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So far no theoretical tool for the comprehensive description of exclusive electroproduction of vector mesons
off nuclei at medium energies has been developed. We suggest a light-cone QCD formalism that is valid at any
energy and incorporates formation effe@slor transparengythe coherence length, and the gluon shadowing.

At medium energies, color transparen@T) and the onset of coherence leng@L) effects are not easily
separated. Indeed, although nuclear transparency measured by the HERMES experiment ri€s ivith
agrees with predictions of the vector-dominance md#&M ) without any CT effects. Our new results and
observations are as follow§) The good agreement with the VDM found earlier is accidental and related to the
specific correlation betwee®? and CL for HERMES kinematicsji) CT effects are much larger than have

been estimated earlier within the two-channel approximation. They are even stronger at low energies than at
high energies and can be easily identified by HERMES or at Jli@pgluon shadowing, which is important

at high energies, is calculated and includéd) our parameter-free calculations explain well available data for
variation of nuclear transparency with virtuality and energy of the photon;(\@npredictions for electropro-
duction ofp and ¢ are provided for future measurements at HERMES and JLab.
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I. INTRODUCTION: INTERPLAY OF ABSORPTION tation of these data is known. The source of the problem in
AND SHADOWING these reactions seems to be the strict kinematic correlation

between energy and momentum transfer.

At the same time measurements performed for other reac-

The nuclear medium is more transparent for colorlessjons that do not expose such a correlation were more suc-
hadronic wave packets than predicted by the Glauber modegessful. In particular, the first strong effect of CT was de-
One can treat this phenomenon either in the hadronic basis &cted [10] in the reaction of quasifree charge exchange
a result of Gribov's inelastic correctiofs], or in QCD as a  scattering of 40 GeV pionsy~ A— 7°X suggested ifill].
result of color screening2,3], an effect called color The experiment E665 at Fermildi2] confirmed the pre-
transparency (CT). Although the two approaches are gicted[13] rise of nuclear transparency wi? in the reac-
complementary, the latter interpretation is more intuitive andjon of exclusive(coherent and incoherenproduction ofp
straightforward. Indeed, a pointlike colorless object cannoty,esons by muonsA(u,x’ p)A*. The recent experiment at
inte_ract with extg:rnal color fields,_ therefore, its cross S‘?Cﬁorl:ermilab, E79114] suggested in Ref§15,16 also revealed
vanisheso(r)ocr® atr—0 [2]. This fact naturally explains  ong signal of CT in the process of diffractive coherent

. . a
:Egircgirzrgls?ggg] b\?\m:r?g tc;hoelo::lreossssvi:\/cctalor:clfgt h?gr%nztzggroduction of dijets off nuclei. Although the E665 experi-
' P Propagatesont was successful, the statistical significance of the ob-

through a nucleus, the fluctuations with a small size have . ved sianal of CT seems to be rather low. This is why new
enhanced survival probability which leads to a nonexponen- 9 . . ; y
tial attenuation=1/L [2], where L is the path length in measurements of diffractive electroproduction of vector me-

nuclear matter sons off nuclei are in progress or planned at HERMES and

Some of experiments aimed at observation of a manifes3-@p- This is the main goal of the present paper to develop a
tation of CT failed to detect the expected signal. In particularPrOPer description for this process, valid in the energy range

nuclear transparency in quasielastic electron scatterindf thﬁse experiments. ¢ diffractive el duction of
A(e.e'p)A* measured in Refl8] up t0 Q?=7 GeV was The cross section of diffractive electroproduction of vec-

found compatible with Glauber model. Although a deviation©’ mesons is affected by shadowing and absorption, which

from the Glauber model predictions for quasielastic protonare Q|fferent phenomena. Fmal-staﬁte absorp'_uon n nucl_ear
scattering A(p,2p)A*, was detected in Ref9], the effect medium of the produced meson exists even in the classical

disappears at higher energies, and no unambiguous inter rgr_ob_abilistic app_roach that relates nuclear suppression to the
PP g g g P survival probabilityW(z,b) of the vector meson produced at

the point with longitudinal coordinatez and impact

A. Color transparency

while much has been written on color transparency much of thifarameteb,
is contradictory and some authors are even self-contradictory. One .
can find a detailed comprehensive review on color transparency in W(z,b)= exp{ _ O'i\{me dz' pa(b,z’)
Ref.[4]. The recent experimental results are cited below. z
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wherepa(b,z) is the nuclear density andi\g’\‘ is the inelastic one can estimate in the quark representation. The two ap-
VN cross section. proaches are complementary, they rely on different approxi-

Going beyond the vector-dominance mo@éDM), one  mations and their comparison may provide a scale for the
realizes that the diffractive process initiating the productiontheoretical uncertainty involved.

of the vector meson on a bound nucleon+§N—qqg N
(with possible glug[17]. A photon of high virtualityQ? is _
expected to produce a pair with a smalll/Q? transverse B. Effects of coherence: Shadowing of quarks and gluons

Separatioﬁ. The basic idea of CT is that such Smal size Another phenomenon, shadowing, is also known to cause
should lead to a vanishing absorption when the colodgss nuclear suppression. In contrast to final-state absorption, it is
wave packet propagates through the nucleus. However, thg pure quantum-mechanical effect, which results from de-
pair may evolve in size during the time of propagation due tostructive interference of the amplitudes for which the inter-

transverse motion of the quarks. Besides, the medium filtergction takes place on different bound nucleons. It can be
out large size configurations, which have larger absorptiofterpreted as a competition between the different nucleons
cross sectiori,an effect known as color filtering. Eventually, participating in the reaction: since the total probability can-

the resulting distribution amplitude of thgg wave packet not exceed one, each participating nucleon diminishes the
must be projected onto the wave function of Meneson.  chances of others to contribute to the process.

The time scale characterizing the evolution of the The cross section of photoproduction is very small, since
wave packet can be estimated based on the uncertainty priit-includes the fine-structure constant. Applying the Glauber
ciple [17]. One cannot decide whether the ground stais  formula one should expect no visible shadowing. However,
produced or the next-excited stat€, unless the process this is true only at low energies. It has been realized back in
lasts longer than the inverse mass difference. In the reshe 1960gsee the review20]) that the photon interacts via
frame of the nucleus, this formation time is Lorentz dilated jts hadronic fluctuations. Therefore, if a fluctuation can

propagate over a distance comparable or longer than the
t= 2v @) nuclear radius, it may interact with a large hadronic cross
f m\'/Z_m\Z/’ section that causes shadowing. The small probability to cre-
ate such a fluctuation enters only once, otherwise the fluc-
wherev is the photon energy. tuation interacts strongly. Thus, the fluctuation lifetime pro-

A rigorous quantum-mechanical description of the pairvides the time scale that controls shadowing. Again, it can be
evolution was suggested [i8] and is based on the light- estimated relying on the uncertainty principle and Lorentz
cone Green-function technique. This approach is presentaime dilation as
below in Sec. Il.

A complementary description of the same process in the 2v
hadronic basis looks quite differefrit9]. The incident photon tc:m-
may produce different states on a bound nucleonMimee- v
son ground state or an excited state. Those states propagate
through the nucleus experiencing multiple-diagonal and off- i i
diagonal diffractive interactions, and eventually the ground? iS usually called coherence time, but we will also use the
state is detected. According to quark-hadron duality, we ext€rm coherence lengttCL), since light-cone kinematics is
pect these two descriptions to be equivalent. In practiceassumedl =t [similarly, for formation length(FL) I1=t].
however, neither of them can be calculated exactly, andL is related to the longitudinal momentum transfgy
therefore each has advantages and shortcomings. For ex-1/c in ¥*N—VN, which controls the interference of the
ample, electroproduction of light-vector mesons on aProduction amplitudes from different nucleons.
nucleon cannot be calculated perturbatively without reserva- Initial-state shadowing indeed has been observed in many
tionsy while in the hadronic basis one can make use of ex[eaCtionS where no final-state absorption is expectEd, for ex-
perimental data that include all nonperturbative effects. O®mple, in the total photoabsorption cross section on nuclei
the other hand, for excited meson states, no data are availadigee[20]), the inclusive deep-inelastic cross sectj@d,12,

for the diagonal and off-diagonal diffractive amplitudes thatthe total neutrinonucleus cross secti@®], the Drell-Yan
reaction of dilepton productiof23,24], etc. In the case of

electroproduction of vector mesons off nuclei, shadowing

2In fact, the situation is somewhat more complicated. For very@Nd absorption happen with the same cross section, which
asymmetric pairs when either tigor g carry almost the whole makes it difficult to disentangle the two sources of nuclear

photon momentum, the pair can have a large separation, see s&tPpression. Ngvertheless, Itis easy t.o identify the difference
Il B. in the two limiting case$18] that we illustrate for the ex-

$Absorption does not mean disappearance or stopping of th@Mple of the VDM. The first case is the limit of smay,
quarks. High-energy partons usually lose only a very steaergy ~ shorter than the mean internucleon spacing fm. In this
independentfraction of their energy, primarily via soft QCD pro- case only final-state absorption matters. The ratio of the
cesses. Absorption means color-exchange interaction, whicquasielastiqor incoherent y* A—VX and y*N— VX cross
switches from the exclusive channel to an inclusive process. sections, usually called nuclear transparency, reads

()

035201-2



COLOR TRANSPARENCY VERSUS QUANTUM COHERENE. . . PHYSICAL REVIEW C 65 035201

_ oA quite heavy compared to the simplésty) fluctuation, there-
Tral <r,= * fore, they have a shorter lifetimg29] and need a higher
c=RA Aol N
o energy to be relevant.

:H deJ dzpa(b,2) .
—o C. Outline of the paper
In Sec. Il we present the light-cong.C) approach to
diffractive electroproduction of vector mesons in the rest
frame of the nucleon target. The central issue of this ap-
proach, the universal interaction cross section for a colorless

xexr{ —a%NJ dz' pa(b,z')
z

1
VNI dzb{l—exp:—ai\ﬁ]’\'T(b)]} guark-antiquark dipole and a nucleon, is presented in Sec.
in Il A. It cannot be reliably evaluated theoretically and is fitted
VA to the data for the proton structure function in a wide range
(o

_ Oin @ of xg; and Q2.
A gUN’ The LC wave function for a quark-antiquark fluctuation of

" the virtual photon is presented in Sec. Il B for both, free and

In the limit of long ., it takes a different form, interactingqq pairs. In the latter case, we apply the LC
Green-function approach and introduce into the two-

dimensional Schidinger equation a nonperturbative real LC
Tri/§‘°||c>RA= f d?bTa(b)exd — o} Ta(b)], (5)  potential describing theq interaction. The model for the LC
wave of a vector meson is described in Sec. Il C.

As a rigorous test of the model, we calculate in Sec. Il D
where we assumery|'<o,' for the sake of simplicity. the cross section of elastic electroproductionpofnd ¢
Ta(b) is the nuclear thickness function mesons off a nucleon target. These parameter-free calcula-

tions reproduce both the energy a@d dependence remark-
o ably well, including the absolute normalization. Since we use
Ta(b)= J dzpa(b,z). (6)  the nonperturbative LC photon wave function, it is legitimate
- to do calculations down t@%=0. Agreement with data for
real photoproduction op and ¢ is also good.

The exact expression beyond VDM, which interpolates be- Section Il is devoted to incoherent production of vector
tween the two regime&}) and(5), can be found if25]. mesons off nuclei. In Sec. Il A the Green function describ-
One can see that thé meson attenuates along the whole jng propagation of @q in the nuclear medium is modified to
nucleus thickness in Ed5), but only along roughly half of  jncorporate absorption. This is done by introducing an imagi-

that length in Eq.(4). This confirms our conjecture that npary part of the potential into the two-dimensional LC Sehro
nuclear shadowing also contributes to Es).increasing sup-  dginger equation for the Green function. Different limiting
pression. This may be also interpreted as an analog of theyses of short and long coherence and formation lengths are
quark nuclear shad_owing measured i_n deep inelastic scattefpnsidered. The central result of the paper is @) for the
ing (DIS) off nuclei, but the absorption effects make this ¢ross section of incoherent vector meson production in the
analogy rather shaky. _ most general case. Numerical calculations and comparison
Gluon shadowing also suppresses electroproductiovt of yth available data are presented in Sec. Ill B. Nuclear trans-
mesons. Different(but equivalent descriptions of gluon  parency turns out to be a result of a complicated interplay
shadowing are known. In the infinite momentum frame ofpetween coherence and formation length effects. Although
the nucleus it looks similar to fusion of gluons, which over- 5 iation ofl, with Q2 can mimic CT at medium and low
lap in longitudinal direction at sma¥, leading to a reduction energies, one can map experimental event®inand » in
of gluon density. In the rest frame of the nucleus the samg ,ch 4 way as to keep=const. Unexpectedly, the exact

phenomenon looks as a specific part of Gribov's inelastiGo|ytion found in the present work is very different from the
correctiong 1]. The lowest-order inelastic correction related two-coupled-channel approximation f£9] and predicts a

to diffractive dissociatioVN— XN [26] contains PPR and - mch more pronounced effect of CT. This makes it feasible
PPP contributiongin terms of the triple-Regge phenomenol- t4 fing a clear signal of CT effects in exclusive production of
ogy, se€27]). The former is related to the quark shadowing , mesons in the current and planned experiments at
already discussed above, while the latter, the triple-PomeropnerMES and JLab.
term, corresponds to gluon shadowing. Indeed, only diffrac-  coherent production of vector mesons off nuclei leaving
tive gluon radiation can provide theMy dependence the nycleus intact is studied in Sec. IV. The formalism de-
dogqe/dMy>1/M5 of the diffractive dissociation cross sec- scribed in Sec. IV A is simpler than in the case of incoherent
tion. _ production. The detailed calculations and the comparison
In terms of the light-cone QCD approach, the same proyith data are presented in Sec. IV B. The effect of CT on the
cess is related to the inclusion of higher Fock componentspy? dependence of nuclear transparency |atconst is
|ag nG), containing gluon$28]. Such fluctuations might be weaker than in the case of incoherent production and is dif-
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ficult to be detected at low energies since the cross section is (j) The dipole cross sectioagq(F,s), which depends on
small. Our results for the differential cross section of coher-t
ent production ofp demonstrate also a weak sensitivity to
the CT effects.

heaq transverse separaticrfrand the c.m. energy squarsd
(i) The LC wave function of the phOtOﬂ’y*(F,a,Qz),
Besides CL, there are other effects considered in Sec. Which also depends on the photon virtual@§ and the rela-

that can mimic the phenomenon of CT. First, the standardVe Sharea of the photon momentum carried by the quark.
lowest-order inelastic corrections, well fixed by available (i) The LC wave functionV’\(r,«) of the vector meson.
data, are known to make the nuclear medium more transpaf-ney are presented in the following sections.

ent at higher energies. Sineeis a rising function ofQ? at Note that in the LC formalism the photon and meson
fixed |, nuclear transparency increases wWgh These cor- wave functions contain also higher Fock stdtgs), |qqG),

rections are estimated in Sec. V A and the effect is found t(?aq26>, etc. Should one add their contribution to E&\? A
be too weak to mock CT. Another source of risi@j de-  word of caution is in order. The energy dependence of the
pendence of the nuclear transparency is the fipiliéetime,  total cross section including the dipole one, as is given in Eq.
which might be important at low energies. This effect evalu-(7), originates from inelastic collisions with gluon brems-
ated in Sec. V B is also found to be negligibly small. strahlung, a process related to the forward elastic amplitude
Exclusive production of vector mesons at high energies isja unitarity. Those inelastic collisions also can be described
controlled by the smalbkg; physics, and gluon shadowing in terms of the Fock components containing gluons. Thus,
becomes an important phenomenon. It affects the cross segne would double count if both the energy-dependent dipole
tion of incoherent vector meson production in a twofold way.cross section and the higher Fock states were included. Ei-
While the production o¥ on a bound nucleon is suppressed, ther one should rely upon the Fock state decomposition treat-
the nuclear medium becomes more transparent enhancing tiy interaction of each of them as energy independent, or one

survival probability ofqq wave packets traveling through the should restrict ones consideration to the lowesf) compo-
nucleus. At the same time, the cross section of coherent prgrent, but implicitly incorporate the effects of higher Fock
duction can be only diminished. In Sec. VI gluon shadowingstates into the energy dependence of the dipole cross section
is calculated and included in the calculations for nuclear(,aq_ We stand with the latter approach in the present paper.
transparency. However, as for nuclear targets, one must explicitly in-
The results of the paper are summarized and discussed #lude into ones consideration the higher Fock states because

Sec. VII. An optimistic prognosis for the CT discovery po- their eikonalization leads to gluon shadowing. We come back
tential of future experiments at HERMES and JLab is madeto this problem in Sec. VI.

Il. LIGHT-CONE DIPOLE PHENOMENOLOGY ) ) )
FOR ELASTIC PHOTOPRODUCTION A. Phenomenological dipole cross section

OF VECTOR MESONS y*N—VN The cross sectiomrg,(r,s) for the interaction of agq

In the light-cone dipole approach, the amplitude of a dif-dipole of transverse separationwith a nucleon, first intro-
fractive process is treated as elastic scattering qf dluc- duczed in Ref[2], is a flavor-independent universal function
tuation of the incident particle. The elastic amplitude givenof r and energy. It allows to describe in a uniform way vari-
by convolution of the universal flavor-independent dipoleous high energy processes. This cross section still cannot be
cross section for theq interaction with a nucleonrg,, ~ Predicted reliably due to poorly known higher order pQCD
which is introduced inf2], and the initial- and final-wave Corrections and nonperturbative effects. However, it is
functions. Thus, the forward-production amplitude for theknown to vanish quadraticallyq,(r,s)<r? asr—0 due to
exclusive photoproduction or electroproduction of vectorcolor screening, a property usually called color transparency.

mesonsy* N— VN can be represented in the fofih8,13 On the other hand, one may expect the dipole cross section
to level off at large separations. This may happen if the quark

2y N~ % density in the proton already saturates in thg range of
Myen-un(s.Q%) <V|UEq(Pv5)|7 ) HERA[30,31]. Whether this was already observed at HERA
1 . . in the smallxg; domain is difficult to say. One can fit the
= JO daJ dzr\Pi‘,(r,a)crgq(r,s) data perfectly either assuming saturati@i], or with the

pure Dokshitzer-Gribov-Lipatov-Altarelli-ParisiDGLAP)

@ evolution. One can interpret the leveling off of the dipole
cross section not only in terms of saturated parton density
(these two areotidentica). Another scenario relates the flat
behavior ofo,(r,s) at larger to the averaged gluon propa-
gation lengthry. For r2>r(2) one arrives in this case at the

XV (r,a,Q?)

with the normalization

2
d_U =|M| ) (8) additive quark model: the dipole cross section is a sum of
dt —o 167 quark-quark cross sections, i.e., tig,(r) levels off at large
separations.
In order to calculate the photoproduction amplitude, one At small separations the dipole cross section should be a
needs to know the following ingredients of EQ). function ofr andej~1/(rzs) to reproduce Bjorken scaling.
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A corresponding simple and popular parametrization has T 9
been suggested ifB1]. It well describes data for DIS at qu(r’s):(l_IEM) Tgq(r,S). (13
small x and medium and higl)?. However, at smalQ? it

cannot be correct since it predicts energy-independent had,e energy dependence of the dipole cross sectiofgEds
ronic cross sections. Besidess; is no more a proper vari- rather steep at smai) leading to a large real part that should
able at smalQ* and should be replaced by energy. Since Wenot be neglected. For instance, the photoproduction ampli-
want our approach to be valid down to the limit of real pho-t,de of yN—J/¥N rises «s®2 and the real-to-imaginary
toproduction, we choose the parametrization suggested igart ratio is over 30%. At medium energies also the Reggeon
[32] which is similar to one iff31], but contains an explicit contribution to electroproduction of light mesons contributes

dependence on energy to the real part of the elastic amplitude. The replacement Eq.
B 22 (13) takes care of it as well, and we use this form everywhere
ogq(r,s)=oo(s)[1—e " o], (9 in what follows, unless specified otherwise.

Note that the improvement compared to R&fl] at large
parations leads to a worse description of the short-distance
part of the dipole cross section, which is responsible for the
behavior of the proton structure function at lar@g. To
1+ > b (10) satisfy Bjorken scaling, the dipole cross section at small
8 <r§h> ’ must be a function of the produst, which is not the case
for the parametrization in E¢9). Indeed, the form of Eq9)
g 014 successfully describes data for DIS at smalbnly up to
fo(S)=0-8f{s—) fm (1)  Q?%~10 Ge\? and does a poor job at larger values@f.
0 Nevertheless, this interval @? is sufficient for the purpose
of the present paper, which is focused on production of light
vector mesons at small and moder@e<10 Ge\~.

It correctly reproduces the hadronic cross sections for thge
choice

3r5(s)

oo(S)=o(h(S)

Here (r2)=0.44 fnf is the mean pion charge radius
squareds,=1000 Ge\f. The cross sectiong(s) was fit-

ted to data i 33,34 _
B. The qq wave function of the photon

0.079 —0.45
+0.034_) mb. (12 The_perturbative distribution amplitudgvave function

So of theqg Fock component of the photon is well knoWsi7—

.39], and for transversel¢T) and longitudinally(L) polarized
It represents the Pomeron and Reggeon parts corres;pondqu;‘Otons it has the form

to exchange of gluons argty, respectively. Only the former

has been used in the dipole cross section @yto fit the TL - VNcaem_, — 1,

data for the proton structure function at smaj}. Unfortu- Waq (@)= ——5——Zqx O "x Koler), (14)
nately, the Reggeon part of the dipole cross section is poorly

known. To the best of our knowledge, no phenomenology ofyhere y and y are the spinors of the quark and antiquark,
it has been_ developed so _far. The energy dependence of trﬂ@spectivelyzq is the quark chargelc= 3 is the number of
Reggeon dipole cross section at sn@fl (or x dependence at colors.Ky(er) is a modified Bessel function with

high Q?) dictated by Regge phenomenology is approxi-

mately e« 1/\/5 (o \/§). Thus, we can expe®? independence e=a(l—a)Q’+ mg , (15)
of the exponent in the second term on the right-hand side
(rhs) of Eq.(12). Ther dependence of this term in the dipole wherem, is the quark mass, and is the fraction of the LC
cross section is less known. In order to reproduce Bjorkemomentum of the photon carried by the quark. The operators
scaling, we must assume that the Regge term vanishes atjT.L rgaqg
—0 in the same way as the Pomeron part of the cross sec-
tion, or(r,s)or2. For the sake of simplicity, we therefore ©T=mq&-é+i(1—2a)(5-ﬁ)(éﬁ,)+(5><é)-V7, (16)
assume the same parametrization as is used for the Pomeron
part, Eg.(9). Then, one can just incorporate the Reggeon AL_ _ - >
term intooy(s) as is done in Eq(12). 0"=2Q a(1=a)(o-n). (7
Incorporating Reggeons into the LC dipole formalism for = e s .
nuclear shadowing, one should be careful with the trea’[merﬁ'ereVr acts on transversci (':oordlnqtee Is the polarization
of multiple interaction terms, which have a nonplanar nature/ector of the photon, and is a unit vector parallel to the
[35]. The Reggeon exchange described by planar grapHhoton momentum.
should not participate in the multiple-scattering expansion of The transversgq separation is controlled by the distribu-
the eikonal exponential. tion amplitude Eq(14) with the mean value
The dipole cross section, Eq$9)—(12), provides the
imaginary part of the elastic amplitude. It is known, how- 1

1
ever, that the energy dependence of the total cross section (r~-= > > (18
generates also a real p&Bo6] € VQa(l—a)+mg

s} S
of(s)=234 =

0
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In pQCD the quarks are treated as free, and one may wonder The imaginary part of the LC potentlmqq(zz,rz,a) in
why they do not fly apart but form a wave packet of finite Eq. (19) is responsible for attenuation of tiug in the me-

size. It is interference ofjq waves produced at different gium, while the real part represents the interaction between

points that keeps the transverse separation finite. To reachtﬁ\eq andq This potential is supposed to provide the correct
large separation, thqq pair must be produced sufficiently | C wave functions of vector mesons. For the sake of sim-

long in advance, longer than the coherence time(8gsuch  plicity we use the oscillator form of the potential
that fluctuations loose coherence. Treating the coherence

time as lifetime of the fluctuation, one can also say that the . a4(a)F22
fluctuation does not have enough time to fly apart. Reng(zz,rz,a)zm, (20
For very asymmetricqq pairs with @ or (1—a)
<m2/Q2 the mean transverse separatign~1/m, be-  which leads to a Gaussiandependence of the LC wave
comes huge since one must use current quark masses wittisnction of the meson ground state. The shape of the func-
PQCD. A popular recipe to fix this problem is to introduce antion a(«) will be discussed in the following section.
effective quark massng¢1~Aqcp, Which should represent In this case, Eq(19) has an analytical solution, the har-

the nonperturbative interaction effects betwegandg. Itis ~ Monic oscillator Green functiopd0]
more consistent, however, and straightforward to introduce

this interaction explicitly. The corresponding phenomenol-  Caa(Z1:M1:22.72)
ogy based on the light-cone Green-function approach has a2(a) ia2(a) -
been developed if32]. =5 sin(wAz)eXp{ sin(wAz)[(r1+ r;)cog w Az)

The Green functionGgyy(z1,r1;25,;) describes the

propagation of an interactingq pair between points with 27,F,]lexd i e"Az 21)
longitudinal coordinateg; andz, and with initial and final 12 2va(l—a)|
separationf1 and Fz. This Green function satisfies the two- _
dimensional Schidinger equation whereAz=2,-2, and
- _ 2@ 22
id_ZZGaq(Zl,rl;Zz,rz) w_va(l—a) ( )
B -4, V(2. 00) The boundary condition iGaq(2.11:22,15)|5,-7,= 8%(r1
12va(l-a) 92 2 —ry).
- - The probability amplitude to find thgq fluctuation of a
X Goy(21.7112; . 72). (19 DY AP %

photon at the poing, with separatiorf is given by an inte-

Here v is the photon energy. The Laplacidy acts on the gral over the poini, where theaq is created by the photon
coordinater. with initial separation zero

1 ZgVaem

aq (T, a)—4 Ea(l-a j dzy(y O™ X)qu(zlvrl!ZZar)h -0- (23

The operator©™! are defined in Eqs(16) and (17). Here ~ Where

they act on the coordinafa_.
If we write the transverse part as

- 2a%(a) )
xO'x=A+B-V,, (24) R @D
then the distribution functions read
R . The functions®, , in Egs.(25) and(26) are defined as
W (Fa)=ZgVae [ ADg(e,r )+ B dy(er,\)],
(25)

1 (= A 2,2
\I’ﬁq(ﬁa)=22q\/aem a(l—a)yo-ny®Po(er,\), Do(e,r,N)= 47J0 dtsinh(M) exp[— 4 cothin) —t,
(26) (29)
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N 2 same form(32) that we use in what follows with the param-
sinm\t)} eters from[45], R=0.59 fm andm,=0.15 GeV.
We assume that the distribution amplitudequf fluctua-

\ €212 tions for the vector meson and for the photon have a similar
Xexp{ -2 Cotﬂht)—t}- (290 structure[45]. Then in analogy to Eqg25) and (26),

. €r (=
(I)l(e,r,)\)=gjo dt

— T, _ SR v T .

Note that theq—q interaction enters Eqs25) and (26) Py(r,a)=(A+B-V)Dy(r,a); (34)
via the parametex defined in Eq(27). In the limit of van- L= —_ . L
ishing interactioln — 0 (i.e., Q%2—, «a is fixed, «#0 or 1) Vy(r,a)=2mya(l—a)(xo-nx)Py(r,a). (39
Egs(ﬁ? and (26) produce the perturbative expressions of Correspondingly, the normalization conditions for the

With .the choicea?(a) = a(1— a) the end-point behavior transverse and longitudinal vector meson wave functions
of the mean square interquark separat{of)=1/a(1— «a) ead
contradicts the idea of confinement. Followifg] we fix )
this problem via a simple modification of the LC potential NCJ d2rJ da{m§|CI>\T,(r,a)|2

2 _ a2 2
a‘(a)=agt4aja(l—a). 30 -
(a)=ap+ dasa(l=a) 39 a2+ (1- a2 @Y} =1, (36)
The parameteray, anda; were adjusted i32] to data on
total photoabsorption cross sectipfil,42), diffractive pho- AN fdzrf da a?(1— a)2m2ldL(r. a)2=1. (3
ton dissociation and shadowing in nuclear photoabsorption c a a*(1= @) | by(r, )| - (37
reaction. The results of our calculations vary within only 1%

whena, anda, satisfy the relation D. Cross section on a nucleon—comparison with data
a3=v11%0.1122 Ge\?, Now we are in the position to calculate the forward-
production amplitudey* N— VN for transverse and longitu-
a2=(1-v)*'%0.165% Ge\?, (31  dinal photons and vector mesons using the nonperturbative

photon wave functions Eq$25) and(26) and for the vector
wherev takes any value €v<1. In view of this insensitiv- meson Eqgs(34) and (35). We verify the LC approach by
ity of the observables, we fix the parameters at1/2. We  comparing with data for nucleon target. This is a rigorous
checked that this choice does not affect our results beyondtgst since we have no free parameters.

few percent uncertainty. The forward scattering amplitude reads
T 2
C. The meson wave function M«/* n—wn(SQ JJr
To describe electroproduction reactions, it is natural to B Ja [ d2r o=
work in the infinite momentum frame of the virtual photon =NcZgVaem| d7 ogq(r,9)

and use the LC variables for t@ pair, the transverse sepa- 1
rationr and the fractionz=p; /py, of the total LC momen- xf da{mido(e,r, N V(T a)
tum carried by the quark. The wave functions of light vector 0
mesons are poorly known both in the rest and infinite mo-

2 _ 214 g RvZ\ s .
mentum frames. A popular prescriptiph3] is to apply the FlaH (1= a) ] Py(er, ) V¥ (1, a)};

Lorentz boost to the rest frame wave function assumed to be (39
Gaussian, which leads to radial parts of transversely and lon-
gitudinally polarized mesons in the form MI;*NHVN(3=Q2)|t=0
TL 7 TL a(l-a)r? = Vaend d?r oy (1
OV r,a)=CTta(1—a)f(a)exg — T =4 NcZgVaenmyQ I ogq(r,s)

(32 1 - -
Xf da az(l—a)2<1>o(e,r,)\)\1’|\‘,(r,a).
with a normalization defined below, and 0
m2R2 (39
_ _ q
f(a)—ex;{ 2a(l-a)| B3 These amplitudes are normalized asM "4|?

B =16mdopy " /dt|;—o. We include the real part of the ampli-
This procedure is ill motivated since tlog are not classical tude according to the prescription described in Sec. Il A. In
particles. As a result of the boost to the infinite momentumwhat follows we calculate the cross sections o'+ € o*
frame, many new Fock components are created. Neverth@ssuming that the photon polarizatioreis 1. It was pointed
less, a detailed analysis of this problddv| leads to the out in [46] that CT effects are stronger for the longitudinal
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FIG. 1. Q% dependence of the cross section for the reactions )
y*p— pp (left) and y* p— ¢p (right). The dashed and solid curves FIG. 2. Energy dependence of the real photoproduction cross

are compared with data av=15 GeV [47] and at 75 GeV Section on a nucleoyp— p°p. Our results(solid curve are com-
([48,49 for p and[50] for ¢), respectively. pared with data from the fixed targg0,61], and collider HERA
H1 [54] and ZEUS 55,62 experiments. The dashed curve contains

part of the cross section since the end point parts,0,1, of ~ ©nly the gluonic exchange in tttechannel.

the wave function of the longitudinal photon are suppressed L
[39]. This is important since the longitudinal part of the crossProduction in Fig. 2. We use the energy-dependent slope
section takes over at larg@?. parameter, B\ =Bf+2a’ In(s/sy) with «’'=0.25 GeV?
Now we can check the absolute value of the predicte®@nd Bf=7.6 GeV'? s,=20 GeV* fitted to data
cross section by comparing with data for elastic electroprol63,60,53,55,55 The Pomeron part of the dipole cross sec-
duction y* p—Vp for p and ¢ mesons. Unfortunately, data tion depicted by the dashed curve in Fig. 2 cannot explain
are available only for the cross section integrated ayer ~ the data at low energie8y=<15 GeV, while the addition of
the Regge terntsolid curve leads to a good agreement for

| MTL2 all energies. We also found a good agreement with data for
ot (y*N—VN)= : (40)  real photoproduction ofp, but skip the comparison since
16m B jxn there are very few data points.

The normalization of the cross section and its energy and
2 dependence are remarkably well reproduced in Figs. 1

where thet slope of the differential cross section cannot be
gnd 2. This is an important achievement since the absolute

properly predicted by the approach under consideration. Ou
strategy is to predict the numerator in B40), and compare normalization is usually much more difficult to reproduce

with data for the cross section and the slope. than nuclear effects. For instance, the similar, but simplified,

Our predictions are plotted in Fig. 1 together with the data . . . '
on theQ? dependence of the cross section from NMC, Hl,calculatlons in[18] underestimate thé/¥ photoproduction

and ZEUS[47-50, cross section on protons by an order of magnitude.

2 , , As a crosscheck for the choice of th& wave function in
We use theQ<-dependent slope of the differential cross Egs. (32) and (30) we also calculated the totaP-nucleon

. * \ 2 .
sectiondo(y*N—VN)/dt=exyB,.\(Q)t] parametrized as  ;q5q section, which is usually expected to be roughly similar
[51] to the pion-nucleon cross sectioof,~25 mb. The

BY(s) 1 p-nucleon total cross section has the form
1

Q2+m2
BV*N(San)Zﬁg(S)“LQz+m\2/_§|n v

2
my

o’N=N fdzl’f dadm2|®(r,a)|?
(41) tot C { q| vl )|
A fit to the data[47,57 from fixed-target experiments +[a?+(1- )]0, DY, @) [P ogg(r.S). (42)
for the Q2-dependent slope ip production give the param-

eters forW~10—15 GeVBi=(6.2:0.2) GeV 2 30=15 We calculatedsfly with the p meson wave function in the

: o ~ form Eq.(32) with the parameters described in the Sec. Il C.
:o?]'zétuvf‘llggg ag‘ei;o;nveH ESMPS_’AZ%??L 051’)1‘023,; vFifZO duc; For the dipole cross section we adopt the parametrizé8ipn
B get,Bo=(7.1=0. P which s designed to describe lo@? data. Then, atv

=2.0=0.1. - C N_ S ) i
Repeating the same analysis f¢rproduction we get at =100 GeV, we obtainri,=27 mb, which is quite a rea
sonable number.

W=~10-15 GeV from dat$47,58,8¢=(5.9+0.1) GeV 2,
b— + i [

P 0'5_0'1'2 D(?ta from HERA[59,5q_glve, Bo (6'7. IIl. INCOHERENT PRODUCTION OF VECTOR MESONS

+0.2) GeV 4,B7=1.0=0.1. For calculations shown in Fig. OFE NUCLEI

1, we use the central values of these parameters.

Our approach, which includes the effects of the nonper- In diffractive incoherentquasielastig production of vec-
turbative interaction between tlgegandq in the photon fluc-  tor mesons off nucleiy* A—VX, one sums over all final
tuation, is designed to describe the IQf region as well. To  states of the target nucleus except those that contain particle
test it, we compare our results with d§€0,61,54,55,6Rfor  (pion) creation. The observable usually studied experimen-
the energy dependence of the cross section ofggatoto-  tally is nuclear transparency defined as
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oine where the dependence of the Green function on the impact
Tri:c:ﬂ_ (43)  parameter is dropped. The details are described in the Ap-
AT NN pendix.

With the potential Eqs(45) and (46) the solution of Eq.
Thet slope of the differential quasielastic cross section is thé19) has the same form as E(1), except that one should
same as on a nucleon target. Therefore, instead of integratégplaceo=1), where
cross sections one can also use the forward differential cross
sections Eq(8) to write

Q= \/84(61’)_i pA(b,Z)Va(l_a)C(S). (48)
va(l—a)

) 1M xa, S, 2|2
Trine_ X yx A—vx( Q)‘ (44

A M N— (S, Q%) ‘ .

Guided by the uncertainty principle and the Lorentz trans-
formation, one can estimate the coherence time as ii3dg.

where the effective mass of th_qaq pair is replaced by the
A. The LC Green-function approach vector meson mass. One can see the presence of a coherence
length in the kinetic term of the evolution equation, ELP).

One should decompose the physical phqgtgh) into dif-
P Py phdtef) — Indeed, the effective mass squared ofgq pair is Méq
2

ferent Fock states, namely, the bare pho , , o o 1
y photofi)o, |qa) =(m§+ k$)/a(1—«a). This is what the kinetic term consists

|aqG), etc. The higher states containing gluons are vital toof when the transverse momentum squared of the quark is
describe the energy dependence of the photoproduction reac- d q

. - .
tion on a nucleon. As far as nuclear effects are concerne eplaced byky=A,. This dynamically varying effective

those Fock components also lead to gluon shadowing. Hov\p’wass controls the CL defined by the Green function, as com-

ever, as we mentioned above, these fluctuations are heavi gr((ejd to the ovegmpllfled qus) folr the CLhas given biutzhe
and have a shorter coherence tiffitetime) than the lowest X€d massmy. One can explicitly see the static p

2 . .
iqq) state. Therefore, at medium energies djg) fluctua- +mq/q(1 «a) of the Cohgrenpe length in the last phase shift
. ; factor in the Green function in Eq21).
tions of the photon matter. Gluon shadowing related to the . S .
Depending on the value &f one can distinguish different

higher Fock states will be considered later. :
regimes.

_ Propagation of an interactirgq pair in a nuclear medium (i) The CL is much shorter than the mean nucleon spacing
is described by the Green function satisfying the evolutlonIn a nucleus (,—0). In this caseG(z Py F)—>5(z
Eq. (19). However, the potential in this case acquires an ¢ ' 20 27l 1 2

imaginary part, which represents absorption in the medium__zl) since strong oscillations suppress propagation of the

[see Eq(1) for notationd, gq over longer distances. In this case the formation time of
the meson wave function is very short as well, since it is
_ (TEq(F'S) described by the same Green function and is controlled by

IMVqy(2,1,0)=— TpA(b,zz). (45 the formation time as given in E@2). Apparently, for light

vector mesong;~|., so both must be short. In this case
. nuclear transparency is given by the simple formula @4.
The evolution equatiofil9) with the potentiaV4(2,,r>,a) corresponding to the Glauber approximati‘on.

containing this imaginary part was used [i64,29, and (i) In the intermediate cadge— 0, butl;~R,, which can
nuclear shadowing in deep-inelastic scattering was calculateshly be realized for heavy flavor quarkonia, the formation of
in good agreement with data. the meson wave function is described by the Green function

The analytical solution of Eq21) is only known for the  and the numerator of the nuclear transparency ratio(4).
harmonic oscillator potentiaV(r)er2. To keep the calcula- has the forn{18]
tions reasonably simple, we are forced to use the dipole ap-
proximation 12

[ Myxa—vx(8.Q9 _o1,~r,

ogq(r,5)=C(s)r?. (46) .
=f dzbj dzpa(b,2)|F1(b,2)|?, (49
The energy-dependent fact@(s) is adjusted to reproduce o
correctly nuclear effects in the limit of very long Cl
>R, (the so-called “frozen” approximation when where

Gy (ZlvF1;221F2)
a “Note that the optical approximation is used throughout this paper

only for the sake of easy reading. For numerical calculations we
J replace the exponential by a more realistic expression,

exp(—o T)=(1—o To/A* . This has also been done in all of our
(47 previous publications, contrary to what is stated68).

> - 1 Zy
:>5(r1—r2)ex;{ - Eagq(rl) le dzpa(b,2)
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1 > up giving rise to the Green functioc®(z’,r»;z,r,), which is
— 2 2 *
Fi(b,2)= fo daf d%r,d%ry Wy (ra, @) convoluted in Eq(49) with the wave functions of* andV.
PO - This is the path integral technique suggestefli].
XG(Z',12;2,11) 0qq(r1,9) W e (r1, @) '(50) (iii ) 1.>Ry (in fact, it is more correct to compare with the

mean free path of tth in a nuclear medium if the latter is
This expression is illustrated in Fig(e. At the pointz, the  shorter than the nuclear radjus In this case

photon creates a colorlegg pair with transverse separation G(z,,r,;z;,r1)— 8(r,—r,), i.e., all fluctuations of the

ri. The quark and antiquark then propagate through theransversajq separation are “frozen” by Lorentz time dila-
nucleuﬁs along different trajectories and end up with a sepaion. Then, the numerator on the rhs of H44) takes the
rationr,. The contributions from different paths are summedform [18]

2
\Ify*(F,a,Qz)‘ .

1 . 1
|My*A_>vx(S,Q2)||2C>RA: f d?b Ta(b) f d?r fo da Wy (r ,a)UEq(r,S)eXF{ - EUEq(r'S)TA(b)
(51

In this case theqq attenuates with a constant absorption The first termF;(b,z) introduced above in Eq50) is rep-
cross section as in the Glauber model, except that the whokesented by Fig. ). Alone it would correspond to the short
exponential is averaged rather than just the cross section i limit (ii). The second terni,(b,z) in Eq. (52) corre-
the exponent. The difference between the results of the tweponds to the situation illustrated in Figlb® The incident
prescriptions are the well known inelastic corrections of Gri-photon produces aq pair diffractively and coherently at the
bov [2]. point z; prior to incoherent quasielastic scattering at paint

(iv) The main and new results of the present paper addres[sne LC Green functions describe the evolution of Eﬂ?

h neral with no restrictions for eitthgor 1. N .
the general case with no restrictions for eithgor 1;. No fver the distance fronz; to z and further on, up to the

theoretical tool has been developed so far beyond the limi . . . .
(i)—(iii) discussed above none of which can be applied t ormation of the meson wave function. Correspondingly, this

electroproduction of light vector mesons at the medium higHerm has the form
energies of HERMES and JLab. 1 (z 1

Even within the VDM the Glauber model expression in- Fo(b,2)= —f dzlpA(b,zl)J da J d?r,d?r,d?r
terpolating between the limiting cases of Idw),(ii)] and 2) = 0
high [(iii)] energies has been derived only recehf#§|. We
generalize that formalism to the LC dipole approach, and the
incoherent photoproduction amplitude is represented as a
sum of two termg66] illustrated in Fig. 3,

|M'y*A—>VX(S!Q2)|2

XWY(ry,a)G(Z' —,1;2,1) 0gq(T,S)
XG(2,1;21,11)0qq(r1,S)V (r1,a). (53

Equation(52) correctly reproduces the limits)—(iii ). In-
deed, at .— 0 the second terrf,(b,z) vanishes because of
. [ 5 strong oscillations, and E@52) reproduces the Glauber ex-
:f d bﬁdePA(baZNFl(b,Z)_ Fa(b,2)[". pression Eq(4). On the other hand, &t>R, the phase shift
in the Green functions can be neglected and they acquire the
(52 simple form G(z,,r5;21,71)— 8(r,—Tr4). In this case the
integration over longitudinal coordinates in EqS0) and
N v (53) can be performed explicitly and the asymptotic expres-
sion Eq.(51) is recovered as well. Moreover, if one uses a
constant dipole cross sectiary,(p)= oy, , then Eq.(52)
recovers the general Glauber expressiderived in[25].

a b
FIG. 3. Incident virtual photon produces incoherently at the B. Data for incoherent production: CT or coherence length?
point z (quasielastic scatteringhe colorlessqq pair, which then Exclusive incoherent electroproduction of vector mesons

evolves propagating through the nucleus and forms\tieeson  off nuclei has been suggested[ib3] as a sensitive way to
wave function(a). Alternatively, the photon can first produce dif-

fractively and coherently at the poiay the colorlessaq, which

then experiences quasielastic scattering at the @diibt Propaga-  SNote that Eq.(52) and its Glauber model analog j@5] include
tion of the gqq pair is described by the Green functigehaded all coherent multiple-scattering terms, contrary to a statement made
areas. in [65].
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detect CT. Increasing the photon virtual®f, one squeezes 1
the producetﬁq wave packet. Such a small colorless system Ca =
propagates through the nucleus with little attenuation, pro- -rrAi”C 4 +

vided that the energy is sufficiently high:&R,) the fluc-
tuations of theaq separation are frozen by Lorentz time
dilation. Thus, a rise of nuclear transpareﬁ'o%‘c(Qz) with

Q? should signal CP.Indeed, such a rise was observed in
the E665 experiment at Fermilab for exclusive production of

p® mesons off nuclei by a muon beam. This has been ¢ o £665

claimed in[12] to be a manifestation of CT. 0.02 , , , ,
However, one should be cautious to avoid mixing up the 0 2 4 6 8 10

expected signal for CT with the effect of coherence length Q? (Gevz)

[71,25. Indeed, if the coherence length varies from long to )
short compared to the nuclear size, the nuclear transparency FIG. 4. Q° dependence of nuclear transparency for lead and

rises because the length of the path in nuclear matter p&alciumTrp, andTre,. The experimental points are from the E665
experimen12]. Both the curves and data for lead are rescaled by

comes shorter and the vector megonqq) attenuates Iess. he factor 1/2. Solid and dashed curves show our results using the
This happens whe@ increases at fixed. One should care- | ¢ Green-function approach E(b2) and the “frozen” approxima-
fully disentangle these two phenomena. tion Eq. (51), respectively.

Long CL It has been checked {v1] that the coherence
length at the kinematics of the E665 experiment is suffi-parency is to bin the data in a way that keéps const. It

Ciently |Ong to neglect its variation W|t®2 and to use the means that one should vary Simu|taneous|§nd Q2 main-
“frozen” approximation, except at the highest values@f taining the CL Eq(3) constant

=5 Ge\2. We calculated nuclear transparentyx ¢, of in-

coherent(quasielastit p° production using Eq(52) and the v=31Q%+md). (54
simplified “frozen” approximation Eqs(47)—(51). The re- ) ) _

sults are depicted in Fig. 4 by solid and dashed curves, rdD this case the Glauber model predthé—mdgpendent
spectively. One can see that fluctuations of the size oathe nuclear transparency, and any rise w@f would signal CT

pair become important only at higQ? causing a separation [19].

of the solid and dashed curves. At smal the observed 02 = HERE S BT TR BEIREEEEE PO
variation of Tri{¢(Q?) is a net manifestation of CT. The ' P

. . L -~ tions of Trx°(Q?) at fixedl starting from different minimal
agreement with our model is surprisingly good for CaIC|um,V | £ Which corr nd to real photoproduction
while we underestimate the nuclear transparency at Spfall . alues o', ch correspo 0 real photoproductio
for lead. This may be a manifestation of large Coulomb cor" Eq. (54),
rections as found i{70], Wh.ICh are of the ord_eraemZ Vinin=31.m2 . (55)
~0.6 for lead. These corrections lead to a considerable de-
viation from the Born, one-photon approximation employedThe results for incoherent production pfand ¢ at v,
in [12] in order to obtain data foy* A—p°X (depicted in  =0.9, 2, 5, and 10 GeVI{=0.6—-6.75 fm) are presented
Fig. 4) from raw data foru A— ' p°X. This important prob-  in Fig. 5 for nitrogen, krypton, and lead. We use the nonper-
lem needs further study. turbative LC wave function of the photon with the param-

Medium long CL The same process of incoherent electro-gters of the LC potentiah, , fixed in accordance with Eq.
production of p° is under study at lower energies, in the (31) atv=1/2. Theu andd quarks are assumed to be mass-
HERMES eXperiment at HERA and at JLab. In this case On%SS, but we useng= 0.15 GeV. Nuclear transparency f¢r
should Cal’efully discriminate between the effects of CT anqs Stronger than fop as one C0u|d expect, but the diﬁerence
CL [71,25. A simple prescriptior19] to eliminate the effect s not significant. In what follows we discuss only our results
of CL from the data on th€? dependence of nuclear trans- for p.

For p mesons, the predicted variation of nuclear transpar-
ncy withQ? at fixedl, is much stronger than was found in
FEQ]. Those calculations have been done in the hadronic rep-
tr%esentation, vvhich is quite chaI_Ienging d'ue to 'the nece;sity to
virtuality, »~2myQ?, and one has to increa®? just in order to now all the diagonal and qff-dlag_onal diffractive amplitudes
increasev and keep the size of the ejectile “frozen.” This leads to for the vector meson and its excitations, as well as all pho-
a substantially diminished cross section, which is why no CT signafoProduction amplitudes. The predictions mad¢if] were
has been detected in this reaction so (ais still possible to ob- based on the two-coupled-channel model without any esti-
serve CT in this reaction at low energy studying the asymmetry ofnate of the accuracy of such an approximation. According to
the quasielastic peak as functionxgf; [69)). In contrast, no corre- quark-hadron duality the LC Green-function method is
lation betweenr and Q? exists in exclusive electroproduction of equivalent to the exact solution of the general multichannel
vector mesons. problem in the hadronic representation. The comparison,

5This process has a definite advantage compared to quasielas
electron scatteringg,e’p) suggested if67,68 as a probe for CT.
Indeed, in the latter case the energy of the photon correlates with i
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FIG. 5. Q2 dependence of the nuclear trans-
parencyTr‘,{‘C for exclusive electroproduction of
p (left) and ¢ (right) mesons on nuclear targets
1N, #Kr and 2°Pb (from top to bottor. The

CL is fixed atl ,=0.60, 1.35, 3.37, and 6.75 fm.
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therefore, demonstrates that the two-channel approximatioobtained with the perturbative wave function since they are
substantially underestimates the effect of color transparencypretty much the same, except in the region of sraglland
To see the scale of the theoretical uncertainty of ourshortl. where they are about 10% lower than the nonpertur-
model[32] for nonperturbative effects, we compare in Fig. 6 bative results.
the results for thep meson obtained using the nonperturba- The experimental points for nitrog€2], which are plot-
tive (solid curveg and perturbative photon wave functions, ted in Fig. 7, correspond to different mean experimental val-
Eqg. (14), with my=0.15 GeV (dashed curvgs The differ-  ues ofQ? [73]. ThisQ?—1, correlation is incorporated in our
ence between the two sets of curves is insignificant. calculations, and the results depicted by the solid curve agree
Motivated by the too weak signal predicted for CT it was well with the data.
suggested irf19] that instead one can study the effect of We thus arrive at the conclusion that the two quite differ-
coherence, which has never been observed experimentally.
Indeed, it was found in72] that data for nuclear transpar-
ency for p production plotted as function df. agree well
with what was predicted ifi25] to be the effect of the CL.
Now we find a rather strong signal of CT, which may also
affect thel . dependence of ri'® and cause a deviation from o
the Glauber model expectations. We, therefore, revise the £
previous conclusiongl9,72.
In the VDM-Glauber model nuclear transparency is a
function of I only (neglecting the weak energy dependence
of o), however it becomes a function of two variables,
Trit®(l.,Q?), as soon as CT effects are involved. Therefore,
our current predictions for thk, dependence of r'y'® vary
with Q2. They are plotted by dashed curves in Fig. 7 for
different fixed values 0fQ?=0.5, 1, 2, 3, and 5 Gé&¥
(from bottom to top for nitrogen and kryptorileft and right FIG. 6. The same as in Fig. 5 for lead, but calculated with both
boxes, respectively The nonperturbative wave function of nonperturbativésolid curve and perturbativédashed wave func-
the photon was used as for Fig. 5. We do not show the result#ns of the photon.

0.5
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0.9

0.8}

0.7 .
o FIG. 7. Nuclear transparency for incoherent
PP A electroproduction ofp off nuclei, nitrogen, and
|: 05| ; krypton, as function of; at fixedQ?=0.5, 1, 2,

osl d ~ 3, and 5 GeY. The solid curve is calculated at

’ + - 05 NI the mean values df, and Q2 corresponding to

0.3 o HERMES RN each experimental poii72,73.

0.2 . . 3ol

1 10 1 10

ent approaches, the VDM-based Glauber model and QCDfact might be in variance with naive intuitive expectations.
based LC Green-function formalism, both provide goodindeed|.=0.6 fm is short compared to the mean spacing of
agreement with the HERMES data. This could not be posthe bound nucleons. Sinte~ | at low Q? one might expect
sible if the data were plotted as function lefat fixed Q2.  the Glauber model to be a good approximation in this case.
The observed agreement with the Glauber model seems to B@parently, this is not the case; Fig. 5 demonstrates a steep-
accidental and a result of tf@>— I, correlation in the data. €st growth ofTri°(Q?) in this region. One can understand

In order to discriminate between the two approaches, on#is as follows. Ifl ¢ is long, as in Fig. 4, then the formation
should plot the data differently. Figure 7 gives hope that thdength is long too,l;=I:>R,, and nuclear transparency
data are sufficiently accurate to detect a signal of CT if theyises withQ® only because the mean transverse separation of
are properly analyzed. Also additional data for kryptontheqq fluctuations decreases. If, howevirs R, and fixed,
should soon become available from HERMES. the photon energy rises wit®? according to Eq(54) and

The expected signal for CT is a nonzero derivativethe formation length Eq(2) rises as well. Thus, these two
d In[TrA(Q*))/d %, which is predicted in Fig. 5 to be similar gffects, theQ? dependence df and theqq transverse size,

for different nuclei and different values bf. One can make 444 up and lead to a steeper growthTat"é(Q?) for short
use of this fact and perform a common fit to all available A

. mm ..
data with only one parameter, which is the slope of @fe One should conclude from this consideration that the CT

B . . ZN

rithmic slope for the mid valuesQ“~1-2 Ge\'z’ of the  gnergies. This observation adds to the motivation for experi-

HERMES kinematical range fgs production is expected t0 ental searches for CT at HERMES and JLab.

vary within the interval We also calculated the energy dependence of nuclear
1 d Tri*°(Q?) transparency at fixe@?. The results for nitrogen and lead

are shown by dashed curves in Fig. 8 for different values of

TrR%Q% d@? 1= const Q2. The interesting feature is the presence of a maximum of
transparency at some energy. It results from the interplay of

_ 0.07-0.11 GeV? for *N coherence and formation effects. Indeed, the FL rises with

T 10.14-0.17 GeV? for 8%Kr (56) energy leading to an increasing nuclear transparency. At

some energy, however, the effect of CL which is shorter than
for 1,=0.60-6.75 fm. Similar, but somewhat smaller val- the FL, is switched on leading to a growth of the path length
ues of the logarithmi®? slope are expected fap. of the qq in the nucleus, i.e., to a suppression of transpar-
The curves in Fig. 5 demonstrate an interesting propertyency. The maxima in the, dependence of nuclear transpar-
The slope of theQ? dependence is steeper at sm@fl and  ency depicted in Fig. 7 are of the same nature. This also
|.. For instance, the logarithmic derivative E&6) equals  explains the unusual ordering of curves calculated for differ-
0.09 atl.=0.6 fm, but is smaller, 0.07 &=1.35 fm. This  ent values of as is depicted in Fig. 5.

1.0 T
207
08 Pb
FIG. 8. Nuclear transparency for incoherent
‘c_’ 0.61 electroproductiony* A— p°A as a function of the
- energy atQ?=0, 1, 3, 5, and 10 Ge&¥for ni-
— 0.4

trogen and lead. The solid and dashed curves cor-
respond to calculations with and without gluons
shadowing, respectively.

0.2}

9.
"
0 -
(N‘J‘
=)

0.0

1 10 100 1 10 100 1000
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IV. COHERENT PRODUCTION OF VECTOR MESONS

A. The formalism

If electroproduction of a vector meson leaves the target
intact, the process is usually called coherent or elastic. The
mesons produced at different longitudinal coordinates and
impact parameters add up coherently. This fact considerably

simplifies the expressions for the cross sections compared to W
the case of incoherent production. The integrated cross sec- 1.2 f 3
tion has the form va E66D
h coh iq-b y 4coh 2 08 0 2‘ “1 é é 10
ox EO_y*AHvA:f d*q deb e My*AHVA(b) Q’ (GeVz)
FIG. 9. Q? dependence of the total cross section ratio
— [ azpjpen (b2 57 Reon(A/C) =120 A" for the coherent procesg* A— pPA.
yY*A—VA ' Experimental points are from E6682] for Pb/C (squarep and
CalC (triangles. Solid curves include the variation bf andl; with
where Q2. Dashed curves are calculated in the “frozen” approximation
[>R,.
MiﬁZHVA(b):f dzpa(b,2)F(b,2), (58 B. Comparison with data and predictions for coherent
T production
with the functionF(b,z) defined in Eq.(50). Using Eq.(59), we can also calculate the normalized ratio
One should not use E@4) for nuclear transparency any Of coherent cross sections on two nuclRi,n(A;/A;)

more, since the slopes of the differential cross sections for =Tr,§‘ih/Tr,§2h. The results of calculations fdR;,,(Pb/C)

nucleon and nuclear targets are different and do not cancel ifnd R.,(Ca/C) are depicted by solid curves in Fig. 9 as
the ratio. Therefore, the nuclear transparency also includegell as corresponding data from the E665 experinjas]

the slope parametd « for the procesgy* N— VN, shown by squares and triangles, respectively. We performed
coh coh calculations ofTr$°" at mean photon energy=138 GeV
Tri\oh_ 9a 16 Byxnoa (59) with the Q2-dependent slope given by E@1). All effects of

CL and CT are included via the LC Green-function formal-
ism. For such a high energy, one can think that the “frozen”
One can also define tadependent transparency for coherentapproximationl >R, is good. In order to check how the

A oN A|M7* NHVN(S'Q2)|2

electroproduction of vector mesons variation of the CL affects the nuclear transparency, we re-
peated our calculations in the “frozen” approximation and
ngOh/dt plotted the results as dashed curves in Fig. 9. We see that the
Treo(t) = (60)  accuracy of this approximation is rather good for calcium,

2 )
Asdoy/dti-o while for lead it significantly deviates from the exact result at

. . . . Q%=2 Ge\?. The reason is obvious, the heavier the
where the differential cross section for coherent production oo . :
* AV A reads nucleus, the less the apprOX|mat|bJ}> Ra is fulfilled. We
Y also see that the contraction of the CL wifif causes an
2 effect opposite to CT, namely, nuclear transparency is sup-
pressed rather than enhanced. Therefore, there is no danger
that CL effects can mock CT, and one may think that this is
(61 an advantage of coherent production compared to incoherent
production[71]. However, at medium energy the suppression
of nuclear transparency at short CL is so strong that no rise
of nuclear transparency wit@? might be observable.
Note that in contrast to incoherent production where
fdzb eitidf d2r nuclear transparency is expected to saturatd g%°(Q?)
—1 at largeQ?, for the coherent process nuclear transpar-
ency reaches a higher limifr$®"(Q?)— A (of course,
1_@(%_ Ea*(F s)T(b)H A% is valid only for very large nuclei, otherwise it is an
2 a9k approximate number The dashed curves in Fig. 9 nearly
reach this upper limit aQ>~10 Ge\~.
(62) One can eliminate the effects of CL and single out the net
' CT effect in a way similar to what was suggested for inco-
herent reactions by selecting experimental events \ith
a form that resembles its VDM anal$g0]. =const. We calculated nuclear transparency for the coherent

coh
doy

1 b
155 ) 02 ammanaro

with F;(b,z) defined in Eq(50). This expression is simpli-
fied in the limit of long coherence timeé € —q?)

coh
doy

dt

47

16>Ra

X

1 . R 2
X J da ‘I’:’,(r,a)\I’y*(r,a)
0
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l. = 13.50 fm
/_.—-————-———_‘ l = 1350 fm
- e m b e
b =136 fm [ —— = T35 tm
| = 1350 fm
| = 1350 fm
537 tm / FIG. 10. The same as in Fig. 5, but for coher-
/’//Lﬁyﬂ_ ent production op and ¢, y*A—VA.
Il = 1.35 fm le = 1.35 fm
- 1350 m
. L = 13501
le = 1.35 fm le = 1.35 fm
0 2 4 6 8 0 2 4 6 8 10
Q? (GeV?)

reactiony* A— p(¢)A at fixed values of ;. The results for value predicted for the incoherent production in Exf) and
l.=1.35, 3.37, and 13.50 fm are depicted in Fig. 10 foris slightly smaller for¢ than forp.

several nuclei. The effect is sufficiently large to be observ- We also calculated nuclear transparency as a function of
able, the logarithmic derivative varies within the interval  the energy at fixe®?. The results fop produced coherently

1 dTriQ?
Q%) dQ?

[0.14—0.07 GeV? for N

off nitrogen and lead are depicted by dashed curves in Fig.
11 atQ?=0, 3, and 10 Ge¥ Tr5°"is very small at low
energy, which, of course, does not mean that nuclear matter
I =const is not transparent, but implies that the nuclear coherent cross
section is suppressed by the nuclear form factor. Indeed, the
(63 longitudinal momentum transfer, which is equal to the in-

0.10-0.15 GeV? for ®Kr verse CL, is large when the CL is short. However, at high

energyl >R, and nuclear transparency nearly saturdies

for 1,=1.35-13.5 fm. Again, like in the case of incoherentdecreases witlr only due to the rising dipole cross section
production, the logarithmic derivative decreases at lagge The saturation level is higher at large¢, which is a mani-
The magnitude of the expected CT effect is similar to thefestation of CT.

3.5
30f 14
N

207Pb

FIG. 11. Nuclear transparency for incoherent
electroproductiony* A— pA as a function of the
energy atQ?=0, 3, and 10 Ge¥ for nitrogen
__________ and lead. The solid and dashed curves correspond
to calculations with and without gluon shadow-
0 3 @*=10 GeV? ing, respectively.
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FIG. 12. Nuclear transparency for coherent
electroproductiony* A— p°A as a function of the
momentum transfer squared calculated for nitro-
gen and lead in the limit df.> R, . The solid and
dashed curves correspond t®?=0 and
10 Ge\?, respectively.

-8 1 1 2 L L 1 1
10 0.0 0.1 0.2 0.00 0.01 0.02 0.03 0.04 0.05 0.06
t (GeV?) t (GeV?)
C. Transverse momentum distribution A. Standard inelastic corrections

Another manifestation of CT is a modification of the dif-  The effect of CT can be treated in the hadronic represen-
fractive pattern in the momentum transfer dependence of the@tion as a multichannel problef2,74,19: the incident vir-
coherent cross sectidi®5]. Indeed, the effect of CT on the tual photon produces diffractively on a bound nucleon either
nuclear transparency depends on the impact parameter. Fatlre ground stat®/, or any excitation. Only this stage of the
rier transformation of such a modified amplitude will appar-process i€Q? dependent. The produced states propagate fur-
ently result in shifted positions of the diffractive minima. ther through the nucleus experiencing diagonal and off-
Indeed, calculations performed in the “frozen” approxima- diagonal diffractive transitions. Eventually, the st@tés de-
tion assuming sufficiently high energi.&R,) lead to thet  tected at macroscopic distances. These modifications of the
dependence of nuclear transparency from @) depicted Glauber single-channel approximation are at the heart of Gri-
in Fig. 12. We see that the CT effects shift the position of thebov’s inelastic shadowing.
diffractive minima to larget. To understand the sign of the ~ The miracle of CT is the expectation that all those large
effect, we can use the approximate dipole cross sectioamplitudes must cancel leaving only one amplitude, namely,
agq(r):Crz. Further, we can approximate the product ofthe direct production of th&/. There is no hint from the
the photon and vector meson wave functions by a Gaussidmadronic representation that this should happen. We have no
xexp(—r?(r?)). The partial amplitudgamplitude for given data for most of those amplitudes and have no hope to mea-
impact parametgrof elastic productiony* —p° takes the sure them in future. Only the gauge invariance of QCD dic-
form [2] tates this very nontrivial behavior, which is not present in

any of the old fashion modelgolorless constituent quarks,
etc).
} Nevertheless, we do have data for single diffraction that
allow to calculate some of the lowest-order inelastic correc-
C(r?)Ta(b) tions. Although these corrections are part of the whole CT
:m' (64) phenomenon, they are model independémovided that
those models are fitted to available data particular, the
nuclear medium is known to be more transparent than ex-
pected using the Glauber mod@l]. Indeed, if the produced
V state experiences inelastic diffraction inside the nucleus, it
is gone from the detected channel according to the rules of
ahe Glauber approximation. However, there is still a possi-
bility to recover and come back to thechannel in a subse-
guent collision, as is illustrated in Fig. 13. Apparently, this
rocess increases the survival probability for Westate.
here is clear experimental evidence that this takes place.

N N 1
J d’r \I'{‘,(r)\I'y*(r,Qz)[ 1—ex;{ - ECrZTA(b)

The mean sizér?) of theqq wave packet decreases with
Q? suppressing the partial amplitude from Eg4). It fol-
lows from Eq.(64) that the suppression is smaller on the
periphery of the nucleus than in the center. This implies th
the slope of the distributionB.« ,=(b?)/2 should decrease
with Q?, i.e., the minima should move to larger valuest.of

Although such a modification of the diffractive pattern
should signal CT, the effect is very weak and its observatio
does not look feasible.

V. OTHER PITFALLS IN THE SEARCH FOR CT
AT LOW ENERGIES ry* Vv

In order to avoid the effect of CL that leads for incoherent
production to a nuclear transparency rising wifif and
mimics CT we suggested in Sec. Il B to study t@é de-
pendence in data samples, which are preselected to have the
samed . As soon as the CL effects are excluded, the Glauber

model predicts no variation of the transparency wa@h. FIG. 13. Intermediate diffractive excitation of a vector meson
There are, however, still other effects, not related to CTproduced by the incident virtual photon and propagating through
which cause a growth of CT evenlif= const. the nucleus.
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The total cross sections of hadroimeutrons, neutral kaohs
nucleus interactions measured with high accufa®y76| are
smaller than the Glauber model predictions. This deviation
increases with increasing the energy as it is controlled by the
nuclear form factor that depends on the longitudinal momen-
tum transferq, in the diffraction dissociation.

Therefore, transparency of nuclear matter for hadrons in-
creases with the energy and this fact leads to a ri§ig
dependence if data are selected according to the condition
[.=const. Indeed, the energy rises according to the correla-

inc
TI’AI

0.1 F

tion v=(Q%*+ m\z,)/ZIC. Of course this effect is well known :

for the total cross sections since the pre-QCD era. It cannot 00(; — 2 "‘ ' é ' Els 10
be (and never wasinterpreted as a manifestation of CT. 2 2

Although these inelastic corrections are part of the CT phe- Q* (GeV)

nomenon, one should admit that they exist independently of

the answer to the question whether the CT is true or not.
Thus, one should be cautious in interpreting a rise of th

nuclear transparency as a function of @&at fixedl.. The

FIG. 14. The same as in Fig. 5, but without any CT effects. Only
the standard inelastic corrections that make the nuclear matter more
%ransparent are included. The dashed curves correspond to the

. der di . leul iy olasti Glauber approximation. Each couple of solid curves correspond to
correction under discussion calcu atec[ ] or quasielastic l.=1.35 fm (bottom curvé and|.=6.75 fm (upper curveé The

high-py electron scatteringi\(e,e’p) X was found to be in- 4 sets of curves correspond to nitrogéop) and lead(bottom
distinguishable from the predicted CT effect up to rather high
Q? of a few tens of Ge¥.

The deviation of the transparency from the Glauber mode

tead. This is nearly an order of magnitude less than what was
prediction is calculated 47|

stimated in Eq(56) as a signal for CT.

Tri;c(Qz):f dzbfw dzpa(b,2) B. Finiteness of thep meson lifetime

— Some of the effects have been calculated above at rather
low energies when the lifetime of the is comparable with
the nuclear size. For instance, a2 GeV the mean path
length up to the decay is only 2.7 fm. Two pions have a

xex;{ —aiVan dz' pa(b,z")

z

do(VN— XN) smaller survival probability than the, therefore, the nuclear
% 1+4T,J dvi—— 7~ transparency should be smaller than what is expected within
dM?dt =0 the Glauber approximation disregarding decays. However, as

) a function of the energy, the decay path length increases and
eventually the nuclear transparency must reach the value cor-
XFA(b,z,qL)] - (65 responding to the Glauber model. Again, lat const the
energy ofp rises withQ? and the nuclear transparency must

Here F(b,z,q,) in Eq. (65) is the so-called longitudinal 0.8
form factor of the nucleus calculated at a given impact pa- :
rameterb and production coordinate 07t TN
0.6 b=—=
Fa(b,z,q0)= f dZ'pa(b,z')cosq z).  (66) o 0% 207
z T 04F Pb
— Lo

We use the same parametrization for the single diffraction = o3 r
cross section as if75,77 except for the normalization, 0.2 F
which is reduced by the factor 2/3 as is suggested by the 01
triple Regge phenomenology. Although it is a rather rough : ]
estimate, it is sufficient for our purpose, since the effect turns T T T T T s s o

out to be very weak. The results of our calculations for the
Q? dependence of the transparency are depicted by solid
curves in Fig. 14 at flxedicz_l.35 and 6.75 fnithe bottom FIG. 15. The same as in Figs. 5 and 14, but with no effects of
an%cupper Cu.rves,z respectw)al;One can see that .alth(.)ugh either CT or any inelastic correction included. Only the finite

Tra™ grows withQ®, this effect when compared with Fig. 5 meson decay length that leads to an enhanced absorption is taken
is too weak to be mixed up with the signal of CT. Indeed, thejnto account. For each nucleus the dashed curve corresponds to the
derivative dIn(Try9/dQ? evaluated atQ?=1-2 GeV?  Glauber approximationl{,—0), the bottom and upper solid curves
equals 0.011 for nitrogen, 0.025 for krypton, and 0.033 forcorrespond td.=1.35 and 6.75 fm, respectively.

Q* (GeV?)
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grow with the decay length. This effect might cause a prob-
lem in identifying the signal of CT at low energy, and it
should be considered with care. This correction is of less
importance for¢ production.

We corrected the Glauber formula for the finite decay
length in the following way:

. . FIG. 16. Double scattering correction to gluon radiation in the
Tr}f’h: 9 V)f dzbf dzlpA(b:Z)f dz, rest frame of the_ target nycle(@. The at_)sorptlve part of the cor-
—% 7 responding elastip A amplitude(b). The triple-Pomeron graph rep-
resenting fusion P—P (c).

7 we mentioned, whether an indication of this saturation effect
was already seen at HERA is controversi@uch a modifi-

(67) cation of the gluon distribution in nuclei should affect the the
amplitude of electroproduction of vector mesons. In the limit

of vanishing separation in t@q dipole one can rely on the

X __pNsz/ b/_27rN
ex Oin Z'pa(b,z2") Tin

xfdz'pAw,z')—y(v)(zz—zo

where factorization theoreni78] assuming that the electroproduc-
tion amplitude is proportional to the gluon densi#6].
r,m P (et PR el
_ P However, this is not a realistic approximation for the kine
Y(V)= (68) ) :
vi—m? matical range we focus at. Besides, no data for gluon shad-
owing are available and one should rely on calculations.
is the Lorentz enhanced decay length of gheneson,I’, In the infinite momentum frame, the phenomenon of
=0.15 GeV is the total decay width of the As previously, gluon shadowing looks similar to gluon-gluon fusion. It cor-
v correlates withQ? via Eq. (54). responds to a nonlinear term in the evolution equafits.

The results of our calculations are shown in Fig. 15 as ahis effect should lead to a suppression of smajl-gluons
function of theQ? at different fixedl .. The effect turns out also in a nucleon. At the same time, one may expect a pre-
to be very weak compared to the expected effect of CT demeocious onset of the saturation effects for heavy nuclei. In
onstrated in Fig. 5. For a CL df=1.35 fm (6.75 fm) the the infinite momentum frame of the nucleus, the gluon
results are shown by the bottdmppey solid curves for both  clouds of nucleons, which have the same impact parameter,
nuclei. The derivatived In(Tri%/d @ evaluated atQ?=1  overlap at smallxg; in longitudinal direction. This allows
—2 Ge\? equals 0.014 (0.003) and 0.03 (0.008) for nitro-gluons that originated from different nucleons to fuse, lead-
gen and lead, respectively. We conclude that the effect of théng to a gluon density that is not proportional to the density
finite p decay length cannot be mixed up with a CT signal. of nucleons any more. This is gluon shadowing.

It is disputable whether the two pions emerging from a Such a parton model interpretation is not Lorentz invari-
decay immediately starts to attenuate with twice the pior@nt, the same phenomenon looks quite different in the rest
absorption cross section. One might think about two piondrame of the nucleus. It corresponds to the process of gluon
that strongly overlap at the production point, then their crosgadiation and shadowing corrections related to multiple inter-
section should be reduced due to color screening. This is actions of the radiated gluons in the nuclear med{28].
general problem of how one should decide whether decayhis is a coherence phenomenon known as the Landau-
has already occurred or not. It is easier to understand for theomeranchuk effect, namely, the suppression of bremsstrah-
example of photon radiation by an electron. One can treat thking by interference of radiation from different scattering
photon as being originally a part of the static Coulomb fieldcenters. It demands a sufficiently long coherence time of
of the electron, which is then shaken off by the interactionradiation, a condition equivalent to demanding a small
with a target. Only when the photon and electron becomdjorkenxg; in the parton model.
incoherent they start acting as independent partons. It takes, Although the two interpretations look so different, one
however, a time span dictated by the uncertainty principle t¢an get a hint that they are the same phenomenon relating
discriminate between a coherent system, electron and it§em to the Reggeon graphs, which are Lorentz invariant.
field, and an incoherent pair of an electron plus a photonI'he double-scattering correction to the cross section of gluon
This time is called the radiation or coherence time. In analfadiation depicted in Fig. 16) corresponds to the absorptive
ogy, one can say that themeson has already decayed whenpart of elasticp A amplitude shown in Fig. 16). Since the
the two pions become incoherent. In this case they interadfitial and final nucleons are colorless, each pair of ex-
independently and Eq(67) is valid. However, while the changed gluons attached to the same nucleon is in a colorless
pions are still coherent, one should treat them as intrinsiétate, i.e., represents the Pomefanthe Born approxima-

components of the meson. tion). Thus, the Feynman graph in Fig.(bBis a part of the
triple-Pomeron diagram shown in Fig. (&g It can be inter-
VI. GLUON SHADOWING preted as fusion of two Pomerons originated from different

nucleons, P—P. This observation bridges the two interpre-
At very smallxg; the density of gluons should eventually tations of gluon shadowing.
deviate from the one predicted by the DGLAP evolutias Note that in the hadronic representation such a suppres-
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sion of parton density corresponds to Gribov's inelastic shadHerex andy are the transverse distances from the gluon to
owing [1], which is related to the single diffraction cross the quark and antiquark, respectivety, is the fraction of

sgction. In particularl, gluon_ shad_owing cor.re.sponds to th(?he LC momentum of thaq carried by the quark, andg is
triple-Pomeron term in the diffractive dissociation cross secs ’

. . ) i : >~ “the fraction of the photon momentum carried by the gluon.

tion, which enters the calculations of inelastic corrections o . . L — L

[Fig. 160)]. Fl* —qqG IS the amplitude of diffractivegqG production in a
There are still very few numerical evaluations of gluon ?" N interaction[32]

shadowing in the literature, all done in the rest frame of the ..

nucleus using the idea from Ré¢R8]. It turns out that even Fyx _qac(X.Y,aq,ac)

at low Q? in the nonperturbative domain where one should

expect the strongest shadowing effects they are rather weak. = Vo (ag,X—Y)| ¥ G(Ey;) - —G(ﬁjﬂ

Indeed, data for diffractive excitation of the incident hadrons g 997 = aq Pll-aq

to the states of large mass, the so-called triple-Pomeron re- -

gion, show that the cross section is amazingly small, an order X[ogq(X) + 0gq(y) ~ 0gq(x=Y)], (71)

of magnitude smaller than one could expect by comparing

with the cross section of small mass excitat[@7]. To ex- WhereWg, and¥gg are the LC distribution functions of the

plain such a smallness one has to assume a rather small igg fluctuations of a photon anglG fluctuations of a quark,

dius of propagation of the LC gluonsz=0.3 fm[32,80. It  respectively.

is clear that such a small quark-gluon fluctuation also leads GEqG()z21§2aZZ;)Zlaglvzl) is the LC Green function,

to a rather weak gluon shadowing. which describes propagation of tg G system from the

To incorporate the Sm"?‘"”ess of the size of quark—glu_or]nitial state with longitudinal and transverse coordinatgs
fluctuations into the LC dipole approach, a nonperturbative

LC potential describing the quark-gluon interaction was in-and X1,Y1, respgctively, to the final qoordinatesz(xz,yz).
troduced into the Schdinger equation for the LC Green For the calculation of gluon shadownjg one should suppress
function describing the propagation of a quark-gluon systemthe intrinsicqq separation, i.e., assume-y. In this case the
The strength of the potential was fixed by data on high mas&reen function essentially simplifies and describes propaga-
(M2) diffraction pp— pX [32]. This approach allows one to tion of a gluon-gluon dipole through a medium.

extend the methods of pQCD to the region of sn@f. An important finding of Ref[32] is the presence of a
Since a new semihard scaler ¢+0.65 GeV is introduced, strong nonperturbative interaction squeezes the gluon-gluon
one should not expect a substantial variation of gluon shad¥@ve packet and substantially diminishes gluon shadowing.
owing at Q?<4/r2. Indeed, calculations performed [82] The smallness of the gluon-gluon transverse separation is not
for Q=0 and 40 GeV us,ing different techniques led to a model assumption, but is dictated by data for hadronic
about the same gluon shadowing. At higi@%, shadowing diffraction to large massd#riple-Pomeron regimewhich is

slowly (logarithmically) decreases in accordance with expec-contm”ed by dlﬁrgctlve gluqn radiation.
tations based on the evolution equat(@]. Further calculational details can be found &2]. Here we

We repeated the calculatiof@2] of the ratio of the gluon calculate_RG [Eq. (69)] for diffe_rent_nuclear thicknesses
densities in nuclei and nucleon Ta(b). Since we use an approximation of constant nuclear
density (see the Appendjx Ta(b)=poL, where L
B =2RE—Db?, the ratioRg(xg;,Q?) is also implicitly a func-
Ga(xgj, Q%) Ac(qqG) tion of L. An example for the calculated dependence of
A G 0 T A 69 Rg(xg,Q%) atQ?=4 Ge\? is depicted in Fig. 17 for dif-
NLTB Ttot ferent values okg;. As one should expect, the longerthe
stronger is gluon shadowing at smaj; .

We calculated the gluon shadowing only for the lowest
Fock component containing just one LC gluon. In terms of
the parton model it reproduces the effects of fusion of many
gluons to one gluoriin terms of Regge approach it corre-
sponds tonP—P verteX. Inclusion of higher multigluon

_ o 2 Fock components is still a challenge. However, their effect
Aa(qu)zRef dzzf dzipa(b,z1)pa(b,z5) can be essentially taken into account by eikonalization of the
o - calculatedRg(Xgj,Q?), as argued in Ref[82]. In other

Ra(Xg;j Q?)=

whereAa(aqG) is the inelastic correction to the total cross

sectionatK:tA related to the creation of EqG intermediate
state

dag words, the dipole cross section, which is proportional to the

X f d2x2d2y2d2x1d2y1f day, gluon density at small separations, should be renormalized
@ everywhere

><FT — (X ,e , Oy,

y*g)qf(;(-)Z Yo ) qa G) O'Hqﬁ RGO'aq . (72)
X Gaqa(X2,Y2,22;%1,Y1,21) .
o Such a procedure makes the nuclear medium more transpar-
XF % L gqqa(X1,Y1,aq,ac). (70 ent. This could be expected since Gribov’s inelastic shadow-
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1.0 —r shadowing for coherent production than for incoherent pro-
- x=0.01 duction. The results of calculations based on the exact ex-
0ol pression, Eq.61), confirm this conjecture. The predicted
PR suppression of the coherent cross section is stronger for
— : heavy nuclei and lovQ?.
\% 0.8
o [ VIl. SUMMARY AND CONCLUSIONS
o7 5 R x=0.0001 Electroproduction of vector mesons off nuclei is subject
i W'=4 Gev to an interplay between the coherer{isbadowing and for-
0.6 : : : : : : : mation (color transparengyeffects. Conventionally, one can

associate those effects with the initial- and final-state inter-
action, respectively. We developed a rigorous quantum-
mechanical approach based on the light-cone QCD Green-
function formalism, which naturally incorporates these
interference effects. Our main results and observations are
the following.

(1) The suggested approach allows to find for the first
ing is known to suppress the total hadron-nucleus cross se§me a comprehensive model for the long-standing problem
tions, i.e., make nuclei more transpargRf77]. of exclusive electroproduction of vector mesons off nuclei.

It is interesting, that the cross section of incoherent elecCThe main result of the paper, E(2), interpolates between
troproduction of vector mesons is rather insensitive to gluonpe previously known low- and high-energy limits for inco-
shadowing. Indeed, although the renormalization &)  nerent production. Equatiofs8) does the same for coherent
suppresses the preexponential faetgg(r,s) on the rhs of production.

Eqg. (51), it simultaneously increases the exponential. These (2) The onset of coherence effe¢hadowing can mimic
two effects essentially cancel. Indeed, our predictions for thgne expected signal of CT in incoherent electroproduction of
effect of gluon shadowing for incoherent productighA  yector mesons at medium and low energies. In order to
—p°X depicted in Fig. 8 demonstrate a rather small differ-single out the formation effect, data must be binnettiand
ence between the curves witholid) and without(dashed Q2 Opservation of a rising nuclear transparency as a func-
gluon shadowing. tion of Q? for fixed | . would signal color transparency.

A feV\_/ observations are in or_der. First, the onset of gluon (3) Due to quark-hadron duality, the Green-function for-
shadowing happens at rather high energyl00 GeV. This  malism under consideration is equivalent to a solution of the
corresponds to the claim made[82] that the onset of gluon  fy|| multichannel problem in the hadronic representation. We
shadowing requires smallgg; than the onset of quark shad- found a much steepe®? dependence of nuclear transpar-
owing. This is because the_fluctuations containing gluons argncy(Fig. 5), i.e., a stronger signal of CT, than was predicted
in general heavier than thgg and have a shorter CL. in Ref. [19] within the two-channel approximation. More-

Then, one can see that a stronger effect of gluon shadovever, the slope of th@? dependence is even higher at lower
ing is expected for nitrogen than for lead. Although it con-energies. This should allow one to detect a signal of CT in
tradicts simple intuition, it is easily interpreted. The renor-experiments with the HERMES spectrometer and especially
malization of the dipole cross section, E@2), may either at JLab.
suppress or enlarge the incoherent cross section in(&g. (4) The successful experimental confirmatiat2] of the
depending on the value of the nuclear thickness functiopredicted coherence length effe¢5] seems now to be a
T(b). Namely, it should lead to a suppression for sriigld),  accidental consequence of the specific correlation between
but to an enhancement for larggb). Indeed we observe Q2 andl. in the HERMES data. The present parameter-free
this trend in Fig. 8. Some enhanceméantishadowingcan  calculations well describe the observed variation of nuclear
be seen for lead @2=0. The results presented for nitrogen transparency witH, (Fig. 7) as a result of a complicated
show that the effect is maximal at intermediate value®®f interplay between the effects of the CT and coherence length.
while it is smaller atQ?=0 and 10 GeV. This is a result of (5) There are other effects that may cause a rise of nuclear
the same interplay between the preexponential factor and trteansparency withQ? at | .= const, thus mimicking a signal
exponential in Eq(51). of CT. These are the lowest-order inelastic corrections that

The implication of gluon shadowing for the case of co-are rather precisely fixed by available data for diffraction,
herent productiony* A—VA is clearer. It is easy to under- and the finite lifetime of vector mesons. Both effects lead to
stand that it always diminishes the coherent cross section. lthe more transparent nuclear medium at higher energies, i.e.,
terms of VDM the photoproduction cross section is related taat largerQ? due to the correlation in E¢54) betweenv and
the total VA cross section, which is always reduced by in-Q?. We found, however, both effects to be too wéBlgs. 14
elastic corrections. One can also see from &@) that the  and 15 to be relevant.
suppression of the dipole cross section by the renormaliza- (6) The effects of CT in coherent production of vector
tion [Eqg. (72)] can result only in a reduction of the cross mesons are found to be less pronounced. Although transpar-
section. Thus, we expect much stronger effects of gluorency decreases wit@? and does not mimic CT in this case,

L(fm)
FIG. 17. Ratio of nucleus to nucleon gluon densities as a func

tion of the thickness of the nucleus=T(b)/p,, at Q>=4 and
different fixed values okg; .
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the CL effects significantly modify th@? dependence and Concluding, the predicted large effects of CT in incoher-

may completely eliminate any signal of CT at medium ener-ent electroproduction of vector mesons off nuclei open new
gies. Besides, the cross section of coherent production igossibilities for the search for CT with medium energy

very small at low energieg-ig. 11). electrons.

(7) The effects of CT modify the impact-parameter depen-
dence of the amplitude of coherent production by diminish-
ing the mean square of the impact parameter in the interac- ACKNOWLEDGMENTS
tion amplitude. Therefore, the positions of the diffractive
minima in the differential cross section are expected to Shif?or
to larger values oft| (Fig. 12. However, the effects seems
to be too small to be reliably observed.

(8) Although it has been known how to calculate nuclear
transparency in the high-energy linhj=>R, [18,13, the ef-
fect of gluon shadowing was missed. We calculated nucle
suppression of gluons at smadg; within the same LC ap-
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tion of the LC gluons significantly reduces the predicted

magnitude of gluon shadowin@rig. 17). Although the am-

plitude of meson production off a bound nucleon is sup-  AppENDIX: APPROXIMATION FOR THE DIPOLE

pressed due to a reduced amount of gluons in the nucleus, CROSS SECTION

the same effect makes the nuclear medium more transparent

and enhances the meson survival probability. For incoherent To keep the calculations simple, we are forced to use the
p production these two effects nearly compensate each oth@pproximate dipole cross section E46), which allows one

for heavy nucleiFig. 8). The cross section for coherent pro- to obtain the Green function in an analytical form as is de-
duction is less for more transparent nuclei, therefore, the efscribed in Sec. Il A. We fix the facto€(s) by demanding
fect of gluon shadowing is more pronouna&dg. 11). These that calculations employing the approximation E46) re-
corrections are not important at HERMES or Jlab energiesproduce correctly the results based on the realistic cross sec-
but are significant at the higher energies of eRHIC and fotion in the limit >R, when the Green function takes the
coherent Coulomb production in heavy-ion collisions atsimple form(47). Thus, for incoherent production of vector
RHIC. mesons the facta€(s) is fixed by the relation

2
fda\lff‘,(F,a)\PTy;L(F,a)

[ doron| [ arrtexs - SeronTaan

2
Uerrzf da W3 (r,a)W (1)

2

debTA(b)U d?r agq(r,s)exp[—%agq(r,s)TA(b) fda\lfg(r*,a)\p;t(rﬁa)
_ . : (A1)
f d?r agq(r,s)fdawc(F,a)\If};L(F,a)

Correspondingly, for coherent production the fadi{s) is fixed by the relation

f d%b

2

1

fdzb fdzrfda\lff,(F,a)\P;;L(F,a){1—exp{—%¢r§q(r,s)TA(b) ]
_ , . (A2)
U dzrf da W (r,a)og(r,.9)W (1)

fdzrf daqrf,(F,a)qf;;L(F,a)[1—exp{—%CT,L(s)rZTA(b)

2

f d2rf da W3(r,a)Cr (S)r2W (T, a)

2
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To take advantage of the analytical form of the Green function, which is known only for the LC potentid3Ewith a
constant nuclear density, we use the approximatig(, z) =p0®(R,§— b2—z?). Therefore, we have to use this form for Egs.
(A1) and(A2) as well. The value of the mean nuclear dengigyhas been determined using the relation

f dzb[l—exq—oopo\/Ri—bZ)]zf d2b l—exp(—%T(b))

where the nuclear thickness functidr(b) is calculated with the realistic Wood-Saxon form of the nuclear density. The value
of po turns out to be practically independent of the cross sectipim the range from 1 to 50 mb.
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