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A simple prescription is suggested for preserving universality of the isovector current in the presence
of many 1 poles p;. By identifying g„„asproportional to g„,predictions are made regarding (a) the
modification of the Kawarabayashi-Suzuki-Riazuddin-Fayyazuddin relation, (b) charge radii, (c) srsr reso-
nance production in colliding beam experiments, (d) high-energy p meson photoproduction and photo-
absorption, (e) photoproduction of p' and p", and (f) asymptotic behavior of form factors.

'N this paper we suggest a simple modification of the
~ - hypothesis of p dominance' which preserves the
universality of the isovector current. Our starting point
is that low-energy pion scattering, while purely had-
ronic, also obeys a form of universality. '

In a resonance approximation one may write the iso-
vector "electric" form factor of any particle x in the
form

F„&(f)= g P„g„,s/(rn ' f) . —
n=l

The P„represent the couplings of the photon to the
intermediate states p„.'

A similar "form factor" may be defined in the case of
the I~ = I amplitude for z-x elastic scattering at
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threshold:

M~"'(»&) =2(qt+/fs)'L(Pr+Ps) F*. (&)]
=4vF„(f), (2)

where v=——,
' (s—u), qt and /ts are the mornenta of the in-

corning and outgoing pion, and pt and ps are the mo-
rnenta of the incoming and outgoing x (spinless here
for convemence). Since sr-x is a hadronic scattering, all
spin exchanges are possible in the t channel, and in
particular the f-channel resonance expansion (or the
f-channel partial-wave expansion) blows up at the
various s- (and u-) channel singularities. The rather
remarkable consequence of partial conservation of
axial-vector current (PCAC) and current algebra' is
that at threshold and at 3=0, the I~ ——1 crossing-odd
amplitude is given in the soft-pion limit by a conserved
vector interaction. This means that in this particular
kinematic region only J=i isovector t-channel ex-
changes are relevant. 4 Those are precisely the same
states contributing to (1), and we have

g~~~g~»
F s (soft) (f —())

n=l m 2

4 Ke suggest, therefore, that the sum over all spin-1 exchanges
gives I=1 exchange in xx —+ m-x at threshold. This is equivalent
to taking only pole contributions to the dispersion relation in t
for the J=1'yartial. wave.
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The form factor (1) must obey

(4)

behavior of g„' Lsee Sec. (f), below] changes this
number to 123, Either figure agrees well with
experiment.

(b) Charge radii. For the pion, we find

F„"(0)=I."'/2f. '. (6)

Again, if Eq. (3) requires no subtractions, Eq. (6)
implies an infinite set of constraints on g„ identical
to the P„constraints of Eq. (4). Obviously the set of
equations (4) could possess many or even an infinite
number of solutions. ' A particular case is when each p„
is separately coupled universally'.

glitz

Ix )
(3) (7)

in which case Eq. (4) is trivially satisfied for all P .
In the following we assume that only one solution
exists. Indeed, since there is only one conserved iso-
vector current both in electromagnetic and weak inter-
actions, there seems to be a "lack of sufficient reason"
why the strong interaction parameters g„„-/m„' should
be over-constrained so as to allow several diferent con-
served currents. Having made this uniqueness assump-
tion, we readily 6nd

P-= 2g--f-'.
I et us now turn to the specific implications of these
relations.

(a) Modified KSRF retation If we assum. e p domi-
nance, Eqs. (4) and (8) imply the Kawarabayashi-
Suzuki-Riazuddin-Fayyazuddin (KSRF) relation. In
general, one has the sum rule

(2f-') '=2 g--'/m-'. (9)

Taking the values predicted by the Veneziano mw

formula, the first five terms give m, '/(2f 'g, ') =1.19,
and an estimate of the remainder based on the high-e
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1724 (1968). We assume that the coefBcient g „-/M ~ decreases
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us (S. N.) thanks D. Atkinson for a discussion of this point.

We thank Professor P. G. O. Freund for raising this point.
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(1966);Riazuddin and Fayyazuddin, Phys. Rev. 147, 1071 (1966).

If Eq. (1) needed a subtraction, this condition could be
achieved via a subtraction constant. We shall assume
that this is not the case. Equation (4) then represents a
nontrivial set of constraints on the p„and g„,s, since
there are many targets z for which Eq. (4) must hold
with the same set of p„.

A universality condition similar to Eq. (4) also holds
for x-x scattering. ' The familiar result of current alge-
bra is that'

BM, "(v,0)/cj ( „=s 2l, @'/——f ', (5)

where f =94 MeV is the pion decay constant. This
implies that

F '(0) &1/mi'. (10)

weighs heavily the low nz2 con.tributions. Deviations
from the narrow-resonance approximation beloved the p
pole may be important, and would increase (r')—im-

proving the agreement with experiment. The smaller
relative contribution of higher states to F '(0) as com-
pared with contributions to Eq. (9) allows some free-
dom in saturating Eq. (9).

For the nucleon, the fact that Gzr'(0) exceeds 1/m, '
indicates that some couplings g„p~ must differ in sign
from g, . The form of g„g„y~ is model-dependent
and is now being studied in the Veneziano model. "

(e) Colliding beam experim-ents Near the m. ass of a
resonance,

where I'„ is the total width of the resonance n. (We
neglect energy-d. ependent corrections for simplicity. )"
Defining

(12)
we then find

(13)

where k„ is the magnitude of the pion's three-momen-
tum in the rest frame of e.

Equation (13) gives ~F (t=m, ')~ 5.5 to be com-
pared with the experimental values

~

F (t =m, ')
j

=6.5&0.7 (Novosibirsk)'4 and 7.6&0.4 (Orsay) "This
is not bad for a rule of thumb that gives a/l the values
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The experimental value for this number is about
1/m, '," so that bounds on the contributions of higher
states to F (t) may be placed. These require more in-
formation than is currently available. LThe Veneziano
model" predicts only a 14%%uo reduction in F '(0), in a
calculation similar to that of Sec. (a).]

Note that Eq. (10) depends only on the narrow-
resonance approximation and the positivity of residues
in the ir form factor. The expression for (r'),

dm'p(m')

(m')'



S. NUSSINOV AND J. ROSNER

of F at higher poles in terms of hadronic parameters,
especially when threshold corrections can modify the
result somewhat upward. "

For p'(1400) and p"(1670) Lsee Sec. (e)j, we predict

In our approach, y„=rN„'/(2g„ f '), so that

(rt) = (m„/m, ) (h„/h, )st'E„—'t'. (14)

We apply this expression to the two observed bumps. "
(i) p'(1400). Ref. 18 implies R, & 200, leading to

(p')&0.3. This prediction of an inelastic p' can be
tested via the four-pion final state in colliding beam
and photoproduction experiments. As P (p') & 100
MeV, " we predict P(p' —&~a-)&30 MeV, at least a
factor of 3 below the prediction of the Veneziano model.
(ii) p" (1670).With 1|!,"&250 (Ref. 18), expression (14)
gives r) (p")&0.5. With I'(p") 50 MeV," this bound
is consistent with the Veneziano-model prediction
P (p" —+ 7ra-) =14 MeV.

We have assumed with Ref. 18 that o.r(p1V) o.r(p'Ã)
~or(p"1V ), and that .higher-spin arm. resonances are not
as strongly produced. Regardless of these details, the
difference of y„' and y,' by at least two orders of mag-
nitude may in our view reQect merely the relatively low
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F. Bulos et al , ibid 22, 490 (.196.9)."S.Brodsky and J. Pumplin, Phys. Rev. 182, 1794 (1969).
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'9 M. Krammer (private communication).' S. Christiansen, G. Hicks, L. Lederman, P. Liaman, B. Pope,

and E. Zavattini, 3rookhaven National Laboratory Report
(unpublished). One of us (S. N. ) thanks L. Lederman and E.
Zavattini for an enlightening discussion of the experimental results
prior to publication.

It will be interesting to test these predictions at higher-
energy storage ring facilities.

(d) High energy -p photoprodttctiort rtnd photoabsorp
lion. Photoproduction experiments on nuclei suggest
that the coupling of the photon to the p meson,
crit, '/2y„may be smaller than expected from p domi-
nance alone, "withe, '/4' 1.0. Our result, P, =2f 'g,
suggests y, '/4s. ~0.8 in agreement with this value
within errors. (We use P, =112MeV" to obtain g, .)

The presence of higher-mass p states is then essential
to explain the experimental value of o.r (yp), as has been
suggested previously, and can be tested by measurement
of or(yA) for nuclei of mass A."

(e) Photoprodgctiort of higher mass ~v-r resortartces.
Searches for higher-mass resonances in pion pair photo-
production have been performed at Cornell" and
DKSY."Comparison of corrected bump heights" yields
the experimental quantity

Vn
2

mass of the p and the moderate inelasticity of higher xz.
resonances.

(f) Asymptotic behavior of form factors. Recent muon
pair production experiments" could perhaps provide
information about the form factor of the pion for time-
like t."In that case, preliminary results would suggest
a rather slow falloff as I, —+~. On the other hand, the
nucleon electric isovector form factor Gttv(t) falls off
more rapidly for timelike t. These different asymptotic
behaviors have a natural interpretation. We write

(15)

and assume that for large ttt„', g„' (or g„g„ivy) is
given by the J=1 partial-wave projection of the ap-
propriate z.~ —& ~~ (or ~sr —+ 1UX) amplitude. Provided
this amplitude has the asymptotic behavior A B(s)I f'&,

one then finds"" g„~~' (m„')~~i" ' and g„~~g„tvrT
~(m ')~at I ' 't' The —

z in the second exponent
results from the behavior of the singularity-free ampli-
tudes A and 8 in z.~ ~ 1V1V as Pa f'& '» '4 With cr, (0)
and na(0)~0 1 ' we then find F (t)~t 't' and
Gttv(t) t ".LIf the effect of the nucleon is in fact
dominant, we obtain instead GE (t) t '.$ We can
therefore see at least qualitatively why Gzv(t) might
fall off faster than F (t)."

To conclude, we have given a simple way of preserv-
ing universality of the isovector current when vector
mesons in addition to the p are important. Our predic-
tions include a modified KSRF relation, a bound for the
charge radius of the pion, an expression for iF (t) i'
near any resonance, a value of p, '/4' in accord with the
Cornell and SI.AC data, upper bounds on the elasticities
of higher ~x resonances, and predictions for asymptotic
behavior of form factors.

1Vote added in proof As has bee. n emphasized Lsee
discussion following Eq. (2)g, the only justification for
restricting the sum over the states in Eq. (3) to those

"This has been brought to our attention by E. Zavattini. It
should be emphasized that these experiments can be given other
interpretations, as noted, e.g., by S. Berman PL. Lederman and
E. Zavattini (private communication)).

~ 9/e would like to thank Dr. M. Kugler for emphasizing this
important point.' Taking n., rather than nl as the leading trajectory in ~sr —+ 21nr

is suggested by the Veneziano formula for the 21.2I- amplitude. If the
Pomeranchukon is generated by the peripheral production of two
resonances (as suggested by Veneziano and Freund), then its
asymptotic projection on 7=1 waves may be negligible.

"See, e.g. , V. Singh, Phys. Rev. 129, 1889 (1963).
2' F. Hayot (private communication).

Similar results were obtained in 1966 using Fubini sum rules
PR. Dashen and I. Muzinich (unpublished)]. Closed expressions
for form factors based on the Veneziano model have been sug-
gested by di Vecchia and Drago, Y. Oyanagi, H. Sugawara, P. H.
Frampton, Rosner and Suura, Suura, and others. There is some
freedom in the form taken for the axial-current-3m- vertex in
Oyanagi's analysis [R. Arnowitt (private communication)]. We
believe our process is more straightforward and unique (though
it, too, is subject to unknown hard pion corrections). Another
approach LI. Gerstein, K. Gottfried, and K. Huang (unpublished)]
derives many of our results by assuming that the photon couples
to hadrons exclusively via the 2I-m intermediate state.
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of spin 1 is the Weinberg analysis itself. It is amusing
to note that if the coupling constants are defined as the
coefficients of Feynman propagators, threshold factors
would arise naturally so as to eliminate the contribution
of J&1 spin states.

Thus, for example, the g meson (Jv=3 ) would
contribute a term

M(v, t) =g, „g,.sf(—2v)'+6vt(t —4nt, ')/Sj/(m, '—t)

to M, &'l(v, t) in the soft-pion. limit. The term propor-
tional to v in this expression vanishes at t=o and does
not contribute in Eq. (5).

Insofar as this recipe differs from the constant
residues prescribed in the dispersive approach, it is
obviously ad hoc, as it allows in the residues only the
threshold factors coming from the Feynman propa-
gators, but no other t dependence.

Another point which should be emphasized is that
our use of the g„. obtained from the Veneziano-
Lovelace formula has been for illustrative purposes only.

Indeed, in that simple model it is not true that only
states contribute in. Eq. (3). Thus, while the

Veneziano formula can be easily made to yield the right
magnitude of the I&——1 scattering lengths, it does not
satisfy the full restrictions of PCAC and current algebra—in particular, the requirement that only 1 states
contribute in Eq. (3).

We wouM like to thank F. Gilman for a useful corre-
spondence on the above.
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their hospitality at Argonne National Laboratory,
where most of this work was done. One of us (S. N.) is
grateful to Dr. R. F. Peierls for his hospitality at
Brookhaven.
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Necessary and sufhcient conditions for baryon spectral-function sum rules are obtained under the as-
sumptions that (1) the equal-time commutator of the axial charges Qp(ae) (a=1,2,3) and the nucleon
Geld p(y) is given by LQs'(yo), tt (y)g= rzg (y)pre + (rii—=-', terms) and that (2) the axial-vector cur-
rent A„'(x) is conserved. For each of these sum rules (enumerated by n=1,2,3. . .), the equivalence to
J'd's(Ns'(yo), I.(&/&yo)'" |k(y), tk(s) J+l)»=*,)a=0 is actually shown under weaker conditions: assumption
(1) and, instead of (2), Q =p (L((S/ctyp) 'L J'd x tt"A~ (ypx), (B/Byp)2 ik(y)g), f(s)']q)» &)p=0. Further
equivalences are given. The sum rules connect the (I= —',, I=-',+) and (I= —',, I= s' ) baryon spectrum and
include (for n = 1) a sum rule, obtained independently by Rothleitner and (in the one-particle approximation)
by Sugawara. In our derivation we make no assumptions on high-energy behavior and we use an identity of
the Jacobi type. Assuming the 6rst two sum rules to be valid, the model then predicts a P»(m) 1470 MeV)
resonance Lwhich may be identiGed as the observed R&&(1750)g from the existence of the four nucleon
resonances P~j.(940), P~l. (1470), S~j.(1550), and S~~(1710).

'HE spectral-function sum rules, derived by Wein-
berg' for the chiral SU(2) SSU(2) currents,

have been extended by several authors' 4 and various
proofs have been given. ' ' Among these, Glashow,
Schnitzer, and Weinberg' have described a derivation
of the first Weinberg sum rule using the Ja,cobi identity,
and Jackiw" has used the Jacobi identity in order to
derive a condition for the second Weinberg sum rule.
The main difference between Weinberg's' original proof

* Supported by the DAAD through a NATO grant.' S. Weinberg, Phys. Rev. Letters 18, 507 (1967).' T. Das, V. S. Mathur, and S. Okubo, Phys. Rev. Letters 18,
761 (1967); P. A. Cook and G. C. Joshi, Nucl. Phys. B10, 253
(1969).' S. L. Glashow, H. J. Schnitzer, and S. Weinberg, Phys. Rev.
Letters 19, 139 (1967).

4 J. Rothleitner, Nucl. Phys. BB, 89 (1967).' R. Jackiw, Phys. Letters 278, 96 (1968).' W. Bierter and K. M. Bitar, Nuovo Cimento Letters 1, 192
(1969).

of the second sum rule an.d the one given by Ja,ckiw
lies in the replacement of the assumption on high-

energy behavior, made in Ref. 1, by the assumption
that a certain vacuum expectation value of a triple
commutator vanishes.

Among the extensions of the Weinberg sum rules,
Rothleitner' has derived a sum rule for baryon spectral
functions, assuming that

lim lim d4xd4y e '&*+'»
Qp,-+0

&&('Tl (c.+~.)~.'( )4 b'),4(o)))o=o (&)

7 Depending on how the pion mass is treated, either of the two
terms vanishes trivially: For massless pions and conserved axial
currents, the [tt"A„~(x)j term vanishes trivially (not the q„ term,
since it has a pion pole at q„=0). For massive pions and PCAC,
there is no pion pole at q„=0, and the (q&A„~) term vanishes
trivially. In order to leave room for both interpretations, we will
not specify Eq. (1) further.


