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normalizing both to the usual dipole fit

D(q')=[1+q'/(0. 71 GeV')] 'p, .
Predictions are shown for different choices of
A'. The meaning of A' can be read in Eq. (2) that
relates it to the effective perturbation-theory ex-
pansion parameter A. value A'=1 GeV' (0.2 GeV')
corresponds to scaling being approximately true
(to within -30%%uq) at q' = 5 GeV' (1 GeV').

The agreement of the data and the prediction
is satisfactory. We can safely state that there
is no contradiction with the combined hypothesis
of asymptotic freedom and strong local duality.
Unfortunately, we cannot conclude that the loga-
rithmic deviations from exact scaling predicted
by asymptotically free theories have been ob-
served, since we rely so heavily on the Bloom-
Gilman hypothesis.

With Je known, we can predict the deviations
from scaling in high-q' electroproduction. For
instance, the structure function E,(x= 0.2, q'
= 40 GeV') would be down relative to its value at
q = 5 GeV (q' = 1 GeV') by an amount of -10%%uo

(40%%u) for A' = 1 GeV' (0.2 GeV').
I am indebted to S. L. Glashow and H. D. Polit-

zer for very useful discussions, and to L. R.
Sulak for his help in analyzing the SLAC-NIT
data.

After the completion of this work we learned
that D. J. Gross and S. B. Treiman have recently
treated the same problem. "
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Equation (3) does not contain an arbitrary normali-
zation and one could, in principle, determine the abso-
lute scale of the form factor. However, the coefficient
a of the leading power-behavior Eq. (7) is very sensi-
tive to the presence of nonleading terms, and the pre-
diction of the absolute scale requires the complete solu-
tion of the inverse-moment problem. Alas, the unknown
coefficients A„~ reassume a role in the complete solu-
tion and asymptotic freedom loses a lot of predictive
power.

A similar prediction has been obtained recently in
a different approach: J. Kogut, private communica-
tion; J. Kogut and L. Susskind, Phys. Rev. D (to be
published) .
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The breakdown of Bjorken scaling in asymptotically free gauge theories of the strong
interactions is explored for its implications on the large-q behavior of nucleon form fac-
tors. Duality arguments of Bloom and Gilman are invoked to relate the form-factor be-
havior to the threshold properties of deep inelastic structure functions. For very large
q the form factors are predicted to fall faster than any inverse power of q .

In a recent paper' by one of us the breakdown
of Bjorken scaling was investigated in the context
of asymptotically free gauge theories of the strong
interactions. " An asymptotic extrapolation for-
mula was obtained that expresses the deep in-
elastic structure function F,(cv, q') at one value
of q' in terms of the function E,(~, q") at another
value, q", of the momentum-transfer variable

provided both q' and q" are large enough to be
in the "asymptotic" region. It was shown that
deviations from scaling are expected to be es-
pecially large in the vicinity of threshold [v =(2v
+m')/q'= 1].' Here we wish to explore the con-
sequences which this breakdown of scaling would

suggest for a related topic: the q' dependence
of elastic and transition form factors of nucleons.
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First, let us recall some results from Ref. 1.
One starts with the asymptotic relation" for the
moments of the structure function vR'2= mE, :

J d I, ( q2)~ N 2

p = C„[ln(q'/y. ')] "s,

where the C„are unspecified constants and p. is
an unspecified scale parameter. The exponents
A. ~ are related to the calculable" anomalous di-
mensions of the dominant operators of spin N+ 2

in the Wilson expansion for a product of currents.
With F,"= vG'(q') 6(v —v„), (6)

The threshold property expressed by Eq. (5)
seems in fact to obtain (with d =3) in the q" re-
gion relevant to the Stanford Linear Accelerator
Center- Massachusetts Institute of Technology
(SLAC-MIT) experiments. Accepting this, we
now wish to consider the implications of Eq. (6)
for the question of nucleon electromagnetic form
factors. Consider the contribution to the struc-
ture function F, coming from some resonance of
mass M„. For simplicity we take the width to be
infinitely nar row. This contribution is

t = in(q'/p'), t' = ln(q "/y, '), t & t',

one now derives the asymptotic extrapolation
formula

E,(e, t) =J(, E,
~

—,, t')T(v', —,), (2)

where v, =-,'(M, ' —m'+q'). This equation defines
the electromagnetic transition form factor con-
necting the nucleon and the resonance. If the
"resonance" in question is the nucleon itself
(M„' = m'), then we are dealing with the diagonal
electric and magnetic form factors and

where (o &0)
G '+(q'/4m') G„'

1+(q'/4m, )
(9)

Equation (2) is supposed to become exact when

t and t' are in the asymptotic region, i.e. , where
the effective "coupling constant" g(t') is suffi-
ciently small compared to unity.

The contributions of several operators (singlet
and nonsinglet) should be added together in Eq.
(1), each with its own anomalous dimension. '
But the threshold behavior of I', is governed by
the moments of large X, and the operators all
have the same large-N behavior,

Accepting that the second term dominates the
first term in the numerator of Eq. (9) at large
q', we have

O' „=G„'[1+O(1/q')]; (9')

(10)

As q' —~, the integration is restricted to the
threshold of ~, and we may therefore adopt Eq.
(6) for F,(q', ~). In this way we find

with M, &M„, it now follows from positivity that
1+4 jq

f,';";(~ d~F, (q', ~) &G'(q').

A„„—„G[41n(tie + 2) —0.69], (4) 0.69(i
G'(q') & const—

where G is determined by the structure of the
strong gauge group and by the quark representa-
tion under the group. If the strong gauge group
is SU(3)', and if the theory contains three quark
triplets, then one finds that G= ~7. This is the
value that we shall adopt for later numerical
purposes.

Suppose that the reference structure function,
at t', has the following behavior near threshold:

F,(u), t') -((u —1)', u) —1. (5)

Then the structure function at t &t' has itself the
rather simple threshold behavior given by

F2(~ t) t '"G I'(d+1)
( )~

F,(&u, t') ~- & t' I'(d+1+P)

where

P = 4G in(t/t').

r(d+2) ~s

r(d+2+P) q'

where s, =M, ' —m'. Notice that the parameters
d and q" depend on the choice of reference struc-
ture function, according to Eq. (5). As Eq. (6)
shows, d increases with q".

In deriving Eq. (10) we have gssumed that the
limit q -~ is uniform in ~, even in the vicinity
of threshold, ~ = 1+ O(1/q'); and we are then led
to the prediction that the elastic and transition
form factors fall faster than any inverse power
of q'indeed, faster than (q') ' ' " . The uni-
formity assumption would be false if the cor-
rections to Eq. (1), which are of order [ln(q'/
p')] ', appear with coefficients that increase suf-
ficiently rapidly for large ¹'

The inequality of Eq. (11) becomes an equality
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if we invoke the notion of full local duality ad-
vocated by Bloom and Gilman' for electroproduc-
tion, who find a best fit to the SLAC-MIT data
with s, =(1.23 GeV}'. Using this local duality,
we then have for the nucleon form factor

2(q2) 1 (q2/ +2) 0.69G

G~'(q") ln(q "/p')

".(.')'( ')"' ""
provided both q" and q' are large enough. The
same formula holds for transition form factors
to resonances. As noted earlier, all the revelant
twist-two operators have the same anomalous
dimensions for large X, irrespective of isospin
and other quantum numbers. It follows that the
asymptotic extrapolation formula of Eq. (12)
holds separately for the nucleon isovector and
isoscalar magnetic form factors and similarly
for the corresponding axial-vector form factors.

The analysis given above can be repeated for
the longitudinal structure function F~(q', ~),
which receives contributions from the nucleon
electric form factor Gz(q'). In asymptotically
free theories of the type discussed in Ref. 2, the
moments of F~ are asymptotically smaller by one
power of In(q'/p. ') than the corresponding mo-
ments of F,. Moreover, the X dependence of the
ratios of the coefficients can be explicitly com-
puted. ' Using the results thus obtained, and com-
bining them with an analysis of the sort described
in Ref. 1, one finds near threshold (&u- 1) that
F~/F, - (1 —~)Iln(q'/p. ')] '. On the basis of the
duality arguments employed here one now finds
that Ga'/G„'-[In(q'/p')] ' as q'-0. Thus the
"scaling" of electric and magnetic form factors
(to within logarithms} emerges as a prediction of
asymptotically free theories based on spin-& con-
stituents.

Beyond the major uniformity and duality as-
sumptions that have gone into Eq. (12), there are
several practical delicacies that arise in any
attempt to use this equation for the regions of q'
that are presently accessible to experiment. We
have to start at some reference q" where the
structure function F,(~, q") is known in the vi-
cinity of w = 1; and we have to suppose that q" is
large enough to be regarded as asymptotic. It is
an open question whether present experiments
have penetrated this asymptotic region. Certain-
ly the present evidence is too sparse to deter-
mine, for Eq. (5), whether the exponent d is vary-
ing with q' over the limited range covered. To
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FIG. 1. The qua. ntity R(q') =—(1+q /qo ) & ~q ~//

qo =0.71 Gev, as 3. function of q, with scQe pyrome-
ter p, =0.5 Gev . The upper curve corresponds to q'
=10 Gev; the lower curve, to q' =5 Gev .

with q, '=0.71 Gev'. This departure from Eq.
(12), together with the other departure of order
(q') ' represented by the approximation in going
from Eq. (9) to Eq. (9'), might well arise from
higher-order corrections to Eq. (5), i.e. , from a
next term of order (&u —1)'". Indeed, the suc-
cessful duality fits of Bloom and Gilman suggest
that this is so. For practical purposes we in-
corporate these effects into Eq. (12) by replacing
the factor (q"/q')' "with the factor (q"+ q, ')' "/
(q'+ q, ')' ", d = 3. For q' & q" » q, ', this amounts
to a correction of order (q') '.

Results for p. '=0.5 QeV' and two different
choices of q" are shown in Fig. 1, which also
displays the data points. " Each curve would
move upward with decreasing p, 2. In view of the
se ns itivity to p

' and q", detailed comparison
with experiment is premature at present, except

be sure, Eqs. (6) and (7) suggest that d should
not vary rapidly with q' and we shall accept the
experimental" result, d=3, as applying to any
q" in the region of a few GeV'. From Eq. (12)
we see, for any limited range in the vicinity of
the reference q", that the form-factor variation
with q' comes chiefly from the factor (q') ' ' on
the right-hand side of the equation. With d = 3
this implies G„- (q') ', which is the celebrated
dipole behavior —in rough agreement with experi-
ment up to q' values of a few GeV'. Actually, in
this region the behavior is more accurately rep-
resented by

G„- (1+ q'/q, ') ',
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for the general trends indicated.
What is qualitatively significant is the experi-

mental indication of a falloff below the dipole
formula at large q'." If Bjorken scaling holds
exactly, then the Bloom-Gilman analysis suggests
that G„should fall exactly like (q') '. The more
rapid falloff observed to set in around q'= 5

would then imply either a failure of the duality
arguments, or a breakdown of exact Bjorken
scaling. It is this latter interpretation that we
have adopted here, in the context of asymptotical-
ly free gauge theories. The interesting circum-
stance arises that one can get at a possible break-
down of exact scaling indirectly, through the
elastic form factor, as well as directly, through
the deep inelastic structure functions. The break-
down effects are magnified for the form factor,
as one sees by comparing the q' dependence of
Eqs. (6) and (12). If is clearly worthwhi1e to
pursue both approaches, out to the largest pos-
sible values of q'.

After this work was completed we learned that
a similar analysis was carried out by A. De
Rujula, "and also that Kogut and Susskind have
reached the same conclusions about the asymp-
totic behavior of form factors and have made ex-
tensive use of Eq. (2)."
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