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Shadowing in nuclear photoabsorption above the resonance region

N. Bianchi, E. De Sanctis, M. Mirazita, and V. Muccifora
Istituto Nazionale di Fisica Nucleare–Laboratori Nazionali di Frascati, P.O. Box 13, I-00044 Frascati, Italy
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A model based on the hadronic fluctuations of the real photon is developed to describe the total photo-
nucleon and photonuclear cross sections in the energy region above the nucleon resonances. The hadronic
spectral function of the photon is derived including the finite width of vector-meson resonances and the
quark-antiquark continuum. The shadowing effect is evaluated considering the effective interaction of the
hadronic component with the bound nucleons within a Glauber-Gribov multiple scattering theory. The low
energy onset of the shadowing effect is interpreted as a possible signature of a modification of the hadronic
spectral function in the nuclear medium. A decrease of ther-meson mass in nuclei is suggested for a better
explanation of the experimental data.@S0556-2813~99!01912-3#

PACS number~s!: 25.20.Dc, 12.40.Vv
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I. INTRODUCTION

The reduction of the absorption strength of high ene
real photons on nuclei is known as shadowing effect. T
effect is generally described considering the real photon
superposition of a bare photon and of a hadronic fluctua
with the same quantum numbers (JPC5122). Within this
model the shadowing is produced by the coherent mult
scattering of the hadronic intermediate state on differ
nucleons inside the nucleus. The amount of the shadow
mainly depends on macroscopic nuclear parameters like
mass numberA and the radiusr A , and on properties of the
hadronic fluctuation like the coherence lengthlh and the
interaction cross sectionshN with the nucleon.

In earliest simple models@1#, the hadronic component o
the photon is given by the low-lying vector mesonsr,v, and
f. These vector-meson dominance~VMD ! models qualita-
tively reproduce the photonuclear absorption cross sec
behavior in the several GeV domain@2#. Generalized vector-
meson dominance~GVMD! models @3#, which include
higher mass vector mesons and nondiagonal terms, b
explain higher energy real photon absorption and virt
photon absorption in deep inelastic electron scattering.

On the contrary, at low real photon energies most of
calculations fail to reproduce the experimental results@4#.
Two recent VMD calculations, that describe the vect
meson mass distributions withd functions@5,6# and consider
an energy independent vector-meson nucleon cross se
sVN @5#, do not predict the nuclear damping of the photoa
sorption strength observed below 2 GeV, as shown in Fig
for the carbon case. In addition they also underestimate
experimental shadowing effect between 2 and 3 GeV. T
result of a GVMD calculation@7#, in which the energy be-
havior of sVN cross section is taken into account, is al
given in Fig. 1. It clearly shows a better agreement with
experimental shadowing ratio, but it is not able to reprodu
the absolute value of the total photonuclear cross sectio

The shadowing phenomena, also observed in deep ine
tic lepton nucleus scattering, is also studied within a VM
model in which the photon hadronic spectral function is d
rived from the empirical ratio of the cross sections of t
e1e2→hadronsande1e2→m1m2 processes@8#. Besides
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the vector-meson mass spectra, this model also includes
low energyp1p2 nonresonant production, and the high e
ergy quark-antiquark continuum.

The importance of the hadronic spectral functionP(s) in
the description of the process is shown in Fig. 2 where
coherence lengthlV52k/mV

2 of vector mesons of lower
massmV are given as a function of the photon energyk. The

FIG. 1. ~a! Total photonuclear cross section and~b! ratio to the
photonucleon cross section for carbon. Different symbols refe
different experiments. Also shown in~a! is the total cross section on
hydrogen~thin solid line!. Dashed@5#, dot-dashed@6#, and dotted
@7# lines are two VMD predictions and one GVMD prediction.
©1999 The American Physical Society17-1
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shadowing effect starts to manifest at an energy for whichlV
is bigger than the typical intranucleon distance (dNN;1.8
fm! so that scattering on at least two nucleons is possi
Then the strength of the effect starts to saturate at an en
for which lV is bigger than the nuclear size (;2r A). Clearly
a low energy shadowing can only be induced by the low
mass hadronic components of the photon spectral func
and by their possible modifications in the nuclear mediu
Both the reduction of the vector-meson mass@9,10# and the
modification of ther-meson spectral function@11,12# can
decrease the photon energy at which the coherence le
starts to exceed the intranucleon distance thus producin
earlier onset of the shadowing effect.

In this paper a model is derived to describe the pho
nucleon and the photonuclear total absorption cross sec
above the nucleon resonance region (k> 1.65 GeV!. In par-
ticular the experimental hadronic spectral function, vect
meson nucleon cross sections and effectiver-coupling con-
stant are taken into account. A possible modification of
hadronic spectral function inside the nuclear medium is a
considered.

II. MODEL

In the description of the photohadronic absorption p
cess, the physical photon is considered as a superpositio
a bare photon and a hadronic component made up of a qu
antiquark state (qq̄). The photonucleon cross sectionsgN is
decomposed in a termsgN

dir due to the direct coupling of the
bare photon with the nucleon and an hadronic termsgN

had .
At small total center of mass energy the hadronic com

nents of the absorbed photon are mainly formed by stron
correlatedqq̄ pairs, while at higher energyqq̄ pairs from the
so-called continuum are also important.

A. Photoabsorption on the nucleon

The hadronic contribution to the photoabsorption cro
section on the proton is expressed by a spectral relatio
the form @5,7#

FIG. 2. Coherence length of the hadronic spectral function a
function of the photon energy. The average intranucleon dista
dNN , the carbon 2r C , and lead 2r Pb nuclear diameters are als
shown.
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sgp
had~k!54paemE

s0

sudm2

m2
P~m2!shp~m2,k!, ~1!

with P(m2) being the spectrum of the hadronic fluctuatio
of massm andshp the effective hadron-proton cross sectio
The integration limits are the two pion production thresho
s0[(2 mp)2 and su5(As2mp)2 with s the total center of
mass energy andmp the proton mass. The hadronic spect
function of the photonP(m2) is related to the cross sectio
of the e1e2→ hadronsprocess by

P~s!5
1

12p2

se1e2→hadrons~s!

se1e2→m1m2~s!
. ~2!

In this workP(s) is parametrized as the sum of the res
nancePR(s) and the continuum quark-antiquark fluctuatio
PC(s) contributions:

P~s!5PR~s!1PC~s!5 (
V5r,v,f,J/c,c8

GV~s!1PC~s!,

~3!

whereGV(s) are the spectral functions of the vector meso
V. They are derived directly from Eq.~2! @13# using the
experimental values for the resonance parameters give
Ref. @14#:

GV~s!5
1

p S mV

gV
D 2 BVmVGV~s!

~s2mV
2 !21@mVGV~s!#2

, ~4!

wheregV are thegV coupling constants,GV(s) are the total
hadronic widths of the resonances, andBV are the branching
ratios for the decayV→e1e2. The continuum contribution
is written as

PC~s!5
1

12p2
S f 3qf

2 , ~5!

where the sum is extended over all quark flavorsf of frac-
tional chargeqf which are energetically accessible.

In Fig. 3 the used total spectral function is shown. As it
seen, at low energy (s,s15mf

2 '1 GeV2) only the domi-
nantr andv resonance contributions have been consider
At high energy (s>s1) both the relevant resonance and t
continuum contributions are included.

Substituting Eq.~3! in Eq. ~1!, thesgp
had is written in terms

of the resonance and the continuum contributions:

sgp
had~k!5sgp

R ~k!1sgp
C ~k!

54paem(
V

E
s0

sudm2

m2
GV~m2!sVp~k!

14paemE
s1

sudm2

m2
PC~m2!sqp~m2,k!, ~6!

a
ce
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SHADOWING IN NUCLEAR PHOTOABSORPTION ABOVE . . . PHYSICAL REVIEW C 60 064617
wheresVp andsqp are the interaction cross sections of t
vector mesons and of the continuum quark-antiquark pa
respectively.

In order to evaluate the resonance contribution in Eq.~6!,
experimental vector-meson proton cross sectionssVp(k) are
considered. In particular, thesrp(k) is derived from photo-
production data on hydrogen@15#. The r-meson photopro-
duction cross section is related to the elastic scattering
transversely polarized vector meson on nucleons by
VMD relationship and, through the optical theorem, to t
total cross sectionsrp :

ds

dt
~gp→rp!u t505

aem

64p

4p

gr
2 ~11hr

2!S qr

qg
D 2

srp
2 , ~7!

where hr is the ratio of the real to imaginary forward
scattering amplitude, andqr and qg are the center of mas
momenta of therp and gp systems at the same invaria
collision energyAs @16#. The values of thehr and of the
effective coupling constant 4p/gr

2 are from Ref.@17#, where
the effectiver-coupling constant is reproduced by GVM
with physical coupling and the nondiagonalrp→r8p term.
Thesrp is shown in Fig. 4. As it is seen,srp is higher at low
energies; its energy behavior is parametrized as

srp~k!5p11
p2

Ak
, ~8!

wherep1518 mb andp2527 mb GeV1/2. The cross sections
of the higher-mass vector mesons are fixed tosvp(k)
5srp(k), sfp512 mb,sJ/cp52.2 mb, andsc8p51.3 mb
@5#.

FIG. 3. The hadronic spectral function used in the model. T
relevant resonance (r, v, f, J/c, andc8) and continuum quark
(u, d, s, andc) contributions are shown.
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The sqp is determined by the transverse size of theqq̄
fluctuations@5#:

sqp~m2,k!5E
0

1

sqp~m2,k,a!da5S q11
q2

Ak
D

3F 8

m2
lnS 11x

12xD1Rc
2~12x!G , ~9!

where the integration is performed over the fractiona of the
light-cone momentum carried by the quark@13#. Hereq1 and
q2 are free parameters,x5A12(2/mRc)

2 where Rc is the
maximum transverse size of theqq̄ fluctuations. The con-
tinuum contributionsgp

C is derived by fitting to the Eq.~6!
the proton photoabsorption cross section data@14# at photon
energy higher than 5 GeV, where the direct contribution
assumed to be negligible.

The direct contributionsgp
dir is calculated as

sgp
dir5sgp2sgp

had , ~10!

wheresgp(k) is parametrized assgp567.7s0.081129s20.45

@18#.
In Fig. 5 the result of the calculation forsgp in the energy

range 1.65,k,30 GeV are presented together with the e
perimental data. The resonancesgp

R and the continuumsgp
C

contributions to the total cross sectionsgp are also given.
The r meson accounts for about 85% of the resonance c
tribution, thev meson for the 9% , thef meson for the 4%.
The small bump in the calculation that occurs atk;8 GeV is
due to the opening of charm channels which account
about 1%. Thesgp

dir contribution to the total cross section
also shown in Fig. 5.

e

FIG. 4. Fit~solid curve! to ther-meson interaction cross sectio
for the protonsrp derived from Refs.@15# ~open circles!. Dashed
curve is the continuum interaction cross sectionsqp derived from
Eq. ~9!.
7-3
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BIANCHI, DE SANCTIS, MIRAZITA, AND MUCCIFORA PHYSICAL REVIEW C60 064617
The hadronic and the direct contributions to the total cr
section for the neutron case have been also derived from
deuteron photoabsorption data@14# by using a procedure
similar to the one described for the proton. This allows us
evaluate the isospin weighted nucleon cross sect
(sgN ,sgN

had ,sgN
R ,sgN

C ,shN ,sVN , andsqN) for each nucleus.

B. Photoabsorption on nuclei

The nuclear photoabsorption cross sectionsgA is written
as

sgA~k!5sgA
dir~k!1sgA

had~k!. ~11!

Above the nucleon resonance region the direct termsgA
dir(k)

is equal to the incoherent sum of the corresponding term
proton and neutron:

sgA
dir~k!5Zsgp

dir~k!1Nsgn
dir~k!. ~12!

The hadronic term is derived by substituting in Eq.~1! the
hadron-proton cross sectionshp with the hadron-nucleus
cross sectionshA :

sgA
had~k!54paemE

s0

sudm2

m2
P~m2!shA~m2,k!. ~13!

Inside the nucleus the intermediate hadronic system un
goes a coherent scattering on bound nucleons. The inte
ence between multiple scattering amplitudes reduces
hadron-nucleus cross sectionshA compared toAshN thus
leading to shadowing. This process is described by
Glauber-Gribov multiple scattering formalism@19#.

Considering the scattering on one up to five nucleons,shA
is given by

FIG. 5. Predictions of the model~thick solid line! for the pho-
toabsorption cross section on the proton. Dotted curves are the
ronic contributions due to resonance~R! and to the continuum~C!.
Dashed curves are the individualr-, v-, and f-mesons contribu-
tions. The contribution from direct processes~dir! is shown as a thin
solid curve.
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shA~m2,k!5AshNS 12a2 ~A21!
shN

p r̄ 2
F2~e!

1a3 ~A21! ~A22! FshN

p r̄ 2G 2

F3~e!

2a4 ~A21! ~A22! ~A23! FshN

p r̄ 2G 3

F4~e!

1a5 ~A21!~A22!~A23!~A24!

3FshN

p r̄ 2G 4

F5~e!D , ~14!

wherean are numerical coefficients which are strongly d

creasing withn, Fn(e) are functions ofe(m2 ,k)5Ar̄ 2/lh
which depend on the nuclear density distribution. The qu
tity r̄ 2 is the rms electron-scattering radius given in Ref.@20#.

When the hadronic coherence lengthlh52k/m2!Ar̄ 2,
Fn(e) approximately vanish andshA5AshN . Otherwise
there is shadowing and the shadowing cross section re
tion Ds(k)5sgA

had(k)2AsgN
had(k) is given by

Ds~k!5DsC~k!1DsR~k!, ~15!

with

DsC ~k!54 paemA~A21!

3F a2

p r̄ 2 Es1

su dm2

m2
PC~m2! SqN

(2)~m2,k! F2~e!

2a3

~A22!

@p r̄ 2#2 Es1

su dm2

m2
PC~m2!SqN

(3)~m2,k! F3~e!

1a4

~A22!~A23!

@p r̄ 2#3 E
s1

sudm2

m2
PC~m2!SqN

(4)~m2,k!

3F4~e!2a5

~A22! ~A23! ~A24!

@p r̄ 2#4

3E
s1

sudm2

m2
PC~m2!SqN

(5) ~m2,k! F5 ~e!G ~16!

and

~17!DsR~k!54paemA~A21!

3(
V

F a2

p r̄ 2Es0

sudm2

m2
GV~m2!SVN

(2)~k!F2~e!

2a3

~A22!

@p r̄ 2#2Es0

sudm2

m2
GV~m2!SVN

(3)~k!F3~e!

d-
7-4
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SHADOWING IN NUCLEAR PHOTOABSORPTION ABOVE . . . PHYSICAL REVIEW C 60 064617
1a4

~A22!~A23!

@p r̄ 2#3 E
s0

sudm2

m2

3GV~m2!(VN
(4)~k!F4~e!

2a5

~A22!~A23!~A24!

@p r̄ 2#4

3E
s0

su dm2

m2
GV~m2!(VN

(5)~k!F5~e!G ,

where

SqN
( i ) ~m2,k!5E

0

1

da@sqN~m2,a,k!# i , ~18!

and for each nucleus

@sqN~m2,a,k!# i5FZsqp~m2,a,k!1Nsqn~m2,a,k!

A G i

,

~19!

SVN
( i ) ~k!5@sVN~k!# i5FZsVp~k!1NsVn~k!

A G i

. ~20!

Two different parameterizations of the nuclear density
used in the evaluation of the functionsFn , specifically a
Gaussian and a uniform density distributions for light a
heavy nuclei, respectively. In both cases the experime
average nuclear density andr̄ 2 values are well reproduce
@13#. Each term in Eq.~14! being proportional toA(n12/3),
the third, fourth, and fifth terms give a non-negligible co
tribution only for the heavy nuclei. Then for the light nucl
the first and second terms in Eq.~14! are only considered.

The results of the calculation are shown in Figs. 6 an
for five nuclei. The comparison with the data is perform
for both the photonuclear cross section and the ratio betw
photonuclear and photonucleon cross sections. As it is s
while the general behavior of the experimental data is rep
duced, the calculation still shows a stronger energy dep
dence than data. In particular, at low energy it overestima
the experimental result thus suggesting the need of fur
mechanisms for the description of the process.

III. MEDIUM EFFECTS ON THE HADRONIC
SPECTRAL FUNCTION

The calculation described in the previous section is ba
on the assumption that the spectral function of the hadro
fluctuation of the photon does not change inside the nuc
medium. In order to improve the phenomenological desc
tion of the low energy photonuclear data, the effect of
possible hadronic mass modification in the nuclear med
is now considered.

Ther-meson mass modification in the nuclear medium
predicted by several theoretical approaches which cons
effective chiral Lagrangians, in-medium scaling propert
based on QCD sum rules, quark bag models combined
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quantum hadrodynamics~for a recent review see Ref.@21#!.
Many of these theories predict a mass reductiondmr propor-
tional to the average nuclear density and amounting up
about 100–200 MeV for the nuclear matter density. The
crease of ther-meson mass inside the nucleus increases
coherence lengthlr52k/mr

2 and thus decreases the ener
threshold for the shadowing. Other theories predict a bro

FIG. 6. Results of the calculation forsgA /A ~dotted curves!.
The solid curves are the result of the fit obtained considering
r-meson mass shift. Different symbols refer to different expe
ments.
7-5
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BIANCHI, DE SANCTIS, MIRAZITA, AND MUCCIFORA PHYSICAL REVIEW C60 064617
ening or a complete distortion of the in-mediumr-meson
mass distribution.

Considering a possibler-meson mass shift in nuclei, a fi
to the photonuclear absorption data is performed by using
previously described calculation. In the spectral funct
P(m2) of Eq. ~13!, ther-meson massmr is replaced bymr

1 dmr , with dmr free parameter. In order to reduce th
number of free parameters in the fitting procedure, no m

FIG. 7. Shadowing effectsgA /(Zsgp1Nsgn). Same notations
as in Fig. 6.
06461
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n
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modifications of other vector-mesons are considered s
their contributions are small. The fits are shown in Figs
and 7; the relevant reducedx2 improves by about a factor o
2 with respect to the calculations withdmr50. It is worth
mentioning that also a distortion of ther-meson mass distri-
bution, which enhances the low mass hadronic spectral fu
tion, will result in a better agreement with the experimen
data.

The values of thedmr obtained from the fits are given in
Table I: they range from263 to2163 MeV and the shift in
carbon is more than a factor of 2 bigger than in lead. T
values of thedmr obtained for the lightest nuclei are signifi
cantly larger than most of the theoretical expectations, wh
are in qualitative agreement with a recent measurement
formed via the3He(g,p1p2)X reaction@22,23# which sug-
gests a;160-MeV reduction of ther mass in 3He. This
reduction is so large that it cannot be explained by the m
field picture of nuclear matter@24#. In this latter reference
unlike all other calculations which consider infinite nucle
matter, the experimental charge density distributions
used, resulting in a shift in4He about a factor of 2 bigge
than in 12C due to the higher4He core density. Also a recen
calculation that accounts for the local density distributions
3He, shows substantial changes in ther-meson mass@25#. In
this respect the large shift observed in the fit of the lig
nuclei photoabsorption data could be ascribed to the h
local core density, while for the heavier nuclei, which ha
high average and almost uniform density, the mass sh
agree with the theoretical predictions which account for
mean nuclear field alone.

Moreover, the higher local density distributions for th
lighter nuclei can reduce the local intranucleon distan
dNN , thus accounting for an earlier onset of the shadow
effect on these nuclei.

IV. CONCLUSIONS

Total photoabsorption cross sections for nucleon and
clei are calculated in the energy range 1.65–30 GeV. T
process is described taking into account both the direct
the hadronic fluctuation interactions of the photon. The la
is computed with a hadronic spectral function which includ
the effectiver-coupling constant, the finite width of vector
meson resonances and the quark-antiquark continuum. R
istic and energy dependent interaction cross section for thr
meson is derived from photoproduction data. The shadow

TABLE I. r-meson mass shiftsdmr extracted from the photo-
absorption data fits. The errors indicate the statistical and the
tematic uncertainties.xdm

2 andx0
2 are the relevantx2 with and with-

out ther-meson mass shift.

Nucleus dmr @MeV# xdm
2 x0

2

C 2163614650 2.63 7.01
Al 2133611640 1.75 6.85
Cu 2104614657 1.64 3.53
Sn 2115617653 1.12 2.71
Pb 263620662 1.47 1.77
7-6
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effect is evaluated in the framework of a Glauber-Grib
multiple scattering theory up to the fifth order.

The low energy onset of the shadowing effect is int
preted as a possible signature of a modification of the h
ronic spectral function in the nuclear medium. In particular
decrease of ther-meson mass in nuclei is suggested for
better description of the experimental data. This reductio
.

r-

06461
-
d-
a

is

larger for the light nuclei and cannot be accounted for
mean field consideration alone.
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