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PHOTON CROSS SECTIONS AND VECTOR DOMINANCE*
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We calculate (1) incoherent photoproduction of p mesons, (2) total photon-nucleus
cross sections, and (3) incoherent photoproduction of positive pions within the frame-
work of simple vector dominance. Comparison is made with experiment.

The multi-GeV elastic scattering of photons
by nuclei and the incoherent photoproduction of
p and m mesons provide interesting tests of vec-
tor dominance. There have been calculations of
these processes using eikonal methods which
will be referred to below, and now a consider-
able amount of experimental data has become
available. Although there are no photon elastic-
scattering results from nuclei, there are total
photon cross-section measurements, which can
be simply related to the forward-scattering am-
plitude through the optical theorem.

The object of this Letter is to make calcula-
tions of these processes in some detail, assum-
ing simple vector-meson dominance. We will
need vector-dominance coupling constants, cer-
tain scattering and production amplitudes on nu-
cleons, and nuclear size parameters. All these
we take from other experiments. Our calcula-
tions have no free parameters then.

Incoherent photoproduction of p' mesons. —In a
recent Letter' we have calculated the incoherent
production of p mesons on nuclei under the as-
sumption of vector dominance using eikonal
methods. " The process is calculated as a com-
bination of (a) a one-step process corresponding
to diffractive photoproduction of a p' meson on a
nucleon accompanied by nuclear excitation, and
(b) coherent photoproduction of a p' meson on a,

nucleon (no nuclear excitation) followed by inco-
herent scattering of the p' meson (nuclear excita-

tion occurs). Appropriate diagrams are shown
in Fig. 1(a). Since the detailed formulas have
been written down before, "'we only note here
that we can write the incoherent cross section in
the form

do'( )(yA p A')/dQ = jf&&(t) ~
N ii,

where N, ~& is an effective nucleon number and

f& ~(t) is the two-body photoproduction amplitude,
assumed spin and isospin independent.

We have redone the calculation for incoherent
p photoproduction allowing for a nonzero real
part for the p'-nucleon forward-scattering am-
plitude, taken from pion-nucleon scattering' us-
ing the quark-model relation

f,o~(0) =~alf, p(0)+f, -~(0) f

to determine the real part off~oz(0). The total
cross section for a p' meson on a nucleon vppf,
related by the optical theorem to the imaginary
part of the forward-scattering amplitude f ~o~(0),
has been determined using the vector-dominance
relation'

Y 0 0 o 2(] +P2)
t=o

where p = Re f„,~(0)/Im f,N(0) and y '/4m=0. 5,
taken from the compilation of Ting. ' The values
of do& ~/dt are taken from a fit to data of p' pho-
toproduction on hydrogen. ' These values and oth-
er parameters for the calculation are listed in
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FIG. 1. Diagrams for one-step and multistep photo-
reaction processes. (a) Incoherent po production. (h)

Photon forward elastic scattering. (c) Incoherent T(+

photoproduction.

Table I. We use the average nuclear radius a
=1.1''" fm obtained from coherent p' photopro-
duction, ' the nucleus being assumed to have a
Woods-Saxon shape with thickness parameter c
=0.545 fm. In the calculations described here

we ignore the effects of nuclear correlations.
For both coherent and incoherent processes,
correlations lead to a small renormalization of
the two-body total cross sections involved. ' For
incoherent processes there is, in addition, a
new f dependence due to the Fourier transform
of the two-body correlation function. ' We com-
ment on this again further on in the paper. The
results for N, qf as a function of A and of photon
lab energy are shown in Fig. 2. The differences
between this calculation and that of Ref. 1 are
small, and we conclude, as in Ref. 1, that there
is no apparent disagreement with experiment. '"

Photon-nucleus total cross sections. —Total
photon-nucleus cross sections have been calculat-
ed by several groups. " There are now experi-
mental data" confirming the presence of a nu-
clear shadow. "" One calculates the forward
photon-nucleus scattering amplitude using eikon-
al methods and then invokes the optical theorem
to get the total cross section. The scattering
amplitude, according to vector dominance, is
the sum of two amplitudes [see Fig. 1(b) ], the
diffractive scattered amplitude corresponding to
photon scattering on each nucleon, summed over
all nucleons (proportional to nucleon number A),
and a two-step regenerative amplitude corre-
sponding to the photoproduction of one of the vec-
tor mesons p, co, or y on one nucleon, followed
by radiative capture on another nucleon. The
coupling between the vector mesons ~ and y is
neglected. The damping of the intermediate vec-
tor mesons by the target nucleons creates the
shadow.

The results of our calculation for the photon-
nucleus total cross section and data from Ref.
12 are shown in Fig. 3. As in incoherent p' pho-
toproduction, we note a comparatively weak en-
ergy dependence of the photon total cross sec-
tions. This is due to the decrease of crz& with
energy and to the presence of a nonzero real
part in the p-nucleon forward-scattering ampli-

{GeV)

,~"' from VMD'
with y /4' = 0.5

(mb)P = Ref/Im f (mb)

Table I. The parameters for the calculation as functions of the incident photon energy.

(«(vP- p'P) /«], ,
(fit of exptl data) ~VI+

(pb/Ge V')

3

8

16

152
124.2
113.1
106.2

-0.26
-0.22
-0.185
-0.135

25

27.6
25.2
24.2
23.65

'Vector-meson dominance.



VOLUME 24, +UMBER 9 PHYSICAL REVIEW LETTERS 2 MwRcH 1970

50—

40-

3 Gev

Gev ---a=1.18A'f rn

---- --a=1.12A'fm

$A

A o~p

1.0—

0.8—

30- 8 Gev
5 Gev

20-

15-

16Gev
0.6—

04

10

E& = 8.4 Gev

CU

50

Pb

100 200

a = 1.18A"frn-
—Q =1.12A'"urn

8Gev

16 Gev

10-

8-

6-

5-

4

ev

FIG. 3. Total photon cross-section calculations and
data from Ref. 12. For the ~ and y meson contribution
the following parameters are used: &~=a&, 0&=12 mb,
y~ /47t =4.69, y&2/4m=9. 04. We take m =766 MeV, m
=783 MeV, m&=1.02 BeV and the same phase P =Refj'
Im/ from the table for all amplitudes. The effect of a
change in the nuclear radius from a =1.12A fm to a
=1.18A fm is shown for A=208 at E&=8 GeV.
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FIG. 2. p photoproduction: Experimental and theo-
retical values of &gf f for several energies as a func-
tion of A. The effect of a change in the nuclear radius
from a = 1.12A . fm to a = 1.18A fm is shown for A
=208 at E y=5 GeV.

tude. It may further be noted that the nuclear
shadow is not strong; v(yA) o:Ao' for k = 8 GeV/
c. This reflects the long mean free path of p'
mesons in the nucleus; 0~& = 25 mb corresponds
to a mean free path of over 3 fm.

Incoherent production of m' mesons. —Lastly
we calculate the incoherent photoproduction of vr'

mesons in nuclei. We include the processes of
Fig. 1(c). The first two diagrams of Fig. 1(c)
correspond to only one incoherent step. Their
contribution, similar to the calculation of inco-
herent p' production (see Gottfried and Yennie,
Ref. 3), can be written in the form

do' + Z Qg—„(yA -~'A') =——(yP ~'n)N, („

where N, ff is an effective nucleon number which
at infinite energy becomes

N~gg =N(A ~ v p, v~+) = (v~ —vp) f [e

i &'Jy'b (4)

Here T(b) =A I „p(b, z)dz where p(b, z) is the sin-
gle-particle nucleon density function. The incom-

ing photon behaves as though it were a p' meson
here.

The last two diagrams of Fig. 1(c) correspond
to two incoherent steps. Appropriate formulas
have been derived" in the literature. We note
that, with the assumption that the elastic scatter-
ing amplitudes f, +~ =f~opl, one has for the two
incoherent step contributions in the limit of high
energy, where the incoming photon acts like a
vector meson,

(II)
(t) = „'(t)[2N, (A; v) I

12

I a„'x exp "
ft / (5)) a„+a

and in the low-energy limit (R„„,, ' p/2k»l),

(t) =-,'(t) [N(A; 0, v)-N, (A, v) ]

N, (A, v) =(1/ !)fId'bv ' '[T(b)Pe i i. (7)

Here v„(v) is the elastic (total) cross section of
a pion or p' meson on a nucleon, and a (a») is
the slope of the ela.stic (production) differential
cross section of the pion or p" meson, respec-
tively.

For intermediate energies we evaluate the two-
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we leave this for later study. The contribution
of two incoherent steps could have been included
in the calculation of incoherent p' production as
well. They a,re of the order of 10 to 20 /o for ~t ~

=0.1 (GeV/c)' (the momentum transfer region of
the measurements) in this case. We do not give
detailed results here. It is to be noted that the
effects of correlations' introduce changes of the
same order of magnitude in the opposite direc-
tion for the p' photoproduction data.

Is vector dominance satisfied'P —We conclude
from the above that vector dominance, "together
with the eikonal methods used, provides a rea-
sonable description of the interesting measure-
ments. Experiment and theory agree to within
10%. The photon total-cross-section measure-
ments lie slightly above the calculated values
and it would be interesting to try to decrease the
experimental uncertainty. Further measure-
ments on incoherent production of p mesons and
pions wouM also be of interest.

We wish to thank Professor D. 0. Caldwell,
Professor R. Diebold, Professor G. E. Fischer,
and Professor S. C. C. Ting for presenting us
with the results of their interesting experiments
before publication. We also thank Professor D.
G. Ryan for providing us with experimental in-
formation on the real part of the pion-nucleon
scattering amplitude, and Professor J. Charap
for interesting discussions.

FIG. 4. The A dependence of

der�(yA

rr+A') /dt
d~(yp —~'n)/dt

for four different momentum transfers. The errors of
the data from Ref. 15 are statistical only.

step contribution to the cross section approxi-
mately by linear interpolation between these two
formulas with the parameter

[N~rr-N, (A, cr)]

[N(A; 0, cr) N, (A; cr) -]
'

where x =0 (x = 1) corresponds to the high (low)
energy limit.

Figure 4 shows a comparison of calculated
Z fr —(Z/A)N ff (including two incoherent steps)
with 7T

' photoproduction measurements. " The
normalization of the calculated cross section for
every value of momentum transfer is fitted to the
experimental data. This removes any strong
need to calculate the momentum-transfer-depen-
dent incoherent correlation effects. ' It would be
of interest to study these effects, of course, but
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We postulate a new Regge singularity which together with the Pomeranchukon forms a
"dual set." As a result, there is associated with the Pomeranchukon background of Ha-
rari and Freund an additional contribution which occurs, however, only in channels with
the quantum numbers of the vacuum. The new singularity eDp couples to the (exotic) I
=2 nx channel and probably has mop(0) ~ 0. It is also postulated that (other) Regge cuts
form a further "dual set, " and are therefore built out of backgrounds, not out of reso-
nances; hence the generalized interference model should be valid for cut-dominated
processes.

En this note we discuss the idea that the background imaginary parts' generated by Pomeranchukon
exchange are accompanied by an additional imaginary part of the same order of magnitude, which how-
ever occurs only when the direct channel has the quantum numbers of the vacuum. Such a phenomenon
occurs in both the models so far proposed to include the Pomeranchukon in w~ scattering, but unfortu-
nately they both have troublesome features. ' In this note we give a largely model-independent discus-
sion, the important points being the following:

(1) Integrals over the Pomeranchukon contribution and over the extra contribution may be related us-
ing exact "crossing sum rules. "

(2) The asymptotic behavior of the extra, contribution will be controlled by some 8-plane singularity
whose position we denote by o.Dp(t) ("direct Pomeranchukon"). We show that the Adler condition for vs'

scattering would suggest o.'Dp(0) ) 0.
(3) We conjecture that the above "direct Pomeranchukon" singularity and the usual "exchange Pomer-

anchukon" singularity comprise a "dual set" in a certain sense. Another dual set in this same sense
is presumably formed by the usual exchange-degenerate trajectories (p, f, etc. ).

(4) We further conjecture that Regge cuts (apart from the exchange and direct Pomeranchukons) form
a third dual set; it would then follow that Regge cuts are built out of background, not out of resonances.

(1) Recently there has been some interest in "crossing sum rules, " which follow when a fixed-t and
a fixed-u dispersion relation are required to give the same answer. ' There are three simple sum
rules of this kind for sw scattering (besides an infinite number of others involving higher derivatives),
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