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Using the current-field identity, it is shown that the entire vector-meson-exchange contribution to the
parity-violating internucleon potential Vi derives from Schwinger terms arising from the commutator
of the AS=0 F-spin currents and the weak Hamiltonian H,. The vector-meson-exchange contributions
are evaluated using field-algebra commutation relations and are shown to reproduce the generalized Michel
potential. These results are used to express V1, as a function of an arbitrary model of H,,.

ECENTLY the one-pion-exchange (OPE) con-

tribution to the parity-violating (p-v) internucleon
potential V12 was evaluated,”® and its dependence on
models of the weak-interaction Hamiltonian density
H,(x) explored.®* It was shown? that the predictions
for representative models of H,(x) were sufficiently
different from one another that a choice among the
models could be made given an experimental knowledge
of OPE contribution alone. This contribution can in
principle be distinguished from that of vector-meson
(o,w,¢) exchange (which, along with OPE, dominates
V1) by its space-spin-isospin transformation proper-
ties.?® However, present experimental data exist only
for nuclear transitions where both OPE and OVE
(one-vector-meson exchange) may be expected to
contribute, and hence it is necessary to know the model
dependence of OVE in addition to that of OPE. The
evaluation of the OVE contribution reduces to a calcula-
tion of the p-v amplitudes N(p) — N(p")+V () for
¢~0, if we assume that the strong NNV vertices are
described by phenomenological Lagrangian densities
such as

o N T
L,,NN=fpgu-zN(m-a,an)w, )
ZmN 2

where uy is the nucleon anomalous magnetic
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moment and f,?/4r~~2.4. In the present paper these
amplitudes are evaluated using the current-field
identity (CFI) and are shown to derive entirely from
Schwinger terms® arising from the commutator of the
AS=0 F-spin currents and H,. When these Schwinger
terms are evaluated using field-algebra commutation
relations, the p-v. NNV amplitudes are identical to
those previously obtained from the factorization ap-
proximation [see Eq. (4) below]. These results are
used to derive the vector-meson (1~) exchange con-
tribution to V1, as a function of the parameters which
characterize an arbitrary model of H,,. Since the model
dependence of pseudoscalar-meson (0~) exchange has
been derived previously, the present results permit the
(presumably dominant) 0~ and 1~ contributions to Vis
to be expressed as functions of an arbitrary model of
H,. The resulting Vi is given explicitly in Egs.
(13)-(17).

Consider, for the sake of definiteness, the p-v vertex
n— pp~. The amplitude for the weak p-v emission of
a p~ with momentum ¢ is given by

AN = No) = (N 7 (0)| N = 30,69
=it (@) oy [ e

XNV @O|T(n P (@ HL (0D N (p)y, (2)

where p\™(x) is the operator which annihilates a
pt, e* is the polarization vector for the emitted p—,
and s, is its mass. On general covariance grounds, we
can write

My =i(mn*/2q0popo’ V) 2 (p") [vaka(¢?)
+a)\quhE (92) +1q)\hP (qz) ]757- (+)“(P) .

¢ J. Schwinger, Phys. Rev. Letters 3, 296 (1959).
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By isospin conservation, the term proportional to Zp

makes no contribution to Vys. The p~ contribution has

previously been evaluated for the Cabibbo model in the

factorization approximation’

(Np~| Hp»v(0)| N )~(G/V2) cos?8 (N | AP (0)|N)
X[ VA(0)]0),  (4)

which gives®

ha(0)=(G/V2) cos® (V2m,*Ga/ f,) , ®)

and #g=0 (by G invariance). Equations (1) and (5)

yield the so-called Michel potential®

—ha(0)f,
VigfE =*——“'P‘{’b‘(1 +Fup—pn)o1 X s [piz,e ™72/ 712 ]
81!'\/sz

+(01—02) [ prz,e ™%/ 115 ]} T12P,  (6)

where le(i)=Tl(+)T2(_)iT1(_)Tz(+>, and Pi12=P1—DP2 is

the relative momentum operator. We wish to show that

Eq. (5) is an exact consequence of field algebra.!?
Differentiating M, in Eq. (2) and using the CFI!

@ @)= (fo/mHV2 (), «=1,2,3 (1)
[where V(@ (x) is the isospin current], we find that

DML = (2q0V) (o) m,?) (@ +mgh) 271
X/ dtx e 75 (o) (p| [V o™ (@), Hw* v (0) ]-m).  (8)

The commutation relation in Eq. (8) assumes the form

[V4® (5,0, 7,7 (0)]-=i6" GL/*12 @ ) V2 (0)
OO AD WIS, @8,7,0=1,...8 ()

for any current-current model or any schizon model
to order G, where J\® =V,®+44,® and S.t. denotes
as yet unspecified Schwinger terms arising from the
commutator of Vo with J; (k=1, 2, 3). Defining the
isospin-rotated H,*v(0) by H,*"(0), we have from
Egs. (8) and (9)

DIMLND = (2q0V) 2 (fo/my?) (¢P4-my?)

x( ¢l ©ln+ / Feexplsaln). (10

7Tt is assumed, in addition, that for small ¢* the polar-vector
form factors are dominated by p, w, and ¢. In terms of a W-boson
model this approximation corresponds to the one-W-exchange
contribution with form factors. .
8 G4 is the usual nucleon axial-vector form factor and 6 is the
Cabibbo angle. .
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We note that if H,?V is CP-conserving, the first term
in Eq. (10) vanishes in the SU(2) limit,'2 and hence the
entire contribution to ¢\M ) at ¢=0 (and hence to
V12#%) comes from Schwinger terms.

The structure of the Schwinger terms in Eq. (9)
depends strongly on field-theoretic models for the vector
and axial-vector currents. In the particular model of
field algebra,® the Schwinger terms can be evaluated
explicitly and the relevant commutation relations are

[Vo®(x,0),V:® (x',0)]-=if*FV;; @ (x,0)8 (x—x')
—10%F (m,/ f,)*018* (x —X')
[Vo(a) (X,O),A k ® (XI;O):]— = ifaﬁ'yA k ™ (X:O)aa (X —X,> )

where Vi(x,0) and A4,(x,0) are the polar and axial-
vector currents. From Egs. (10) and (11) it follows that
@M\ depends solely on the piece of H,, transforming
as J™J = (Jrt=J'%2)  Since H, must be a unitary
symmetric function of J™*J ™, we recover the |AI| =0,
2 selection rule’ for the p* contribution to Vi, It re-
mains to evaluate %4 (0) explicitly. From Egs. (10) and
(11), we have

MDD = —iQ2q0 V) (fo/my?) (@ +mg?) (2/V2) (my/ fo)

1)

X(G cos%/\/?)/d%c 1%, (x) (p| A+ (0) | n)

=i(mn’/2qopopo’ V22 (V2/ [,) (¢*+m,?) (G cos™8/V2)
X (p )y -qF a(@)+i@Fp (@) Jyst®Pu(p), (12)

where 4 and Fp are the usual axial-vector and pseudo-
scalar form factors of the nucleon and F,4(0)=G4.
Assuming that |q|/mx<1 [and hence retaining only
terms linear in |q| in Egs. (3) and (12)], we find that

ha(0)=(G/VZ) cos’® (V2m, G4/ f,),

which is just Eq. (5). This establishes the claimed result
and indicates that the (seemingly naive) factorization
approximation of Eq. (4) is actually an exact conse-
quence of field algebra. We note, in passing, that the
term in Eq. (10) which vanishes by virtue of CP in-
variance_contains the formally divergent contribution
to the weak NNNp* amplitude.™*

2 M. Gell-Mann, Phys. Rev. Letters 12, 155 (1964); B. W. Lee
and A. R. Swift, Phys. Rev. 136, B228 (1964); M. Suzuki, Phys.
Rev. Letters 15, 986 (1965). Several CP-violating models dis-
cussed in Ref. 4 conserve CP to order G and hence may be treated
by our methods.

13 The noncovariance of Eq. (12) is a direct consequence of the
fact that the T product in Eq. (2) is not covariant, and may be
remedied by adding to the T product an appropriate Schwinger
term. See, e.g., J. D. Bjorken, Phys. Rev. 148, 1467 (1966).
Note that the contributions introduced by this “covariance”
term are at least quadratic in |q|/my and hence are negligible
from a practical point of view.

4 M. B. Halpern and G. Segré, Phys. Rev. Letters 19, 611
(1967); 19, 1000 (E) (1967); V. S. Mathur and P. Olesen, bid.
20, 1527 (1968). Another instance in which the divergent con-
tribution to the AS'=0 p-v amplitudes vanishes has been discussed
recently by C. Bouchiat, J. Iliopoulos, and J. Prentki, Nuovo
Cimento 56A, 1150 (1968).



1690

TaBLE I. Summary of weak Hamiltonian parameters.®

Parameters®
Model A B C ¢ D
Conventional (—1/V2) tang 0 0 0 0
Extra current (1/¥2) cotd 2 —2/Vv3 —2/V3 %
Segre vys-invariant 0 0 0 0 4
Segre ys-noninvariant —4 0 0 —2/V3 %
Lee (1/4/8) cotg 1 0 -3 0

& Models are defined in Ref. 4.
b We assume that 1= sin?9221.

The NNp%, NN¢, and NNw vertices may be treated
in a similar fashion, the only additional complication
being that the neutral vector mesons can give rise to
both isoscalar and isovector amplitudes, in contrast to
p~ which yield only isovector amplitudes. We have
calculated the p-v NNV amplitudes in the exact SU(3)
limit and hence have neglected any effects of w-¢
mixing. In addition we have assumed that the SU(3)-
symmetric vector mass my is approximately equal to
m, in order to give the vector-meson contribution to Vi,
a realistic spatial ] dependence characterized by
e 2/r,. A complete discussion of the effects of
SU(3)-symmetry breaking will be published elsewhere.
The vector-meson-exchange contribution to Vi, is
then given by

V12V= ("hAfp/Sﬂ'\/sz) (iﬂ'1><(l'2 . [plz,e—m‘“”“/f’m]_.

X{(1+ttp—pn) (T2 D+ Bry D7

HCEH PO+ @ @) ]+ (14-pptpa)

X (V3)C! (119 7@ 475 @ 7 O) 4 IVE D7y O 7, )

+(61—09) - [Pro,e ™2/ r1o [ { T1o P+ Bri &7, @

+3V3DEr Oy Oy +[prz,e ™ 112 ]y

[IV3C (0171 D 7@ — a7y 7, ©)

+%CE(0’1T2(Z)T1(°) *—02T1(2)T2(0))]) s (13)

where f, and %4 are the constants defined in Egs. (1)
and (5), o1, are the spin operators for the two nucleons,
and 7© is the 2)X2 isospin-identity matrix. The con-
stants B, C,§C’, and D define the contribution to
H,»~(AS=0) from the nonstrange F-spin currents
(which are the only currents that contribute to V,"):

H,»V(AS=0)= (G/V2) cos9[ (V\"tA\"~+V\"—A\™)
+BV A\ F-CV A HC'VAn4\™
+DVyidyit- -],

Vam=F@ Vy1=F®, etc. (14)

Finally, the parameter ¢ in Eq. (13) is defined by
(N (v3) | Fon (v2) | N (v2))

8 8 & 83 8 &
S T e
141 Vo V3. V1 Ve V3

1_2(1—F/D)>‘

15
1+F/D 13)

tm—r(
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A recent analysis by Brene et al.'® suggests the value
F/D==% and hence £21/6V3. The complete contribu-
tion to Vi, from 0~ and 1~ exchanges is then given by
Vie=V1"+ V1™, where V2™ is the potential“-w

Vi =AT (01+02) - [pro,e ™2/ 115] T15,

1.25X108% sec™ g, yym /2

r (16)
811'\@1%1\7
In Eq. (16) the parameter 4 is defined by
Hy»V=AT01,0®+T1,1/2-1,®, T,=Tyrr. (17)

We see that the dominant contributions to Vs, which
derive from the exchange of 0~ and 1~ mesons, can be
expressed as a function of the five parameters 4, B,
C, C’, and D. Table I gives the values of these param-
eters for the models of H, discussed in Ref. 4.

In conclusion, we wish to emphasize again that since
the vector-meson contributions to Vjy, can be dis-
tinguished from those of #%, the structure of the
Schwinger terms in Eq. (11) can be tested experi-
mentally through a study of the matrix elements of Vys.
Details of calculations along these lines are presently
under way and will be published elsewhere. We also
wish to stress that since the Schwinger-term contribu-
tion exactly reproduces the (nonzero) contribution from
W exchange,” our (nonvanishing) result for 1~ exchange
cannot be ascribed to a neglect of possible “seagull”’
terms as has been suggested recently by several
authors.!”

Note added in manuscript. After completing this
work, we learned that a treatment of the weak p-v
NNp vertex similar to ours has been given by Feuer.”
We wish to thank Dr. G. Scharff-Goldhaber for bring-
ing Dr. Feuer’s work to our attention.

Note added in proof. In response to our work, Olesen
and Rao (Ref. 17) have suggested that the vector-
meson-exchange diagrams do not contribute to Vi,
because the Schwinger terms are canceled by seagull
terms. We observe that if this were true, it would mean
that the right-hand side of Eq. (4) derived from the
factorization approximation should be canceled by some
other terms. It is hard to see how this cancellation
could occur, however, since the factorization approxima-
tion for the matrix element (NVy'Ny'| V(%) 4 .(x) | N1 V,)
is finite and reproduces the results of a IV meson pole
diagram. We also note that the cancellation of seagull
and Schwinger terms is generally thought to be a
consequence, and not a proof, of the condition g\M»=0.

15 N. Brene, M. Roos, and A. Sirlin, Nucl. Phys. B6, 255 (1968).

16 Recall that neutral scalar (or pseudoscalar) mesons make no
contribution to Vi» as was first noted by G. Barton, Nuovo
Cimento 19, 512 (1961).
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At present it is not clear that such a condition"should
be imposed on the parity-violating weak interaction
NN, vertex. These points will be discussed more fully
elsewhere.
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The effect of a direct-channel resonance on antiproton-proton elastic scattering is investigated. The
differential cross section has a nonresonant term, a pure resonant term, and an interference term. It is not
possible to say much about the interference term. The angular shape of the pure resonant term depends
upon the resonance quantum numbers C and P, as well as the spin J, but in general resembles the square
of the Legendre polynomial P (). The possibility of a background amplitude in the resonant partial waves
affects the enhancements in the total elastic and total cross sections.

I. INTRODUCTION

HERE has been increasing interest recently in the

search for high-mass bosons appearing as direct-

channel resonances in the nucleon-antinucleon system,
and in particular in backward elastic scattering.=

In the present paper, we investigate the resulting
antiproton-proton elastic scattering in the presence of a
direct-channel resonance. One would like to be able to
deduce the elasticity and quantum numbers of such a
resonance from the observed angular distributions. How-
ever, the large nonresonant background amplitude, and
consequent interference term, plus the variety of differ-
ent quantum numbers attainable in this channel, make
such deduction difficult.

The differential cross section can be written as the
sum of a nonresonant (background) term, a pure reso-
nant term, and an interference term. We can say little
about the interference term. But it is still useful to study
the pure resonant term, especially at backward scatter-
ing angles, where experimentally the cross section is
small. We can write down explicit expressions for the
pure resonant term, depending upon the quantum num-
bers of the resonance. We find that this term, in general,
resembles | Pr(0)|2% where J is the spin of the resonance
[Ps(9) is the Legendre polynomial, 6 is the c.m. scatter-
ing angle].

* Work supported by the U. S. Atomic Energy Commission.
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The method we follow makes use of fairly standard
results which can be found in papers by Blatt and
Biedenharn? and Dalitz.5 The results are immediately
applicable to the charge exchange reaction §p— 7in
and, after correcting for a simple isospin factor, to anti-
proton-neutron elastic scattering. Other two-body final
states, for example, ip — 77—, can be investigated in a
similar way.

II. GENERAL EXPRESSION FOR
ELASTIC SCATTERING

We use a standard partial-wave expansion of the elas-
tic scattering amplitude. Since proton and antiproton
are both spin-} particles, there are 16 spin amplitudes
(we assume unpolarized beam and target). Actually, 6
of these 16 amplitudes are zero, and only 5 of the re-
mainder are independent.

The elastic scattering amplitude is written*®

A,=i (k) Y {[4rLiA1)T45 s 0m, | Tms)

J, Ui lf
X{lysympms' | Tma)¥ 1,75 (0, )
X0.5[(875—Ss "D+ (07:—S7 70T}, (1)

where » is a spin index, standing for (sim.s,s,m,’);
clearly, »=1-16. Six of the 4, are zero—say for v=11-

( ‘ST.)M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 24, 258
1952).

5 R. H. Dalitz, Ann. Rev. Nucl. Sci. 13, 339 (1963).

8 We use the amplitude in Eq. (3.14) of Blatt and Biedenharn
}(:_:Refi 24)2 )multiplied by 7/k to make it analogous to the f(8) of their

q. (2.2).



