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We develop the cross-section formulas needed to correlate information on neutral currents obtained from deep-
inelastic neutrino scattering, neutrino-proton elastic scattering, and neutral-current—induced soft-pion
production, in the case of neutral currents with S, P, T spatial structure. (The necessary S, P, T current
renormalization constants were estimated by us in a previous paper.) The pion-emission amplitude is obtained
by current-algebra soft-pion techniques, with the effects of (3,3)-resonance excitation taken into account to
leading nonvanishing order in the static approximation. We analyze recently reported Brookhaven National
Laboratory results for neutral-current—induced soft-pion production under the simplifying assumption of a
purely isoscalar S, P, T neutral current, while simultaneously imposing existing bounds on neutrino-proton
elastic scattering and fitting existing data on neutral-current-induced deep-inelastic scattering. If all S P, T
renormalization constants are given their central quark-model values, the elastic-scattering and deep-inelastic
restrictions constrain the pion-production cross section to be too low compared with experiment; if apparently
reasonable deviations of the parameters from the quark-model values are permitted, satisfactory fits to all data
are obtained with S, T, with P, T or with S, P, T mixtures. An isovector tensor or pseudoscalar neutral
current is found to lead to a strong (3, 3) peak in 7 N invariant-mass plots, but an isovector scalar neutral
current can be present without producing a visible (3, 3) peak, even when ratios of the various 7 N charge
states produced by the neutral current are appreciably changed from the values which they have in the
isoscalar-current case. Two other interesting qualitative features of CP-conserving S, P, T structures are the
following: (1) constructive T interference with S (or S and P) in v+ N—v + N + & can accompany
destructive interference in v+ p —v + p, and vice versa, and (ii) observation of unequal neutrino- and
antineutrino-induced neutral-current cross sections would not be accompanied by neutral-current-induced
parity-violating effects in the pp, ep, and up interactions.

I. INTRODUCTION

Weak neutral-current experiments are now
entering a new phase, in which substantial detail-
ed information on the structure of the weak neutral
interaction will be obtained in both inclusive and
exclusive reactions. Ultimately, this should permit
a determination of the phenomenological structure
of the weak neutral interaction—either in favor
of the conventionally assumed Weinberg-Salam
phenomenology,' or some other combination of
vector and axial-vector currents, or possibly in
favor of an unconventional alternative.? In making
this determination, it will be most important to
correlate information about the three semileptonic
reactions which will be studied in the greatest
detail in the near future: deep-inelastic neutrino-
nucleon scattering (in which the existence of neu-
tral currents was first established®), neutrino-
proton elastic scattering, and neutral-current—in-
duced weak-pion production. The necessary
apparatus for doing this in the case of the Wein-
berg-Salam model, and more generally for weak
neutral currents formed solely from members of
the usual vector and axial-vector (V, A) nonets,
has already been developed.? This paper is the
second of two devoted to setting up a similar

apparatus for correlating inclusive and exclusive
semileptonic neutral-current reactions in the case
of neutral currents with scalar, pseudoscalar, and
tensor (S,P,T) spatial structure. In the first
paper,® the necessary renormalization constants
describing nucleon and pion matrix elements of
S,P,T current densities were estimated, using
SU,, chiral SU(3)xSU(3), and quark-model methods.
In the present paper, we develop the necessary
cross-section formulas for calculating neutrino-
proton elastic scattering and especially neutrino-
induced weak-pion production, and apply them to
give sample fits to existing neutral-current data.
In a subsequent paper® we will discuss in a simi-
lar fashion yet another alternative neutral-current
structure, involving second-class V; A weak neu-
tral currents.

The paper is organized as follows. In Sec. II
we review the formulas for deep-inelastic inclu-
sive neutrino-nucleon scattering in the S,P,T case,
evaluate the cross section for neutrino-proton
scattering, and finally apply current-algebra and
static-model methods to calculate the pion-produc-
tion cross section in the (3,3)-resonance region.
In Sec. III we analyze low-invariant-mass
[W=M(@mN) < 1.4 GeV] pion production for the
Brookhaven National Laboratory (BNL) flux spec-
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trum, under the simplifying assumption of a pure
isoscalar neutral current, and discuss some of
the qualitative features of the sample S,P,T fits
which are obtained. In Appendix A, we give the
lengthy formulas for the pion-production ampli-
tude and cross section, while in Appendix B we
give details of the calculation of (3,3)-resonance
excitation in the S,P,T case.

II. CROSS-SECTION FORMULAS

In this section we set up the cross-section
formulas needed for correlating deep-inelastic
inclusive and exclusive neutral-current—indyc_ed
reactions in the S,P,T case. In Sec.IIA we give
the necessary vertex structure and cross-section
formulas needed to describe neutrino-nucleon
elastic scattering. In Sec. IIB we give the formu-
las describing deep-inelastic scattering in the
quark-parton picture. Finally, in Sec. IIC we
develop the formulas needed to calculate pion
production in the (3,3)-resonance region. Al-
though the most general neutral-current phenom-
enology motivated by the quark model can contain
both V,A and S,P,T couplings simultaneously, the
fact that V,A couplings leave neutrino helicity un-
changed while S,P,T couplings flip the neutrino
helicity implies that amplitudes of the two classes
cannot interfere (provided, as we shall assume
throughout, that the neutrino mass is negligible
relative to the initial and final neutrino energies).
Hence differential cross sections are additive for
each exclusive (or inclusive) channel,

doVASPT = oVl s 4oSIPT 1)

and so the formulas obtained below with only
S,P, T couplings present, together with the V4
calculations of Ref. 4, suffice to describe the
general case.

(NPT IN(py) = T 7 () F (RPN u(py),
(NDINFIN (D) =T (p,)FS )y st (py),

A. Elastic neutrino nucleon scattering
We shall consider in what follows the most
general S,P,T neutral current which can be form-
ed from members of the usual quark-model scalar,
pseudoscalar, and tensor nonets. We start from
the neutral-current effective Lagrangian’

2G — -
£ =73 v - DysvF° + Doy, vF), @)

with &, §°, and $™ being the hadronic scalar,
pseudoscalar, and tensor currents. We assume
Eq. (2) to be CP-conserving, which implies® that
it is parity-conserving as well. Since experimen-
tally the incoming neutrino is left-handed, the
effective matrix element for accelerator neutrino
reactions is obtained from Eq. (2) by making the
substitution vy~ 3 (1-y,)v, giving

My =~ Ty )y (5 +5) +T0,, 17, g ].
®)

The most general quark-model structure for the
scalar, pseudoscalar, and tensor currents is

F =850F o +853F 5 +858Fs»
F° =8peF o +8psF3 +8psFs » @)
FM=gr F o +8p3F3" +875 FT,
with &;, 57, EF}"' being first-class nonet currents
represented in the quark model (with quark field
¥) by
57 =-zp-%kj¢,
3"; =$75%}"j¢) (5)
FM=Po 59,
The parameters gg; ,8p; ,&r;, j=0,3,8 are real
numbers (complex if CP is not conserved). We

express the nucleon matrix elements of the neu-
tral members of these current nonets in the form>

) 2
(N(pz)lg;jkn]N(pl)) =3ZN5(1,2) [T(lf)(kZ)o.hn +i %gk_z)(ykkn_ynkx“i %@xkn_pnkx)] tju(pl)
N N

7~ §)
o7 (p) [ 140000+ i LLE)

TP ®?)= T () + 2T (),

Mﬂ!‘—l& e 1 1 (2y1/2 1 /1y1/2
k=p,—p1, P=py+py, Ny= s 83=2T3 =32 3) > t8=§(—) s

p20 Plo

T)(k2)

(N -k + Jjw(gkvk,, B — onvkukk)] tu(p,), (6)

with 74 being the nucleon Pauli isospin matrix and with the spinors % (p,), #(p,) understood to include
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nucleon isospinors. (Second-class currents would imply one extra tensor form factor.)

Defining total form factors F{ (k?), FL( %), TT,;(k?) by

F§E)=3G) g5 F Q) +5 g s FP0?) +5G) g5 F P k),
FE®)=3G)gpo FO®) +5e8pF P 0°) +36) 2pe FOE), (M)
TIE) =3 () gpoTO () + 1e87s TP ®) +5G)grs TP #),

with e =1 for v +p—~v +p and e =—1 for v +n—~ v +n, the differential cross section for neutrino-nucleon

scattering takes the form

do(W+N—=v+N) G?

dt T 81EM,? Zs

®)
2|77 2

»=kt i L +4M2)|F51? + 54 FE|? +4 Re (FT' TT*)AME - £) + gz [@MyE= P~ F] }

- Re[ (FZ' - FE) TT*] t A MyE - t)- 4 Re (TTTT*)£? + 2| TT|?[(4 MyE - )* - 2M,2t ],

2 T _ T _2_&
=k, F%'= F§+ - @ME- 0),
N

with E being the initial lab neutrino energy.
For incident antineutrinos, the sign of the ten-
sor amplitudes T7 in Eq. (8) is reversed.

B. Deep inelastic inclusive neutrino nucleon scattering
We turn next to the formulas describing deep-
inelastic neutrino-nucleon scattering. We use
the standard spin-3 quark-parton model,’ with

the additional assumptions that the strange-parton,

antiparton, and possible charmed-parton content
of the nucleon may be neglected.!® The quark-
parton model in this form is expected to be good
to an accuracy of order 20% for the quantities in
which we are interested, and has the great virtue
that all x dependence!! (for an average nucleon
target) appears in a single universal over-all
factor which drops out in cross-section ratios.
For the standard deep-inelastic neutrino-nucleon
scattering ratios

__ow+N—=v+T)
Y olw+N—=-u +T)’
)
oW +N-T+T)

Ry= N~ 4T’

we find?

R, =55,-35,+%S,,

Ry = 18, +28, +14S,,

815139850+ 5(3)%8sel* + Ggss)?
+[3G)%2po + 3G ) ?8pql? + (38ps)%

S, =[36) %850+ 56)%ss~ 3)°2 po— 3(3)"%2pq]
X[3G) %gpo+5G) 8 rsl + (3855~ 58ps)38rs, (10)

Ss=[3G)gro+3G) g P + (3803)%

while for the normalized y distributions!! for
v+N—=yp+T and ¥ +N—7+I we find respectively

1 doy, _¥°S,-8y(1-3y)S, + 32(1- 3y)°S,
oy dy 35,- 285, +3S, ’

11)
1 doy _ »°S, +8y(1-3y)S, +32(1- 3y)°S,
oy ay 35,435, + 35S,

C. Neutral-current pion production

We turn finally to the central subject of this
paper, the calculation of pion production by the
weak neutral interaction in the S,P,T coupling
case. We employ the same basic pion-production
model used to treat the ;A case in Ref. 4, where
an assessment of the region of validity of the
model is given. In this model, the pseudoscalar-
coupling nucleon Born terms and pion-pole terms
are included without kinematic approximations,
with the dominant (3,3) multipoles unitarized so
as to correctly describe (3,3)-resonance excita-
tion. In addition, so-called “PCAC (partial con-
servation of axial-vector current) consistency
condition” terms (the residual terms obtained
after rearranging the nucleon Born terms from
pseudovector to pseudoscalar form) and the cur-
rent-algebra equal-time commutator term are
added to the Born approximation and resonant
terms, yielding a pion-production amplitude which
has the correct soft-pion limit. When applied to
the vector current in pion photoproduction and
electroproduction, the model just described yields
the basic CGLN-FNW (Chew-Goldberger-Low-
Nambu-Fubini-Nambu-Wataghin) model*? with
soft pion corrections, and is in good!®!* agree-
ment with experiment in the low invariant mass
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(W<1.4 GeV) region. Similarly, when applied to
the V, A current case, the model gives a satis-

factory account of low-invariant-mass pion produc-

tion by the charged weak current.'*

The formal starting point for our pion-production

J

N ()7 @ SOIN (b )= =9 r T (B, >[

calculation is the standard soft-pion formula!® for
pion emission in the process § +N— 77 +N, with
Jbeing a general external current and N being a
nucleon. This reads [with 9%, =91, (2¢,)7%/?]

Jj (k- q) + _“L{')'s"} ;J(k)}+

#2 +4 +MNJ(k) J(k (ﬁl 4 +M gr

ZMN VsTj

.
v+vg oM, %9

+ possible additional pion-pole “seagull”’ contribution] u(p ¥ +0(q),

with
=(py+ Do) B/ @My), vg=-q-k/@M,),
N (DI O)IN(p, ) =95 (b (pp—py)u(py), (13)
(NDIIES, JOIN () = T4 (9 ) (b=, Ju (py)-

In Egs. (12) and (13), 2=p, +q—p, denotes the
four-momentum carried by the external current,
g,=13.5 is the pion-nucleon coupling constant, and
P; is the isospin wave function of the emitted pion.
The first term on the right-hand side of Eq. (12)
is evidently the current-algebra equal-time com-
mutator term, the second term (involving a y- and
T-matrix anticommutator) is the “PCAC consis-
tency condition” term, while the third and fourth
terms are the usual pseudoscalar-coupling nucleon
Born terms. The additional pion-pole “seagull”
piece!® is necessary only when the pion-pole con-
tributions of the first four terms do not add up to
give the full pion-pole contribution expected for
the reaction § +N—7/ +N; we will see below that

such a contribution is present in the isovector
J

[Fjs’g(o)s.f’] = {*—V(l Vs V{[(s 1/2

+[G)M2gpy + G

[F, 80)i= 75T, ) v {[ 3210 + %

12)

tensor amplitude.

As the first step in applying the recipe of Eq.
(12) we calculate the needed equal-time commuta-
tors. Writing [cf. Egs. (3) and (4)]

g(0)=90)** +9(Y,

G _
J)5*F= \/_—Z—V(l = Y5V (850, +855Fs + 855 Ty

+8po Fo +8psF3 +8psF3);
(14)

G
J(O)T ‘[—V("M( ‘Ys)V(gro 3:3\'7 +gT35F;‘”+gTS£F§‘n)

and, in the tensor case, making repeated use of
the identity

i

onnex",,,, =~ YOy, (15)

we find for the commutators

(%)1/2gss]3, +gs3513[( )1/2375+(1 Yi2gs ]

*8ra 5 +gp3613[ 3?3, + (%)1/258]} ’ (16)

]CF)‘" +g1‘3 ;3[ (2 1/23")‘" +( )1/25)\77]}

In evaluating the nucleon matrix elements of the tensor terms in Egs. (15) and (16) an ambiguity occurs,
since there is no a priori rule to tell us which of the two forms of the tensor vertex in Eq. (6) should be
used. Although equivalent between on-shell nucleon spinors, the two vertex forms give different pion-
production matrix elements when substituted into Eq. (12). Explicit calculation shows that the difference
between the two matrix elements is

(NPIT@IIOIN DM ot sorm o =N (B2)T (@) IO)IN O Syl ()AL (p Y,

tensor vertex in

Eq.(6)

AWM = o vo‘x,,(l 75)1/ {

2478 |
757 Zgrj —Al:j_(?’)\kn"'}’"k)‘)} )

tensor vertex
in Eq. (6)

1

+

downby a factor'” IM(ZMN) relative to the leading 7; contribution, which in turn is down by a factor k/M,,
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relative to the leading tensor contribution coming from the intrinsic tensor term 7;. Hence the numerical
effect of the ambiguity should be very small. In evaluating Eq. (12) we consistently use the second form
of the tensor vertex given in Eq. (6), in which the dependence on the external nucleon four-momenta p,
and p, occurs only through the neutrino four-momentum transfer &=k, -k, .

Substituting Eqs. (6), (14), and (16) into Eq. (12) and neglecting O(g) pion recoil corrections except
where they occur in pion-pole terms, we get the following expression for the pion-production matrix
element:

N (0 M@ SONN (P, ) = = T yr B (D) (M7 + T +M] " e (p1 W} (18)
oMy -P= TTW -¥%)v ( {[ @V 2%gg o + ()25 )t FQ (k= q)?) 75 +8530;5[ B2t F L)y, + BV *4F P (%))
+[ @200+ B)22 pgl t;F D (k?) +8ps0;s[ B2t F L) + G/ %, FE ()]}

_,__521‘_2; 17’5"3 ’ th[gstg)(k2) +gP1F(}")(k2)7€]}

+

+ ng'y'r (_1%__1_ Z ¢ [gsxF(’)(kz) +8p F(l)(kz),ys]

- Zl:t,[gs;F‘s”(kz) +8p; F(}',)(kz))’] %“L—fﬁ'?’s"} ) ’

mf=.{_g7 Oy (=)0 (Mh'gA {[( %810+ @2 Sralt; [T(a)(kz)o')\" +1J_‘(T( &) Men— RN + "1—1{ &) (G2 W L e k}‘):,
a8 @72 | 70N s TEED (i) - IO o n g |
N

~8) (1,2 2
+ 8pgd;a @) 2ty [T(IS)(kz)o"" +i Z‘QM&—)('}/"k"— RN + 1‘3—4(’2—) (MR k- cr""k,,k"):l
N N

' N1) (1,2 1) (1,2
+£L %y Zg“tl[zv(ll)(kz)o_kn +1 M (Yxkn_ 'y"kx) + _Z(s_(_’;_) (akavkn_onvkukxq
ZMN 1 My My

e~ e —

+

+§Mt_" . (B, +4 +M“)ngfz [T(lx)(kz)oxn +i %@(y"kﬂ_ynk)‘)
N

V-1,
1) (1,2
+ %al(iz) O\ o c"”kuk")]
N

1) 1,2 1) (3,2
- Zgrxtt [w)(kz)oxn"'i EM_(k_)(Y}‘k"—Y"kx) + %(ﬂwkvk"— o"ukuk"):l
] v N

(Bi—4+My) & 1
AL ). o)

T((k)

M7= —‘/%——vam(l—vs)v |:gr')’5’fz (—q:k—;—_ﬂ;z— 5€'1® =2 (g - kx)] . (19¢)

|l

The term 97" is a pion-pole seagull term describ- T (k )

ing the tensor-current pion-pole diagram illus-

trated in Fig. 1(@). Since, as may be seen from

Eq. (19¢), this term makes a contribution of order _ B (20)
o s . . . . . P=p, +py, k=py—py,

g, it is not contained in the basic soft-pion matrix

element of Eqs. (19a) and (19b) and so must be

added in as a separate contribution. The pion

form factor T®(?) appearing in Eq. (19¢) is de-

fined by®

@ (PN T 7 (py)) =9, €3 (PAET— PR,

1

€123 __:1'
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In addition to the tensor contribution of Fig. 1(a),
there is also a scalar-current pion-pole diagram,
as illustrated in Fig. 1(b). However, a simple
calculation shows that the contribution of this
diagram is entirely contained in the commutator
term

T 00w (G B0+ 0%,

X LFNk-qP)ys (1)

appearing in Eq. (21), and so no additional seagull
contribution is present in this case.

The procedure for calculating the pion-produc-
tion cross section is now as follows. First, we

My =7%(p,) (5P +INT +INT " Ju(p, ¥

use the lepton equations of motion to reduce all
induced tensor contributions to an effective scalar-
coupling form, via the identity

E(kz)()')\ 77(1 —')’S)V(kl)ikn :T/-(kg)(l _Ys)V(kl)(k]_ +kz))\ )
22)

and we use Eq. (15) to eliminate factors of v, in
the intrinsic tensor contribution via the further
identity

[0')\1; - 75)]:11: [0')‘"‘)/5]0,1 == b)\n A= )]ab[o' M]cd . 23)

This allows us to write the production matrix ele-
ment of Eqs. (18)-(19) in terms of a convenient
set of 11 basic covariants defined as follows:

= Tg——v(l" Yol —u‘(Pz){Al "'Az')’s +Aof +C (#, +1;) +C Ky, k5] +Ca[’éu’é2]'}’5+l§1]éﬂ’5 +E2 s fu(py) (24)

M %—-m’)\n (l—Ys)Vﬁ(Pz)(EloM +Bs40x" +B4°'>\n4)“ (p1)-

Explicit expressions for the amplitudes Ay - . -,B,

are given in Appendix A. From Eq. (24) the pion-
production differential cross section may be com-
puted by standard trace techniques, giving the
result

k A7
\q‘\/ Ir3%3
kq-k
i
-—‘——1——4—_
P2 Py
(a)
‘L\T/}"gsogo*'gsegs
ba-k
i
_‘_l_*_
P2 Py

(b)

FIG. 1. (a) Tensor-current pion-pole diagram; (b)
scalar-current pion-pole diagram. The dashed line de-
notes the pion, the solid line denotes the nucleon, and
the wavy line denotes the external current.

r

do 1 [§ e 1
dtdw ~ 16n® E* 8M,* 4n fdn,z",

25)

with £, being the lengthy expression given in
Appendix A. In Eq. (25), W is the invariant mass
of the outgoing pion and nucleon, and [§] and
dQ2,=singd¢ dd are the pion momentum and solid
angle in the frame in which the outgoing pion-
nucleon isobar is at rest (the isobaric frame).
The pion angles ¢,6 are defined in Ref. 18 and in
Fig. 10 below.

Up to this point we have ignored (3,3)-resonance
excitation, which can be an important feature of
weak-pion production in the S,P,T case if isovec-
tor S,P,T couplings are present. A complete
treatment of (3,3) excitation requires projecting
out the (3,3) multipoles appropriate to the S,P,T
case, and then solving the corresponding Omnes
equations with the (3,3) projections of Eq. (19) as
driving terms. As argued in Sec. IVD of Ref. 18,
in cases where the kinematic-singularity—free
driving term »” [obtained by dividing the (3,3)
projection of Eq. (19) by the appropriate powers
of the isobaric-frame current and pion momenta
|k],]4|] behaves as

P~ const 26)
w

for small w =W -M,, a suitable approximate solu-
tion of the Omnés equation for the corresponding
kinematic-singularity -free multipole m is
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m=mPr . @)

Here r=f8”)/f®/?8 ig the ratio of the resonant
pion-nucleon partial-wave amplitude to the corres-
ponding Born approximation, which (using the
static limit to evaluate f&/?5) is given by'®

exp(zt}3 a)smda 3

1447/ 010)

1 (Mg, \?
2 -2 ~
iy < 2M,, ) 0-080, @8)

1
. ; -2l
s

dop =1.9210,,
r=(1.262|%/M;)
X[ (@o +q6,) (1 +0.504 [§2/M,2)]2.

On the other hand, when the kinematic-singular -
ity—free driving term behaves as

P const

T (29)
w

the solution to the Omnés equation is approximately
m =mPexplid, ;] c0Sdy s, (30)

which vanishes at resonance, although some treat-
ments of pion photoproduction and electroproduc-
tion use the resonant solution given in Eq. (27) in

do
+A ( ) ’
Eq.(25) dt dw

do
dtdw

__do
total datdw

dtaw E? 97 M,2w?

2| &13
A( do >_ = ]_okg_[igr al Ia(§’2)|2(|1’l2—1)]

S0 | 1

this case also.

Application of the above recipe is evidently
straightforward, but the work required to do a
full multipole analysis in the tensor-coupling case
is very considerable. Therefore, as a simple
means of getting a preliminary estimate of
(3,3)-resonance excitation effects, we have adop-
ted the following procedure. First we evaluate
(3,3)-resonance excitation using the static model
for pion production,?® which should give results
equivalent to those obtained in leading static
approximation by applying the recipe of Eq. (27)
to the nucleon-pole-diagram? driving terms. In
this approximation the scalar amplitude contribu-
tion vanishes. To get the leading nonvanishing
scalar contribution (and also to get a check on
the pure pseudoscalar terms in the static model
formula) we treat the scalar and pseufioscalar
cases by the multipole expansion method outlined
above. The pseudoscalar driving term behaves
as in Eq. (26) and, as expected, application of
Eq. 27) reproduces the static model result. The
scalar driving term behaves as in Eq. (29) and so
should presumably be unitarized according to Eq.
(30), although we will give numerical results cor-
responding to the use of Eq. (27) as well. Both
the static model and multipole analysis calcula-
tions are sketched in Appendix B. Combining the
static model and multipole analysis formulas gives
an approximate matrix element for resonant.pion
production in the S,P,T case, which after a
straightforward trace calculation and integration
over pion angular variables yields the following
cross-section formula:

(31)

5 1 2kgo 2S00 g TS (1) ]

kot kR

+ 4[1 + cos? (36)| gps T (2)|2 + 2 sin?(%6) (—L—f@) Re[ g5, T (%) *gpsF P ()]

+ ackan ginp Re[| g | 10D TS ()*] }
N /

EM@[ 2 g, IQI |a(3/2)|2(|sl2 }

"2 EE L On M2 o?

In this equation one has s =cosd,; if Eq. (30) is
used to unitarize the scalar amplitude, while

s =7 ifthe Omneés equation for the scalar case is
solved as in Eq. (27). The quantities %,,, k,, and
fare respectively the isobaric-frame incident

My

o () e

a2
r
neutrino energy, the final neutrino energy, and
the neutrino scattering angle, as defined in Sec. I
of Ref. 18, where full kinematic details of weak-
pion production are given (see also Fig. 10 below).
The isospin coefficients ¢¢'? are tabulated in Table
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I. The cross-section addition A(do/dtdW) contains
the unitarization factor » in the combination
[7]2~1 so as to cancel away the nonunitarized
(3,3) multipole contributions coming from the
cross section do/dtdW computed in Eq. (25).

Finally, we note that all formulas given in this
section have been written assuming incident neu-
trinos. For incident antineutrinos, all tensor
amplitudes are reversed in sign, and in addition
the over-all sign of the parity-violating term in
. [the term in Eq. (A5) proportional to
€asysD{PERIRS] is reversed.”

III. NUMERICAL RESULTS

We give in this section sample numerical re-
sults obtained from the formulas developed above,
as applied to an analysis of low-invariant-mass
(W< 1.4 GeV) pion production in the BNL neutrino
flux. Recently, the Columbia-Illinois-Rockefeller
collaboration at BNL has reported a measurement
of the ratio

g+ T—=v+7%+-++)

! -
Ro= 20(v+T = L™ +704+00)
(32)
T= 5[ %]+ [ ,AF]
with the preliminary result®
R}=0.1740,06. (33)

This measured value of R} is in accord with the
value expected® in the Weinberg-Salam model
when sin®y, is in the currently favored range of
0.3-0.4. Hence if (3, 3)-resonance excitation,
which is expected in the Weinberg-Salam model,
is observed in the BNL experiment, the presump-
tion would be strongly in favor of the standard
gauge-theory interpretation of neutral currents.
However, preliminary BNL invariant-mass spectra
for 7° production in the charged- and neutral-cur-
rent cases show a clear (3,3) peak in the charged-
current case, but indicate no comparable peaking
in the neutral-current reaction. In what follows
we analyze the implications for neutral-current
structure, in the S, P, T coupling case, if this
indication is confirmed both by a more detailed
analysis of the BNL data and by other‘experiments.
A similar analysis in the V,A coupling case has
been given in Ref. 4.

The simplest (but as we will see below, not the
only) interpretation of nonexcitation of the (3, 3)
resonance would be that the neutral current is

deep-inelastic neutrino scattering:

TABLE I. Isospin coefficients appearing in Eq. (31)
and in the formulas of Appendixes A and B. The coeffi-
cients ¢ for definite isospin I are related to ¥ vy
a4 1@ +d)), a¥/? =124%)-aD).

Reaction a(g) a(g) a(g) a%’z) a%m
v4p— vip +70 1 0 N 1 1
T+p —T+p +10) 2 2 6 3
vin—v+n +a° N o n 1 1
T+n—T+n +10) 2 2 G 3
v+n—v+p +TT 0 _1 1 1 1
P+n—V+p +77) V2 V2 N2 W2
vip—vin +1t 0 1 1 1 1
(T+p—T+n +1%) V2 V2 V2 3V2

pure isoscalar in structure, and we begin our
numerical analysis by making this assumption.
Applying nuclear charge-exchange corrections as
described in Appendix C of Ref. 4, we find that the
nuclear target ratio quoted in Eq. (33) implies the
free nucleon target ratio

BN (yan—-vin+7%) +0P (v+p~v+p +7°)

OBNL (p 4= U™ +p +7°)

=2R} X 1.4=0.48+0.17, (34)

2R, =

with the superscript BNL denoting averaging of
the cross sections over the BNL neutrino flux.
Using the theoretical estimate®®

OBNL(y4n— L™ +p +7°, W < 1.4 GeV)
~0.,14X107%8 cm?, (35)

we get from Eq. (34) the cross section for neutral -
current 7° production:

BN (yin=v+n+7°, W<1.4 GeV)
+oBNL(p4p—v+p+7°, W<1.4 GeV)
=(68+24)X 107! cm?,  (36)

giving one of the basic experimental numbers
which must be approximated by the S, P, T fits
which we describe below. As we have emphasized
in Sec. I, in discussing weak-pion production we
will simultaneously take into account the informa-
tion furnished by experiments studying deep-in-
elastic neutrino scattering and neutrino-proton
elastic scattering. The specific results for these
two classes of experiments which we use are the
following:

(a) R, =0.22:+0.03, R;=0.43:0.12 (CERN Gargamelle®®),

R, =0.11:0.05, R;=0.32:0.09 [Fermilab Expt. 1A (Ref. 27)],



3509

APPLICATION OF CURRENT-ALGEBRA TECHNIQUES TO...

“(0) && pue 4 1919weed 9Y) Jo Juspuadopur ST PUNOY UOIJO9S-SSOIO 9y} ‘ApN)s AJIATJISUSS oY} Ul POWNSSE 9INJXIW JOSUS)-Ie[eds jo[durs-fng oy d04
‘pourelqo aJe 9Iqe)}
Y3} UI 9SO0Y} YIIM JuslSISU0d A[ejewrixoadde So13IAIJISUSS ‘SON[BA [BIJUSD 9Y} O} SWII} B JB U0 yorq poddols Uy} pue senjea polaeA pojeorpur oy} usals oae Mo ueyy
9730 saejeweaed [[B USYM "SON[BA [BIJUSD JI9Y} 1B PaxIj saoyjo [[e Surdeay ‘aojowreded pejeorpur oyj A(uo Suiliea Aq pouIWIS}op 9IE SOIJIAIISUSS pajonb oyl ,
*G "JOY JO AI "99§ JO UOISSNOSIp oY) Aq pejeAljowr sossond oJe soSued UOIIBIIBA Oy} ‘sasjowrered Iayjo
9y} 104 °(SAOQE B 9J0U300]) * 7 2 UYNY[IJ Aq pejonb ASIN 0%F JIOIIe 9Y} JIOJ SITWI] [9AS]-90USPIJU0D J06 Y} 0} Spuodsortod ASIN LL—E1 a8uex oy} “N¥¥io 104
"G "JoY 99S S[Iejep Joyany J0d (0) §I4= (0) I (408°2— 99°2)/2H '8 % (0) = (0) I ‘[T— (AW 82/*N*0)€1%(0) §)7=(0) wvm
(0) :wu:«n (0) &h “(SSo3—g)/(0) (&= (0) §J £q uSAIS oa® SJUBISUOD UOHBZITEWIOUSS JE[BISOpNesd pue JB[EdS SUMUIewal oy £(0) s.w.hn (0) snv& SJUBISUOD UOTIBRZI
-[BWLIOUSI I0SUS} 9y} JOJ ‘Son[eA [opow-3Ienb 9J8 SoNJeA [RIJUSD I9YI0 [[V "ASIN 8% SI onjea [opouwr xxenb oy ¢[(SL6T) 09% ‘G9d "sAyd ‘[onN] " 2 uynyid "H 4q
POpUOWIUI0d9I (ASIN 0ZF) ASIN G onfea [ejuowixedxe oy s1 ¥¥%p 1oy onrea pejonb oy, ‘A[30ea1p [opouwt sjaenb oy} WO paureIqo ST 98°1=(0) ewr& JO onyeA aATjEUI)[E
ue 50—~ S0 wim (0) I (0% — €)= (0) § uonelea fng oy Sursn £q g9 0= (0) §J UONOIPead [opOW-}IEND OY} WOIJ PAUTEIO ST G6°Z ONTBA 9Y} “(0) (§of 104 ¢

(saojowrered [BIjULO
J0J punoq Uo1309s-SSs0I0)
/(19jowreed paraea 10y
cee It 08T LO'T €'q 68°1 101 see 12°2 SI'T €6°0 punoq UOI}O9S-SSOID) = AJTAISUSS

p°°* 70— Wl €1 SL°¢ e 290 P AP ST 98°T @L°€ onyes rojewesed patIBA
> (0= oy ‘I= om.%v
uorIjeLIBA J9jourexed o}

punoq uo1j0as-SsoIo Jo AJIAIISusS

q o8uex uorjelIEA

XgO}X% XgoO}X[— XZO}xXI— XgoO}xI— Xgo}xXI— X186 04X g/1_8 X g/18 03X g2 6003160 APIN LL 03 €T I90 €1 olqeuoseay
g1 0 4 99°0— QL' E— SP'1 L8°0 T AP SV G6°¢C ¢ ON[EBA [BIJUSD
0) gL 0) $L (0 (L (RN (0@ 0 S (0) hZ (0) @a/(0) G 1= 4 NN (0§ Jojewresed

"(6€) pue (L¢) "sbx
Aq perdw! punoq uo1}0es-ss0a0 uorjonpoad-uord Y3 jo seSuryo xojoweed o} £)1anIsuss pue ‘soSued uorjeraeA Jojowresed ‘senjeA Jejowresed [enue) ‘I ATIV.L



3510

STEPHEN L. ADLER et al. 12

R,=0.22, Ry=0.33 (Caltech-Fermilab raw data®®),

=3R, +Ry <1.5 at 95% confidence level,

37

(b) y distribution inconsistent with y®, consistent with somewhere between V —~A and V+A, with T or

with T, S, P mixtures (Caltech-Fermilab®®);
neutrino-proton elastic scattering:

GCERN(y 4 p—~ y+p, Cundy cuts)<0.240ERN(y 4+~ ™ +p, Cundy cuts)

at 95% confidence level; Cundy®® cuts are

1<E <4 GeV, 0.3<|F|<1(GeV/c).

Neglecting possible distorting effects of the cuts,
and using the fact that the CERN and BNL neutri-
no fluxes are similar®' in shape, Eq. (38) gives an
approximate bound for the BNL flux-averaged neu-
trino-proton elastic cross section,

o (v+p = v+p)s0.240 BN (van~ LT +p)
=0.21X10738 ¢m?
at 95% confidence level. (39)

As is evident from the formulas of Sec. II, the
S,P, T cross sections involve many coupling con-
stants and form factors (the pion-production cross
sections depend on 21 independent form factor
combinations in all) and so adoption of a fairly
systematic procedure for searching for fits is
essential. The procedure which we have used
is as follows®:

(1) In studying the isoscalar case we make the
further simplifying restriction to purely unitary
singlet weak neutral couplings. Hence we take

(38)

8s5=85s=0, &p3=8ps=0, Lr3=&rs=0, (40)

so that the quark structure of the weak neutral
interaction is completely specified by the three
coupling parameters ggo, £po; L£10-

(2) We follow the conventional practice of pa-
rameterizing nucleon form factors in dipole form
and meson form factors in monopole form. Hence
for all S, P, T form factors not connected with pion
exchange we use the parameterization

F(*)=F(0)(1 - k/M?)2, (41a)
while the form factors T’ (k%) and F§’(k?) are
parameterized as

T%.a)(kz) =T$,3)(0)(1 - kz/Mz)-l ,

F () =F§ O)(1 - K/M2) (L - /M)
For the form-factor mass M we take the value

M=~0.,9 GeV (41c¢)

suggested by quark-model®'3® considerations.
(3) For the form-factor values at k¥2=0 (i.e., for

(41b)

TABLE III. Parameter values for fits Nos. 1-5.

Fit No. 1 Fit No. 2 Fit No. 3 Fit No. 4 Fit No. 5
£s0 1xf 0 0.5 xf 1xf 1xf
Zpo 0 1xf 0.5 xf 0 0
2o —0.4xf 0.4xf —0.25xf —0.4xf —0.25xf
f 1.12 1.10 1.92 1.17 1.47
F®(0) 3.72 3.72 3.72 1.86 3.72
OunN 45 MeV oo 45 MeV, 45 MeV 28 MeV
v . 0.7 0.7 oo
7 (0) 0.62 0.62 0.62 0.62 0.62
% 0) 2.1 2.1 2.1 2.1 2.1
79 0) -0.75 —-0.75 -0.75 -0.75 1.9
79 0) -1.3 -1.3 -1.3 -1.3 —1.9
T (0) -0.72 —0.72 -0.72 -0.72 0.66
79 (0) 0.2 0.2 0.2 0.2 -0.3
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the S, P, T renormalization parameters analogous
to the V,A renormalization constants g,, u”, etc.)
we start from central values suggested by the
analysis of Ref. 5, which we have tabulated on the
first line of Table II. A numerical survey (using an
interactive time-sharing facility) indicates that
these parameter values do not give satisfactory
fits for the various coupling patterns of interest,
such as a pure tensor weak neutral interaction or
scalar-tensor or pseudoscalar-tensor mixtures.
Instead, we find with the central parameter values
that when the deep-inelastic and elastic scattering
constraints of Egs. (37) and (39) are imposed, the
resulting bound® on the pion-production cross
section oBNL(yn7® +vpm®, W<1.4 GeV) is typically
a factor of 3 or more smaller than the experi-
mental value of Eq. (36).

(4) We next permit reasonable variations of the

parameters from the central values, as shown in
the second line of Table II, making possible in-
creases in the bound on the pion-production cross
section imposed by Eqgs. (37) and (39). The sensi-
tivity of the pion production bound to parameter
changes (for a scalar-tensor mixture) is indicated
in the bottom two lines of Table II. Evidently, the
bound is most sensitive to changes in f;"’(O),
T{(0) and 0,,y, and relatively less sensitive to
variations in the other parameters. If the param-
eter T{¥(0) is increased without limit, the cross-
section bound approaches infinity, as a result of
the fact that the pion-production cross section re-
ceives a contribution from 7 (0) via the equal-
time commutator term in Eq. (12), whereas (in the
SU(3)-singlet current case) the elastic neutrino-
proton cross section is independent of T{*(0). This
is of course a consequence of the SU(3) D-type

TABLE IV. Values of physical quantities in fits Nos. 1-5.

Fit No. 1 Fit No. 2 Fit No. 3 Fit No. 4 Fit No. 5
Limiting Elastic scattering Deep inelastic Elastic scattering Deep inelastic Deep inelastic
inequality 2 Eq. (39) Eq. 37) Eq. (39) Eq. 37 Eq. (37)
oBNL (pp) b 0.18 0.058 0.18 0.094 0.027
in 10738 cm?
BN @p) 0.080 0.032 0.058 0.032 0.19
in 10738 cm? .
R, 0.23 0.22 0.31 0.25 0.20
Ry 0.35 0.34 0.31 0.38 0.23
oBNL (upn® +up7®, W=1.4 GeV) 62 56 73 61 68
in 107 cm?
BN G +Tpn®, W=1.4 GeV) 48 49 55 51 38
in 1074 cm?
o (vp ) 2.7 1.8 3.0 2.3 3.6
in 107 cm?
o™ wpr™, W=1.4 GeV) 32 25 37 28 40
in 1074 cm?
ay’c 22 0 16 6 10
o ANL (1p) 0.34 0.057 0.30 0.13 0.079
in 107%% cm?
a(vp) at E=50 MeV 0.37 0.0082 0.28 0.11 0.16

in 1073° cm?

2 By limiting inequality we mean which of the two inequalities, Eq. (37) or Eq. (39), is saturated first when the over-

all strength of the weak neutral interaction is scaled up.

b The superscripts BNL, ANL denote cross sections averaged over the Brookhaven National Laboratory and the
Argonne National Laboratory neutrino flux distributions, respectively. The quantity o{“ﬂf;, is defined in Ref. 4.

¢ The coherent neutrino scattering parameter “02

was introduced by Freedman [D. Z. Freedman, Phys. Rev. D 9,

1389 (1974)] by writing the neutrino-nucleus coherent cross section, in the vector case, in the form do"°"/dz

= [EZGZAZ/(ZW)]aOZ(l +2z), with A being the atomic weight and z being the cosine of the neutrino scattering angle. In the
scalar case we define a,* by writing do5:°"/dz =[E*G?A%/(2m]5a,%(1 —2z), with the additional factor of § reflecting the
fact that a (1 —z) angular distribution produces twice the radiation pressure of a (1+2z) angular distribution [see S. L.
Adler, Phys. Rev. D 11, 1155 (1975)]. From the formulas of Sec. II2A, we thus find in the scalar case that
ay2=2FZ(0)%.
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FIG. 2. Cross section o(v +n —v +n +710)

+o +p = v+p +7% versus incident neutrino energy E
for fits Nos. 1-5.

commutator structure in the S, P, T case, which
permits [F$, §(0) to lie in a different isospin multi-
plet from the current J(0) itself. Hence, in the

S, P, T isoscalar case there is no analog to the
parameter-independent bounds on the pion-pro-
duction cross section which are found* in the V,A
isoscalar case.

Allowing the renormalization parameters to vary
within the ranges indicated in Table II, we have
constructed a series of fits to the experimental
data summarized in Eqs. (36)-(39) above. The
features of five representative fits, with rather
different characteristics, are given in Tables III
and IV and Figs. 2-7. The parameters of the fits
are summarized in Table III; fit No. 1 is a scalar-
tensor fit with large scalar renormalization pa-
rameters; fit No. 2 is a pseudoscalar-tensor fit;
fit No. 3 is a scalar-pseudoscalar-tensor mixture
which, like the combination V - A4, is a formal
Fierz transformation® invariant; fit No. 4 is a
scalar-tensor mixture with reduced scalar re-
normalization parameters; while fit No. 5 is a
scalar-tensor fit with T{” reversed in sign from
its central value. Some physical quantites of in-
terest in the various fits are tabulated in Table IV.
In Figs. 2 and 3 we give neutrino- and antineutrino-
induced pion-production cross sections for the

E (GeV)

FIG. 3. Cross section o(V+n—V+n +m%
+0(V+p—7+p +1° versus incident antineutrino energy
E for fits Nos. 1-5.

ADLER et al. 12

T ]

1.0 2.0 30
E (GeV)

FIG. 4. Cross section (v +p —v +p) versus incident
neutrino energy E for fits Nos. 1-5.

various fits; the curves are evidently all qualita-
tively quite similar, On the other hand, the neu-
trino-proton and antineutrino-proton elastic cross
sections illustrated in Figs. 4 and 5 differ widely
between the fits. One interesting feature of fit
No. 5 is that although the scalar-tensor inter-
ference is constructive in neutrino pion production,
giving o(wna®+vpn®)>o(@nr®+Vpno), it is strongly
destructive in neutrino-proton elastic scattering,
so that o(vp)<<o(Pp). This sign reversal in the
interference terms is absent in fits Nos. 1-4,
where both the neutrino-induced pion production
and elastic cross sections are larger than their
antineutrino-induced counterparts. In Figs. 6 and
7T we have plotted the deep-inelastic y distributions
for the various fits, together, for comparison,
with the y distribution expected'® in the Weinberg-
Salam model for sin?6,, =0.35., The close similar-
ity of the various curves, in both the incident neu-
trino and the incident antineutrino cases, is evi-
dent. One obvious qualitative feature of all of the

0.5 T T T T T T T T T T
0.4~ -
o~
3
o 0.3 -
0 {
i
o
0.2 s -
b 3
[oX] -
4
(I T SR S W T T T
1.0 2.0 3.0
E (Gev)

FIG. 5. Cross section o(V+p—7V+p) versus incident
antineutrino energy E for fits Nos. 1-5.
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(1/0;) doy, /dy
.

0 b

FIG. 6. Unit-normalized deep-inelastic y distributions
for incident neutrinos. Curve a: fits Nos. 1, 2, and 4;
curve b: fit No. 3, curve c: fit No. 5. The y distribution
for the Weinberg-Salam model with sing, =0.35is
shown in curve d.

fits is that since both even (S and/or P) and odd
(T') charge conjugation pieces are present in the
weak neutral interaction, neutrino and antineutrino
cross sections differ. However, since a CP-con-
serving S, P, T Lagrangian is still parity-conserv-
ing, the presence of (S,P)-T mixtures does not
imply parity-violating effects in processes in which
neutrinos are not involved, such as the pp, ep,

and pp interactions.’® By contrast, in the V,A
coupling case* the presence of neutrino-antineu-
trino cross-section differences is in general ac-
companied by parity-violating neutral-current ef-
fects in non-neutrino-induced reactions.

Up to this point we have restricted the discus-
sion to purely isoscalar (in fact, purely SU, sing-
let) S, P, T neutral couplings. In order to study the
effect of isovector admixtures, we have considered
modifications of fits Nos. 1 or 2 obtained by al-
lowing either gg,, gp; Or g5, to be nonzero, as de-
tailed in Table V. The resulting doBNL/dW distri-

3.0 T T T T T T T T T
2.0 -
N
> \\
TN 1
&k N ﬂ
° AN
gl N ]
ol N B
H Sseeo ]
Eo R c
L 9]
a
L b 4
L L L 1 P R 1
[}) 0.2 0.4 y 0.6 0.8 1.0

FIG. 7. Unit-normalized deep-inelastic y distributions
for incident antineutrinos. Curve a: fits Nos. 1, 2, and 4;
curve b: fit No. 3; curve c: fit No. 5. The y distribu-
tion for the Weinberg~Salam model with sin?6y, = 0.35 is
shown in curve d.
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butions are graphed in Fig. 8. The qualitative con-
clusion which emerges from this study is that iso-
vector tensor or pseudoscalar couplings lead to
strong (3,3) peaking in invariant-mass plots, but
an isovector scalar component can be present with-
out producing a visible (3,3) peak, even when it
produces strong deviations of the final 7N charge-
state ratios from the values which they have in the
isoscalar case.?” Hence a nonresonant invariant-
mass plot does not in itself imply an isoscalar neu-
tral interaction in the S, P, T case; branching-ratio
information is also needed to exclude an isovector
scalar component.

As we have already emphasized, the S,P,T
cross sections involve a large number of param-
eters and this fact, together with the scanty ex-
perimental information presently available, does
not permit any definite conclusions about the pres-
ence or absence of S, P, T neutral interactions to be
made at this time. Looking ahead, we have written
general and flexible computer programs embodying
the calculations of this paper, along with corre-
sponding programs for the general V, A neutral-
current case.*'® As improved experimental data
becomes available, these programs will be used
to give updated, and hopefully more restrictive,
analyses of the phenomenological form of the weak
neutral coupling.

o

Arbitrary Units

- N o PN @
T

ORI TN IS T SN T I | 1
1.08 142 1.16 1.20 1.24 L?B 132 136 1.40
W (GeV

FIG. 8. Curves giving do/dW for the reaction v +p
—v+p +70, averaged over the BNL neutrino flux. Curve
a: fit No. 1; curve b: fit No. 1 withg ;= 6"2 [the two
methods of treating the resonant scalar multipole des-
cribed following Eq. (31) give virtually the same curvel;
curve c: fit No. 1 with g 3=~ 0.4% 6%2; curve d: fit No.
2 with gp3= 6Y2. The four curves have been normalized
to equal area. Curve a is typical of the normalized
doBNL /gW distribution for all of the isoscalar fits con-
sidered, and in effect represents BNL phase space for
the pion-production process.
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TABLE V. Relative isoscalar cross sections together with cross sections for three modified fits with isovector
additions to the S, T, and P parts, respectively.

Parameters 2 vip —v+p +10 vin —v+n+70 Vin—v4p +17 vip — vin +7t

Isoscalar case 1 1 2 2
cross sections
(arbitrary units)

Fit No. 1 with® gg, =61/ 68 32 61 70
Fit No. 1 with gz =-0.4x6!/2 78 71 57 77
Fit No. 2 with gp; =61/2 29 20 19 15

2 The isovector additions used would make the scalar, pseudoscalar, and tensor currents, respectively, U -spin
singlets in the limit in which FQ =F®, FQ =Fr®, and " =T§B), j=1,2,3. For the actual renormalization-constant
values used in fits Nos. 1 and 2, the isovector tensor case given in the table corresponds to a tensor U -spin singlet
structure, the isovector pseudoscalar addition is smaller (by a factor of » =0.7) than is required to make a pseudo-
scalar U -spin singlet, while the isovector scalar addition is larger (by a factor of 1.9) than is required to make a
scalar U -spin singlet.

b The cross sections in this case are virtually independent of whether the scalar enhancement factor s of Eq. (31) is
taken as cosdgg) or as 7.
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(A1)

(0) —y, Tox1
Qg =X ¥;27; Xy

the initi final nucleon igo.
APPENDIX A: FORMULAS FOR PION-PRODUCTION where y, , are the initial and final nucleon iso

AMPLITUDES AND CROSS SECTION s-pmors ar}d zplj is tl}e final pion 1sos‘pm wave func-
tion. Their numerical values for different chan-
In this appendix we give the expressions for the nels are given in Table I.
11 amplitudes A, ..., B, which parameterize the We write the matrix element in the form

mﬂ = 'TGZ‘_ 17(1 - 75)1}12(1)2){141 +A2Y5 +A3¢+ A4 dys +Cl(k1 +k2) + Cz[kl, léz]"‘ Ca[ku kz] 75 + E1%175 +E2%275}M(P1)

G _ _
+ 5 Voo (1 = vs it (p,)(B,o™" +B,oMy, + By, dorn +B,0 ey Yu(p,). (A2)

The amplitudes in this expression are related to the amplitudes defined in Eq. (24) by
Az =4, —2MyA,,

>

1=E +A,,
2 =E, —A,, (A3)
é1 =Bl —Bz ’
L=- &y {[(%)l/zgpg+(}§)l/zgp3]a£:;0) F§3)(k3)+ &ps a§+’[%F§°’(k2)+§F§8’(k2)]}
NSA
S

* oM, (202G goo I (k) + B) goy P (#2)] + 205" gpy FE (22},
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Ay == 3 I8 5o+ 6% g5,]aff PP (- 0F) 50§ (3P () + 5P ()
+ 5%; {2a QG2 g FO' (k2) + (W 2gs, FE (k2) +2aL") g5, FE (R2)} + g7_(q___ﬁ)2l_M_"2 gra2a5 ,%I(sz) 4K
s _IVB {agn B@Vzgmﬁé;:ﬂ . (%,Uzgrszf}n%@] el mé.))gm_zi%ﬂ} —

Ag== 5B (o OB gy F () + G gy FP () + (0§ +a$) £, S ()
N -]

1
— (@[ gpo FP () + )2 g FE () + (057 - 07) g FE () - 52—,
B N

{00G1 g5 FO () + ()25, FO () + (057 +0§) g5 FE ()
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Taking the traces, we find

8M,2m 2
5, = BT (o

=ky - k{41 A,|2(D, by + M2) + 414,12 (D) Dy — M) +41A,|% (2D, + P, - 4 = 4*(D Dy — M)
+4]C,|2[2p, " Kpp * K —K2(py * b —MP)]
+16]C, |2 = (By * B2 (g * b+ M 2)+ 2k, = koky * Py« P, +2k, * kykey * poke,* ]
+16[Cy|2[ = (ky * B2 (D, * by =M )+ 2k, * kol * pily * by +2k, * koky * Poky* ]
+8|E,|2p, * kypy* Ry +8|E, |2, « kypy + by +8M yRe(AFA,)q * (P, + Dp) +8M yRe(AFC K * (py + b,)
+16Re(AFC,)( b, * koby * by = Dy * By, k) +16Re(AFC ) by * kyby* by = Dy * Ry, * ky)
— 8Re(AFE, M vk, * (D, - 1)) - 8Re(AFE,M vk, * (p, - 1,)
+8Re(AFC ) 1  qby K+, Kby * q—q ° K (b, * = MyP)]
+16Re(AFC)My[q * kyky+ (D, — 1) —q * kol * (B = 5,)]+ 18 Re(CHC,)M yky * Ry (D —1;) * (Ry — y)
— 16 Re(CE, )M yk, * ok, * (P, + p,) +16 Re(CXE,M yk, * Byky * (b + 5;)
+8Re(BFE,) Py * by byt Dy kot by =Ry * Ry( By by + M P21}
+32{ B[22, * ko, * by +2p, * Ry * By =k, ko) 1)
+|B2[ =g (@p, * kyby * Ry + 2D, * by kg =Ryt Rypy * 1)
+20, q@py kgt ky+2p ~kyq Ry =Ry kypy c )]
+| B2 =q?(2p, * Rypy * Ry + 2Dy * Ry Ry =Ryt Ryby * D) 42D qRDy Ryq * Ry + 2D, Ryq Ry =Kyt Rypy )]
+2M yRe(By¥B,) 2k, * qky * py+2k, * qky * py =D, * qhky * ky)
+2M \Re(B¥B,) @k, * qhy * py+2ky gk, * Dy — D, qky * ky)+2 M PRe(BIB,)A4q * kyq * by =k * kyq°)}
+16{ —Re(A*B,)(ky * PRy By —Fy * Doly* D)+ M yRe[A¥(By— Bk, * qky* P =k, * Pk, * q)
+Re(AB,)(k, * pihy* b, —ky * Doky* D)+ Re[AF(By+B,)IMyk, * kK + g =Re(A3B,)M vk, * kg * K
+Re(A$B,) ¢*(ky * piky* by —ky * ks * D) = 2D, " qlky * iky* q —Fy * by * k)]
+Re(AFB ) q*(ky * byky* Dy = Fy Dok * ) +2D, gy * Dy g =y " by * k)]
—Re(CyB )M yk, * bk * (q ~ k) ‘
+Re(CyBy) [ My*ky * kyq = k+ky k(D qpy k=D, qby " k=" g B
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+Re (CFB, )k, * ky[py* kypy byt Py kg * By =50y * Dy +M Pk, * B, ]
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+2Re(CEB, e, * Ry By y(p,* Py =M \2) =2(p, " kyby * ky+ By * Ry * By)]
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+Re(B¥B,)Myk, + kyky * P —Re(ExB,) Mk, * byk,* P
+Re(EfBy) [ M 2k« bk, » g —p,* By(2p, " okt *q =2k, * Dok  q =Dy qly * By)
— by Ry(ky pby g =Dy D2t Ry)]
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+Re(EFB,) = M2k, « koky * q +py *ky(2k, * Dkt g — 2D, * koky * q — Dy * qky * By)
+hy c kylly* Dby q Dyt D24 * By)]
+Re(B¥B,)[M 2k, Ry, q = py* ky (2D, * koky *q — 2R, piRy* g =Dy qly * By)
—ky ky(Ry Piby g - Dy 12q " Ry)]
+Re(EFB) =M 2k, * Byky s q+py* ky(2k, * Dily* q =2p, * Roky o q = by* gk, * ky)
+kyt Ry(Ry DDyt g = Dyt Drq* R}
+8€ 5,5 XOE RV R =2 IM(AFC )k, * by =2 Im(ABC,)k, * By +Im[AF(E, + Ey)]k, +
~Im[ CHE, - E,)]k, * ky+2Im(A}B,) -4 M yJIm[ A¥(B, - B,)] -2 Im(A#B,)
-2(g?+2p, * QIm(A*B,) - 4p, * K Im(C}¥B,) +4p, * K Im(C§¥B,)

+2k; ¢+ (P, +1>.‘,+q)Im(I;“1’"Bs)+2k2 (p+bhy+ q)Im(Eg"Be,HZk1 (p+Dy—9q) Im(E;*B4)
+2k,* (p, +P, — ) Im(EFB,) ~2(4* —2p, * 9 Im(A}B,)}, (A5)

where P =p, + p,, R=k —k,, and K =k, +k,.

APPENDIX B: APPROXIMATE CALCULATION
OF (3,3)-RESONANCE EXCITATION

To calculate the effect of (3, 3)-resonance ex-

citation in weak-pion production induced by S,

P, T isovector currents, we use two methods.

As a first approximation, we evaluate the (3, 3)
excitation matrix element in the static limit using
a variant of the method first developed for photo-
production by Chew and Low.?® In this limit, the
scalar current does not contribute. A more ac-
curate treatment of (3, 3) excitation requires pro-
jecting out the (3, 3) multipoles appropriate to

S, P, T currents. While the work involved in a
complete projection for the tensor current is
prohibitive, the scalar and pseudoscalar calcula-
tion is easily done. Therefore we use the multi-
pole projection method to evaluate the (3, 3) ex-
citation matrix elements induced by the scalar
current and the pseudoscalar current, using the
latter as a check against the static-model cal-
culation. Combining this result with that obtained
from the static model gives the leading nonvan-
ishing approximation to the (3, 3)-resonance ex-
citation matrix element in the S, P, T case.

The basic idea of the static model may be de-
scribed succinctly as follows. We start by con-
sidering the pion-nucleon scattering process
7t (k) + N(p,) ~7(q) + N(p,), for which the resonant
matrix element in the center-of-mass frame may
be written as )

(3/2)
9 = amxl, (33 =5 -aa)-ﬁxu{gﬁ ¥

a®@? =X % [Ha/z]“ Xa¥is s

o (B1)
H§12)=%{Tj, T,}+—%[Tj,T,],

{iz) =e'%s35ind, S/lal,

with X, Xs; being the final and initial nucleon
spinors, X,, X, being the final and initial nucleon
isospinors, and ¥ and §; being the final and in-
itial pion isospin wave functions. This scattering
amplitude may be thought of as arising from res-
onant rescattering of the outgoing pion coming
from the crossed nucleon Born diagram, as il-
lustrated in Fig. 9(a). What we want to evaluate
is the corresponding pion-production diagram
with an S, P, T neutral-current incident instead
of a pion, as illustrated in Fig. 9(b). (The s-
channel Born diagrams contribute only to I =%
amplitudes, and so make no contribution to res-
onant pion production in either case.) The static
model relates the two processes of Fig. 9(a) and
Fig. 9(b) by regarding them as resulting from

the action of the same linear operator acting,
respectively, on the static-nucleon limit of the
pion-nucleon or current-nucleon vertex. A sim-
ple calculation shows that the static-nucleon limit
of the pion-nucleon vertex appearing in Fig. 9(a)
is

17(1—"2)7’5 & T; u(Pl)lI)“—"" <— 8 ) x'.'s.z -6 * EXSLX; TzXﬂPu ’

-1
static \ 2 M N
limit

(B2)

permitting us to identify the linear operator by
comparison with Eq. (B1). Taking then the static-
nucleon limit3® of the current-nucleon vertex ap-
pearing in Fig. 9(b),



3518 STEPHEN L. ADLER et al.

%{-‘7 (1- YS)Vﬁ(pz)[gsa F(SS)(kz) +8p3 Fg’)(kz)'ys] %Tau(pl)

_ _ i T(8)(p2 i T(3)(p2
#5031 =7 Wiy g TOEN 7+ L) Gy D (2 - | 1ato,)
N

N

—s,;g;»xizc’r *VXs1X; 71X, (3045) +terms proportional to x,x,; [Wwhich do not excite the (3, 3) resonance],
Yimit

we can immediately identify the pion-production
matrix element as

. 8m M, f&® . - e -
e = = {-"(ﬂ_z Xea(33 =5+ G0) Vxaa ),
r

01(33/2) = X;‘/)j*[ 77@2)].1‘1)(1%513, (B4)
with a¥®) being the isospin matrix element tabu-

lated in the final column of Table I, and with v
given by
k T(a)(k 2)

Y 20k & o1
2M, 2iagrs M2 (k, ¥kj)

V= —age, FP(k?)

+2bg 7 T3 (R2). (B5)

The quantities @ and b appearing in Eq. (B5) are
leptonic matrix elements, which may be written
in terms of the isobaric-frame kinematic quan-
tities defined in Fig. 10 as

<9 k
~ 7
\\ - /Y\\
pZ pl

(b)

FIG. 9. Diagrams describing the contribution of the
crossed nucleon Born diagram, with resonant final-state
rescattering, to (a) pion-nucleon scattering and ()
current-induced pion production. The wavy line denotes
the incident current.

12
(B3)
T
G —
a= 75 (1 =)
/2
- 7y g s,
T (B6)
-—_ G —_—
b= el va(l=yg)v
G (Byokp)® 2 . 5
= — 107200 -k -
\/—2' 2 m, Sin(i‘ 9) (ka kl lkl Xﬁz).
As we have already noted, Eq. (B5) contains
no scalar contribution. To get the leading non-
vanishing scalar contribution to the matrix ele-
ment we use the multipole expansion method,
ISOBARIC FRAME
(a)
A A
k| X k2

A A A .
(ky x ko) x k sin 8

sin @

(b)

FIG. 10. (a) Isobaric frame angle between the initial
and final neutrino directions. (b) Axes and angles
which specify the final pion direction 4 in the isobaric
frame, with% being the direction of the momentum
transfer between the neutrinos.
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carrying along the pseudoscalar (but not the ten-
sor) term as a check. We begin by isolating the

=% parts of the scalar- and pseudoscalar-inter-
action pion-production matrix elements, and by
writing for them a general invariant decomposition
between nucleon spinors,

m1sr :agl/z)s(L/2)+a‘(93/2)S(d2)’
e :a%ﬂz)P(llz)_,_a(Ex/z)P(a/z),

S®2) = aii(p,)[ Ay, + B(d + B)vs Julpy),
PR =g ﬁ(ﬁz)[ C+D(f + lé)]u(.bl)r

with a{2¥2) a5 tabulated in Table I and with @
being the lepton matrix element of Eq. (B6). The
Born-approximation contributions to 4,...,D
may be read off from Eq. (19a) of the text,

B7)

- - 3)(p2) 81
AP &ss Fs (k)l/+vB

B = g5y F$ (k%) 5ari—ss

2My(v+vg) (B8)
Cct =0,
= = 3)(p2y —— &r
D = - gog 37 (k )ZM,,,(V+ vg)'
—

We introduce multipole expansions for S#2) p(®2)
by writing

S =), 32 21+ 1) LAY + 05 1)
=0

XP,(COS(I))XS,_,
(B9)
PO =yl, 30 L 1), g +11, g %)
=0

X P,(cOSP)Xsy,

with ¢ the pion-current angle defined in Fig. 10
and with the scalar-current transition operators
H,si related to the angular momentum projection
operators II,; by a Minami transformation,

(B10)

Carrying out the differentiations implicit in the
angular momentum operator L acting on the Le-
gendre polynomials, Eq. (B9) gives

§@) =y, DAL+ DR + 1hE)G - §P,(cos @)+ G+ k= cosp T+ (A2 — hE¥D)P)(cos b)) Xy,
1=0

PO =yt Z:{[(l+1)g$i/2)+lg‘c"z’]P;(cos¢)+i5'(?1><7e)(g§’.’” - g¥®)P;(cosd)} X
=0

(B11)

Using standard Legendre polynomial identities to invert Eq. (B10), the multipole amplitudes can be ex-

pressed in terms of the invariant amplitudes:

R = 9+ 1 fdz[(A 2WB)<—Z°—M’-‘) P(Z)-(A+2WB)<—“—-%> ZPm(Z)],

ZMN Dao+ My

N

1 - Vv _ V;
g = 'zi}l‘w“'az J:l dz{[C+2(W -MN)D]P,(Z)+[—C+2(W+MN)D]<p“’ M") 2(&” M") ZPm(Z)}’

014 =[P+ My) Py +MN)]]/2'

plO MN

p]_o"’MN

Substituting the Born approximation of Eq. (B8) into Eq. (B12) we find

(3)(2,2
(3/2)B _ 21_ 8s: s (k) g, [ ( 20 = My
Pt zMN LA
20 *

|07 =3100,(8)+ 07+ by (2 +1{4V1,f) <§20+1ﬂf”> @),

g(e;/z)a gP3 F(3 () g,
t 2MN l(IH [

B=(=2p,0k, + £2) /(2] Q] | k) (Ref. 39).

Taking the static limit, in which -~ -, Eq.
(B13) then yields

-2
k
hﬁ/z)ﬂzags;, F.(Sa)(kz)gr IQ| l l

2 29
Sw My (B14)
(3/2)B @)y . LAl K]
£ ~agp, F'(R%) g, ———.

2Ls) " Qu8)+ (01, - W)(—m—%i) ” @6,

Pro+M (B13)

r
Finally, using the unitarization procedure de-
scribed in the text we get for the resonant scalar
and pseudoscalar pion-production multipoles

hii/Z) - h](.li/z )B s, gfyz) g( 3/2)B (B15)

with 7 defined in Eq. (28) of the text, and with
s=7 or s=cosd, ; depending on whether the scalar
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amplitude is unitarized according to the procedures

of Eq. (27) or Eq. (30), respectively.

Combining Egs. (B14)—(B15) with Egs. (B11)
and (B7) we find the resonant pion-production
matrix element:

. > e 2
g + . . Er
ME =a®2) (34 -5+ q40) WpXor 3 Mo 7,

e e 2
a3 =080 -5 40) Wsxar 3 775
N
: (B16)
Wp =agps F§(k?) I,

G-qk+2igxk
2Myw

Ws =ags; F§(k?)

Using the identity

_ 8mM, b &/2)
lqlz
we immediately see that % of Eq. (B16) is iden-
tical to the pseudoscalar term in the static ex-

pression of Eqs. (B4)-(B5), as expected. Hence
we identify

M P T =gm e+ 9§ (B18)

2 g,
3 MNwV g,

B17)

as the leading approximation to the complete
resonant pion-production matrix element.
Squaring, spin-averaging, and integrating over
pion angular variables yields in a straightforward
manner Eq. (31) of the text.*°
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tion is governed by Fés)(o), which is relatively small,
while through the equal-time commutator term the
branching ratios are influenced by the renormalization
constants F (0) and F$#) (0), which are not small.

38[n taking the static limit, terms proportional to
©, —Dy)/My=k/My, which can be referred back to
variables of the incident current, are retained, but
nucleon recoil terms proportional to (,+p;)/My are
dropped. See J. S. Bell and S. M. Berman, Ref. 20,
for a further discussion of this and related points.

39The associated Legendre polynomials Q,(8) are defined
in Highev Transcendental Functions (Bateman Manu-
script Project) edited by A. Erdélyi McGraw-Hill,
New York, 1953), Vol. I, p. 154, Eq. (29).

4The scalar-tensor interference term makes no contri-
bution to the total cross section because it is odd in a,
and hence vanishes when integrated over pion angle.
Note that the appearance of 3&-—3 ° EE in the scalar
matrix element of Eq. (B16) is expected because this
quantity is the isobaric frame limit of the spin-3 Rar-
ita-Schwinger spinor. However, since the vector vTrs
is proportional to §, rather than being 4 independent
(as is the case for V;v'p), the scalar amplitude is not
determined by the static-model argument.



