form-factor term. In Table II we list ¢
some of the theoretical values for experimentally
measurable quantities. We note that the V- A ex-
ample is consistent as it stands with the prelimin-
ary BNL data, while pure V or A examples can be
made to agree with the BNL neutrino pion-produc-
tion data by respectively scaling up %, or g, from
the values given in Eq. (46), without violating the
elastic bounds in either case. In all three cases
the elastic cross sections at LAMPF energies

8
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FIG. 4. Differential cross section do/dW for the re-
action v +p—v +p +n?, averaged over the BNL neutrino
flux for three current choices.
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FIG. 5. Differential cross section do/dW for the re-
action 7 +p—7 +p + ¥, averaged over the BNL neutrino
flux for three current choices.

(E ~50 MeV) are very small, being roughly two to
three orders of magnitude smaller than the corre-
sponding cross sections expected for first class
V,A or S, P, T neutral couplings.??

As in the case of the first-class V,A and S,P, T
phenomenologies discussed in the earlier two
papers of this series, we have written general
computer programs embodying the calculations of
the present paper. These programs will be applied
to try to make more definite statements about the
structure of the weak neutral interaction when im-
proved experimental data become available.

12 APPLICATION OF CURRENT ALGEBRA TO SOFT-PION...
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APPENDIX

In this appendix we give the expressions for the
amplitudes A, . ..,J which parameterize the pion-
production amplitude [Eq. (35)].

The amplitudes are as follow:

A=igya®—E—[F () + F, ()],
Myga

. 1 i
B=ig, ag)) 23)’2 g—AFz(kz) - .‘(?3%)1 /2F4(k2)j| B

- ©0)_B8r
C=-ihyaf MNgAgA(kz),

2
D=-ihga 2z _E4F)

gA mvz_ (Q-k)z ’

E=ihoal (32 5r85—F (&%), (a1)

My’g 4
Frigoaf (3 G a—Fy(#),

G =goaf? (1 /2 GH= T ()

= —io g0 (2)1/2_8r 2 1 1 )
H=—iggag” (5) 4MN2FA(k)(v—VB vtvg/)’

. 1 1
=~igoag” (312 4‘?&/;”2 FA(kz)(v— vy VF VB> ’

TABLE II. Values of experimentally measurable quantities for three choices of neutral

current.

Choice of current?®

Expt. 14 A V-A

®NL(vp) in 10738 cm? =0.21 0.0 0.099 0.099
oBNLTp) in 10738 cm? 0.0 0.092 0.092
AN (unn® + vpn?,

W=1.4 GeV) 68+ 24 34.2° 36.8° 83.3

in 1074 cm? (preliminary)
PN (o + vpr?,

W=1.4 GeV)

in 1074 em? 31.5° 34.2° 53.1
o(vp) at E=50 MeV

in 1074 cm? 0.0 2.2 2.2

2 The parameter values gy, %, used in these examples are given in Eq. (46) of the text.
b The small differences between the flux-averaged v- and V-induced cross sections calcu-
lated in the pure-V and pure-A cases arise from differences in the shapes of the BNL v- and

V-flux distributions.
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[(J

where ag’ is the isospin wave function
T
ag’=x3vf5 % (A2)

with x, , being the initial and final nucleon isospin-
ors and y; being the final pion isospin wave func-
tion.
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