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Shadowing in nuclear photoabsorption above the resonance region
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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 ofpfmeeson mass in nuclei is suggested for a better
explanation of the experimental daf&0556-28189)01912-3

PACS numbds): 25.20.Dc, 12.40.Vv

I. INTRODUCTION the vector-meson mass spectra, this model also includes the
low energyw" 7~ nonresonant production, and the high en-
The reduction of the absorption strength of high energyergy quark-antiquark continuum.
real photons on nuclei is known as shadowing effect. This The importance of the hadronic spectral functldfs) in
effect is generally described considering the real photon as the description of the process is shown in Fig. 2 where the
superposition of a bare photon and of a hadronic fluctuatiomoherence length,=2k/mZ of vector mesons of lower
with the same quantum number3"€=1""). Within this  massm, are given as a function of the photon enekgyrhe
model the shadowing is produced by the coherent multiple
scattering of the hadronic intermediate state on different 600 T T T
nucleons inside the nucleus. The amount of the shadowing C
mainly depends on macroscopic nuclear parameters like the
mass numbeA and the radius 5, and on properties of the
hadronic fluctuation like the coherence length and the
interaction cross sectiomy,y with the nucleon.
In earliest simple modelgl], the hadronic component of
the photon is given by the low-lying vector mesgn®, and
¢. These vector-meson dominan@éMD) models qualita-
tively reproduce the photonuclear absorption cross sectior r : _ _ ]
behavior in the several GeV domdi2]. Generalized vector- ¥ P R
meson dominancgGVMD) models [3], which include . ]
higher mass vector mesons and nondiagonal terms, bette 0 FH
explain higher energy real photon absorption and virtual [
photon absorption in deep inelastic electron scattering. I b)
. 1.4 ]
On the contrary, at low real photon energies most of the : + :
calculations fail to reproduce the experimental res{dk I ]
Two recent VMD calculations, that describe the vector-
meson mass distributions withfunctions[5,6] and consider
an energy independent vector-meson nucleon cross sectio
oyy [5], do not predict the nuclear damping of the photoab-
sorption strength observed below 2 GeV, as shown in Fig. 1
for the carbon case. In addition they also underestimate the
experimental shadowing effect between 2 and 3 GeV. The
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result of a GVMD calculatiorf7], in which the energy be- o6 ]
havior of oy cross section is taken into account, is also 0 1 2 3 4 5 6
given in Fig. 1. It clearly shows a better agreement with the

experimental shadowing ratio, but it is not able to reproduce Photon energy [GeV]

the absolute value of the total photonuclear cross section.

The shadowing phenomena, also observed in deep inelas- FG, 1. (a) Total photonuclear cross section affmi ratio to the
tic lepton nucleus scattering, is also studied within a VMD photonucleon cross section for carbon. Different symbols refer to
model in which the photon hadronic spectral function is de-ifferent experiments. Also shown {a) is the total cross section on
rived from the empirical ratio of the cross sections of thehydrogen(thin solid line. Dashed5], dot-dashed6], and dotted
ete” —hadronsande’e” — u" u~ processef8]. Besides [7] lines are two VMD predictions and one GVMD prediction.
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14 had sud 2 2
= oK)= AT e | —5 H(uD)on(u?k), (1)
=12 So M
(<>
< 10 with TI(«?) being the spectrum of the hadronic fluctuation
E’ 8 of massu anday,, the effective hadron-proton cross section.
] The integration limits are the two pion production threshold
8 6 so=(2m,)? ands,=(ys—m,)? with s the total center of
s mass energy anah, the proton mass. The hadronic spectral
E 4 function of the photordI(«?) is related to the cross section
S 2 of thee*e™— hadronsprocess by

0 Ti(s)= 1 0ete—hadrondS) )

Photon energy [GeV] 1272 Oereptpu—(S) '

FIG. 2. Coherence length of the hadronic spectral function as a
function of the photon energy. The average intranucleon distanc%
- a
dyn, the carbon 2., and lead 2p, nuclear diameters are also
shown.

In this workII(s) is parametrized as the sum of the reso-
ncellR(s) and the continuum quark-antiquark fluctuation
I1€(s) contributions:

shadowing effect starts to manifest at an energy for whkigh R Crn c

is bigger than the typical intranucleon distanady(~1.8 ()= s)+1T (S)_V=p wzqsw Y Gu(s)+11%(s),

fm) so that scattering on at least two nucleons is possible. . (3)
Then the strength of the effect starts to saturate at an energy

for which Ay is bigger than the nuclear size-@r »). Clearly ~ whereGy(s) are the spectral functions of the vector mesons
a low energy shadowing can only be induced by the lowesY. They are derived directly from Ed2) [13] using the
mass hadronic components of the photon spectral functioexperimental values for the resonance parameters given in
and by their possible modifications in the nuclear mediumRef.[14]:

Both the reduction of the vector-meson m&8dl0] and the

modification of thep-meson spectrgl functiofirl1,17 can my ) 2 BymyTy(s)
decrease the photon energy at which the coherence length Gy(s)= o 73 2 (4)
starts to exceed the intranucleon distance thus producing an v/ (s=my)*+[myl'y(s)]

earlier onset of the shadowing effect. )

In this paper a model is derived to describe the photoWheregy are theyV coupling constantd,(s) are the total
nucleon and the photonuclear total absorption cross sectiofgdronic widths of the resonances, d@gare the branching
above the nucleon resonance regite=(1.65 GeV. In par-  ratios for the decay—e*e . The continuum contribution
ticular the experimental hadronic spectral function, vectordS written as
meson nucleon cross sections and effectiveoupling con-
stant are taken into account. A possible modification of the

; LU S 11%(s)= ——=3; 3¢° (5
hadronic spectral function inside the nuclear medium is also 1272 " ar»
considered.

where the sum is extended over all quark flavbof frac-
tional chargeqs which are energetically accessible.
In the description of the photohadronic absorption pro- In Fig. 3 the used total spezctral function is shown. As_ itis
cess, the physical photon is considered as a superposition 8¢€n, at low energyss;=mj~1 GeV?) only the domi-
a bare photon and a hadronic component made up of a quarRantp and» resonance contributions have been considered.
antiquark stateq). The photonucleon cross sectiony is At high energy §=s,) both the relevant resonance and the
decomposed in a termy, due to the direct coupling of the continuum contributions are mdUdeSAd. o
bare photon with the nucleon and an hadronic ter}}”. Substituting Eq(3) in Eq. (1), the o), is written in terms
At small total center of mass energy the hadronic compo©f the resonance and the continuum contributions:
nents of the absorbed photon are mainly formed by strongly had . c
correlatedyq pairs, while at higher energyq pairs from the Typ (K)=00(k)+ o(K)
so-called continuum are also important. 5
Sud,LL
~arae |
\ S,

. FGV(ﬂz)UVp(k)

Il. MODEL

A. Photoabsorption on the nucleon

The hadronic contribution to the photoabsorption cross sud 2
section on the proton is expressed by a spectral relation of +47memf ULHC(,U,Z)O'qp(,LLZ,k), (6)
the form[5,7] s p?
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FIG. 3. The hadronic spectral function used in the model. Theyrye is the continuum interaction cross sectigy), derived from
relevant resonancep( w, ¢, J/, and¢') and continuum quark Eq. (9).

(u, d, s, andc) contributions are shown.

The o, is determined by the transverse size of the
luctuations[5]:

where oy, and o, are the interaction cross sections of thef
vector mesons and of the continuum quark-antiquark pairs
respectively.

In order to evaluate the resonance contribution in (By. Tqp( 12K) = flaqp(,uz,k,a)da= a1+ %)
experimental vector-meson proton cross sectiopg(k) are 0 Jk
considered. In particular, the, (k) is derived from photo-
production data on hydroggi5]. The p-meson photopro- % iln(ﬂ +RY(1-x) ©)
duction cross section is related to the elastic scattering of p? 11-x c '

transversely polarized vector meson on nucleons by the
VMD relationship and, through the optical theorem, to theyhere the integration is performed over the fractioof the
total cross sectiom: light-cone momentum carried by the quafid]. Hereq, and
. , q, are free parameters=1—(2/uR.)? whereR, is the
_ Qem 4T N AP maximum transverse size of thgy fluctuations. The con-
(Vp—>pp)|t=o—% pratas ﬁp)(a/) T D finuum contributions, is derived by fitting to the Eq(6)
the proton photoabsorption cross section da# at photon
where 7, is the ratio of the real to imaginary forward- €Nergy higher than 5 GeV, where the direct contribution is
scattering amplitude, ang, andq,, are the center of mass assumed to be neg'lglble-d. .
momenta of thepp and yp systems at the same invariant ~ The direct contributionr’; is calculated as
collision energyy/s [16]. The values of they, and of the dir had
effective coupling constanhﬂ/gi are from Ref[17], where Typ =Ty~ Oyp s (10
the effectivep-coupling constant is reproduced by GVMD . . _
with physicalpcouplcl)inggand the nondiagopr’pyterm. where (k) is parametrized as,,=67.%% %%+ 120504

Theo,, is shown in Fig. 4. As it is seemw,, is higher at low [18].

e S : In Fig. 5 the result of the calculation fer,,, in the energy
energies; its energy behavior is parametrized as 7P .
g %y P range 1.65<k<30 GeV are presented together with the ex-

0 perimental data. The resonane&, and the continuunw S,
o pp(K)=p1+ Ly (8)  contributions to the total cross sectien,, are also given.
N The p meson accounts for about 85% of the resonance con-
tribution, thew meson for the 9% , thé meson for the 4%.
wherep; =18 mb andp,=27 mb Ge\¥2. The cross sections The small bump in the calculation that occurkat8 GeV is
of the higher-mass vector mesons are fixed gy (k) due to the opening of charm channels which account for
=0,p(K), 04p=12 mb,oy,,=2.2 mb, ando,,=1.3 mb  about 1%. Then‘i'pr contribution to the total cross section is
. also shown in Fig. 5.

do
dt
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FIG. 5. Predictions of the modéthick solid ling for the pho-

toabsorption cross section on the proton. Dotted curves are the ha§f€asing withn, F ; S\ R
ronic contributions due to resonan@®) and to the continuurec). ~ Which depend on the nuclear density distribution. The quan-

Dashed curves are the individupd, »-, and ¢-mesons contribu-  tity r? is the rms electron-scattering radius given in R2@).
tions. The contribution from direct procesgds) is shown as a thin When the hadronic coherence length= 2k/,u2< \/ﬁ,
solid curve. F.(€) approximately vanish andr,,=Aoyy. Otherwise

wherea,, are numerical coefficients which are strongly de-
(&) are functions ofe(u? k)= 2/,

_ _ o there is shadowing and the shadowing cross section reduc-
The hadronic and the direct contributions to the total crosgjon A (k) = o"29(k) — Ac"29(k) is given by

section for the neutron case have been also derived from the A N
deuteron photoabsorption daf&4] by using a procedure

— C R
similar to the one described for the proton. This allows us to Aa(k)=Ao=(k)+Aam(k), (15
evaluate the isospin weighted nucleon cross sections
(o 0R%, 05N 05N Thn oy, andagy) for each nucleus.  With
B. Photoabsorption on nuclei Ao (k) =4 maeA(A-1)
The nuclear photoabsorption cross sectigp is written a, (sudu?
as X| = | —5 T%u?) SRAu?K) Fale)
mr S
k)= oSa(k) +aha%(k). 11
Tya(K) =06 (K) + 00 (K) (11) (A-2) (adu®__ o
_ , - —a3 = | 5 ()T gN(es k) Fs(e)
Above the nucleon resonance region the direct te@){](k) [7re]e sy
is equal to the incoherent sum of the corresponding terms on (A—2)(A—3) du?
roton and neutron: - - Sudp
P u +34W — )2 k)
. . . a ST M
aSA(K)=Z a5 (k) +Nay (k). (12
. (A=2)(A-3)(A—-4)
The hadronic term is derived by substituting in EL.the XFale)=as [7r2]*
hadron-proton cross sectioa,, with the hadron-nucleus
Cross sectiowa: sud p?
s R e Fs @) e
had sud 2 2 e
oo (K =4maen | — (n)opa(pk). (13
Sp M and
Inside the nucleus the intermediate hadronic system under- AoR(K) =4rag A(A—1) (17)

goes a coherent scattering on bound nucleons. The interfer-

ence between multiple scattering amplitudes reduces the
hadron-nucleus cross sectier,, compared toAoy,y thus XE
leading to shadowing. This process is described by the v
Glauber-Gribov multiple scattering formalisfh9].

ar Sud,bLz
2 [ e QbR
ar So M

_ 2
Considering the scattering on one up to five nucleong, —a M S“dLG ( 2)2(3)(k)[: (€)
o 3 512 > 2Vl SyN 3
is given by [7r]° sy
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140 b

where
. 1 .
S 02 )= foda[anmz,a,k)]', (19

and for each nucleus

Zo-qp(/*l'ziaak) + Nan(Mzraak) i

[O-QN(/-LZ!aik)]i: A !(19) g
<

‘ - [Zoyp(k)+ Ny (k)|
S0=Tounllori=| Z RO o &

Two different parameterizations of the nuclear density are
used in the evaluation of the functiors,, specifically a
Gaussian and a uniform density distributions for light and
heavy nuclei, respectively. In both cases the experimental
average nuclear density amd values are well reproduced .
[13]. Each term in Eq(14) being proportional toA("*2/3), 1001
the third, fourth, and fifth terms give a non-negligible con- 3
tribution only for the heavy nuclei. Then for the light nuclei C
the first and second terms in E{.4) are only considered. 60 ]

The results of the calculation are shown in Figs. 6 and 7 }# ;

dh

140 [

for five nuclei. The comparison with the data is performed Lead

for both the photonuclear cross section and the ratio between
photonuclear and photonucleon cross sections. As it is seen E
while the general behavior of the experimental data is repro- '
duced, the calculation still shows a stronger energy depen- .
dence than data. In particular, at low energy it overestimates o
the experimental result thus suggesting the need of further .
mechanisms for the description of the process. 60 -
1 10

Ill. MEDIUM EFFECTS ON THE HADRONIC Photon energy [GeV]

SPECTRAL FUNCTION

120 f

) ) ) ) o FIG. 6. Results of the calculation far,,/A (dotted curvep

The calculation described in the previous section is basegthe solid curves are the result of the fit obtained considering the
on the assumption that the spectral function of the hadronig.meson mass shift. Different symbols refer to different experi-
fluctuation of the photon does not change inside the nucleafents.
medium. In order to improve the phenomenological descrip-
tion of the low energy photonuclear data, the effect of thequantum hadrodynamid$or a recent review see Rei21]).
possible hadronic mass modification in the nuclear mediunMany of these theories predict a mass reduction, propor-
is now considered. tional to the average nuclear density and amounting up to

The p-meson mass modification in the nuclear medium isabout 100—-200 MeV for the nuclear matter density. The de-
predicted by several theoretical approaches which consid@rease of thep-meson mass inside the nucleus increases the
effective chiral Lagrangians, in-medium scaling propertiescoherence IengtD\p:2k/m2 and thus decreases the energy
based on QCD sum rules, quark bag models combined witthreshold for the shadowing. Other theories predict a broad-
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TABLE I. p-meson mass shiftém, extracted from the photo-
absorption data fits. The errors indicate the statistical and the sys-
tematic uncertainties«%m and XS are the relevang? with and with-
out thep-meson mass shift.

Nucleus sm, [MeV] Xom X5
C —163+14+50 2.63 7.01
Al —133£11+40 1.75 6.85
Cu —104+14+57 1.64 3.53
Sn —115+17+53 1.12 2.71
Pb —63+20£62 1.47 1.77

modifications of other vector-mesons are considered since
their contributions are small. The fits are shown in Figs. 6
and 7; the relevant reduced improves by about a factor of

2 with respect to the calculations widm,=0. It is worth
mentioning that also a distortion of thremeson mass distri-
bution, which enhances the low mass hadronic spectral func-
tion, will result in a better agreement with the experimental
data.

The values of thesm,, obtained from the fits are given in
Table I: they range from- 63 to — 163 MeV and the shift in
carbon is more than a factor of 2 bigger than in lead. The
values of thesm,, obtained for the lightest nuclei are signifi-
cantly larger than most of the theoretical expectations, while
are in qualitative agreement with a recent measurement per-
formed via the*He(y, 7+ 7 ) X reaction[22,23 which sug-
gests a~160-MeV reduction of thep mass in3He. This
reduction is so large that it cannot be explained by the mean
field picture of nuclear mattdr24]. In this latter reference,
unlike all other calculations which consider infinite nuclear
matter, the experimental charge density distributions are
used, resulting in a shift ifHe about a factor of 2 bigger
than in *2C due to the highefHe core density. Also a recent
calculation that accounts for the local density distributions in
3He, shows substantial changes in theneson masf25]. In
this respect the large shift observed in the fit of the light
nuclei photoabsorption data could be ascribed to the high
local core density, while for the heavier nuclei, which have
high average and almost uniform density, the mass shifts
agree with the theoretical predictions which account for the
mean nuclear field alone.

Moreover, the higher local density distributions for the
lighter nuclei can reduce the local intranucleon distance
dyn, thus accounting for an earlier onset of the shadowing
effect on these nuclei.

IV. CONCLUSIONS

Total photoabsorption cross sections for nucleon and nu-
clei are calculated in the energy range 1.65-30 GeV. The
process is described taking into account both the direct and

Considering a possible-meson mass shift in nuclei, a fit the hadronic fluctuation interactions of the photon. The latter
to the photonuclear absorption data is performed by using this computed with a hadronic spectral function which includes
previously described calculation. In the spectral functionthe effectivep-coupling constant, the finite width of vector-

I1(u?) of Eq. (13), the p-meson mass,, is replaced bym,

meson resonances and the quark-antiquark continuum. Real-

+ om,, with ém, free parameter. In order to reduce theistic and energy dependent interaction cross section fop the
number of free parameters in the fitting procedure, no masseson is derived from photoproduction data. The shadowing
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effect is evaluated in the framework of a Glauber-Gribovlarger for the light nuclei and cannot be accounted for by
multiple scattering theory up to the fifth order. mean field consideration alone.

The low energy onset of the shadowing effect is inter-
preted as a possible signature of a modification of the had- ACKNOWLEDGMENTS
ronic spectral function in the nuclear medium. In particular, a We would like to express our gratitude to K. Saito and A.
decrease of th@-meson mass in nuclei is suggested for aSibirtsev for useful discussions, and to A. Bhattacharyya for

better description of the experimental data. This reduction igroviding us with results prior to publication.
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