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Color transparency versus quantum coherence in electroproduction of vector mesons off nuclei
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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 effects~color transparency!, the coherence length, and the gluon shadowing.
At medium energies, color transparency~CT! and the onset of coherence length~CL! effects are not easily
separated. Indeed, although nuclear transparency measured by the HERMES experiment rises withQ2, it
agrees with predictions of the vector-dominance model~VDM ! without any CT effects. Our new results and
observations are as follows.~i! The good agreement with the VDM found earlier is accidental and related to the
specific correlation betweenQ2 and CL for HERMES kinematics;~ii ! 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 JLab;~iii ! gluon shadowing, which is important
at high energies, is calculated and included;~iv! our parameter-free calculations explain well available data for
variation of nuclear transparency with virtuality and energy of the photon; and~v! predictions for electropro-
duction ofr andf are provided for future measurements at HERMES and JLab.
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I. INTRODUCTION: INTERPLAY OF ABSORPTION
AND SHADOWING

A. Color transparency

The nuclear medium is more transparent for colorl
hadronic wave packets than predicted by the Glauber mo
One can treat this phenomenon either in the hadronic bas
a result of Gribov’s inelastic corrections@1#, or in QCD as a
result of color screening@2,3#, an effect called color
transparency1 ~CT!. Although the two approaches ar
complementary, the latter interpretation is more intuitive a
straightforward. Indeed, a pointlike colorless object can
interact with external color fields, therefore, its cross sect
vanishess(r )}r 2 at r→0 @2#. This fact naturally explains
the correlation between the cross sections of hadrons
their sizes@5–7#. When a colorless wave packet propaga
through a nucleus, the fluctuations with a small size have
enhanced survival probability which leads to a nonexpon
tial attenuation}1/L @2#, where L is the path length in
nuclear matter.

Some of experiments aimed at observation of a mani
tation of CT failed to detect the expected signal. In particu
nuclear transparency in quasielastic electron scatter
A(e,e8p)A* measured in Ref.@8# up to Q257 GeV2 was
found compatible with Glauber model. Although a deviati
from the Glauber model predictions for quasielastic pro
scattering,A(p,2p)A* , was detected in Ref.@9#, the effect
disappears at higher energies, and no unambiguous inte

1While much has been written on color transparency much of
is contradictory and some authors are even self-contradictory.
can find a detailed comprehensive review on color transparenc
Ref. @4#. The recent experimental results are cited below.
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tation of these data is known. The source of the problem
these reactions seems to be the strict kinematic correla
between energy and momentum transfer.

At the same time measurements performed for other re
tions that do not expose such a correlation were more s
cessful. In particular, the first strong effect of CT was d
tected @10# in the reaction of quasifree charge exchan
scattering of 40 GeV pions,p2A→p0X suggested in@11#.
The experiment E665 at Fermilab@12# confirmed the pre-
dicted@13# rise of nuclear transparency withQ2 in the reac-
tion of exclusive~coherent and incoherent! production ofr
mesons by muons,A(m,m8r)A* . The recent experiment a
Fermilab, E791@14# suggested in Refs.@15,16# also revealed
a strong signal of CT in the process of diffractive cohere
production of dijets off nuclei. Although the E665 exper
ment was successful, the statistical significance of the
served signal of CT seems to be rather low. This is why n
measurements of diffractive electroproduction of vector m
sons off nuclei are in progress or planned at HERMES a
JLab. This is the main goal of the present paper to develo
proper description for this process, valid in the energy ran
of these experiments.

The cross section of diffractive electroproduction of ve
tor mesons is affected by shadowing and absorption, wh
are different phenomena. Final-state absorption in nuc
medium of the produced meson exists even in the class
probabilistic approach that relates nuclear suppression to
survival probabilityW(z,b) of the vector meson produced a
the point with longitudinal coordinatez and impact
parameterbW ,

W~z,b!5expF2s in
VNE

z

`

dz8rA~b,z8!G , ~1!

is
ne
in
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whererA(b,z) is the nuclear density ands in
VN is the inelastic

VN cross section.
Going beyond the vector-dominance model~VDM !, one

realizes that the diffractive process initiating the product
of the vector meson on a bound nucleon isg* N→q̄q N
~with possible glue! @17#. A photon of high virtualityQ2 is
expected to produce a pair with a small;1/Q2 transverse
separation.2 The basic idea of CT is that such small si
should lead to a vanishing absorption when the colorlessq̄q
wave packet propagates through the nucleus. However
pair may evolve in size during the time of propagation due
transverse motion of the quarks. Besides, the medium fil
out large size configurations, which have larger absorp
cross section,3 an effect known as color filtering. Eventuall
the resulting distribution amplitude of theq̄q wave packet
must be projected onto the wave function of theV meson.

The time scale characterizing the evolution of theq̄q
wave packet can be estimated based on the uncertainty
ciple @17#. One cannot decide whether the ground stateV is
produced or the next-excited stateV8, unless the proces
lasts longer than the inverse mass difference. In the
frame of the nucleus, this formation time is Lorentz dilate

t f5
2n

mV8
22mV

2
, ~2!

wheren is the photon energy.
A rigorous quantum-mechanical description of the p

evolution was suggested in@18# and is based on the light
cone Green-function technique. This approach is prese
below in Sec. II.

A complementary description of the same process in
hadronic basis looks quite different@19#. The incident photon
may produce different states on a bound nucleon, theV me-
son ground state or an excited state. Those states prop
through the nucleus experiencing multiple-diagonal and
diagonal diffractive interactions, and eventually the grou
state is detected. According to quark-hadron duality, we
pect these two descriptions to be equivalent. In pract
however, neither of them can be calculated exactly,
therefore each has advantages and shortcomings. Fo
ample, electroproduction of light-vector mesons on
nucleon cannot be calculated perturbatively without rese
tions, while in the hadronic basis one can make use of
perimental data that include all nonperturbative effects.
the other hand, for excited meson states, no data are avai
for the diagonal and off-diagonal diffractive amplitudes th

2In fact, the situation is somewhat more complicated. For v

asymmetric pairs when either theq or q̄ carry almost the whole
photon momentum, the pair can have a large separation, see
II B.

3Absorption does not mean disappearance or stopping of
quarks. High-energy partons usually lose only a very small~energy
independent! fraction of their energy, primarily via soft QCD pro
cesses. Absorption means color-exchange interaction, w
switches from the exclusive channel to an inclusive process.
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one can estimate in the quark representation. The two
proaches are complementary, they rely on different appro
mations and their comparison may provide a scale for
theoretical uncertainty involved.

B. Effects of coherence: Shadowing of quarks and gluons

Another phenomenon, shadowing, is also known to ca
nuclear suppression. In contrast to final-state absorption,
a pure quantum-mechanical effect, which results from
structive interference of the amplitudes for which the int
action takes place on different bound nucleons. It can
interpreted as a competition between the different nucle
participating in the reaction: since the total probability ca
not exceed one, each participating nucleon diminishes
chances of others to contribute to the process.

The cross section of photoproduction is very small, sin
it includes the fine-structure constant. Applying the Glaub
formula one should expect no visible shadowing. Howev
this is true only at low energies. It has been realized bac
the 1960s~see the review@20#! that the photon interacts via
its hadronic fluctuations. Therefore, if a fluctuation c
propagate over a distance comparable or longer than
nuclear radius, it may interact with a large hadronic cro
section that causes shadowing. The small probability to c
ate such a fluctuation enters only once, otherwise the fl
tuation interacts strongly. Thus, the fluctuation lifetime pr
vides the time scale that controls shadowing. Again, it can
estimated relying on the uncertainty principle and Lore
time dilation as

tc5
2n

Q21mV
2

. ~3!

It is usually called coherence time, but we will also use t
term coherence length~CL!, since light-cone kinematics is
assumed,l c5tc @similarly, for formation length~FL! l f5t f#.
CL is related to the longitudinal momentum transferqc
51/l c in g* N→VN, which controls the interference of th
production amplitudes from different nucleons.

Initial-state shadowing indeed has been observed in m
reactions where no final-state absorption is expected, for
ample, in the total photoabsorption cross section on nu
~see@20#!, the inclusive deep-inelastic cross section@21,12#,
the total neutrinonucleus cross section@22#, the Drell-Yan
reaction of dilepton production@23,24#, etc. In the case of
electroproduction of vector mesons off nuclei, shadow
and absorption happen with the same cross section, w
makes it difficult to disentangle the two sources of nucle
suppression. Nevertheless, it is easy to identify the differe
in the two limiting cases@18# that we illustrate for the ex-
ample of the VDM. The first case is the limit of smalll c ,
shorter than the mean internucleon spacing;2 fm. In this
case only final-state absorption matters. The ratio of
quasielastic~or incoherent! g* A→VX andg* N→VX cross
sections, usually called nuclear transparency, reads

y
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TrA
incu l c!RA

[
sV

g* A

A sV
g* N

5
1

AE d2bE
2`

`

dzrA~b,z!

3expF2s in
VNE

z

`

dz8rA~b,z8!G
5

1

A s in
VNE d2b$12exp@2s in

VNT~b!#%

5
s in

VA

A s in
VN

. ~4!

In the limit of long l c it takes a different form,

TrA
incu l c@RA

5E d2bTA~b!exp@2s in
VNTA~b!#, ~5!

where we assumesel
VN!s in

VN for the sake of simplicity.
TA(b) is the nuclear thickness function

TA~b!5E
2`

`

dzrA~b,z!. ~6!

The exact expression beyond VDM, which interpolates
tween the two regimes~4! and ~5!, can be found in@25#.

One can see that theV meson attenuates along the who
nucleus thickness in Eq.~5!, but only along roughly half of
that length in Eq.~4!. This confirms our conjecture tha
nuclear shadowing also contributes to Eq.~5! increasing sup-
pression. This may be also interpreted as an analog of
quark nuclear shadowing measured in deep inelastic sca
ing ~DIS! off nuclei, but the absorption effects make th
analogy rather shaky.

Gluon shadowing also suppresses electroproduction oV
mesons. Different~but equivalent! descriptions of gluon
shadowing are known. In the infinite momentum frame
the nucleus it looks similar to fusion of gluons, which ove
lap in longitudinal direction at smallx, leading to a reduction
of gluon density. In the rest frame of the nucleus the sa
phenomenon looks as a specific part of Gribov’s inela
corrections@1#. The lowest-order inelastic correction relate
to diffractive dissociationVN→XN @26# contains PPR and
PPP contributions~in terms of the triple-Regge phenomeno
ogy, see@27#!. The former is related to the quark shadowi
already discussed above, while the latter, the triple-Pome
term, corresponds to gluon shadowing. Indeed, only diffr
tive gluon radiation can provide theMX dependence
dsdd /dMX

2}1/MX
2 of the diffractive dissociation cross se

tion.
In terms of the light-cone QCD approach, the same p

cess is related to the inclusion of higher Fock compone
uq̄q nG&, containing gluons@28#. Such fluctuations might be
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quite heavy compared to the simplestuq̄q& fluctuation, there-
fore, they have a shorter lifetime@29# and need a highe
energy to be relevant.

C. Outline of the paper

In Sec. II we present the light-cone~LC! approach to
diffractive electroproduction of vector mesons in the re
frame of the nucleon target. The central issue of this
proach, the universal interaction cross section for a color
quark-antiquark dipole and a nucleon, is presented in S
II A. It cannot be reliably evaluated theoretically and is fitte
to the data for the proton structure function in a wide ran
of xB j andQ2.

The LC wave function for a quark-antiquark fluctuation
the virtual photon is presented in Sec. II B for both, free a
interacting q̄q pairs. In the latter case, we apply the L
Green-function approach and introduce into the tw
dimensional Schro¨dinger equation a nonperturbative real L
potential describing theq̄q interaction. The model for the LC
wave of a vector meson is described in Sec. II C.

As a rigorous test of the model, we calculate in Sec. II
the cross section of elastic electroproduction ofr and f
mesons off a nucleon target. These parameter-free calc
tions reproduce both the energy andQ2 dependence remark
ably well, including the absolute normalization. Since we u
the nonperturbative LC photon wave function, it is legitima
to do calculations down toQ250. Agreement with data for
real photoproduction ofr andf is also good.

Section III is devoted to incoherent production of vect
mesons off nuclei. In Sec. III A the Green function descr
ing propagation of aq̄q in the nuclear medium is modified t
incorporate absorption. This is done by introducing an ima
nary part of the potential into the two-dimensional LC Sch¨-
dinger equation for the Green function. Different limitin
cases of short and long coherence and formation lengths
considered. The central result of the paper is Eq.~52! for the
cross section of incoherent vector meson production in
most general case. Numerical calculations and compar
with available data are presented in Sec. III B. Nuclear tra
parency turns out to be a result of a complicated interp
between coherence and formation length effects. Althou
variation of l c with Q2 can mimic CT at medium and low
energies, one can map experimental events inQ2 and n in
such a way as to keepl c5const. Unexpectedly, the exac
solution found in the present work is very different from th
two-coupled-channel approximation of@19# and predicts a
much more pronounced effect of CT. This makes it feasi
to find a clear signal of CT effects in exclusive production
r mesons in the current and planned experiments
HERMES and JLab.

Coherent production of vector mesons off nuclei leavi
the nucleus intact is studied in Sec. IV. The formalism d
scribed in Sec. IV A is simpler than in the case of incoher
production. The detailed calculations and the compari
with data are presented in Sec. IV B. The effect of CT on
Q2 dependence of nuclear transparency atl c5const is
weaker than in the case of incoherent production and is
1-3
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ficult to be detected at low energies since the cross sectio
small. Our results for the differential cross section of coh
ent production ofr demonstrate also a weak sensitivity
the CT effects.

Besides CL, there are other effects considered in Se
that can mimic the phenomenon of CT. First, the stand
lowest-order inelastic corrections, well fixed by availab
data, are known to make the nuclear medium more trans
ent at higher energies. Sincen is a rising function ofQ2 at
fixed l c , nuclear transparency increases withQ2. These cor-
rections are estimated in Sec. V A and the effect is found
be too weak to mock CT. Another source of risingQ2 de-
pendence of the nuclear transparency is the finiter lifetime,
which might be important at low energies. This effect eva
ated in Sec. V B is also found to be negligibly small.

Exclusive production of vector mesons at high energie
controlled by the small-xB j physics, and gluon shadowin
becomes an important phenomenon. It affects the cross
tion of incoherent vector meson production in a twofold w
While the production ofV on a bound nucleon is suppresse
the nuclear medium becomes more transparent enhancin
survival probability ofq̄q wave packets traveling through th
nucleus. At the same time, the cross section of coherent
duction can be only diminished. In Sec. VI gluon shadow
is calculated and included in the calculations for nucl
transparency.

The results of the paper are summarized and discusse
Sec. VII. An optimistic prognosis for the CT discovery p
tential of future experiments at HERMES and JLab is ma

II. LIGHT-CONE DIPOLE PHENOMENOLOGY
FOR ELASTIC PHOTOPRODUCTION

OF VECTOR MESONS g* N\VN

In the light-cone dipole approach, the amplitude of a d
fractive process is treated as elastic scattering of aq̄q fluc-
tuation of the incident particle. The elastic amplitude giv
by convolution of the universal flavor-independent dipo
cross section for theq̄q interaction with a nucleons q̄q ,
which is introduced in@2#, and the initial- and final-wave
functions. Thus, the forward-production amplitude for t
exclusive photoproduction or electroproduction of vec
mesonsg* N→VN can be represented in the form@18,13#

Mg* N→VN~s,Q2!5^Vus q̄q
N

~rW ,s!ug* &

5E
0

1

daE d2rCV* ~rW,a!s q̄q~rW,s!

3Cg* ~rW,a,Q2! ~7!

with the normalization

ds

dt U
t50

5
uMu2

16p
. ~8!

In order to calculate the photoproduction amplitude, o
needs to know the following ingredients of Eq.~7!.
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~i! The dipole cross sections q̄q(rW,s), which depends on
the q̄q transverse separationrW and the c.m. energy squareds.

~ii ! The LC wave function of the photonCg* (rW,a,Q2),
which also depends on the photon virtualityQ2 and the rela-
tive sharea of the photon momentum carried by the quar

~iii ! The LC wave functionCV(rW,a) of the vector meson.
They are presented in the following sections.

Note that in the LC formalism the photon and mes
wave functions contain also higher Fock statesuq̄q&, uq̄qG&,
uq̄q2G&, etc. Should one add their contribution to Eq.~8!? A
word of caution is in order. The energy dependence of
total cross section including the dipole one, as is given in
~7!, originates from inelastic collisions with gluon brem
strahlung, a process related to the forward elastic amplit
via unitarity. Those inelastic collisions also can be describ
in terms of the Fock components containing gluons. Th
one would double count if both the energy-dependent dip
cross section and the higher Fock states were included.
ther one should rely upon the Fock state decomposition tr
ing interaction of each of them as energy independent, or
should restrict ones consideration to the lowestuq̄q& compo-
nent, but implicitly incorporate the effects of higher Foc
states into the energy dependence of the dipole cross se
s q̄q . We stand with the latter approach in the present pa

However, as for nuclear targets, one must explicitly
clude into ones consideration the higher Fock states bec
their eikonalization leads to gluon shadowing. We come b
to this problem in Sec. VI.

A. Phenomenological dipole cross section

The cross sections q̄q(rW,s) for the interaction of aq̄q

dipole of transverse separationrW with a nucleon, first intro-
duced in Ref.@2#, is a flavor-independent universal functio
of rW and energy. It allows to describe in a uniform way va
ous high energy processes. This cross section still canno
predicted reliably due to poorly known higher order pQC
corrections and nonperturbative effects. However, it
known to vanish quadraticallys q̄q(r ,s)}r 2 as r→0 due to
color screening, a property usually called color transparen
On the other hand, one may expect the dipole cross sec
to level off at large separations. This may happen if the qu
density in the proton already saturates in thexB j range of
HERA @30,31#. Whether this was already observed at HER
in the smallxB j domain is difficult to say. One can fit th
data perfectly either assuming saturation@31#, or with the
pure Dokshitzer-Gribov-Lipatov-Altarelli-Parisi~DGLAP!
evolution. One can interpret the leveling off of the dipo
cross section not only in terms of saturated parton den
~these two arenot identical!. Another scenario relates the fla
behavior ofs q̄q(r ,s) at larger to the averaged gluon propa
gation lengthr 0. For r 2@r 0

2 one arrives in this case at th
additive quark model: the dipole cross section is a sum
quark-quark cross sections, i.e., thes q̄q(r ) levels off at large
separations.

At small separations the dipole cross section should b
function of r andxB j;1/(r 2s) to reproduce Bjorken scaling
1-4
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A corresponding simple and popular parametrization
been suggested in@31#. It well describes data for DIS a
small x and medium and highQ2. However, at smallQ2 it
cannot be correct since it predicts energy-independent
ronic cross sections. Besides,xB j is no more a proper vari
able at smallQ2 and should be replaced by energy. Since
want our approach to be valid down to the limit of real ph
toproduction, we choose the parametrization suggeste
@32# which is similar to one in@31#, but contains an explicit
dependence on energy

s q̄q~r ,s!5s0~s!@12e2r 2/r 0
2(s)#. ~9!

It correctly reproduces the hadronic cross sections for
choice

s0~s!5s tot
pp~s!F11

3

8

r 0
2~s!

^r ch
2 &

G mb, ~10!

r 0~s!50.88S s

s0
D 20.14

fm. ~11!

Here ^r ch
2 &50.44 fm2 is the mean pion charge radiu

squared;s051000 GeV2. The cross sections tot
pp(s) was fit-

ted to data in@33,34#

s tot
pp~s!523.6S s

s0
D 0.079

10.032S s

s0
D 20.45

mb. ~12!

It represents the Pomeron and Reggeon parts correspon
to exchange of gluons andq̄q, respectively. Only the forme
has been used in the dipole cross section Eq.~9! to fit the
data for the proton structure function at smallxB j . Unfortu-
nately, the Reggeon part of the dipole cross section is po
known. To the best of our knowledge, no phenomenology
it has been developed so far. The energy dependence o
Reggeon dipole cross section at smallQ2 ~or x dependence a
high Q2) dictated by Regge phenomenology is appro
mately}1/As (}Ax). Thus, we can expectQ2 independence
of the exponent in the second term on the right-hand s
~rhs! of Eq. ~12!. Ther dependence of this term in the dipo
cross section is less known. In order to reproduce Bjor
scaling, we must assume that the Regge term vanishesr
→0 in the same way as the Pomeron part of the cross
tion, sR(r ,s)}r 2. For the sake of simplicity, we therefor
assume the same parametrization as is used for the Pom
part, Eq. ~9!. Then, one can just incorporate the Regge
term intos0(s) as is done in Eq.~12!.

Incorporating Reggeons into the LC dipole formalism f
nuclear shadowing, one should be careful with the treatm
of multiple interaction terms, which have a nonplanar nat
@35#. The Reggeon exchange described by planar gra
should not participate in the multiple-scattering expansion
the eikonal exponential.

The dipole cross section, Eqs.~9!–~12!, provides the
imaginary part of the elastic amplitude. It is known, ho
ever, that the energy dependence of the total cross se
generates also a real part@36#
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s q̄q~r ,s!⇒S 12 i
p

2

]

] ln~s! Ds q̄q~r ,s!. ~13!

The energy dependence of the dipole cross section Eq.~9! is
rather steep at smallr, leading to a large real part that shou
not be neglected. For instance, the photoproduction am
tude of gN→J/CN rises }s0.2 and the real-to-imaginary
part ratio is over 30%. At medium energies also the Regg
contribution to electroproduction of light mesons contribu
to the real part of the elastic amplitude. The replacement
~13! takes care of it as well, and we use this form everywh
in what follows, unless specified otherwise.

Note that the improvement compared to Ref.@31# at large
separations leads to a worse description of the short-dista
part of the dipole cross section, which is responsible for
behavior of the proton structure function at largeQ2. To
satisfy Bjorken scaling, the dipole cross section at smar
must be a function of the productsr, which is not the case
for the parametrization in Eq.~9!. Indeed, the form of Eq.~9!
successfully describes data for DIS at smallx only up to
Q2'10 GeV2 and does a poor job at larger values ofQ2.
Nevertheless, this interval ofQ2 is sufficient for the purpose
of the present paper, which is focused on production of li
vector mesons at small and moderateQ2&10 GeV2.

B. The q̄q wave function of the photon

The perturbative distribution amplitude~wave function!
of the q̄q Fock component of the photon is well known@37–
39#, and for transversely~T! and longitudinally~L! polarized
photons it has the form

C q̄q
T,L

~rW,a!5
ANCaem

2p
Zqx̄ ÔT,Lx K0~er !, ~14!

wherex and x̄ are the spinors of the quark and antiqua
respectively;Zq is the quark charge;NC53 is the number of
colors.K0(er ) is a modified Bessel function with

e25a~12a!Q21mq
2 , ~15!

wheremq is the quark mass, anda is the fraction of the LC
momentum of the photon carried by the quark. The opera
ÔT,L read

ÔT5mqsW •eW1 i ~122a!~sW •nW !~eW•¹Wr !1~sW 3eW !•¹Wr , ~16!

ÔL52Q a~12a!~sW •nW !. ~17!

Here¹Wr acts on transverse coordinaterW; eW is the polarization
vector of the photon, andnW is a unit vector parallel to the
photon momentum.

The transverseq̄q separation is controlled by the distribu
tion amplitude Eq.~14! with the mean value

^r &;
1

e
5

1

AQ2a~12a!1mq
2

. ~18!
1-5
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In pQCD the quarks are treated as free, and one may wo
why they do not fly apart but form a wave packet of fin
size. It is interference ofq̄q waves produced at differen
points that keeps the transverse separation finite. To rea
large separation, theq̄q pair must be produced sufficientl
long in advance, longer than the coherence time Eq.~3!, such
that fluctuations loose coherence. Treating the cohere
time as lifetime of the fluctuation, one can also say that
fluctuation does not have enough time to fly apart.

For very asymmetric q̄q pairs with a or (12a)
&mq

2/Q2, the mean transverse separation^r &;1/mq be-
comes huge since one must use current quark masses w
pQCD. A popular recipe to fix this problem is to introduce
effective quark massme f f;LQCD , which should represen
the nonperturbative interaction effects betweenq andq̄. It is
more consistent, however, and straightforward to introd
this interaction explicitly. The corresponding phenomen
ogy based on the light-cone Green-function approach
been developed in@32#.

The Green functionGq̄q(z1 ,rW1 ;z2 ,rW2) describes the
propagation of an interactingq̄q pair between points with
longitudinal coordinatesz1 andz2 and with initial and final
separationsrW1 andrW2. This Green function satisfies the two
dimensional Schro¨dinger equation

i
d

dz2
Gq̄q~z1 ,rW1 ;z2 ,rW2!

5F e22D r 2

2 n a~12a!
1Vq̄q~z2 ,rW2 ,a!G

3Gq̄q~z1 ,rW1 ;z2 ,rW2!. ~19!

Here n is the photon energy. The LaplacianD r acts on the
coordinater.
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The imaginary part of the LC potentialVq̄q(z2 ,rW2 ,a) in
Eq. ~19! is responsible for attenuation of theq̄q in the me-
dium, while the real part represents the interaction betw
theq andq̄. This potential is supposed to provide the corre
LC wave functions of vector mesons. For the sake of s
plicity we use the oscillator form of the potential

ReVq̄q~z2 ,rW2 ,a!5
a4~a!rW2

2

2 n a~12a!
, ~20!

which leads to a Gaussianr dependence of the LC wav
function of the meson ground state. The shape of the fu
tion a(a) will be discussed in the following section.

In this case, Eq.~19! has an analytical solution, the ha
monic oscillator Green function@40#

Gq̄q~z1 ,rW1 ;z2 ,rW2!

5
a2~a!

2 p i sin~v Dz!
expH i a2~a!

sin~v Dz!
@~r 1

21r 2
2!cos~v Dz!

22 rW1•rW2#J expF2
i e2Dz

2 n a~12a!G , ~21!

whereDz5z22z1 and

v5
a2~a!

n a~12a!
. ~22!

The boundary condition isGq̄q(z1 ,rW1 ;z2 ,rW2)uz25z1
5d2(rW1

2rW2).
The probability amplitude to find theq̄q fluctuation of a

photon at the pointz2 with separationrW is given by an inte-
gral over the pointz1 where theq̄q is created by the photon
with initial separation zero
C q̄q
T,L

~rW,a!5
i ZqAaem

4p E a~12a!
E

2`

z2
dz1~ x̄ ÔT,Lx!Gq̄q~z1 ,rW1 ;z2 ,rW !ur 150 . ~23!
The operatorsÔT,L are defined in Eqs.~16! and ~17!. Here
they act on the coordinaterW1.

If we write the transverse part as

x̄ ÔTx5A1BW •¹Wr 1
, ~24!

then the distribution functions read

C q̄q
T

~rW,a!5ZqAaem@A F0~e,r ,l!1BW FW 1~e,r ,l!#,
~25!

C q̄q
L

~rW,a!52 ZqAaemQ a~12a!x̄ sW •nW x F0~e,r ,l!,
~26!
where

l5
2 a2~a!

e2
. ~27!

The functionsF0,1 in Eqs.~25! and ~26! are defined as

F0~e,r ,l!5
1

4pE0

`

dt
l

sinh~lt !
expF2

le2r 2

4
coth~lt !2t G ,

~28!
1-6
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FW 1~e,r ,l!5
e2rW

8pE
0

`

dtF l

sinh~lt !G
2

3expF2
le2r 2

4
coth~lt !2t G . ~29!

Note that theq̄2q interaction enters Eqs.~25! and ~26!
via the parameterl defined in Eq.~27!. In the limit of van-
ishing interactionl→0 ~i.e., Q2→`, a is fixed,a5” 0 or 1)
Eqs. ~25! and ~26! produce the perturbative expressions
Eq. ~14!.

With the choicea2(a)}a(12a) the end-point behavio
of the mean square interquark separation^r 2&}1/a(12a)
contradicts the idea of confinement. Following@32# we fix
this problem via a simple modification of the LC potentia

a2~a!5a0
214a1

2a~12a!. ~30!

The parametersa0 and a1 were adjusted in@32# to data on
total photoabsorption cross section@41,42#, diffractive pho-
ton dissociation and shadowing in nuclear photoabsorp
reaction. The results of our calculations vary within only 1
whena0 anda1 satisfy the relation

a0
25v1.15~0.112!2 GeV2,

a1
25~12v !1.15~0.165!2 GeV2, ~31!

wherev takes any value 0,v,1. In view of this insensitiv-
ity of the observables, we fix the parameters atv51/2. We
checked that this choice does not affect our results beyo
few percent uncertainty.

C. The meson wave function

To describe electroproduction reactions, it is natural
work in the infinite momentum frame of the virtual photo
and use the LC variables for theq̄q pair, the transverse sepa
ration rW and the fractiona5pq

1/pV
1 of the total LC momen-

tum carried by the quark. The wave functions of light vec
mesons are poorly known both in the rest and infinite m
mentum frames. A popular prescription@43# is to apply the
Lorentz boost to the rest frame wave function assumed to
Gaussian, which leads to radial parts of transversely and
gitudinally polarized mesons in the form

FV
T,L~rW,a!5CT,La~12a! f ~a!expF2

a~12a!rW2

2 R2 G
~32!

with a normalization defined below, and

f ~a!5expF2
mq

2R2

2 a~12a!
G . ~33!

This procedure is ill motivated since theq̄q are not classica
particles. As a result of the boost to the infinite moment
frame, many new Fock components are created. Never
less, a detailed analysis of this problem@44# leads to the
03520
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same form~32! that we use in what follows with the param
eters from@45#, R50.59 fm andmq50.15 GeV.

We assume that the distribution amplitude ofq̄q fluctua-
tions for the vector meson and for the photon have a sim
structure@45#. Then in analogy to Eqs.~25! and ~26!,

CV
T~rW,a!5~A1BW •¹W !FV

T~r ,a!; ~34!

CV
L~rW,a!52 mV a~12a!~x̄ sW •nW x!FV

L~r ,a!. ~35!

Correspondingly, the normalization conditions for th
transverse and longitudinal vector meson wave functi
read

NCE d2r E da$mq
2uFV

T~rW,a!u2

1@a21~12a!2#u] rFV
T~rW,a!u2%51, ~36!

4 NCE d2r E da a2~12a!2mV
2 uFV

L~rW,a!u251. ~37!

D. Cross section on a nucleon—comparison with data

Now we are in the position to calculate the forwar
production amplitudeg* N→VN for transverse and longitu
dinal photons and vector mesons using the nonperturba
photon wave functions Eqs.~25! and~26! and for the vector
meson Eqs.~34! and ~35!. We verify the LC approach by
comparing with data for nucleon target. This is a rigoro
test since we have no free parameters.

The forward scattering amplitude reads

Mg* N→VN
T

~s,Q2!u t50

5NCZqAaemE d2r s q̄q~rW,s!

3E
0

1

da$mq
2F0~e,rW,l!CV

T~rW,a!

1@a21~12a!2#FW 1~e,rW,l!•¹WrCV
T~rW,a!%;

~38!

Mg* N→VN
L

~s,Q2!u t50

54 NCZqAaemmVQE d2r s q̄q~rW,s!

3E
0

1

da a2~12a!2F0~e,rW,l!CV
L~rW,a!.

~39!

These amplitudes are normalized asuM T,Lu2

516p dsN
T,L/dtu t50. We include the real part of the ampl

tude according to the prescription described in Sec. II A.
what follows we calculate the cross sectionss5sT1e sL

assuming that the photon polarization ise51. It was pointed
out in @46# that CT effects are stronger for the longitudin
1-7
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part of the cross section since the end point parts,a→0,1, of
the wave function of the longitudinal photon are suppres
@39#. This is important since the longitudinal part of the cro
section takes over at largeQ2.

Now we can check the absolute value of the predic
cross section by comparing with data for elastic electrop
ductiong* p→Vp for r andf mesons. Unfortunately, dat
are available only for the cross section integrated overt,

sT,L~g* N→VN!5
uM T,Lu2

16p Bg* N

, ~40!

where thet slope of the differential cross section cannot
properly predicted by the approach under consideration.
strategy is to predict the numerator in Eq.~40!, and compare
with data for the cross section and the slope.

Our predictions are plotted in Fig. 1 together with the d
on theQ2 dependence of the cross section from NMC, H
and ZEUS@47–50#.

We use theQ2-dependent slope of the differential cro
sectionds(g* N→VN)/dt}exp@Bg*N

V (Q2)t# parametrized as
@51#

Bg* N~s,Q2!5b0
V~s!1

b1
V~s!

Q21mV
2

2
1

2
lnS Q21mV

2

mV
2 D .

~41!

A fit to the data @47,52# from fixed-target experiment
for the Q2-dependent slope inr production give the param
eters forW'10–15 GeV,b0

r5(6.260.2) GeV22,b1
r51.5

60.2. Using data from HERA@48,49,53–57# for r produc-
tion at W575 GeV we get,b0

r5(7.160.1) GeV22, b1
r

52.060.1.
Repeating the same analysis forf production we get at

W'10–15 GeV from data@47,58#,b0
f5(5.960.1) GeV22,

b1
f50.560.1. Data from HERA@59,50# give, b0

f5(6.7
60.2) GeV22,b1

f51.060.1. For calculations shown in Fig
1, we use the central values of these parameters.

Our approach, which includes the effects of the nonp
turbative interaction between theq and q̄ in the photon fluc-
tuation, is designed to describe the lowQ2 region as well. To
test it, we compare our results with data@60,61,54,55,62# for
the energy dependence of the cross section of realr photo-

FIG. 1. Q2 dependence of the cross section for the reacti
g* p→rp ~left! andg* p→fp ~right!. The dashed and solid curve
are compared with data atW515 GeV @47# and at 75 GeV
~@48,49# for r and @50# for f), respectively.
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production in Fig. 2. We use the energy-dependent sl
parameter,BgN

r 5B0
r12a8 ln(s/s0) with a850.25 GeV22

and B0
r57.6 GeV22, s0520 GeV2 fitted to data

@63,60,53,55,56#. The Pomeron part of the dipole cross se
tion depicted by the dashed curve in Fig. 2 cannot expl
the data at low energies,W&15 GeV, while the addition of
the Regge term~solid curve! leads to a good agreement fo
all energies. We also found a good agreement with data
real photoproduction off, but skip the comparison sinc
there are very few data points.

The normalization of the cross section and its energy
Q2 dependence are remarkably well reproduced in Figs
and 2. This is an important achievement since the abso
normalization is usually much more difficult to reprodu
than nuclear effects. For instance, the similar, but simplifi
calculations in@18# underestimate theJ/C photoproduction
cross section on protons by an order of magnitude.

As a crosscheck for the choice of ther0 wave function in
Eqs. ~32! and ~30! we also calculated the totalr0-nucleon
cross section, which is usually expected to be roughly sim
to the pion-nucleon cross sections tot

pN;25 mb. The
r-nucleon total cross section has the form

s tot
rN5NCE d2r E da$mq

2uFV
T~rW,a!u2

1@a21~12a!2#u] rFV
T~rW,a!u2%s q̄q~rW,s!. ~42!

We calculateds tot
rN with the r meson wave function in the

form Eq.~32! with the parameters described in the Sec. II
For the dipole cross section we adopt the parametrization~9!,
which is designed to describe low-Q2 data. Then, atn
5100 GeV, we obtains tot

rN527 mb, which is quite a rea
sonable number.

III. INCOHERENT PRODUCTION OF VECTOR MESONS
OFF NUCLEI

In diffractive incoherent~quasielastic! production of vec-
tor mesons off nuclei,g* A→VX, one sums over all fina
states of the target nucleus except those that contain par
~pion! creation. The observable usually studied experim
tally is nuclear transparency defined as

s
FIG. 2. Energy dependence of the real photoproduction cr

section on a nucleongp→r0p. Our results~solid curve! are com-
pared with data from the fixed target@60,61#, and collider HERA
H1 @54# and ZEUS@55,62# experiments. The dashed curve contai
only the gluonic exchange in thet channel.
1-8
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TrA
inc5

sg* A→VX
inc

A sg* N→VN

. ~43!

The t slope of the differential quasielastic cross section is
same as on a nucleon target. Therefore, instead of integr
cross sections one can also use the forward differential c
sections Eq.~8! to write

TrA
inc5

1

AUMg* A→VX~s,Q2!

Mg* N→VN~s,Q2!
U2

. ~44!

A. The LC Green-function approach

One should decompose the physical photonug* & into dif-
ferent Fock states, namely, the bare photonug* &0 , uq̄q&,
uq̄qG&, etc. The higher states containing gluons are vita
describe the energy dependence of the photoproduction r
tion on a nucleon. As far as nuclear effects are concern
those Fock components also lead to gluon shadowing. H
ever, as we mentioned above, these fluctuations are he
and have a shorter coherence time~lifetime! than the lowest
uq̄q& state. Therefore, at medium energies onlyuq̄q& fluctua-
tions of the photon matter. Gluon shadowing related to
higher Fock states will be considered later.

Propagation of an interactingq̄q pair in a nuclear medium
is described by the Green function satisfying the evolut
Eq. ~19!. However, the potential in this case acquires
imaginary part, which represents absorption in the med
@see Eq.~1! for notations#,

ImVq̄q~z2 ,rW,a!52
s q̄q~rW,s!

2
rA~b,z2!. ~45!

The evolution equation~19! with the potentialVq̄q(z2 ,rW2 ,a)
containing this imaginary part was used in@64,29#, and
nuclear shadowing in deep-inelastic scattering was calcul
in good agreement with data.

The analytical solution of Eq.~21! is only known for the
harmonic oscillator potentialV(r )}r 2. To keep the calcula-
tions reasonably simple, we are forced to use the dipole
proximation

s q̄q~r ,s!5C~s!r 2. ~46!

The energy-dependent factorC(s) is adjusted to reproduc
correctly nuclear effects in the limit of very long CLl c
@RA ~the so-called ‘‘frozen’’ approximation!, when

Gq̄q~z1 ,rW1 ;z2 ,rW2!

⇒d~rW12rW2!expF2
1

2
s q̄q~r 1!E

z1

z2
dzrA~b,z!G ,

~47!
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where the dependence of the Green function on the imp
parameter is dropped. The details are described in the
pendix.

With the potential Eqs.~45! and ~46! the solution of Eq.
~19! has the same form as Eq.~21!, except that one should
replacev⇒V, where

V5
Aa4~a!2 i rA~b,z!n a~12a!C~s!

n a~12a!
. ~48!

Guided by the uncertainty principle and the Lorentz tra
formation, one can estimate the coherence time as in Eq.~3!,
where the effective mass of theq̄q pair is replaced by the
vector meson mass. One can see the presence of a cohe
length in the kinetic term of the evolution equation, Eq.~19!.
Indeed, the effective mass squared of aq̄q pair is Mq̄q

2

5(mq
21kT

2)/a(12a). This is what the kinetic term consist
of when the transverse momentum squared of the quar
replaced bykT

2⇒D r . This dynamically varying effective
mass controls the CL defined by the Green function, as c
pared to the oversimplified Eq.~3! for the CL as given by the
fixed massmV . One can explicitly see the static partQ2

1mq
2/a(12a) of the coherence length in the last phase sh

factor in the Green function in Eq.~21!.
Depending on the value ofl c one can distinguish differen

regimes.
~i! The CL is much shorter than the mean nucleon spac

in a nucleus (l c→0). In this caseG(z2 ,rW2 ;z1 ,rW1)→d(z2
2z1) since strong oscillations suppress propagation of
q̄q over longer distances. In this case the formation time
the meson wave function is very short as well, since it
described by the same Green function and is controlled
the formation time as given in Eq.~2!. Apparently, for light
vector mesonsl f; l c , so both must be short. In this cas
nuclear transparency is given by the simple formula Eq.~4!
corresponding to the Glauber approximation.4

~ii ! In the intermediate casel c→0, but l f;RA , which can
only be realized for heavy flavor quarkonia, the formation
the meson wave function is described by the Green func
and the numerator of the nuclear transparency ratio Eq.~44!
has the form@18#

uMg* A→VX~s,Q2!u l c→0;l f;RA

2

5E d2bE
2`

`

dzrA~b,z!uF1~b,z!u2, ~49!

where

4Note that the optical approximation is used throughout this pa
only for the sake of easy reading. For numerical calculations
replace the exponential by a more realistic expressi
exp(2s TA)⇒(12s TA /A)A21. This has also been done in all of ou
previous publications, contrary to what is stated in@65#.
1-9



n
th
p
ed

e

-
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F1~b,z!5E
0

1

daE d2r 1d2r 2CV* ~rW2 ,a!

3G~z8,rW2 ;z,rW1!s q̄q~r 1 ,s!Cg* ~rW1 ,a!uz8→` .
~50!

This expression is illustrated in Fig. 3~a!. At the pointz, the
photon creates a colorlessq̄q pair with transverse separatio
rW1. The quark and antiquark then propagate through
nucleus along different trajectories and end up with a se
ration rW2. The contributions from different paths are summ
on
ho
n
tw
ri

re

i
t

ig

n-
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s
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f-
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up giving rise to the Green functionG(z8,rW2 ;z,rW1), which is
convoluted in Eq.~49! with the wave functions ofg* andV.
This is the path integral technique suggested in@18#.

~iii ! l c@RA ~in fact, it is more correct to compare with th

mean free path of theq̄q in a nuclear medium if the latter is
shorter than the nuclear radius!. In this case

G(z2 ,rW2 ;z1 ,rW1)→d(rW22rW1), i.e., all fluctuations of the

transverseq̄q separation are ‘‘frozen’’ by Lorentz time dila
tion. Then, the numerator on the rhs of Eq.~44! takes the
form @18#
uMg* A→VX~s,Q2!u l c@RA

2 5E d2b TA~b!U E d2r E
0

1

daCV* ~rW,a!s q̄q~r ,s!expF2
1

2
s q̄q~r ,s!TA~b!GCg* ~rW,a,Q2!U2

.

~51!
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In this case theq̄q attenuates with a constant absorpti
cross section as in the Glauber model, except that the w
exponential is averaged rather than just the cross sectio
the exponent. The difference between the results of the
prescriptions are the well known inelastic corrections of G
bov @2#.

~iv! The main and new results of the present paper add
the general case with no restrictions for eitherl c or l f . No
theoretical tool has been developed so far beyond the lim
~i!–~iii ! discussed above none of which can be applied
electroproduction of light vector mesons at the medium h
energies of HERMES and JLab.

Even within the VDM the Glauber model expression i
terpolating between the limiting cases of low@~i!,~ii !# and
high @~iii !# energies has been derived only recently@25#. We
generalize that formalism to the LC dipole approach, and
incoherent photoproduction amplitude is represented a
sum of two terms@66# illustrated in Fig. 3,

uMg* A→VX~s,Q2!u2

5E d2bE
2`

`

dzrA~b,z!uF1~b,z!2F2~b,z!u2.

~52!

FIG. 3. Incident virtual photon produces incoherently at t

point z ~quasielastic scattering! the colorlessq̄q pair, which then
evolves propagating through the nucleus and forms theV-meson
wave function~a!. Alternatively, the photon can first produce di

fractively and coherently at the pointz1 the colorlessq̄q, which
then experiences quasielastic scattering at the pointz ~b!. Propaga-

tion of the q̄q pair is described by the Green function~shaded
areas!.
le
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ss
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The first termF1(b,z) introduced above in Eq.~50! is rep-
resented by Fig. 3~a!. Alone it would correspond to the sho
l c limit ~ii !. The second termF2(b,z) in Eq. ~52! corre-
sponds to the situation illustrated in Fig. 3~b!. The incident
photon produces aq̄q pair diffractively and coherently at the
point z1 prior to incoherent quasielastic scattering at poinz.
The LC Green functions describe the evolution of theq̄q
over the distance fromz1 to z and further on, up to the
formation of the meson wave function. Correspondingly, t
term has the form

F2~b,z!5
1

2E2`

z

dz1rA~b,z1!E
0

1

da E d2r 1d2r 2d2r

3CV* ~rW2 ,a!G~z8→`,rW2 ;z,rW !s q̄q~rW,s!

3G~z,rW;z1 ,rW1!s q̄q~rW1 ,s!Cg* ~rW1 ,a!. ~53!

Equation~52! correctly reproduces the limits~i!–~iii !. In-
deed, atl c→0 the second termF2(b,z) vanishes because o
strong oscillations, and Eq.~52! reproduces the Glauber ex
pression Eq.~4!. On the other hand, atl c@RA the phase shift
in the Green functions can be neglected and they acquire
simple form G(z2 ,rW2 ;z1 ,rW1)→d(rW22rW1). In this case the
integration over longitudinal coordinates in Eqs.~50! and
~53! can be performed explicitly and the asymptotic expr
sion Eq.~51! is recovered as well. Moreover, if one uses
constant dipole cross sections q̄q(r)5s tot

VN , then Eq.~52!
recovers the general Glauber expression5 derived in@25#.

B. Data for incoherent production: CT or coherence length?

Exclusive incoherent electroproduction of vector meso
off nuclei has been suggested in@13# as a sensitive way to

5Note that Eq.~52! and its Glauber model analog in@25# include
all coherent multiple-scattering terms, contrary to a statement m
in @65#.
1-10
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COLOR TRANSPARENCY VERSUS QUANTUM COHERENCE . . . PHYSICAL REVIEW C 65 035201
detect CT. Increasing the photon virtualityQ2, one squeezes

the producedq̄q wave packet. Such a small colorless syst
propagates through the nucleus with little attenuation, p
vided that the energy is sufficiently high (l f@RA) the fluc-

tuations of theq̄q separation are frozen by Lorentz tim
dilation. Thus, a rise of nuclear transparencyTrA

inc(Q2) with
Q2 should signal CT.6 Indeed, such a rise was observed
the E665 experiment at Fermilab for exclusive production
r0 mesons off nuclei by a muon beam. This has be
claimed in@12# to be a manifestation of CT.

However, one should be cautious to avoid mixing up
expected signal for CT with the effect of coherence len
@71,25#. Indeed, if the coherence length varies from long
short compared to the nuclear size, the nuclear transpar
rises because the length of the path in nuclear matter

comes shorter and the vector meson~or q̄q) attenuates less
This happens whenQ2 increases at fixedn. One should care-
fully disentangle these two phenomena.

Long CL. It has been checked in@71# that the coherence
length at the kinematics of the E665 experiment is su
ciently long to neglect its variation withQ2 and to use the
‘‘frozen’’ approximation, except at the highest values ofQ2

*5 GeV2. We calculated nuclear transparency,TrA
inc , of in-

coherent~quasielastic! r0 production using Eq.~52! and the
simplified ‘‘frozen’’ approximation Eqs.~47!–~51!. The re-
sults are depicted in Fig. 4 by solid and dashed curves,
spectively. One can see that fluctuations of the size of theq̄q
pair become important only at highQ2 causing a separatio
of the solid and dashed curves. At smallerQ2 the observed
variation of TrA

inc(Q2) is a net manifestation of CT. Th
agreement with our model is surprisingly good for calciu
while we underestimate the nuclear transparency at smalQ2

for lead. This may be a manifestation of large Coulomb c
rections as found in@70#, which are of the orderaemZ
'0.6 for lead. These corrections lead to a considerable
viation from the Born, one-photon approximation employ
in @12# in order to obtain data forg* A→r0X ~depicted in
Fig. 4! from raw data form A→m8r0X. This important prob-
lem needs further study.

Medium long CL. The same process of incoherent elect
production of r0 is under study at lower energies, in th
HERMES experiment at HERA and at JLab. In this case o
should carefully discriminate between the effects of CT a
CL @71,25#. A simple prescription@19# to eliminate the effect
of CL from the data on theQ2 dependence of nuclear tran

6This process has a definite advantage compared to quasie
electron scattering (e,e8p) suggested in@67,68# as a probe for CT.
Indeed, in the latter case the energy of the photon correlates wit
virtuality, n'2mNQ2, and one has to increaseQ2 just in order to
increasen and keep the size of the ejectile ‘‘frozen.’’ This leads
a substantially diminished cross section, which is why no CT sig
has been detected in this reaction so far~it is still possible to ob-
serve CT in this reaction at low energy studying the asymmetry
the quasielastic peak as function ofxB j @69#!. In contrast, no corre-
lation betweenn and Q2 exists in exclusive electroproduction o
vector mesons.
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parency is to bin the data in a way that keepsl c5const. It
means that one should vary simultaneouslyn andQ2 main-
taining the CL Eq.~3! constant

n5 1
2 l c~Q21mV

2 !. ~54!

In this case the Glauber model predicts aQ2-independent
nuclear transparency, and any rise withQ2 would signal CT
@19#.

The LC Green-function technique incorporates both
effects of coherence and formation. We performed calcu
tions ofTrA

inc(Q2) at fixedl c starting from different minimal
values of n, which correspond to real photoproductio
in Eq. ~54!,

nmin5 1
2 l cmV

2 . ~55!

The results for incoherent production ofr and f at nmin
50.9, 2, 5, and 10 GeV (l c50.6–6.75 fm) are presente
in Fig. 5 for nitrogen, krypton, and lead. We use the nonp
turbative LC wave function of the photon with the param
eters of the LC potentiala0,1 fixed in accordance with Eq
~31! at v51/2. Theu andd quarks are assumed to be mas
less, but we usems50.15 GeV. Nuclear transparency forf
is stronger than forr as one could expect, but the differenc
is not significant. In what follows we discuss only our resu
for r.

For r mesons, the predicted variation of nuclear transp
ency withQ2 at fixed l c is much stronger than was found i
@19#. Those calculations have been done in the hadronic
resentation, which is quite challenging due to the necessit
know all the diagonal and off-diagonal diffractive amplitud
for the vector meson and its excitations, as well as all p
toproduction amplitudes. The predictions made in@19# were
based on the two-coupled-channel model without any e
mate of the accuracy of such an approximation. According
quark-hadron duality the LC Green-function method
equivalent to the exact solution of the general multichan
problem in the hadronic representation. The comparis

stic

its

l

f

FIG. 4. Q2 dependence of nuclear transparency for lead a
calciumTrPb andTrCa. The experimental points are from the E66
experiment@12#. Both the curves and data for lead are rescaled
the factor 1/2. Solid and dashed curves show our results using
LC Green-function approach Eq.~52! and the ‘‘frozen’’ approxima-
tion Eq. ~51!, respectively.
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FIG. 5. Q2 dependence of the nuclear tran
parencyTrA

inc for exclusive electroproduction o
r ~left! and f ~right! mesons on nuclear target
14N, 84Kr and 207Pb ~from top to bottom!. The
CL is fixed atl c50.60, 1.35, 3.37, and 6.75 fm
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therefore, demonstrates that the two-channel approxima
substantially underestimates the effect of color transpare

To see the scale of the theoretical uncertainty of
model@32# for nonperturbative effects, we compare in Fig
the results for ther meson obtained using the nonperturb
tive ~solid curves! and perturbative photon wave function
Eq. ~14!, with mq50.15 GeV~dashed curves!. The differ-
ence between the two sets of curves is insignificant.

Motivated by the too weak signal predicted for CT it w
suggested in@19# that instead one can study the effect
coherence, which has never been observed experimen
Indeed, it was found in@72# that data for nuclear transpa
ency for r production plotted as function ofl c agree well
with what was predicted in@25# to be the effect of the CL.
Now we find a rather strong signal of CT, which may al
affect thel c dependence ofTrA

inc and cause a deviation from
the Glauber model expectations. We, therefore, revise
previous conclusions@19,72#.

In the VDM-Glauber model nuclear transparency is
function of l c only ~neglecting the weak energy dependen
of s tot

VN), however it becomes a function of two variable
TrA

inc( l c ,Q2), as soon as CT effects are involved. Therefo
our current predictions for thel c dependence ofTrA

inc vary
with Q2. They are plotted by dashed curves in Fig. 7
different fixed values ofQ250.5, 1, 2, 3, and 5 GeV2

~from bottom to top! for nitrogen and krypton~left and right
boxes, respectively!. The nonperturbative wave function o
the photon was used as for Fig. 5. We do not show the res
03520
on
y.
r

-

lly.

e

e
,
,

r

lts

obtained with the perturbative wave function since they
pretty much the same, except in the region of smallQ2 and
short l c where they are about 10% lower than the nonpert
bative results.

The experimental points for nitrogen@72#, which are plot-
ted in Fig. 7, correspond to different mean experimental v
ues ofQ2 @73#. ThisQ22 l c correlation is incorporated in ou
calculations, and the results depicted by the solid curve ag
well with the data.

We thus arrive at the conclusion that the two quite diffe

FIG. 6. The same as in Fig. 5 for lead, but calculated with b
nonperturbative~solid curves! and perturbative~dashed! wave func-
tions of the photon.
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FIG. 7. Nuclear transparency for incohere
electroproduction ofr off nuclei, nitrogen, and
krypton, as function ofl c at fixedQ250.5, 1, 2,
3, and 5 GeV2. The solid curve is calculated a
the mean values ofl c and Q2 corresponding to
each experimental point@72,73#.
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ent approaches, the VDM-based Glauber model and Q
based LC Green-function formalism, both provide go
agreement with the HERMES data. This could not be p
sible if the data were plotted as function ofl c at fixed Q2.
The observed agreement with the Glauber model seems
accidental and a result of theQ22 l c correlation in the data

In order to discriminate between the two approaches,
should plot the data differently. Figure 7 gives hope that
data are sufficiently accurate to detect a signal of CT if th
are properly analyzed. Also additional data for krypt
should soon become available from HERMES.

The expected signal for CT is a nonzero derivat
d ln@TrA(Q2)#/d Q2, which is predicted in Fig. 5 to be simila
for different nuclei and different values ofl c . One can make
use of this fact and perform a common fit to all availab
data with only one parameter, which is the slope of theQ2

dependence of nuclear transparency. The value of the l
rithmic slope for the mid values,Q2'1 –2 GeV2, of the
HERMES kinematical range forr production is expected to
vary within the interval

1

TrA
inc~Q2!

d TrA
inc~Q2!

d Q2 U
l c5const

'H 0.07–0.11 GeV22 for 14N

0.14–0.17 GeV22 for 84Kr
~56!

for l c50.6026.75 fm. Similar, but somewhat smaller va
ues of the logarithmicQ2 slope are expected forf.

The curves in Fig. 5 demonstrate an interesting prope
The slope of theQ2 dependence is steeper at smallQ2 and
l c . For instance, the logarithmic derivative Eq.~56! equals
0.09 atl c50.6 fm, but is smaller, 0.07 atl c51.35 fm. This
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-

-

be

e
e
y

a-

y.

fact might be in variance with naive intuitive expectation
Indeed,l c50.6 fm is short compared to the mean spacing
the bound nucleons. Sincel f; l c at low Q2 one might expect
the Glauber model to be a good approximation in this ca
Apparently, this is not the case; Fig. 5 demonstrates a st
est growth ofTrA

inc(Q2) in this region. One can understan
this as follows. Ifl c is long, as in Fig. 4, then the formatio
length is long too,l f* l c@RA , and nuclear transparenc
rises withQ2 only because the mean transverse separatio
the q̄q fluctuations decreases. If, however,l c&RA and fixed,
the photon energy rises withQ2 according to Eq.~54! and
the formation length Eq.~2! rises as well. Thus, these tw
effects, theQ2 dependence ofl f and theq̄q transverse size
add up and lead to a steeper growth ofTrA

inc(Q2) for short
l c .

One should conclude from this consideration that the
effects are more pronounced at low energies than at h
energies. This observation adds to the motivation for exp
mental searches for CT at HERMES and JLab.

We also calculated the energy dependence of nuc
transparency at fixedQ2. The results for nitrogen and lea
are shown by dashed curves in Fig. 8 for different values
Q2. The interesting feature is the presence of a maximum
transparency at some energy. It results from the interplay
coherence and formation effects. Indeed, the FL rises w
energy leading to an increasing nuclear transparency.
some energy, however, the effect of CL which is shorter th
the FL, is switched on leading to a growth of the path leng
of the q̄q in the nucleus, i.e., to a suppression of transp
ency. The maxima in thel c dependence of nuclear transpa
ency depicted in Fig. 7 are of the same nature. This a
explains the unusual ordering of curves calculated for diff
ent values ofl c as is depicted in Fig. 5.
nt

or-
s

FIG. 8. Nuclear transparency for incohere
electroproductiong* A→r0A as a function of the
energy atQ250, 1, 3, 5, and 10 GeV2 for ni-
trogen and lead. The solid and dashed curves c
respond to calculations with and without gluon
shadowing, respectively.
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IV. COHERENT PRODUCTION OF VECTOR MESONS

A. The formalism

If electroproduction of a vector meson leaves the tar
intact, the process is usually called coherent or elastic.
mesons produced at different longitudinal coordinates
impact parameters add up coherently. This fact consider
simplifies the expressions for the cross sections compare
the case of incoherent production. The integrated cross
tion has the form

sA
coh[sg* A→VA

coh
5E d2qU E d2b eiqW •bWMg* A→VA

coh
~b!U2

5E d2buMg* A→VA
coh

~b!u2, ~57!

where

Mg* A→VA
coh

~b!5E
2`

`

dzrA~b,z!F1~b,z!, ~58!

with the functionF1(b,z) defined in Eq.~50!.
One should not use Eq.~44! for nuclear transparency an

more, since thet slopes of the differential cross sections f
nucleon and nuclear targets are different and do not canc
the ratio. Therefore, the nuclear transparency also inclu
the slope parameterBg* N for the processg* N→VN,

TrA
coh5

sA
coh

A sN
5

16p Bg* NsA
coh

AuMg* N→VN~s,Q2!u2
~59!

One can also define at-dependent transparency for cohere
electroproduction of vector mesons

TrA
coh~ t !5

dsA
coh/dt

A2dsN /dtu t50

, ~60!

where the differential cross section for coherent product
g* A→VA reads

dsA
coh

dt
5

1

16p U E d2beibW •qWE
2`

`

dzrA~b,z!F1~b,z!U2

~61!

with F1(b,z) defined in Eq.~50!. This expression is simpli-
fied in the limit of long coherence time (t52q2)

dsA
coh

dt
U

l c@RA

5
1

4 p U E d2b eibW •qWE d2r

3H 12expF2
1

2
s q̄q~rW,s!T~b!G J

3E
0

1

da CV* ~rW,a!Cg* ~rW,a!U2

, ~62!

a form that resembles its VDM analog@20#.
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B. Comparison with data and predictions for coherent
production

Using Eq.~59!, we can also calculate the normalized ra
of coherent cross sections on two nucleiRcoh(A1 /A2)
5TrA1

coh/TrA2

coh . The results of calculations forRcoh(Pb/C)

and Rcoh(Ca/C) are depicted by solid curves in Fig. 9 a
well as corresponding data from the E665 experiment@12#
shown by squares and triangles, respectively. We perform
calculations ofTrA

coh at mean photon energyn̄5138 GeV
with theQ2-dependent slope given by Eq.~41!. All effects of
CL and CT are included via the LC Green-function forma
ism. For such a high energy, one can think that the ‘‘froze
approximationl c@RA is good. In order to check how th
variation of the CL affects the nuclear transparency, we
peated our calculations in the ‘‘frozen’’ approximation an
plotted the results as dashed curves in Fig. 9. We see tha
accuracy of this approximation is rather good for calciu
while for lead it significantly deviates from the exact result
Q2*2 GeV2. The reason is obvious, the heavier t
nucleus, the less the approximationl c@RA is fulfilled. We
also see that the contraction of the CL withQ2 causes an
effect opposite to CT, namely, nuclear transparency is s
pressed rather than enhanced. Therefore, there is no da
that CL effects can mock CT, and one may think that this
an advantage of coherent production compared to incohe
production@71#. However, at medium energy the suppress
of nuclear transparency at short CL is so strong that no
of nuclear transparency withQ2 might be observable.

Note that in contrast to incoherent production whe
nuclear transparency is expected to saturate asTrA

inc(Q2)
→1 at largeQ2, for the coherent process nuclear transp
ency reaches a higher limit,TrA

coh(Q2)→A1/3 ~of course,
A1/3 is valid only for very large nuclei, otherwise it is a
approximate number!. The dashed curves in Fig. 9 near
reach this upper limit atQ2;10 GeV2.

One can eliminate the effects of CL and single out the
CT effect in a way similar to what was suggested for inc
herent reactions by selecting experimental events withl c
5const. We calculated nuclear transparency for the cohe

FIG. 9. Q2 dependence of the total cross section ra
Rcoh(A/C)512sA

coh/AsC
coh for the coherent processg* A→r0A.

Experimental points are from E665@12# for Pb/C ~squares! and
Ca/C ~triangles!. Solid curves include the variation ofl c andl f with
Q2. Dashed curves are calculated in the ‘‘frozen’’ approximati
l c@RA .
1-14
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FIG. 10. The same as in Fig. 5, but for cohe
ent production ofr andf, g* A→VA.
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reactiong* A→r(f)A at fixed values ofl c . The results for
l c51.35, 3.37, and 13.50 fm are depicted in Fig. 10
several nuclei. The effect is sufficiently large to be obse
able, the logarithmic derivative varies within the interval

1

TrA
coh~Q2!

d TrA
coh~Q2!

d Q2 U
l c5const

'H 0.14–0.07 GeV22 for 14N

0.10–0.15 GeV22 for 84Kr
~63!

for l c51.35–13.5 fm. Again, like in the case of incohere
production, the logarithmic derivative decreases at largel c .
The magnitude of the expected CT effect is similar to
03520
r
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t

e

value predicted for the incoherent production in Eq.~56! and
is slightly smaller forf than forr.

We also calculated nuclear transparency as a function
the energy at fixedQ2. The results forr produced coherently
off nitrogen and lead are depicted by dashed curves in
11 at Q250, 3, and 10 GeV2. TrA

coh is very small at low
energy, which, of course, does not mean that nuclear ma
is not transparent, but implies that the nuclear coherent c
section is suppressed by the nuclear form factor. Indeed,
longitudinal momentum transfer, which is equal to the
verse CL, is large when the CL is short. However, at hi
energyl c@RA and nuclear transparency nearly saturates~it
decreases withn only due to the rising dipole cross section!.
The saturation level is higher at largerQ2, which is a mani-
festation of CT.
nt

ond
-

FIG. 11. Nuclear transparency for incohere
electroproductiong* A→rA as a function of the
energy atQ250, 3, and 10 GeV2 for nitrogen
and lead. The solid and dashed curves corresp
to calculations with and without gluon shadow
ing, respectively.
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FIG. 12. Nuclear transparency for cohere
electroproductiong* A→r0A as a function of the
momentum transfer squared calculated for nitr
gen and lead in the limit ofl c@RA . The solid and
dashed curves correspond toQ250 and
10 GeV2, respectively.
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C. Transverse momentum distribution

Another manifestation of CT is a modification of the d
fractive pattern in the momentum transfer dependence of
coherent cross section@65#. Indeed, the effect of CT on th
nuclear transparency depends on the impact parameter.
rier transformation of such a modified amplitude will appa
ently result in shifted positions of the diffractive minim
Indeed, calculations performed in the ‘‘frozen’’ approxim
tion assuming sufficiently high energy (l c@RA) lead to thet
dependence of nuclear transparency from Eq.~60! depicted
in Fig. 12. We see that the CT effects shift the position of
diffractive minima to largert. To understand the sign of th
effect, we can use the approximate dipole cross sec
s q̄q(r )5Cr2. Further, we can approximate the product
the photon and vector meson wave functions by a Gaus
}exp(2r2/^r2&). The partial amplitude~amplitude for given
impact parameter! of elastic productiong* →r0 takes the
form @2#

E d2r CV* ~rW !Cg* ~rW,Q2!H 12expF2
1

2
Cr2TA~b!G J

5
C^r 2&TA~b!

21C^r 2&TA~b!
. ~64!

The mean sizêr 2& of the q̄q wave packet decreases wi
Q2 suppressing the partial amplitude from Eq.~64!. It fol-
lows from Eq. ~64! that the suppression is smaller on t
periphery of the nucleus than in the center. This implies t
the slope of thet distributionBg* A5^b2&/2 should decrease
with Q2, i.e., the minima should move to larger values oft.

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

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

In order to avoid the effect of CL that leads for incohere
production to a nuclear transparency rising withQ2 and
mimics CT we suggested in Sec. III B to study theQ2 de-
pendence in data samples, which are preselected to hav
samel c . As soon as the CL effects are excluded, the Glau
model predicts no variation of the transparency withQ2.
There are, however, still other effects, not related to C
which cause a growth of CT even ifl c5const.
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A. Standard inelastic corrections

The effect of CT can be treated in the hadronic repres
tation as a multichannel problem@2,74,19#: the incident vir-
tual photon produces diffractively on a bound nucleon eit
the ground stateV, or any excitation. Only this stage of th
process isQ2 dependent. The produced states propagate
ther through the nucleus experiencing diagonal and
diagonal diffractive transitions. Eventually, the stateV is de-
tected at macroscopic distances. These modifications of
Glauber single-channel approximation are at the heart of G
bov’s inelastic shadowing.

The miracle of CT is the expectation that all those lar
amplitudes must cancel leaving only one amplitude, nam
the direct production of theV. There is no hint from the
hadronic representation that this should happen. We hav
data for most of those amplitudes and have no hope to m
sure them in future. Only the gauge invariance of QCD d
tates this very nontrivial behavior, which is not present
any of the old fashion models~colorless constituent quarks
etc.!.

Nevertheless, we do have data for single diffraction t
allow to calculate some of the lowest-order inelastic corr
tions. Although these corrections are part of the whole
phenomenon, they are model independent~provided that
those models are fitted to available data!. In particular, the
nuclear medium is known to be more transparent than
pected using the Glauber model@2#. Indeed, if the produced
V state experiences inelastic diffraction inside the nucleu
is gone from the detected channel according to the rule
the Glauber approximation. However, there is still a pos
bility to recover and come back to theV channel in a subse
quent collision, as is illustrated in Fig. 13. Apparently, th
process increases the survival probability for theV state.
There is clear experimental evidence that this takes pla

FIG. 13. Intermediate diffractive excitation of a vector mes
produced by the incident virtual photon and propagating throu
the nucleus.
1-16
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The total cross sections of hadron-~neutrons, neutral kaons!
nucleus interactions measured with high accuracy@75,76# are
smaller than the Glauber model predictions. This deviat
increases with increasing the energy as it is controlled by
nuclear form factor that depends on the longitudinal mom
tum transferqL in the diffraction dissociation.

Therefore, transparency of nuclear matter for hadrons
creases with the energy and this fact leads to a risingQ2

dependence if data are selected according to the cond
l c5const. Indeed, the energy rises according to the corr
tion n5(Q21mV

2)/2l c . Of course this effect is well known
for the total cross sections since the pre-QCD era. It can
be ~and never was! interpreted as a manifestation of C
Although these inelastic corrections are part of the CT p
nomenon, one should admit that they exist independentl
the answer to the question whether the CT is true or not

Thus, one should be cautious in interpreting a rise of
nuclear transparency as a function of theQ2 at fixed l c . The
correction under discussion calculated in@77# for quasielastic
high-pT electron scattering,A(e,e8p)X was found to be in-
distinguishable from the predicted CT effect up to rather h
Q2 of a few tens of GeV2.

The deviation of the transparency from the Glauber mo
prediction is calculated as@77#

TrA
inc~Q2!5E d2bE

2`

`

dzrA~b,z!

3expF2s in
VNE

z

`

dz8rA~b,z8!G
3F114pE dM2

ds~VN→XN!

dM2dt
U

t50

3FA~b,z,qL!G 2

. ~65!

Here FA(b,z,qL) in Eq. ~65! is the so-called longitudina
form factor of the nucleus calculated at a given impact
rameterb and production coordinatez

FA~b,z,qL!5E
z

`

dz8rA~b,z8!cos~qLz8!. ~66!

We use the same parametrization for the single diffract
cross section as in@75,77# except for the normalization
which is reduced by the factor 2/3 as is suggested by
triple Regge phenomenology. Although it is a rather rou
estimate, it is sufficient for our purpose, since the effect tu
out to be very weak. The results of our calculations for
Q2 dependence of the transparency are depicted by s
curves in Fig. 14 at fixedl c51.35 and 6.75 fm~the bottom
and upper curves, respectively!. One can see that althoug
TrA

inc grows withQ2, this effect when compared with Fig.
is too weak to be mixed up with the signal of CT. Indeed,
derivative d ln(TrA

inc)/d Q2 evaluated at Q251 –2 GeV2

equals 0.011 for nitrogen, 0.025 for krypton, and 0.033
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lead. This is nearly an order of magnitude less than what
estimated in Eq.~56! as a signal for CT.

B. Finiteness of ther meson lifetime

Some of the effects have been calculated above at ra
low energies when the lifetime of ther is comparable with
the nuclear size. For instance, atn52 GeV the mean path
length up to the decay is only 2.7 fm. Two pions have
smaller survival probability than ther, therefore, the nuclea
transparency should be smaller than what is expected wi
the Glauber approximation disregarding decays. Howeve
a function of the energy, the decay path length increases
eventually the nuclear transparency must reach the value
responding to the Glauber model. Again, atl c5const the
energy ofr rises withQ2 and the nuclear transparency mu

FIG. 14. The same as in Fig. 5, but without any CT effects. O
the standard inelastic corrections that make the nuclear matter m
transparent are included. The dashed curves correspond to
Glauber approximation. Each couple of solid curves correspon
l c51.35 fm ~bottom curve! and l c56.75 fm ~upper curve!. The
two sets of curves correspond to nitrogen~top! and lead~bottom!

FIG. 15. The same as in Figs. 5 and 14, but with no effects
either CT or any inelastic correction included. Only the finiter
meson decay length that leads to an enhanced absorption is
into account. For each nucleus the dashed curve corresponds t
Glauber approximation (Gr→0), the bottom and upper solid curve
correspond tol c51.35 and 6.75 fm, respectively.
1-17



ob
it
es

ay

s

em

o-
th
l.

io
n

os
is
ca
t
th
ld

io
m
ke
t

on
a
en
ra

s

ly

ect

he
it

c-

e-
ad-

of
r-

pre-
In

on
eter,

d-
ity

ri-
rest
uon
er-

au-
trah-
g
of

all

e
ting
nt.

uon
e

x-
rless

nt
e-

res-

he
-
-
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grow with the decay length. This effect might cause a pr
lem in identifying the signal of CT at low energy, and
should be considered with care. This correction is of l
importance forf production.

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

TrA
coh5g~n!E d2bE

2`

`

dz1rA~b,z!E
z1

`

dz2

3expF2s in
rNE

z1

z2
dz8rA~b,z8!22 s in

pN

3E
z2

`

dz8rA~b,z8!2g~n!~z22z1!G , ~67!

where

g~n!5
Grmr

An22mr
2

~68!

is the Lorentz enhanced decay length of ther meson,Gr

50.15 GeV is the total decay width of ther. As previously,
n correlates withQ2 via Eq. ~54!.

The results of our calculations are shown in Fig. 15 a
function of theQ2 at different fixedl c . The effect turns out
to be very weak compared to the expected effect of CT d
onstrated in Fig. 5. For a CL ofl c51.35 fm (6.75 fm) the
results are shown by the bottom~upper! solid curves for both
nuclei. The derivatived ln(TrA

inc)/d Q2 evaluated atQ251
22 GeV2 equals 0.014 (0.003) and 0.03 (0.008) for nitr
gen and lead, respectively. We conclude that the effect of
finite r decay length cannot be mixed up with a CT signa

It is disputable whether the two pions emerging from ar
decay immediately starts to attenuate with twice the p
absorption cross section. One might think about two pio
that strongly overlap at the production point, then their cr
section should be reduced due to color screening. This
general problem of how one should decide whether de
has already occurred or not. It is easier to understand for
example of photon radiation by an electron. One can treat
photon as being originally a part of the static Coulomb fie
of the electron, which is then shaken off by the interact
with a target. Only when the photon and electron beco
incoherent they start acting as independent partons. It ta
however, a time span dictated by the uncertainty principle
discriminate between a coherent system, electron and
field, and an incoherent pair of an electron plus a phot
This time is called the radiation or coherence time. In an
ogy, one can say that ther meson has already decayed wh
the two pions become incoherent. In this case they inte
independently and Eq.~67! is valid. However, while the
pions are still coherent, one should treat them as intrin
components of ther meson.

VI. GLUON SHADOWING

At very smallxB j the density of gluons should eventual
deviate from the one predicted by the DGLAP evolution~as
03520
-

s

a

-

e

n
s
s
a
y

he
e

n
e
s,

o
its
.

l-

ct

ic

we mentioned, whether an indication of this saturation eff
was already seen at HERA is controversial!. Such a modifi-
cation of the gluon distribution in nuclei should affect the t
amplitude of electroproduction of vector mesons. In the lim
of vanishing separation in theq̄q dipole one can rely on the
factorization theorem@78# assuming that the electroprodu
tion amplitude is proportional to the gluon density@46#.
However, this is not a realistic approximation for the kin
matical range we focus at. Besides, no data for gluon sh
owing are available and one should rely on calculations.

In the infinite momentum frame, the phenomenon
gluon shadowing looks similar to gluon-gluon fusion. It co
responds to a nonlinear term in the evolution equation@79#.
This effect should lead to a suppression of small-xB j gluons
also in a nucleon. At the same time, one may expect a
cocious onset of the saturation effects for heavy nuclei.
the infinite momentum frame of the nucleus, the glu
clouds of nucleons, which have the same impact param
overlap at smallxB j in longitudinal direction. This allows
gluons that originated from different nucleons to fuse, lea
ing to a gluon density that is not proportional to the dens
of nucleons any more. This is gluon shadowing.

Such a parton model interpretation is not Lorentz inva
ant, the same phenomenon looks quite different in the
frame of the nucleus. It corresponds to the process of gl
radiation and shadowing corrections related to multiple int
actions of the radiated gluons in the nuclear medium@28#.
This is a coherence phenomenon known as the Land
Pomeranchuk effect, namely, the suppression of bremss
lung by interference of radiation from different scatterin
centers. It demands a sufficiently long coherence time
radiation, a condition equivalent to demanding a sm
Bjorken xB j in the parton model.

Although the two interpretations look so different, on
can get a hint that they are the same phenomenon rela
them to the Reggeon graphs, which are Lorentz invaria
The double-scattering correction to the cross section of gl
radiation depicted in Fig. 16~a! corresponds to the absorptiv
part of elasticpA amplitude shown in Fig. 16~b!. Since the
initial and final nucleons are colorless, each pair of e
changed gluons attached to the same nucleon is in a colo
state, i.e., represents the Pomeron~in the Born approxima-
tion!. Thus, the Feynman graph in Fig. 16~b! is a part of the
triple-Pomeron diagram shown in Fig. 16~c!. It can be inter-
preted as fusion of two Pomerons originated from differe
nucleons, 2P→P. This observation bridges the two interpr
tations of gluon shadowing.

Note that in the hadronic representation such a supp

FIG. 16. Double scattering correction to gluon radiation in t
rest frame of the target nucleus~a!. The absorptive part of the cor
responding elasticpA amplitude~b!. The triple-Pomeron graph rep
resenting fusion 2P→P ~c!.
1-18
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sion of parton density corresponds to Gribov’s inelastic sh
owing @1#, which is related to the single diffraction cros
section. In particular, gluon shadowing corresponds to
triple-Pomeron term in the diffractive dissociation cross s
tion, which enters the calculations of inelastic correctio
@Fig. 16~c!#.

There are still very few numerical evaluations of glu
shadowing in the literature, all done in the rest frame of
nucleus using the idea from Ref.@28#. It turns out that even
at low Q2 in the nonperturbative domain where one sho
expect the strongest shadowing effects they are rather w
Indeed, data for diffractive excitation of the incident hadro
to the states of large mass, the so-called triple-Pomeron
gion, show that the cross section is amazingly small, an o
of magnitude smaller than one could expect by compar
with the cross section of small mass excitation@27#. To ex-
plain such a smallness one has to assume a rather sma
dius of propagation of the LC gluons,r 0'0.3 fm @32,80#. It
is clear that such a small quark-gluon fluctuation also le
to a rather weak gluon shadowing.

To incorporate the smallness of the size of quark-glu
fluctuations into the LC dipole approach, a nonperturbat
LC potential describing the quark-gluon interaction was
troduced into the Schro¨dinger equation for the LC Gree
function describing the propagation of a quark-gluon syste
The strength of the potential was fixed by data on high m
(MX

2) diffraction pp→pX @32#. This approach allows one t
extend the methods of pQCD to the region of smallQ2.
Since a new semihard scale 1/r 0;0.65 GeV is introduced
one should not expect a substantial variation of gluon sh
owing at Q2&4/r 0

2. Indeed, calculations performed in@32#
for Q250 and 4 GeV2 using different techniques led t
about the same gluon shadowing. At higherQ2, shadowing
slowly ~logarithmically! decreases in accordance with expe
tations based on the evolution equation@81#.

We repeated the calculations@32# of the ratio of the gluon
densities in nuclei and nucleon

RG~xB j ,Q
2!5

GA~xB j ,Q
2!

A GN~xB j ,Q
2!

'12
Ds~ q̄qG!

s tot
g* A

, ~69!

whereDs(q̄qG) is the inelastic correction to the total cro

sections tot
g* A related to the creation of aq̄qG intermediate

state

Ds~ q̄qG!5ReE
2`

`

dz2E
2`

z2
dz1rA~b,z1!rA~b,z2!

3E d2x2d2y2d2x1d2y1E daq

d aG

aG

3Fg* →q̄qG
†

~xW2 ,yW 2 ,aq ,aG!

3Gq̄qG~xW2 ,yW 2 ,z2 ;xW1 ,yW 1 ,z1!

3Fg* →q̄qG~xW1 ,yW 1 ,aq ,aG!. ~70!
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HerexW andyW are the transverse distances from the gluon
the quark and antiquark, respectively.aq is the fraction of
the LC momentum of theq̄q carried by the quark, andaG is
the fraction of the photon momentum carried by the gluo
Fg* →q̄qG is the amplitude of diffractiveq̄qG production in a
g* N interaction@32#

Fg* →q̄qG~xW ,yW ,aq ,aG!

5
9

8
C q̄q~aq ,xW2yW !FCqGS aG

aq
,xW D2C q̄GS aG

12aq
,yW D G

3@s q̄q~x!1s q̄q~y!2s q̄q~xW2yW !#, ~71!

whereC q̄q andC q̄G are the LC distribution functions of the
q̄q fluctuations of a photon andqG fluctuations of a quark,
respectively.

Gq̄qG(xW2 ,yW 2 ,z2 ;xW1 ,yW 1 ,z1) is the LC Green function,
which describes propagation of theq̄qG system from the
initial state with longitudinal and transverse coordinatesz1

andxW1 ,yW 1, respectively, to the final coordinates (z2 ,xW2 ,yW 2).
For the calculation of gluon shadowing one should suppr
the intrinsicq̄q separation, i.e., assumexW5yW . In this case the
Green function essentially simplifies and describes propa
tion of a gluon-gluon dipole through a medium.

An important finding of Ref.@32# is the presence of a
strong nonperturbative interaction squeezes the gluon-g
wave packet and substantially diminishes gluon shadow
The smallness of the gluon-gluon transverse separation is
a model assumption, but is dictated by data for hadro
diffraction to large masses~triple-Pomeron regime!, which is
controlled by diffractive gluon radiation.

Further calculational details can be found in@32#. Here we
calculate RG @Eq. ~69!# for different nuclear thicknesse
TA(b). Since we use an approximation of constant nucl
density ~see the Appendix!, TA(b)5r0L, where L
52ARA

22b2, the ratioRG(xB j ,Q
2) is also implicitly a func-

tion of L. An example for the calculatedL dependence of
RG(xB j ,Q

2) at Q254 GeV2 is depicted in Fig. 17 for dif-
ferent values ofxB j . As one should expect, the longerL, the
stronger is gluon shadowing at smallxB j .

We calculated the gluon shadowing only for the lowe
Fock component containing just one LC gluon. In terms
the parton model it reproduces the effects of fusion of ma
gluons to one gluon~in terms of Regge approach it corre
sponds tonP→P vertex!. Inclusion of higher multigluon
Fock components is still a challenge. However, their eff
can be essentially taken into account by eikonalization of
calculatedRG(xB j ,Q

2), as argued in Ref.@82#. In other
words, the dipole cross section, which is proportional to
gluon density at small separations, should be renormali
everywhere

s q̄q⇒RGs q̄q . ~72!

Such a procedure makes the nuclear medium more trans
ent. This could be expected since Gribov’s inelastic shad
1-19
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KOPELIOVICH, NEMCHIK, SCHÄFER, AND TARASOV PHYSICAL REVIEW C65 035201
ing is known to suppress the total hadron-nucleus cross
tions, i.e., make nuclei more transparent@2,77#.

It is interesting, that the cross section of incoherent el
troproduction of vector mesons is rather insensitive to glu
shadowing. Indeed, although the renormalization Eq.~72!
suppresses the preexponential factors q̄q(r ,s) on the rhs of
Eq. ~51!, it simultaneously increases the exponential. Th
two effects essentially cancel. Indeed, our predictions for
effect of gluon shadowing for incoherent productiong* A
→r0X depicted in Fig. 8 demonstrate a rather small diff
ence between the curves with~solid! and without~dashed!
gluon shadowing.

A few observations are in order. First, the onset of glu
shadowing happens at rather high energyn.100 GeV. This
corresponds to the claim made in@32# that the onset of gluon
shadowing requires smallerxB j than the onset of quark shad
owing. This is because the fluctuations containing gluons
in general heavier than theq̄q and have a shorter CL.

Then, one can see that a stronger effect of gluon shad
ing is expected for nitrogen than for lead. Although it co
tradicts simple intuition, it is easily interpreted. The reno
malization of the dipole cross section, Eq.~72!, may either
suppress or enlarge the incoherent cross section in Eq.~51!
depending on the value of the nuclear thickness func
T(b). Namely, it should lead to a suppression for smallT(b),
but to an enhancement for largeT(b). Indeed we observe
this trend in Fig. 8. Some enhancement~antishadowing! can
be seen for lead atQ250. The results presented for nitroge
show that the effect is maximal at intermediate values ofQ2

while it is smaller atQ250 and 10 GeV. This is a result o
the same interplay between the preexponential factor and
exponential in Eq.~51!.

The implication of gluon shadowing for the case of c
herent productiong* A→VA is clearer. It is easy to under
stand that it always diminishes the coherent cross section
terms of VDM the photoproduction cross section is related
the totalVA cross section, which is always reduced by
elastic corrections. One can also see from Eq.~62! that the
suppression of the dipole cross section by the renorma
tion @Eq. ~72!# can result only in a reduction of the cros
section. Thus, we expect much stronger effects of glu

FIG. 17. Ratio of nucleus to nucleon gluon densities as a fu
tion of the thickness of the nucleus,L5T(b)/r0, at Q254 and
different fixed values ofxB j .
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shadowing for coherent production than for incoherent p
duction. The results of calculations based on the exact
pression, Eq.~61!, confirm this conjecture. The predicte
suppression of the coherent cross section is stronger
heavy nuclei and lowQ2.

VII. SUMMARY AND CONCLUSIONS

Electroproduction of vector mesons off nuclei is subje
to an interplay between the coherence~shadowing! and for-
mation~color transparency! effects. Conventionally, one ca
associate those effects with the initial- and final-state in
action, respectively. We developed a rigorous quantu
mechanical approach based on the light-cone QCD Gre
function formalism, which naturally incorporates the
interference effects. Our main results and observations
the following.

~1! The suggested approach allows to find for the fi
time a comprehensive model for the long-standing probl
of exclusive electroproduction of vector mesons off nucl
The main result of the paper, Eq.~52!, interpolates between
the previously known low- and high-energy limits for inco
herent production. Equation~58! does the same for coheren
production.

~2! The onset of coherence effects~shadowing! can mimic
the expected signal of CT in incoherent electroproduction
vector mesons at medium and low energies. In order
single out the formation effect, data must be binned inl c and
Q2. Observation of a rising nuclear transparency as a fu
tion of Q2 for fixed l c would signal color transparency.

~3! Due to quark-hadron duality, the Green-function fo
malism under consideration is equivalent to a solution of
full multichannel problem in the hadronic representation. W
found a much steeperQ2 dependence of nuclear transpa
ency~Fig. 5!, i.e., a stronger signal of CT, than was predict
in Ref. @19# within the two-channel approximation. More
over, the slope of theQ2 dependence is even higher at low
energies. This should allow one to detect a signal of CT
experiments with the HERMES spectrometer and especi
at JLab.

~4! The successful experimental confirmation@72# of the
predicted coherence length effects@25# seems now to be a
accidental consequence of the specific correlation betw
Q2 and l c in the HERMES data. The present parameter-f
calculations well describe the observed variation of nucl
transparency withl c ~Fig. 7! as a result of a complicate
interplay between the effects of the CT and coherence len

~5! There are other effects that may cause a rise of nuc
transparency withQ2 at l c5const, thus mimicking a signa
of CT. These are the lowest-order inelastic corrections t
are rather precisely fixed by available data for diffractio
and the finite lifetime of vector mesons. Both effects lead
the more transparent nuclear medium at higher energies,
at largerQ2 due to the correlation in Eq.~54! betweenn and
Q2. We found, however, both effects to be too weak~Figs. 14
and 15! to be relevant.

~6! The effects of CT in coherent production of vect
mesons are found to be less pronounced. Although trans
ency decreases withQ2 and does not mimic CT in this case

-
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the CL effects significantly modify theQ2 dependence and
may completely eliminate any signal of CT at medium en
gies. Besides, the cross section of coherent productio
very small at low energies~Fig. 11!.

~7! The effects of CT modify the impact-parameter depe
dence of the amplitude of coherent production by dimini
ing the mean square of the impact parameter in the inte
tion amplitude. Therefore, the positions of the diffracti
minima in the differential cross section are expected to s
to larger values ofutu ~Fig. 12!. However, the effects seem
to be too small to be reliably observed.

~8! Although it has been known how to calculate nucle
transparency in the high-energy limitl c@RA @18,13#, the ef-
fect of gluon shadowing was missed. We calculated nuc
suppression of gluons at smallxB j within the same LC ap-
proach treating it as shadowing corrections for the hig
Fock states containing gluons. The nonperturbative inte
tion of the LC gluons significantly reduces the predict
magnitude of gluon shadowing~Fig. 17!. Although the am-
plitude of meson production off a bound nucleon is su
pressed due to a reduced amount of gluons in the nucl
the same effect makes the nuclear medium more transpa
and enhances the meson survival probability. For incohe
r production these two effects nearly compensate each o
for heavy nuclei~Fig. 8!. The cross section for coherent pr
duction is less for more transparent nuclei, therefore, the
fect of gluon shadowing is more pronounced~Fig. 11!. These
corrections are not important at HERMES or Jlab energ
but are significant at the higher energies of eRHIC and
coherent Coulomb production in heavy-ion collisions
RHIC.
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Concluding, the predicted large effects of CT in incoh
ent electroproduction of vector mesons off nuclei open n
possibilities for the search for CT with medium ener
electrons.
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APPENDIX: APPROXIMATION FOR THE DIPOLE
CROSS SECTION

To keep the calculations simple, we are forced to use
approximate dipole cross section Eq.~46!, which allows one
to obtain the Green function in an analytical form as is d
scribed in Sec. III A. We fix the factorC(s) by demanding
that calculations employing the approximation Eq.~46! re-
produce correctly the results based on the realistic cross
tion in the limit l c@RA when the Green function takes th
simple form~47!. Thus, for incoherent production of vecto
mesons the factorC(s) is fixed by the relation
E d2bTA~b!U E d2r r 2expF2
1

2
CT,L~s!r 2TA~b!G E da CV* ~rW,a!Cg*

T,L
~rW,a!U2

U E d2r r 2E da CV* ~rW,a!Cg*
T,L

~rW,a!U2

5

E d2bTA~b!U E d2r s q̄q~r ,s!expF2
1

2
s q̄q~r ,s!TA~b!G E da CV* ~rW,a!Cg*

T,L
~rW,a!U2

U E d2r s q̄q~r ,s!E da CV* ~rW,a!Cg*
T,L

~rW,a!U2 . ~A1!

Correspondingly, for coherent production the factorC(s) is fixed by the relation

E d2bU E d2r E da CV* ~rW,a!Cg*
T,L

~rW,a!H 12expF2
1

2
CT,L~s!r 2TA~b!G J U2

U E d2r E da CV* ~rW,a!CT,L~s!r 2Cg*
T,L

~rW,a!U2

5

E d2bU E d2r E da CV* ~rW,a!Cg*
T,L

~rW,a!H 12expF2
1

2
s q̄q~r ,s!TA~b!G J U2

U E d2r E da CV* ~rW,a!s q̄q~r ,s!Cg*
T,L

~rW,a!U2 . ~A2!
1-21
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KOPELIOVICH, NEMCHIK, SCHÄFER, AND TARASOV PHYSICAL REVIEW C65 035201
To take advantage of the analytical form of the Green function, which is known only for the LC potential Eq.~45! with a
constant nuclear density, we use the approximationrA(b,z)5r0Q(RA

22b22z2). Therefore, we have to use this form for Eq
~A1! and ~A2! as well. The value of the mean nuclear densityr0 has been determined using the relation

E d2b@12exp~2s0r0ARA
22b2!#5E d2bF12expS 2

s0

2
T~b! D G , ~A3!

where the nuclear thickness functionTA(b) is calculated with the realistic Wood-Saxon form of the nuclear density. The v
of r0 turns out to be practically independent of the cross sections0 in the range from 1 to 50 mb.
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@19# J. Hüfner and B.Z. Kopeliovich, Phys. Lett. B403, 128~1997!.
@20# T.H. Baueret al., Rev. Mod. Phys.50, 261 ~1978!.
@21# M. Arneodoet al., The NMC Collaboration, Nucl. Phys.B441,

12 ~1995!; B481, 3 ~1996!.
@22# B.Z. Kopeliovich, Phys. Lett. B227, 461 ~1989!.
@23# D.M. Alde et al., The E772 Collaboration, Phys. Rev. Lett.64,

2479 ~1990!.
@24# M. Vasiliev et al., The E866 Collaboration, Phys. Rev. Le

83, 2304~1999!.
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