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Nuclear shadowing andr photoproduction

A. Pautz and G. Shaw
Theoretical Physics Group, Department of Physics and Astronomy, The University of Manchester,

Manchester M13 9PL, United Kingdom
~Received 10 September 1997!

r photoproduction on complex nuclei is reexamined using a generalized vector dominance model which
succesfully predicts the oberved nuclear shadowing in real photoabsorption and deep inelastic scattering. This
model is shown to give a good fit tor photoproduction data on both nucleons and complex nuclei, in which the
disagreement between the measuredg-r coupling and theg-r coupling required by the simple vector domi-
nance model is eliminated. TherN total cross sections required are similar to those predicted by the additive
quark model, and the magnitude of the correction to simple vector dominance is consistent with that inferred
from the analysis of real photoabsorption and deep inelastic scattering.@S0556-2813~98!00505-6#

PACS number~s!: 13.60.Hb, 12.40.Vv, 14.40.Cs
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I. INTRODUCTION

In this paper, we address the apparent contradic
between the well-known simple vector dominance~SVD!
treatment of r photoproduction and the very success
generalized vector dominance~GVD! treatment of nuclear
shadowing in real photoabsorption and deep inelastic s
tering.

In 1989, one of us@1# pointed out that the observed qua
tative features of nuclear shadowing in deep inelastic sca
ing @2# are simply and naturally accounted for in a GV
model@3# which can be shown to be dual to the parton mo
@1,4#. The crucial feature of this model, in the context
shadowing, is that the cross sectionssVN for scattering a
sequence of hadronic vector statesV5r,r8, . . . from nucle-
ons are required to be approximately independent of t
massmV . This then leads to approximate scaling behav
for shadowing and a rapid decrease in the effect asx in-
creases from zero, as observed in the data@5#. Somewhat
later, in 1993, the same model was shown1 @6# to give an
accurate quantitative account of both real photoabsorption
nuclei @7# and the precise shadowing data that had by t
become available for virtual photons@8#.

The above GVD model is consistent with the fundame
tal QCD picture of strong interactions in appropriate kin
matic regions.2 It has implications forr photoproduction,
because it necessarily includes substantial contribut
from ‘‘nondiagonal’’ diffraction dissociation processes
the typeVN→V8N in addition to ‘‘diagonal’’ elastic pro-
cesses of the typeVN→VN. This feature is also implied

1This paper was completed while the standard review@2# of
nuclear effects in structure functions was in press. It is therefore
covered in this review, despite the fact that it was published slig
earlier.

2This is discussed explicitly in recent papers@9# in which GVD
models are extended to incorporate the small-x rise in the proton
structure function associated with the ‘‘hard Pomeron,’’ which
observed at largeQ2 at HERA. The resulting predictions for it
behavior at lowQ2 have subsequently been confirmed by expe
ment @10#.
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by duality with the parton model@1,4#. In addition, without
such processes, the cross sectionssVN would be forced to
decrease rapidly with massmV to maintain approximate
scaling in the nucleon structure functions, and shadow
would die away asQ2 increases at fixedx, in contradiction
to approximate scaling for the nuclear structure functio
These diffraction dissociation processes also contributer
photoproduction, as illustrated in Fig. 1, giving significa
corrections to the well-known predictions of the SVD mod
This result is potentially a serious problem, sincer photo-
production on both nucleons and nuclei has long been
garded as the outstanding success of the SVD model, an
the agreement between the SVD predictions and the
were really good, it would clearly undermine the above GV
approach. However, as Donnachie and Landshoff@11# have
recently pointed out, the SVD predictions for the cross s
tions on nucleons lie approximately 16% above the m
sured values.

In this paper we shall investigater photoproduction on
both nucleons and nuclei within the framework of the GV
model used to successfully account for shadowing in real
virtual photoabsorption. The aims are to see whether
model can resolve the discrepancy between the predict
of SVD and the nucleon data, while retaining the succes
predictions of SVD for theA dependence on nuclei, and
so, whether the sign and magnitude of the diffraction dis
ciation terms required by ther photoproduction data are con
sistent with those required by the real photoabsorption
structure function data.
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FIG. 1. The SVD diagram forr0 photoproduction~left!, to-

gether with the GVD corrections to it arising from diffraction di
sociation terms~right!.
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57 2649NUCLEAR SHADOWING AND r PHOTOPRODUCTION
II. r PHOTOPRODUCTION ON NUCLEONS

We begin by reviewingr photoproduction on nucleons,

g1N→r1N ~N5n,p!,

a topic in which there is renewed interest because of re
data from HERA@12,13#. At high energies, the process
usually described in terms of the SVD model of Fig. 1, lea
ing to the well-known relation3

f gr~s,t50!5
e

f r
f rr~s,t50! ~SVD!, ~1!

where f ab is the scattering amplitude fora1N→b1N and
f r is theg-r coupling. Using the optical theorem, this give

ds

dt
~s,t50!5a

4p

f r
2

srN
2 @11h2# ~SVD! ~2!

for the forward differential cross section, wheresrN is the
total cross section forrN scattering andh is the ratio of the
real to imaginary part of the forwardrN scattering ampli-
tude. The value ofsrN is usually taken from the additive
quark model prediction

srN5
1

2
@sp1N1sp2N#, ~3!

andh is estimated from Regge pole ideas.
The resulting SVD prediction~2! and ~3! was long ago

compared with experimental photoproduction data on p
tons available at energies below 20 GeV to yield a value@14#

f r
2

4p
52.4460.12 ~4!

for the coupling constant. At the time, this simple pictu
was consistent with the corresponding SVD analysis of v
tor meson photoproduction on nuclei@15,16# and with the
then not very precisely known value of theg-r coupling
obtained directly from the measured decay widthG(r
→e1e2). Since then, events have moved on and it is imp
tant to check whether this consistency still obtains. The p
cision of the measured decay widthG(r→e1e2) has greatly
increased@17#, and now gives

f r
2

4p
52.0160.10, ~5!

which is not in good agreement with the phenomenolog
value~4!. This problem is confirmed by a recent comparis
@11# incorporating higher energy photoproduction da
@12,18#, which finds that the SVD prediction~2! and ~3!
obtained using the directly measured coupling~5! lies on
average about 16% above the measured data.

The discrepancy between the experimental data and
SVD approximation presumably arises from contributio

3For a review of vector meson photoproduction and other diffr
tive photoprocesses in the context of SVD, see Leith@14#.
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which are neglected in this approximation. There are t
obvious possibilities. The first is finite width effects asso
ated with ther0→p1p2 decay channel, as shown in Fig.
Detailed calculations show that this is very unlikely, sin
the correction arising from the modification to ther propa-
gator is largely canceled by corrections arising from the p
scattering terms@19#.

The second possibility is to attribute the discrepancy
neglected contributions from higher mass vector states, le
ing to the GVD model shown in Fig. 1. In principle man
states could contribute, but in practice only the lightest sta
are expected to be important, since the diffraction disso
tion amplitudesf (r8N→rN), and to a lesser degree the co
plings (e/ f r8), are expected to decrease rapidly with incre
ing massmr8 @20#. Hence it is reasonable to approxima
these contributions with that of a single effectiver8 state,
when the SVD prediction~1! is replaced by

f gr5
e

f r
f rr1

e

f r8

f r8r ~GVD!. ~6!

This form also follows directly from the generalized vect
dominance model@3# used to successfully predict the ob
served shadowing effects in both real photoabsorption
deep inelastic scattering on nuclei@6#. We shall not discuss
this model further, but just use it to specify the properties
the effectiver8, which are

mr8
2

53mr
2 , f r85mr8 f r /mr , ~7!

together with

f r8r85 f rr , f r8r5 f rr852e f rr , ~8!

for the forward scattering amplitudes, where

e'0.2. ~9!

Here, we shall retain Eqs.~6!–~8! but treate as a free pa-
rameter to be determined by ther-photoproduction data. The
forward cross section is then given by

ds

dt
~s,t50!5a

4p

f r
2

srN
2 @11h2#F12e

mr

mr8
G 2

~GVD!.

~10!

For fixed srN and h, the results of SVD with the effective
coupling ~4! are reproduced by GVD with the physical co
-

FIG. 2. Finite width corrections to SVD associated with the 2p
channel. The first diagram is a propagator correction, the seco
2p scattering contribution.
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2650 57A. PAUTZ AND G. SHAW
pling ~5! and e50.16060.055, which is in good agreemen
with the value~9! quoted above.

We thus have two accounts of the data onr photoproduc-
tion on protons: either the SVD model in which theg-r
coupling is adjused to fit the data or the GVD model
which this coupling is fixed at its measured value and
parametere is adjusted to fit the data. The latter is mo
compatible with the ideas used to understand shadowin
nucleon structure functions, but its predictions forr photo-
production on nuclei have never been examined. It is our
to remedy this omission and discuss the implications of
results.

III. r PHOTOPRODUCTION ON NUCLEI

In the generalized vector dominance model, an incid
photon may convert into a whole sequence of isovector, v
tor mesonsV5r,r8,r9, . . . while traversing a nucleus. Ac
cording to Glauber theory@21,22#, this possibility is dealt
with by introducing appropriate optical potentialsUgV ,
Ugg , UVV , UVV8, which characterize the features of th
scatterer, whereV,V8 are arbitrary members of the vecto
meson sequence. The resulting wave equation then read

F S ¹21kg
2 0

0 VD 2S Ugg Ug
T

Ug U D G S Cg

C
D 50, ~11!

where

~V!VV85dVV8~¹21kV
2 !,

~U!VV85UVV8,

~C!V5cV ,

~Ug!V5UgV . ~12!

In this paper we restrict ourselves to two hadronic ch
nelsr,r8 and use the eikonal approximation

Cg5Fgeikgz, Cr,r85Fr,r8e
ikr,r8z, ~13!

where the reduced wave functionsFg , Fr , Fr8 are as-
sumed to vary slowly enough for all second derivatives to
discarded. Furthermore, since we are only interested in
photoproduction amplitude, it is sufficient to work to ord
O(Aa) only. Hence, when the photon wave function occu
multiplied by the factorUgr or Ugg , which are already of
this or higher order, we can replace it by the incident pho
wave Cg5eikgz. With these approximations, the reduc
wave functions of the vector mesons satisfy the coupled
ferential equations

d

dz
Fr~b,z!52

i

2kr
@Ugreiq igr

z1UrrFr~b,z!

1Urr8Fr8~b,z!eiq irr8
z#, ~14!

d

dz
Fr8~b,z!52

i

2kr8

@Ugr8e
iq igr8

z1Ur8r8Fr8~b,z!

1Ur8rFr~b,z!eiq ir8r
z#, ~15!
e

in

m
e

t
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-

e
e
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where the space coordinates are parametrized through tz
coordinate in the direction of the incident photon wave a
the impact parameterb in the plane perpendicular to thez
axis. The expressionsqi i j

5ki2kj denote the minimal longi-

tudinal momentum transfer between particlesi and j , where
i and j are members of the setg, r, r8.

A. Optical potentials and nuclear densities

The optical potentials are given by@21#

Ui j 524p f i j n~b,z!, Ui j 5U ji , ~16!

where the forward scattering amplitudes on nucleonsf i j are
given by Eqs.~6!–~8! together with the GVD analog of Eq
~6! for the r8:

f gr85
e

f r
f rr81

e

f r8

f r8r8. ~17!

Two different models@22# are employed for the nuclear den
sity n(b,z), depending on the size of the nucleus.

~i! A.16. For heavy nuclei,A.16, we use a Fermi gas
like mass distribution of the form

n~r !5nWF11exp S r 2RW

c D G21

, ~18!

where the ‘‘skin thickness’’c50.545 fm. The Woods-Saxon
radiusRW is given as the solution of the equation

A f~RW!5nW[APbf ~RPb!, ~19!

corresponding to a fixed central densitynW , where

f ~r!5S 3

4pr3D S 11p2
c2

r2D 21

~20!

andRPb56.626 fm.
~ii ! A,16. For light nuclei, the Woods-Saxon formula

not a good description. Instead we use a shell model~har-
monic oscillator! density, given by

n~r !5nsF11dS r

RS
D 2G exp F2S r

RS
D 2G , ~21!

where

d5
A24

6
, ns5

2A

213d
~ApRS!23, ~22!

and the shell model radiusRS50.708A1/3 fm.
Finally, to take two-body correlations into account, w

modify the nuclear density functions by the replacement@23#

n~r !→n~r !F11
1

2
l csrNn~r !S n~r50!

n~r ! D 21/3G , ~23!

where the two-body correlation lengthl c50.3 fm.
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B. Evaluation of the cross sections

To evaluate the cross section forr photoproduction on
heavy nuclei, we need to solve Eqs.~14! and ~15! with the
initial conditions

Fr~b,z52`!5Fr8~b,z52`!50, ~24!

corresponding to incident photons. The forward differen
cross section is then given by

ds

dt
~ t50!5

p

kr
2

uFgr~0!u2, ~25!

where the forward scattering amplitudeFgr is related to the
‘‘profile function’’

FIG. 3. The reduced wave functionFr calculated at zero impac
parameter for lead nuclei at 6.1 GeV. The parameters are thos
our final fit ~see Table III!.

FIG. 4. The profile functionGr calculated for lead nuclei at 6.1
GeV. The parameters are those of our final fit~see Table III!.
l

Gr~b!52 lim
z→`

Fr~b,z! ~26!

by the standard result@21#

Fgr~0!5 ikrE
0

`

db bG~b!. ~27!

From Eqs.~14! and~15!, it is clear that the reduced wav
functions only vary withz at fixed impact parameterb in

of
FIG. 5. Comparison between different theoretical predictio

and the complex nuclei data forEg56.1 GeV: the SVD prediction
assuming the parameter values of Table II~dashed dotted line!, the
GVD solution in the approximation~28! using the parameter value
given by Kroker@24# ~dashed line!, and the full GVD prediction
using the same parameters~solid line!.

FIG. 6. The optical model GVD fit to the complex nuclei da
at 6.1 GeV, corresponding to the parameters of Table III.~The
deuteron data point shown is not included in the fit for obvio
reasons.!
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2652 57A. PAUTZ AND G. SHAW
regions where optical potentials~16! are nonzero. Since th
nuclear densities fall off very rapidly beyond the nucle
radii, we neglect such variations foruzu.4RW , measured
from the center of the nucleus. The initial conditions~24! are
imposed atz524RW and Eqs.~14! and ~15! are integrated
up to z514RW at fixed impact parameterb using a fourth-
order Runge-Kutta algorithm with an adaptive step size c
trol. The profile function is then evaluated atz514RW
rather than infinity and used to compute cross sectio
which are compared with experiment in the concluding s
tion. Typical results for the reduced wave functionFr and
the profile functionG(b) are shown in Fig. 3 and Fig. 4
respectively, verifying the assumed disappearance of st
ture by 4RW .

C. Simple approximation

Before comparing with experiment, we comment brie
on an approximation that gives a useful check on our
merical solutions. In the SVD model, the eikonal equat
~14! with f rr850 can be integrated explicitly and this resu
is easily generalized to the coupled channel GVD case~14!
and ~15! in the high energy limit when

eiq irr8
z51. ~28!

This approximation has been used to analyze ther-
photoproduction data by Kroker@24#, giving, for example, a
valuesrN529.061.2 mb corresponding to an incident ph
ton energy of 6.1 GeV. The corresponding prediction for
nuclear cross sections is shown in Fig. 5, where it is co
pared both to the data and to our ‘‘exact’’ predictions for t
same parameter values. In fact

eiq irr8
z5 i for Eg56.1 GeV, z'3 fm.

Sincez53 fm is well within a large nucleus for small impac
parametersb'0, it is clear that Eq.~28! is quantitatively
unreliable at the energies where data currently exist.
shall not consider it further, except to note that our numer

TABLE I. Parameters of the SVD fits of the Cornell group@16#
to their own data, together with the input values of the phase r
h.

Eg @MeV# ah srN @mb# f r
2/4p

6.1 20.27 27.561.1 2.4860.16
6.5 20.27 27.961.3 2.6060.20
8.8 20.24 25.961.0 2.5260.16

TABLE II. Parameters of the SVD fits of Kroker@24# to the
Cornell data@16# at 6.1 and 8.8 GeV, and the combined Cornell a
DESY-MIT data@15# at 6.5 GeV, together with the input values
the phase ratioh.

Eg @MeV# h srN @mb# f r
2/4p

6.1 20.24 27.561.1 2.4460.16
6.5 20.23 26.762.0 2.2860.10
8.8 20.20 26.261.0 2.5260.16
r

-

s,
-

c-

-

e
-

e
l

solutions reproduce both the standard SVD predictions
Kroker’s approximate results@24# when we imposef rr850
or Eq. ~28!, respectively.

IV. RESULTS AND CONCLUSIONS

In this section we present the results of an optical mo
analysis of the experimental data on complex nuclei us
the GVD model described. At each energy the cross sect
depend on four parameters:

f r
2

4p
, srN , e, h.

Our strategy is to fix the couplingf r at its measured value
~5! and the phase ratioh at the values implied by the Regg
pole parametrization

f rr~s,t50!5gP

212e2paP

sin~paP!
saP1gR

212e2paR

sin~paR!
saR,

~29!

where the subscriptsP andR denote the Pomeron and Regg
contributions, respectively, and the constantsaP , aR , gP ,
andgR are fixed by assuming the additive quark model re
tion f rN5 f pN together with the Donnachie-Landshoff fi
@25# to pN scattering data. The remaining parameterssrN
ande are then determined by fitting to ther-photoproduction
data.4 First, however, we summarize the earlier SVD resu
and the data available.

4The contrasting treatment of the cross sectionsrN and phaseh is
justified because the results are relatively insensitive to sm
changes in the phase, which is abouth50.2 at the energies of the
data used, but very sensitive tosrN .

FIG. 7. The optical model GVD fit to the complex nuclei data
6.5 GeV, corresponding to the parameters of Table III.~The deu-
teron data point shown is not included in the fit for obvious re
sons.!
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57 2653NUCLEAR SHADOWING AND r PHOTOPRODUCTION
We are only interested in data at high enough energies
the phase parameterh to be small and reasonably well es
mated by conventional Regge pole ideas. The most pre
data on complex nuclei at such energies was obtained
DESY-MIT group @15# at a photon energy of 6.6 GeV an
by a Cornell group@16# at 6.1, 6.5, and 8.8 GeV. The latte
group also presented results on protons and deuterium,
ing measurements of the single nucleon cross section f
the same experiment. They then carried out an SVD anal
of their own nucleon and nuclear cross sections, assum
input phasesh which are somewhat larger than those giv
by Eq. ~29!, and treating both theg-r coupling and therN
total cross section as parameters to be fitted to the data. T
results are summarized in Table I. This analysis was repe
by Kroker @24# with phases close to those assumed here,
combining both the Cornell and DESY-MIT data at 6.5 a
6.6 GeV. The resulting parameter values are given in Ta
II, and the corresponding prediction is compared with
data at 6.1 GeV in Fig. 5. Since both analyses used exa
the same data at 6.1 and 8.8 GeV, a comparison of Tab

FIG. 8. The optical model GVD fit to the complex nuclei data
8.8 GeV, corresponding to the parameters of Table III.~The deu-
teron data point shown is not included in the fit for obvious re
sons.!
u
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and II at these energies explicitly confirms the insensitiv
of the results to small changes in the input phases.

Here, we repeat this anaysis using the GVD model
scribed above, using the experimentalg-r coupling value
~5!. Since this involves nontrivial numerical computation, w
simplify the determination of the two free parameterse and
srN by requiring that the GVD predictions exactly reprodu
the successful SVD results on single nucleons and then
termine the remaining parameter by a fit to the nuclear d
Satisfactory fits are obtained in this way at all three energ
6.1, 6.5, and 8.8 GeV as shown in Figs. 6, 7, and 8. T
corresponding parameter values are shown in Table III.
can be seen, the values obtained for the off-diagonal par
etere at the three energies are consistent with each other
with the value~9! required by the successful treatment
nuclear shadowing in real photoabsorption and deep inela
scattering@6#. The central values forsrN are slightly larger
than those obtained in the SVD model fits~cf. Table II!, but
are consistent within the quoted uncertainties arising fr
the errors on the experimental data. They are also slig
larger than, but in qualitative agreement with, the crude p
diction ~3! of the additive quark model, which give
srN'27, 27, and 26 mb atEg56.1, 6.5, and 8.8 GeV, re
spectively.

In short, the model is in good agreement with the data
r photoproduction on both nucleons and nuclei, with ag-r
coupling consistent with that measured in electron-posit
annihilation. The form and magnitude of the correction
simple vector dominance, characterized by the parametee,
is consistent with that required by the successful descrip
of shadowing in both real photoabsorption and deep inela
scattering.

t

-

TABLE III. Parameters of our optical model GVD fits to th
Cornell data@16# at 6.1 and 8.8 GeV, and the combined Cornell a
DESY-MIT data@15# at 6.5 GeV. The phase ratioh is given by Eq.
~29! and theg-r coupling is fixed at its measured value~5!.

Eg @MeV# h srN @mb# f r
2/4p e

6.1 20.26 28.161.1 2.01 0.1960.050
6.5 20.24 28.462.0 2.01 0.2160.035
8.8 20.20 27.961.0 2.01 0.2860.046
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