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Note added in proof. — (i) We have been informed by J. D. Bjorken of a related paper by A. I. Vain-
shtein and B. L. Ioffe {Zh. Eksperim. i Teor. Fiz. —Pis’ma Redakt. 6, 917 (1967) [translation: Soviet
Phys. —JETP Letters 6, 341 (1967)]}. We will discuss this work in our detailed paper. (ii) In the case
when one current is an axial-vector current [the first two lines of Eq. (6)], we have omitted an SU(3)-
singlet contribution to the Bjorken limit coming from the triangle diagram discussed by Johnson and
Low. Addition of this piece does not alter any of our conclusions.

13. D. Bjorken, Phys. Rev. 148, 1467 (1966).

’For references, see G. Preparata and W. I. Weisberger, Phys. Rev. 175, 1965 (1968).

3For a survey, see lectures by J. D. Bjorken, in Selected Topics in Particle Physics, Proceedings of the Inter-
national School of Physics “Enrico Fermi,” Course XLI, edited by J. Steinberger (Academic Press, Inc., New
York, 1968).

{C. G. Callan and D. J. Gross, Phys. Rev. Letters 22, 156 (1969).

K. Johnson and F. E. Low, Progr. Theoret. Phys. (Kyoto) Suppl. Nos. 37-38, 74 (1966).

8The renormalized vertex I'(C;p,p’) is obtained from the unrenormalized vertex I'(C;p,p’) by multiplying by the
fermion wave-function renormalization constant Z,, with no further finite rescalings.

"The term Ing,? is present when pj is finite and is not a result of the additional p— « limit.

8See S. L. Adler and R. F. Dashen, Current Algebras (W. A. Benjamin, Inc., New York, 1968), Chap. 4.

®This connection was first noted by F. J. Gilman, Phys. Rev. 167, 1365 (1968).
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A vector-meson dominance model for high-energy ep inelastic scattering is proposed.
We predict that at high values of the missing mass (>2.5 BeV) the ratio of the longitudi-
nal to the transverse cross section is given by & (¢42/mp?)[1-(g%/2mpv)?, where £ is ex-
pected to be of the order of unity. Scale invariance (in the sense of Bjorken) is satisfied
at very high ¢2. The model may adequately account for the remarkably large cross sec-
tion recently observed in the deep inelastic region.

The conjecture that the total (hadronic) photoabsorption cross section may be calculated from dif-
fractive photoproduction of' p, w, and ¢ has been brilliantly confirmed by recent experiments.? This
implies that the hypothesis of vector-meson dominance can successfully account for virtual Compton
Scattering on protons of transversely polarized, ¢*><0 (timelike in our metric) photons. It is generally
conceded, however, that vector-meson dominance fails for spacelike values of ¢® because the photoab-
sorption cross section for spacelike photons deduced from electron-proton inelastic scattering? falls
off with ¢* far more slowly than is expected from a [m pa/(m o +¢?) P-type formula.* In this Letter we
show that, when the longitudinal contribution is properly calculated, the hypothesis of vector-meson
dominance is completely compatible with existing experimental data that do not separate the longitudi-
nal from the transverse cross section. Our model makes a number of specific predictions; apart
from its simplicity, its main virtue is that it can be readily destroyed by experiment.

We start by writing out the ep inelastic differential cross section in terms of Wi, Wy, o, and og:

d?0c  E’ 4nq? 0 .0
D " E —q,,—[Wz(qz, v) cos"’g +2W,(¢%, v) 51n2§], (1)

K ¢ K - .
o= Tria e (oT +Os)y Wl = Ta o1 E-E’=v, g¢=(q,%v)=virtual-photon momentum,

K= u—(qz/Zmp) =(s —mpz)/Zmp,

where Vs =missing (hadronic) mass. The transverse and longitudinal cross sections or and og (in
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Hand’s notation) are given by

0p=Cra/m)en s i |76 o +a-p"Y),

o= (ra/K)* /D)@ 'S Jali |5 P6p +a-p M), @)

where e¢j, and ej”, respectively, stand for the components of the electromagnetic current density per-
pendicular or parallel to the virtual-photon three-momentum §. The state vector |p) stands for the in-
itial proton state of momentum p =(0,0, 0, imp) and |A) stands for any hadronic state. The expression
2 A denotes averaging over the initial proton spin states as well as summing over the final states.

The hypothesis of vector-meson dominance relates an electromagnetic matrix element (A|j I b) to
the corresponding hadronic matrix element (AL] (p)| p) via’

. (o)
(AlJ#|l>>—(mp /fp)(mp +d®)” (AfJ# 16, ®3)

where J #(P) stands for the source density of the neutral-p-meson field.® Let us therefore study the pp
interactions on the p mass shell.
It is straightforward to calculate the total pp cross section for transversely polarized p mesons:

o W -araanen’ss ialr P pls e a4, @)
PP A L

where § and ¢, are the three-momentum and energy, respectively, of the incident p in the laboratory
system. To calculate the total pp cross section for longitudinally polarized p mesons we must first
note that (i) the polarization four-vector e(L) is given by (1/m p)(qoq, i|dl), and (ii) the time-component
matrix element is related to the longitudinal matrix element by the conservation equation

VAP ETREAL S (%)

Since the T matrix element for p)ongitudinal *2 =4 18 (Ale(L)J(p)l b), the longitudinal cross section is
given by

)

0, =/20ahom /aDen*s (alg Pioite®p g, ®)

At high energies where diffraction scattering dominates, both opp(l) and opp(“) are expected to become
constant.

The fundamental hypothesis of vector-meson dominance is that

(4)

(4)

2 als, Plorte®pq-pt ),

regarded as functions of ¢* and s, or equivalently K, vary very little with q2. We can then write with
the aid of 3)
4 A
0T ki 1026 +a-p D) <20m 211 2om 2 +a®) ko ),
4 . 2 (4 A 2 2 2 -2,.3
@S (13,96 Do +a-pt M) =20m 21y 2im 2Py pm oo, Vi, ™
where we have replaced || and ¢, appearing in (4) and (6) by” K (an approximation valid in the diffrac-

tion region of the pp interaction). The transverse and longitudinal cross sections measurable in ep in-
elastic scattering are given by®

2

°T(q2,V)=(e/fp)2[mpz/(m +q )] (l)(K)

b (] A
o (g .V)=f—p W mpz n £(K)°pp K), (8)
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where the parameter ¢ defined by

( )
=0 K)/a ) 9)
£(K) op (K)/ b 0:¢

is in principle measurable in electroproduction of the p meson.?

In our model the ratio os/oT which we denote by R reads

US<q2’ V) qz qz ]z
V.

R= oT(qz, V) 4(K) mp2 Ll— 2m

(10)

We therefore predict that R varies as ¢? at fixed v/q? [as long as £(K) is slowly varying]. It is amus-
ing that precisely this behavior was conjectured by Callan and Gross!® using the commutation relations
of gauge field algebra.!! If, on the other hand, we increase ¢? with the missing mass (or K) fixed, R
first increases like ¢?, goes through a maximum at q3=s—mp’, and decreases like 1/¢2 as g2 —«.

As is clear from (1), ep inelastic scattering experiments with small 6 (say, 6°, where measure-
ments have been made) determine only the sum or+€og with € close to unity (typically 0.7-0.95).
Equation (8) implies that, when v/q® is not too low (v/g*>4 BeV™!) and ¢ is the order of unity, op
+e€og falls off with ¢> more like the first power of m pz/(mp"’ +¢°) than like [mp?/(my?+4*)F, contrary
to naive expectations based on vector-meson dominance. We therefore predict a relatively large num-
ber of events in high-¢? regions as long as 6 is kept small. As we shall see later, this agrees with
experiment.

So far we have assumed that the photon is purely isovector. We can easily incorporate the w and ¢
contributions in our formalism. For practical purposes we simply replace (e /fp)zopp(K) in (8) by the
total photoabsorption cross section OYP(K). This is justified because m, =m and the ¢ contributions
are relatively small.

Bjorken!? has argued on the basis of current algebra that at high ¢ with ¢?/v fixed the dimensionless
quantity vW;(¢?, v) becomes a universal function when plotted against the dimensionless variable 2mpu/
q? (“scale invariance”). According to (8), we have

mp2 K 1 [ 1 T )(K)z mp"’]
VW2(q2’ V)=41r2a v 1+q2/v2l_1+mp2/qz I:E(K vt q? oyp(K)' (11)

In the Bjorken limit (i.e., ¢>~« in such a way that ¢%/v is finite), vW, takes a remarkably simple
form:

qu -[£(°o)mp3/477’a]oyp(°°)(1 —q"‘/Zmpv)s, (12)

which is indeed a “universal” function of v/q?. Thus vector-meson dominance accommodates Bjor-
ken’s scale invariance. If we further let v/g®~«  then vW, approaches a constant.® For £=1 and for
a definite value of v/q* , vW, increases monotonically as ¢ is increased, and even at ¢g2=4 BeV? it is
lower than the Bjorken limit (12) by about 15 % for most values of v/¢? of practical interest. If ¢ is
raised (say, £=1.5), the approach to the Bjorken limit is even slower. We therefore do not expect
Bjorken’s universality at ¢2 =1 BeV?2.

Since precise and extensive ep data at high ¢* and large angles are forthcoming, it may be fruitless
at this moment to make a detailed comparison of our predictions with the 6° data of Ref. 3 that cover
only a limited range of ¢* and v. We have nevertheless attempted to test our theory by computing
oyp(K) from

2 2 2 -1

G)/P(K)= [1 + mig] (0T+eos)expt[l +e£(K)nf 2({/—()2] , €={1 +2[1 +v?/¢?] tan?36} 1, (13)
P P

and comparing it with the directly measured photoabsorption cross section of Ref. 2. Since the p pho-

toproduction cross section appears to show some structure (indicative of possible nondiffractive mech-

anism) below K =3 BeV (Vs =2.6 BeV), only the data points with vs >2.5 BeV are used. To eliminate

the only adjustable parameter we first set (somewhat arbitrarily) £=1 (which may be reasonable if the
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pp interaction becomes spin independent at high energies). The resulting value of o p(K) obtained
from the data points in the range Vs =2.5-4.5 BeV and ¢2=0.3-2.0 BeV? is 130-190 ub, a value some-
what higher than 110-140 ub indicated in Ref. 2. Since the higher ¢® points tend to result in higher val-
ues of UYP(K),‘ the discrepancy can be significantly reduced by increasing ¢ to the interval 1.3-1.6.
However, in view of the much more extensive 10°, 18°, 26°, and 34° data (still being analyzed experi-
mentally), a detailed fit to the 6° data alone does not seem to be warranted at the present moment.

In conclusion, contrary to widespread beliefs,® the observed large cross section in the deep inelas-
tic region does not necessarily force us to the view that we are seeing pointlike structure (“partons,”
etc.'®) within the proton. A relatively straightforward model based on vector-meson dominance can
account for the slow decrease of o+ 0g with increasing q%. Experiments to separate the longitudinal
and transverse contributions are urgently needed to test vector-meson dominance.

The author is indebted to Professor J. D. Bjorken for pointing out shortcomings of the earlier ver-
sion of the manuscript.” Thanks are also due to Dr. L. W. Mo for helpful conversations and communi-
cations on the 6° data of the Stanford Linear Accelerator Center—Massachusetts Institute of Technolo-
gy experiment,® Dr. W. T. Toner for interesting comments, and Mr. G. J. Gounaris for computational
assistance.
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