PHYSICAL REVIEW D VOLUME 55, NUMBER 11 1 JUNE 1997

Photoproduction off nuclei and pointlike photon interactions.
I. Cross sections and nuclear shadowing
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High energy photoproduction off nuclear targets is studied within the Glauber-Gribov approximation. The
photon is assumed to interact ag|@ system according to the generalized vector dominance model and as a
“bare photon” in direct scattering processes with target nucleons. We calculate total cross sections for inter-
actions of photons with nuclei taking into account coherence length effects and pointlike interactions of the
photon. Results are compared to data on photon-nucleus cross sections, nuclear shadowing, and quasielastic
p production. Extrapolations of cross sections and of the shadowing behavior to high energies are given.
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I. INTRODUCTION into theqq pair perturbatively. These hard resolved interac-
tions of high-mass|q states are frequently calleshomalous
During the last years, the understanding of photon-hadrophoton interaction§12].
interactions has considerably improved due to new experi- Here, we want to study the implications of the above
mental data from photoproduction and lowmeasurements mentioned experimental findings on direct and resolved pro-
in ep collisions at the DESYep collider HERA and due to  C€Sses 1o the understanding of photon-nucleus collisions at
their interpretation in terms of QCD-inspired multiple- cOmparable or higher photon energies.

interaction model$1]. Experimental evidence for the classi-  High energy photon-nucleus collisions have been studied
fication of photon interactions within the parton model into €XPerimentally and theoretically by numerous groufus
direct andresolvedinteractions has been foud—4]. Both recent reviews we refer til3,14). It was found that they

classes of processes show different features concerning crotglgg; i;ﬂ?}i;gﬁgf L%?ﬁ n;ﬁ:)a\llcc deeé?eggﬂron;:r}ur?lljeclljesolnmcerroa}scs-
sections as well as multiparticle productigh5,6]. ) ' gp

Within the QCD-improved parton model, in direct pro- sections with increasing nucleus mass number, an effect

the phot les directly t ; f the had which is known as “shadowing.” Again, the GVDM pro-
cesses the photon couples directly 1o a parton ot the hadrofgeg 5 patyral interpretation of these photon-hadron simi-

whereas in resolved processes it enters the scattering procqgieso,15]. Like in hadron-nucleus collisions, shadowing
as a hadronic quark-antiquark fluctuation. Resolved proj, photon-nucleus collisions can then be described in the
cesses are well .descrlbed.usmg the QCD—lmproved. partofiamework of the Gribov-Glauber approximatiph6—18. It
model(recent reviews are given [7,8]) and the generalized (g|ates the total photon-nucleus cross section to effective
vector dominance modelGVDM) (see for exampl¢9,10]  gg-nucleon cross sectiorfd4,19—22. However, the appli-
and references thergirBecause of relatively large lifetimes, cation of the Gribov-Glauber formalism to the multiple scat-
the qq states may develop properties of ordinary hadrons byering process of ajq state without further constraints is
emitting and absorbing virtual partons. Therefore, @  only justified if the interaction length exceeds the nuclear
states can either interact with the hadron in soft scatteringadius[23]. This is not the case for the above mentioned
processegthe produced final-state particles have small transdirect processes since the photon interacts in such processes
verse momentaor the partons of theq system can partici- with only one nucleon. As we will further argue below, at
pate in hard interactions with the partons of the haddd].  high energies it might also be not the case for anomalous
In case of a hard interaction, and if the mass of tfgg  photon interactions. In particular, we will consider the ex-
fluctuation is large in comparison to the perturbative QCDtreme assumption that the interaction time is less than any
scale Aqcp, it is possible to calculate not only the hard internucleon distance, i.e., that again only one target nucleon
parton-parton scattering but also the splitting of the photoris involved. For these reasons, in the following we call direct
and anomalous photon interactigmsintlike processes. They
may lead to a suppression of the Glauber-multiple scattering
*Present address: INFN-Laboratori Nationali del Gran Sassoprocess, i.e., to a suppression of shadowing. It can be ex-
I-67010 Assergi AQ, Italy. pected that this feature is most clearly pronounced in photon
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scattering processes off heavy nuclei and at high energies, ~r\~1 fm). However, in photon-nucleus collisions the
where the cross section of the pointlike photon-nucleon in2 andQ? dependence af might be important since the
teraction becomes sizable as compared to the total photogoherence lengtli~t; of the hadronic fluctuation can be-

nucleon cross section. _ ~ come comparable to or smaller than the nuclear radius or the
The intention of the present paper is twofold: calculatingnuclear mean free paft=1/(nayy), with n being the num-
cross sections of photon-nucleus interactions,(iwévesti-  per of nucleons per unit volunhé15]. Therefore, in the fol-

gate the influence of pointlike processes on the shadowingwing we are going to estimate thgurely theoretical

behavior at high energies, ard) provide the basis for a quantity o using Eq.(1) and a parametrization for the

study of particle production in photon-nucleus collisions experimentally measurable cross sectiopy .

[24]. In Sec. Il we consider photon-nucleon collisions and  ith increasing masM of theqq system the virtuality of

Sec. 1l pontike photon neractons are discussed and thefi! 21dd Of the system ncreases. As a consequence, the
: ransverse size of the hadronic fluctuation and, hengg,

contribution to the total photon-nucleon cross section is €S acreases like M2 at IargeM2 [15,22. Following Ref.[15]

timated. In Sec. IV we calculate photon-nucleus cross sec- : ; o
tions and the shadowing behavior. Both are compared to dacige approximate this effect parametrizingy as

on photoproduction and deep inelastic scattefibgS) off

nuclei and extrapolations to high energies are given. Finally, 2 ha2y ayn(s,Q%)
in Sec. V we summarize our results. ovn(s,Q%M?) = M2+Q?+C?" )
IIl. TOTAL PHOTON-NUCLEON CROSS SECTIONS Here,C is a model-dependent parameft&] and taken to be

Throughout this paper we consider the photon-nucleor:>=2 GeVZ. With Eq. (3) the M? dependence of the inte-
scattering process in the laboratory framieucleon rest 9randin Eq.(1) is explicitly known and the integration over
frame using the following kinematical variables. The M? betweenMg=4mZ andMi=s can be performed. The
Bjorken_x variable is defined agx= QZ/ZmV denoting with lower integration limit Corresponds to the kinematical thresh-
QZ' v, andm the photon Virtua"ty’ the photon energy, and old. Alternatively, the contributions from the low mass vec-
the nucleon mass, respectively. The squared total energy & mesong’, o, and¢ could be added as separate terms to

the photon-nucleon system is given by the continuumEg. (1)], in this case starting the integration
s=Q?(1—x)/x+m?2. We restrict our discussions to small ~atm’, [14,26]. However, this has been omitted for simplicity.
values €<0.1) and to the limits>Q>. The upper limit, here formally taken to I has practically

Within the diagonal GVDM9,10] it is assumed that the no influence on the results at low and moder@ since
virtual photon fluctuates into intermediatgy statesV of ~ high M? values are suppressed. The only quantity on the
massM which subsequently may interact with the nucleonright hand sid¢RHS) of Egs.(1) and(3) which is unknown
N. This fact can be expressed by a spectral relation of thego far isEVN. Using a parametrization fow -y, the M?

form [15,14,29 independent part of E43), oy, can be calculated for each
) s 12 value ofs and Q2.
Uy*N(SrQZ):47aeme21d M2D(M?) ﬁ) Applying th_e conv_ention of Refl27], the cross section
Mo M*+Q for the scattering of virtual photons off nucleoms.\ can be
2 written as
Q 2 2
X 1+6W O'VN(S,Q ,M ) (1) )
7 yn(5.Q) = ot N Q) (4
We useaen=e%/4m=1/137. The factoD(M?) incorporates VIR Q*(1-x) 2177

the density ofqq systems per unit mass-squared interval:
Since in the present paper we want to study cross sections

D(M2)= Re*e*Z( M22) and shadowing in th&? region of both, phc_)toproductiqn
127°M< and DIS, we use the model of Capella, Kaidalov, Merino,
and Tra Thanh Va [28] (CKMT) for the structure function
Oete—hadronéM?) FY which provides a simple analytical parametrization valid
Rete-(M?)= ~~3 e}, (2 2 2p 2 P Y P e
ee Tete—ptpu-(M?) T for 0=Q°<5 GeV“. The nucleon structure function is de-

rived from Regge arguments taking rescattering effects into
where we sum up the squared quark charges of all quarkiccount:
flavors being energetically accessibéeis the ratio between

the fluxes of longitudinally and transversally polarized pho- Q2 1+A(Q?)

tons. oy denotes the effective cross section for the interac- FY(x,Q?) :AX—A(QZ)(l_X)n<Q2>+4

tion of aqq system with mas#! with a nucleon. Q°+a
Considering low®? y*p scattering only, a detailed model 2 \ag

for the M? andQ2 dependence afyy is not needed. At high + BXl_“’R(_’]_—X)n(QZ)( - (5)

collision energies, the average lifetime of the hadromée Q™+b

fluctuation t;~2v/(M2+Q?) is almost always larger than
the typical hadronic interaction time;, (for nucleons with
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1000 . ——r , SN with energy becomes steeper with increasing photon virtual-
ity. In Fig. 2(b) the Q? dependence ofr, for different
energies and1?=m? is given. As expected, th@? depen-
dence is very weak foR?<m2+C2.

Ill. CONTRIBUTIONS FROM POINTLIKE
INTERACTIONS OF THE PHOTON

®®) The integral in Eq.(1) receives also contributions from

hadronic fluctuations with large madd. In terms of the
QCD-improved parton model the hadronic interactions of
these high-mass fluctuationg( state$ correspond to point-
like photon interactions. The average transverse momentum
of the partons of such qq state is proportional to its mass
[22]. Hence, on this basis direct and resolved photon inter-
1 ' e ' actions are included in Eq1). Of course, a sharp distinction
V3 (GeV) between direct and resolved interactions is not possible. In
direct interactions, the photon couples directly to a parton of
FIG. 1. Total photon-proton cross sections as calculated with th¢he nucleon which determines the highest virtuality of the
CKMT model [28] (thick solid ling and obtained within the two- scattering procesfsee Fig. 8)]. In resolved interactions,
component DPM(dotted ling are shown together with measure- the photon may fluctuate intogq pair with high virtuality.
ments[33-35. In addition, we give the contribution to the total g, example, ajq system can emit a gluon leading to a

cross section from direct processes and the cross section reflectilaﬁjark with even higher virtuality which couples to a gluon of
the anomalous component of the photon-PDFs. The latter are cal-

culated using the GRY44,45 (solid line) and SaS-2047] (dotted .
line) PDF parametrizations. %2 = 0.1 Gev2 — |
=20
=50

2

20Q 3
A(Q2)=A0( 1+ ﬁ) . n(Q?)= E( 1+

Q2
Q¢

100 |- -

(6)

The first term in Eq(5) is associated with the pomeron con-
tribution determining the smak-behavior of the sea-quark
distribution function, whereas the second term is param-
etrized according to secondary reggeon contributions gov-
erning the valence-quark distribution function of the
nucleon. We refer t¢28] for the values of the parameters
entering the expressions. The structure function resulting 100 /3 (GeV) 1000
from this model is in reasonable agreement with measure- (2)
ments[28]. Using the ansatz for the gluon distribution as
given in[28] we obtainF} for higher values ofQ? by per-
forming a QCD evolution in leading logarithmic approxima- 190 T T T
tion. FIRE T
We note that also other parametrizations would be suit- P
able, for instance the parametrization of Abramowétzl.
[29] and in the lowQ? range the parametrizations of Badelek
and Kwiecirski [30]. Furthermore, for low values d®? the oom
photon-nucleon cross sectien«y can be equally well ob- @b
tained in the framework of the two-component dual parton
model(DPM) [31,32. The advantage of the two-component
DPM calculation is that in this case a detailed model for the
inelastic final states exis{82], which is also applied to the
study of particle production if24].
In Fig. 1 we compare the photoproduction cross sections Lo o ) "
o'y obtained from the CKMT modefthick solid ling and b) Q* (Gev?)
calculated within the two-component DP(dotted ling with
data[33-35. The differences in the high energy extrapola-
tion reflect the typical size of the theoretical uncertainties. g, 2. The effectivajgnucleon cross sections Bt?=m? are
In Fig. 2a) we show the energy-dependence of the effeCshown. In(a) the dependence on the energy is given for three dif-
tive cross sectiofryy for M?= mi and differentQ? values.  ferent photon virtualities. Iith) we show theQ2-behavior for three
As observed iny*p collisions, the rise of the cross section different energies.

OVN

(mb)
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w?=p?/4. The transverse momentum cut@f"°" restricts

Y the integration to the perturbatively reliable region.
q In order to calculate the anomalous cross secti@ﬁ’\,,

we use thePHOJET Monte Carlo (MC) event generator
[31,32 to simulate hard resolved photon-nucleon interac-

N IQ tions according to the cross section

o"3(s,p2" M = | dxydx,dt Ek |
L),

1+‘9k,l
v q Xfi|y(X1,,U/2)f”N(X2,,LL2)
660> “ A
oo £ do? 0 i(s,D) &
3 X——=——0(p,—p""|. (®
& dt

S
N
This cross section receives contributions from low-mass and
(b) high-massqgq fluctuations. In order to determine the cross

section due to anomalous interactions, initial state parton
FIG. 3. Examples for pointlike interactions of the photon(@h  showers were generated for each hard interaction using a
direct photon-nucleon interactions contributing in lowest orderpackwards evolution algorithm similar to the one discussed
PQCD and in(b) an example for an anomalous photon-nucleon;, 137 3g ysing the parton transverse momentum as evolu-
interaction are shown. tion variable. Some basic coherence effects are implemented
- . by imposing angular ordering of the parton emissions. Fur-
the nucleon as shown in Fig(t9. Therefore, it is necessary ermore, the possibility to have a hayd-qq process dur-
to distinguish two scales to characterize a hard photony,, the shower evolution is taken into account. After each
nucleon scattering(i) the virtuality M of the hadronicdd  parton emission, the probability to stop the parton shower
fluctuation andii) the scale of the hard scatteripg which g\ q|ution due to a pointlike splitting is taken to be the ratio

is approximately given by the momentum transfer in the hardys ihe y—qq contribution to the quark density in the photon
scattering process. Then, fa?~M? the interaction is clas-

sified as direct interaction whereas faf>M? the interac- 3em

tion is a resolved one. As already mentioned, in case of re- d(x,u?)= Ry
; i it 2 2 25 A2 2

solved interactions withu“>M* and M“>Aqcp, not only

the hard parton-parton scattering but also the splitting of the

photon into theqq pair can be calculated perturbatively. +8x(1-x)—1

These interactions lead to a rise of the photon structure func-

tion with 12 like '”(1“2)_ [36] (anomalous contribution to the 5 the quark density of the full photon PDF. Since we are
photon structure functiofL2]). In the following we consider only interested iny—qq splittings with a remnant quark

as pqmthke ph20t0n2|nteract|ons all processes which are Chal’ﬁavingpl>piutoff, the transverse momentum Cutoﬁutoﬁ is
acterized byM“>Agqcp.

, it used in Eq(9) as the lowest quark virtuality. Then, the frac-
In direct and anomalous processes eitlieror the trans- o of the anomalous cross section to the total hard resolved
verse momentum of the hard scatteriq,, acts as hard photon-nucleon cross section is given by the fraction of
scale permitting perturbative calculations. Therefore, the,,ents where an anomalous splitting with >pcutoff has
1L

cross section for direct processe$., and the cross section peen generated. Within the calculations, we use the GRV
o’y for the fluctuation of a photon into @q system with a  PDF parametrization for the prot§89]. Recent HERA mea-
large massv (i.e., highly virtual quarksand the interaction surements showed that this parametrization gives a reason-

of this system with a nucleon can be estimated using perturable description of the proton structure function at law

1-x  u?
2 _v\2
[X“+(1—x) ]In(—x W)_Z)

©)

bative QCD. [40,41). We however note that also the CTEQ42] and
In lowest-order perturbative QCD, the direct photon-Martin-Roberts-Stirling set RMRS(R)] [43] PDF’s could be
nucleon cross section follows from applied in this study since in the considered energy range the

differences between all these PDF parametrizations are un-

dir cutoff . 5 important for our purpose. Concerning the photon structure
o n(SPL )ZJ dthzkl fin(X, %) function much less data are available. In the following we
o choose the GRV parametrization for the photon PDF’s
do%P, (5,1 [44,45 which has been successfully applied to reproduce
X%@(pl— pcuefy  (7)  HERA measurementsl,46]. In order to estimate uncertain-
dt ties of the calculations the SaS-2D parametrizafidv] is

used additionally. For the transverse momentum cutoff a
wheref;y denotes the parton distribution functi@PDF) for  value of 3 GeV¢ is applied consistently to both, direct and
the parton of the nucleon and the sum runs over all possibleresolved interactions. 1f24] particle production in photon-
parton configurationsi(k,l). For the calculation we use nucleus interactions based on thieoJeETmodel for the de-
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Scription of phOtOﬂ-nUCleon interactions is studied. There, Wq’hegi are the coordinates of the nucleons with regard to the
argue that a model which should give a reasonable descrigenter of mass of the nucleus in the plane of impact param-
tion of photoproduction off nuclei has to be able to describegster. The scattering amplitude is averaged over the initial and
the main features of photon-proton interactions as wellfing| state wave functiong', and / of the nucleus. For the

Since it was found by the H1 Collaboratids] that the  gahucleon scattering amplitude we assume the parametriza-
PHOJETevent generator provides a reasonable description gjgp,

vp photoproduction at 200 GeV c.m. energy using a trans-

verse momentum cutoff of 3 GeMe use this value con- oun(s,02M2)

sistently for the calculation of cross sections and of particle r(s,QZ,MZ,S):VN’—Z’Z

production in photon-proton and in photon-nucleus interac- 4mB(s,Q%, M%)

tions. It should be emphasized that using a much lower trans- Ref(0) 52
verse momentum cutoff, the strong parton virtuality ordering (1—i )e p( ) _
assumed in the parton model expressi8nbecomes ques- Imf(0) 2B(s,Q%,M?)

tionable since very smakl-values would enter this equation (13
[48]. The formalism presented here is only applicable for

H 2 2 2 : N
photons with lowQ*, i.e.,Q°<4p7 . In Fig. 1 the calculated  The effectiveqg-nucleon cross sectiomy is obtained as

cross sections for direct and anomalous photon interactiongiscussed in Sec. [Eq. (3)]. We adopt the parametrization
on a proton target are shown. In addition we plot the resultgs e slopeB from [50]

from a calculation using the SaS-2D PDFs for the photon
[47]. The differences between the results obtained with the
two PDF parametrizations are small and do not change the B(s,Q%,M?)=2
qualitative conclusions drawn from this investigation.
)Ge\FZ, a;=0.25GeV 2%, (14

Bz+a'|n —S
0 r M2+Q2
m2

IV. PHOTON-NUCLEUS INTERACTIONS o4

Bg= Tyl
A. Cross sections M*+Q
The application of Eq(1) to the scattering of a virtual  gnq assume for the ratio R@)/Imf(0) a constant value of

photon on a nuclear target of mass numleis straightfor- g 1 Neglecting correlations between nucleons one may write
ward (see[14] and references therginn order to calculate

the total virtual photon-nucleus cross sectiop, oyy has A

to be replaced by the effective cross sectiop, for the WA |2=H pA(g_ z), pa()=
: 1=
=1

interaction of agq system of mas$! with a nucleus with 1+exd (|r|-Ra)/c] 49
mass numbeA:
2 M2 |2 v_vhere_pA is the one-patrticle Woodsl—gaxon density distribu-
0 on(8,:Q%) = drraten j LAM2D(M?) WS tion with c=0.545 fm ancR,=1.12A1 fm [51]. Therefore,
Mg for the total, inelastic, and elastapg-nucleus cross sections
9 o ol andod, we obtain
X 1+6W) ava(s,Q%M?). (10

o (5,Q%,M?)=2Re| d?bF(s,Q?M?,b)
oyp IS obtained as follows: For coherence lengihsf the

hadronic fluctuation A
=2Re“d2bf IT d®jpa(r))
2v j=1

X

A

1-11 [1—F(s,Q2.M2,Bi>])}. (16)
exceeding the average distance between two nucleons the =1
qq system may interact coherently with several nucleons of
the target nucleus. This multiple scattering process can beinel A 5 .
described using the MC realization of the Glauber-Gribovova(s,Q%,M )Zf d*b(1-[1—-F(s,Q%M?b)[%)
approximation by Shmakowet al. [49], here, extended to
photon projectiles. The high energy small-angle scattering ) A . .
amplitudeF for the interaction of &g system with a nucleus :f d°b Hl d°ripa(ry)
at impact parametds can be written in terms of the impact l
parameter amplitud€ for the interaction of theyq system
with individual nucleong49] X

A

I] [1-T(s,Q%M2,5)]

=1

1—

|

12 OYA(8. Q2 MY =0VN(s,Q2 M) —oVi(s,Q2M?). (19

b ] 50110k, Bi=b—$ (17)
FB)=(uhl1-]1 [1-T(B)]|v. Bi=b-s.
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a
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. . A r 7
FIG. 4. The dependence of the total cross sections for interac- e L

tions of real photons with carbon, copper, and lead on the photon 0.6 - -
energy(full lines) is compared to measuremeli3—-56. The in-

fluence of the coherence length is indicated by dotted lines where ) ]
we show the cross sections as they would be obtained disregarding 04 . e C
the finite coherence length of the photon. 1 10 100

(b) v (GeV)
The integrations over théj’s are performed by taking the 1 S N —
average of the integrand in Eq46), (17) over a sufficiently Arakelyan et al. b
large number of nucleon coordinates sets sampled from the 0.9 ﬁ %{ kes etal
density distributiorp, . 0s L { model re—i _

At low energies the coherence lengthmay lead to a "-..

suppression of shadowing which we take into account in the ﬂf—; 0.7 - { e . -
calculation of the product over th& nucleons for a fixed { "-"I.o..o....
spatial nucleon configuratiofEgs. (16), (17)]. In the non- 08 "
shadowing limit, i.e., ifd is smaller than any internucleon 05 -
distance, we obtain a sum ovdf(b;) and, therefore, 04 ) , ,
oya~Aoyy. T 10 100

(C) v (GeV)

- ———T
GVDM+pointl. —
GVDM - -

FIG. 6. Per-nucleon ratios of real photon-carb@h -copper
(b), and -leadc) cross sections to photon-nucleon cross sections are
shown together with measuremepi8—54.

As discussed initially, in direct photon interactions the
Glauber multiple scattering process is, per definition, com-
pletely suppressed since the photon couples directly to a par-
ton in a nucleon without leaving any remnant. In contrast,
the assumption that also in anomalous photon interactions
the Glauber cascade is reduced to gmenucleon scattering
can only be considered as an extreme case. In general, there
is a leading-twist soft contribution to hard processes which,
. , , as discussed ifb2], might influence the shadowing behavior
10 00 cev) 1000 even for large vall_Jes ormz._ quevgr, our assumption to

neglect all shadowing contributions in direct and anomalous
interactions is justified since we are interested in estimating
off carbon-, copper-, and lead-nuclgfs is the photon-nucleon c.m. the maximum possiblg effect'of the poi'ntlike interac;tions on
energy. The pure GVDM prediction is shown by the dotted lines. the shadowing behavior at high energies. It is obvious how
The cross sections taking the suppression of shadowing by pomthkgqe pointlike processes have to be taken into account in Eq.
photon-nucleon interactions into consideration are given by solid13): ovn has to be replaced by (1¢)oyy andA- o’ ,N is
lines. added explicitly to Eq(10), with

Oya
(mb)

FIG. 5. Extrapolation of total cross sections for photoproduction
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FIG. 7. As in Fig. 5 but for the shadowing ratios. Aopn 09T } i 3 ¢ = " 7
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|
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S, = ot 20 ! e
0.5 SR s
o\ (5.Q%) 0.0001 0.001 0.01 0.1
z
PR =0T (5o (500, a9 )
,ny y ’y*N ] y*N 3 . L3
In Fig. 4 we compare our results en,, in the photopro- 12f E665-C;113‘;i s
duction limit (Q?=0) for carbon, copper, and lead targets 11k i
(solid lineg to data[53-56. The agreement is reasonable L i |
apart from the low energy region where our results for the ,..,, .
carbon target seem to show less shadowing than measuredde~~ %° [ % % ]
However, forv~2-3 GeV the lower energy limit of the 08 % 7
applicability of the model is reached. In addition, we indicate 0.7 " ,} % % % .
with dotted lines the cross sections which would be obtained 0.6 - % 4
if one neglects the limited coherence length at low energies. s L. L
Whereas this effect is less significant for light targets, it is 0.0001 0.001 0.01 0.1
responsible for the increase of the cross sections towards (c) ®

lower energies observed in interactions of real photons with
copper and lead nuclei.

An extrapolation in energy of the real photon-nucleus g g The dependence of the per-nucleon ratios of photon-
cross_secnon is presented in Fig. 5, again, for t.he_thrge targehrbon (a), -calcium (b), and -lead(c) cross sections to photon-
nuclei carbon, copper, and lead. Here, the pointlike interachycleon cross sections on the Bjorkefis compared to data of the
tions lead to a stronger increase of the cross sections abovezges-[57] and NMC-Collaboration§58,59.
photon-nucleon c.m. energy of 100 Gésblid lineg than it

would be obtained neglecting the suppression of thephotons are extrapolated in energy up to a photon-nucleon
Glauber-cascade by pointlike procestastted lines. c.m. energy of 2 TeV. In order to study the influence of

pointlike processes to the high energy shadowing behavior
we plot the full model(solid lines and the cross sections
The ratio of the total photon-nucleus to the total photon-obtained if the pointlike processes are not taken into consid-
nucleon cross section, which gives the effective number oération (dotted line$. From this comparison we conclude
nucleonsA.; “seen” by the photon projectile, has been that pointlike processes are responsible for a decrease of the
measured in photoproduction experiments using carbon, coptuclear shadowing with increasing energy.
per, and lead targef§3—-56. We compare these data in the  Let us now turn to lepton-nucleus interactions where the
form Ag/A, frequently called “effective attenuation,” to shadowing region X<0.1) has been investigated by the
results of our calculations in Fig.(&-6(c). The agreement E665 Collaboration using 470 Ged/muons and by the New
is reasonable. However, there are considerable uncertaintidduon Collaboration(NMC) using 200 GeV muons. Within
within the measurements as well as differences between thmur calculations the flug of virtual photons is sampled ac-
results obtained in different experiments which make it dif-cording to the equivalent photon approximatigikPA)
ficult to draw further conclusions from this comparison. folded with theQ? dependent cross sectian,«, [Eq. (10),
In Fig. 7 the shadowing ratios ,«p/(Ao,+\) for real  see alsd32] for detaild

B. Nuclear shadowing of photons
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T
(2) g | |
1 e ————r —— E— 0.0001 0.001 0.01 0.1
0.8 - E665-Collab. te— - i
B Ca model to— | .
0.6 FIG. 10. TheA dependence of the per-nucleon cross section
0.4 7 ratios RAcA®~? for different bins of the Bjorken is shown to-
. o.j e ede o « ol W J e e ] gether with E665 datgs7].
T ¥ =
_gz : j % % i P % : In order to study thé)? dependence of the cross section
bl ] ratios at fixed values of we parametrize them as
—0.8 - —
-1 caal 1 1 O A
0.0001 0.001 0.01 0.1 RA:AO_V N a+blog;o(Q%GeV?). (21)
x Y
(b)
1 In Fig. 9 we plot the slopéd as function ofx, again for
08 Ph E665-Collab. He— carbon, calcium, and lead targets, together with E665 mea-
0.6 model re— | surementg57]. Our results are consistent with the experi-
0.4 - { . mental observations, i.e., with a we@¥ dependence of the
02F o ofe o7 e %.; ,} e o oo ] shadowing effect within thg consideredrange. _

b 0 I T ¥ The strength of shadowing may also be studied by param-
-0z F ] etrizing the per-nucleon cross section ratios8y<A%~ 1. In
—04F 7 Fig. 10 we compare results of our calculations on the values
Bl iy of a to E665 datd57]. Even though our values are system-
'°‘f L L ‘ ‘ ] atically above the data, they are still compatible with them.

T 00001 0.001 0.01 0.4 Extrapolating the shadowing ratios to high energies at
(©) z fixed large values 0Q? (x—0) Kopeliovich and Povh pre-

dicted within their model that shadowing vanisié§]. As
shown in Fig. 11 for carbofa) and lead targetgb), within
FIG. 9. The slopes of the logarithmi@? dependence of the OUr mode_l we predict the same qualitative featurgs since the
shadowing ratio R® are compared to results of the E665 soft Cpntrll?utlons are morg s.trongly S!Jpp_ressed W'th_the pho-
Collaboration[57]. ton virtuality than the pointlike contributions. Applying an
energy-independent cutoff to calculate the pointlike photon
interactions, one would get also a decrease of shadowing in
_ 2 2 2 the photoproduction limit at very high energies. However, it
G'A_f dyf dQ70(Y: Q)7 a(s,.Q7), 20 is expected that the transverse momentum cutoff should in-
crease with energy in order to guarantee that the calculation
. ) ] is restricted to a kinematic region where lowest-order pertur-
with y being the lepton energy fraction taken by the photonpative QCD estimates are reliable. Several parametrizations
The kinematic cuts as they were applied to the measured dag the energy dependence of the cutoff have been suggested
are taken into account. In Fig.(8-8(c) we compare the jn [61,62. These parametrizations predict a only slowly
model predictions concerning thedependence of the cross yarying cutoff up to c.m. energies of about 2 TeV. Therefore,
section ratios to E66§57] and NMC datg58,59. Our re- e assume that the qualitative results reported here do not
sults are binned in the same way as the E665 data, showinthange applying an energy-dependent cutoff. This has been

that our photon-flux approximation gives averagealues in  confirmed numerically for the parametrization discussed in
each bin which correspond to the measured ones. The avei?],

ageQ? values range from 0.15 GéMn the lowestx bin up

to 7.9 Ge\? in the highest bin. The calculations for the three
target nuclei carbon, calcium, and lead are in reasonable
agreement with the E665 data but overestimate the NMC A further test of theQ? behavior of our model can be
data slightly. performed by studying quasielastic vector meson production.

C. Quasielastic vector meson production
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FIG. 11. Bjorkenx-dependence of the per-nucleon ratios of a“’*(';;)"“ 10} L4 .
photon-carbon(@) and photon-leadb) cross sections to photon- ¥ % E
nucleon cross sections shown f@?=0.1, 0.5, 1.0, and 5.0 L C ]
GeV? (from the bottom to the top ] a .
For example, the cross section for fleeherenk quasielastic o1 = ‘1’0
p° production off a nucleus with mass numiedepends on © Q? (GeV?)
Q? like
m2 2 Qz FIG. 12. Dependence of the quasielagtftproduction cross
O-y*A—»pOA(S!QZ)N _ﬁ 1+ '5—2> aelgA(s,Qz). sections on the photon virtuality for photon-deuteri(ay -carbon
mp+ Q m p (b), and -calcium(c) interactions. The model results are normalized

(22 to the data of the NMC Collaboratidi3].

whereoi'oA is obtained according to E418). In Fig. 12 we target nucle[63], we conclude that our results show a some-
show our results together with data of the NMC Collabora-what strongeiQ? dependence than the NMC data. This de-
tion [63]. In eachQ? bin, the average photon energy and theviation might be caused by the fact that we do not explicitly
average value ot were used as given if63]. In order to  treat thep, w, and¢ vector mesons but instead include them
compare the shape, our results were normalized to the dat#to the mass continuum E@l). Considering the low-mass

Parametrizingg:j'0 A as vector mesons separately in Ed) we would expect a better
agreement between the quasielagtiproduction data and

2\ B the model. However, in this case new parameters would be

i'oA(Qz) o(,(ag) (23 introduced into the model which are not needed for the in-

vestigation of the influence of pointlike effects on shadow-
] ing. Furthermore, we note that the values of the kinematic
we get from a fit to our results values f@rof 2.6 for deu-  ariapless and Q2 of the experiment partially exceed the

terium, 2.5 for carbon, and 2.4 for calcium. Since our results"mit Q2<s where our simple approach can be expected to
slightly deviate from a power-law behavior i@? we esti- be reliable.

mate the uncertainties for th@ values by excluding either
the cross sections at the two lowest or high@étfrom the

fit. For the threeB values we obtain an uncertainty of
+0.2. Comparing it to the experimental value of Cross sections for photon-nucleus interactions are calcu-
B=2.02+0.07 from a combined fit to the data for the threelated based on the assumption that the photon may interact

V. SUMMARY AND CONCLUSIONS
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directly or as a “resolved’qq state. We apply the general- pressed shadowing in interactions with heavy target nuclei at

ized vector dominance model together with Glauber-Gribovhigh energies.

theory taking coherence length effects into account. Total In [24] this study is extended to particle production in

photon-nucleon cross sections are calculated within théhteractions of weakly virtual photons off nuclei. There, the

CKMT model. description of particle production is based on the above dis-
We assume that direct and anomalous photon interactiorfdssed cross sections and shadowing behavior combined

are pointlike, i.e., the photon interacts with only one targetVith the ideas of the two-component dual parton model de-

nucleon. The cross sections corresponding to the pointlik€C"Ping photon-nucleon interactions.

processes are estimated within lowest order perturbative

QCD. The suppression of the Glauber cascade due to these ACKNOWLEDGMENTS
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