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Incoherent production of charmonia off nuclei as a good tool for the study of color transparency

J. Nemchik
Institute of Experimental Physics, Slovak Academy of Sciences, Watsonova 47, 04353 Kosice, Slovakia
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Within a light-cone QCD formalism incorporating color transparency, coherence length effects, and gluon
shadowing, we study electroproduction ofJ/C off nuclei. In contrast to light vector meson production when at
small and medium energies color transparency and coherence length effects are not easily separated, in char-
monium production color transparency effects dominate. We found rather large color transparency effects in
the range ofQ2<20 GeV2. They are stronger at low than at high energies and can be easily identified by the
planned future experiments. Model calculations explain well the data of the New Muon Collaboration on the
Sn/C ratio of nuclear transparencies as a function of the photon energy. We provide predictions for incoherent
and coherent charmonium production for future measurements.
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I. INTRODUCTION: SPACE-TIME PATTERN
OF CHARMONIUM PRODUCTION

The dynamics of charmonium production has been a
topic evolved intensively during almost the last three d
cades. Discovery ofJ/C in 1973 confirmed the idea o
charm quark and gave a basis for its further investigatio
affected also by further experiments carried out at new
celerators using more powerful electronics. Later, at the
ginning of 1990’s the experiments with relativistic heavy-i
collisions@1# stimulated the enhanced interest about charm
nium suppression as a possible indication of the quark-gl
plasma formation. This fact became a motive power in
vestigation of space-time pattern of charmonium product
and opened new possibilities to analyze various conseq
phenomena.

One of the fundamental phenomena coming from QCD
color transparency~CT!, studied intensively for almost th
last two decades. This phenomenon can be treated eith
the hadronic or in the quark basis. The former approach le
to Gribov’s inelastic corrections@2#, the latter one manifest
itself as a result of color screening@3,4#. Although these two
approaches are complementary, the quark-gluon interpr
tion is more intuitive and straightforward. Colorless hadro
can interact only because color is distributed inside them
the hadron transverse sizer tends to zero then the interactio
cross sections(r ) vanishes asr 2 @3#. As a result, the nuclea
medium is more transparent for smaller transverse size o
hadron. Besides, this fact naturally explains the correla
between the cross sections of hadrons and their sizes@5–7#.

Investigation of diffractive electroproduction of vecto
mesons off nuclei is very effective and sensitive for the stu
of CT. A photon of high virtualityQ2 is expected to produce
a pair with a small;1/Q2 transverse separation.1 Then CT

1For production of light vector mesons (r0, F0) very asymmetric

pairs can be possible when eitherq or q̄ carries almost the whole

photon momentum. As a result, theq̄q pair can have a large sepa
ration, see Sec. II and Eq.~17!. However, it is not so for the pro

duction of charmonia, where mainly symmetricq̄q pairs~eitherq or

q̄ carries one half of the whole photon momentum! dominate.
0556-2813/2002/66~4!/045204~14!/$20.00 66 0452
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manifests itself as a vanishing absorption of the small si
colorless q̄q wave packet during propagation through t
nucleus. Dynamical evolution of the small sizedq̄q pair to a
normal sized vector meson is controlled by the time sca
called formation time. Due to the uncertainty principle, o
needs a time interval to resolve different levelsV ~the ground
state! or V8 ~the next excited state! in the final state. In the
rest frame of the nucleus this formation time is Lorentz
lated,

t f5
2n

mV8
22mV

2
, ~1!

where n is the photon energy. A rigorous quantum
mechanical description of the pair evolution was sugges
in Ref. @8# and is based on the light-cone Green functi
technique. A complementary description of the same proc
in the hadronic basis is presented in Ref.@9#.

Another phenomenon known to cause nuclear suppres
is the effect of quantum coherence. It results from destruc
interference of the amplitudes for which the interaction tak
place on different bound nucleons. It reflects the dista
from the absorption point when the pointlike photon b
comes the hadronlikeq̄q pair. This may also be interprete
as a lifetime ofq̄q fluctuation providing the time scale whic
controls the shadowing. Again, it can be estimated by rely
on the uncertainty principle and Lorentz time dilation as

tc5
2n

Q21mV
2

. ~2!

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 lengthl f5t f). CL
is related to the longitudinal momentum transferqc51/l c in
g* N→VN, which controls the interference of the produ
tion amplitudes from different nucleons.

Exclusive production of vector mesons at high energie
controlled by the small-xB j (xB j is the Bjorken variable!
physics, and gluon shadowing becomes an important p
©2002 The American Physical Society04-1
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nomenon@10#. It was shown in Ref.@11# that for electropro-
duction of charmonia off nuclei the gluon shadowing sta
to be important at center-of-mass system~c.m.s.! energies
As>30–60 GeV, depending on nuclear target andQ2. Al-
though the gluon shadowing is quite small in the kinema
range important for investigation of CT and discussed in
present paper, we include it in all calculations.

In electroproduction of vector mesons off nuclei o
needs to disentangle CT~absorption! and CL~shadowing! as
the two sources of nuclear suppression. Detailed analys
the CT and CL effects in electroproduction of vector meso
off nuclei showed@10# that one can easily identify the dif
ference of the nuclear suppression corresponding to abs
tion and shadowing in two limiting cases which can be illu
trated for the example of vector dominance model~VDM !.

~i! In the limit of small l c , shorter than the mean inte
nucleon spacing;2 fm, only final state absorption matter
The ratio of the quasielastic~or incoherent! g* A→VX and
g* N→VX cross sections, usually called nuclear transp
ency ~Tr!, reads@8#

TrA
incu l c!RA

[
sV

g* A

AsV
g* N

5
1

AE d2bE
2`

`

dzrA~b,z!

3expF2s in
VNE

z

`

dz8rA~b,z8!G
5

1

As in
VNE d2b$12exp@2s in

VNT~b!#%

5
s in

VA

As in
VN

. ~3!

Here z is the longitudinal coordinate andbW is the impact
parameter of the production point of vector meson. In Eq.~3!
rA(b,z) is the nuclear density ands in

VN is the inelasticV-N
cross section.

~ii ! In the limit of long l c the expression for nuclear tran
parency takes a different form,

TrA
incu l c@RA

5E d2bTA~b!exp@2s in
VNTA~b!#, ~4!

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!. ~5!

The exact expression that interpolates between the two
gimes, Eqs.~3! and ~4!, can be found in Ref.@12#.

The problem of CT-CL separation arises especially in p
duction of light vector mesons (r0, F0) @10#. In this case the
coherence and formation lengths are comparable sta
from the photoproduction limit up toQ2;1 –2 GeV2. In
charmonium production, however, there is a strong ineq
ity l f. l c independent ofQ2 and n. It leads to a different
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scenario of CT-CL mixing compared to light vector mes
production. This fact gives a motivation for separate study
J/C production presented in this paper using light-cone
pole approach generalized for the case of a finite cohere
length and developed in Ref.@10#. Another reason is sup
ported by the recent paper@11#, where charmonium produc
tion was calculated in the approximation of long coheren
length l c@RA using realistic charmonium wave function
from Ref.@13# and corrections for finite values ofl c . It gives
very interesting possibility to compare the predictions of t
present paper with the results obtained from Ref.@11# for
enhancement of reliability of theoretical predictions as a
alistic basis for planned future electron-nucleus collisions

The paper is organized as follows. In Sec. II we presen
short review of the light-cone~LC! approach to diffractive
electroproduction of vector mesons in the rest frame of
nucleon target. Here we also present the following individ
ingredients contained in the production amplitude.

~i! The dipole cross section characterizing the univer
interaction cross section for a colorless quark-antiquark
pole and a nucleon.

~ii ! The LC wave function for a quark-antiquark fluctu
tion of the virtual photon.

~iii ! The LC wave function of charmonia.
As the first test of the model we calculate in Sec. III t

cross section of elastic electroproduction ofJ/C off a
nucleon target. Model calculations reproduce both ene
andQ2 dependence remarkably well, including the absol
normalization.

Section IV is devoted to incoherent production ofJ/C off
nuclei. Model predictions are compared with the data of
New Muon Collaboration~NMC! on the Sn/C ratio of
nuclear transparencies as a function of the photon energy
find a different scenario of an interplay between cohere
and formation length effects from that occurring in light ve
tor meson production. Because a variation ofl c with Q2 can
mimic CT at medium and low energies, one can map exp
mental events inQ2 and n in such a way as to keepl c

5const. The LC dipole formalism predicts rather large effe
of CT in the range ofQ2<20 GeV2. This fact makes it fea-
sible to find a clear signal of CT effects also in exclusi
production ofJ/C in the planned future experiments.

Coherent production of vector mesons off nuclei leavi
the nucleus intact is studied in Sec. V. The detailed calcu
tions show that the effect of CT on theQ2 dependence of
nuclear transparency atl c5const is weaker than in the cas
of incoherent production and is difficult to be detected at l
energies since the cross section is small.

We show that the gluon shadowing suppresses electro
duction of charmonia at high energies. However, it is n
very significant in the energy range important for search
CT effects. Despite this fact, we include the gluon shadow
effects in all calculations for nuclear transparency.

The results of the paper are summarized and discusse
Sec. VI. An optimistic prognosis for discovery of CT in ele
troproduction of charmonia is made for the future expe
ments.
4-2
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II. A SHORT REVIEW OF THE LIGHT-CONE DIPOLE
PHENOMENOLOGY FOR ELASTIC

ELECTROPRODUCTION OF CHARMONIA g* N\JÕC N

The LC dipole approach for elastic electroproducti
g* N→VN was already used in Ref.@13# to study the exclu-
sive photo- and electroproduction of charmonia and in R
@10# for elastic virtual photoproduction of light vector me
sonsr0 andF0. Therefore, we present only a short review
this LC phenomenology with the main emphasis on ela
electroproduction of charmonia. Here a diffractive proces
treated as elastic scattering of aq̄q fluctuation (c̄c fluctua-
tion for the case of charmonium production! of the incident
particle. The elastic amplitude is given by convolution of t
universal flavor independent dipole cross section for theq̄q
interaction with a nucleon,s q̄q , @3# and the initial and final
wave functions. For the exclusive photo- or electroprod
tion of charmoniag* N→J/C N the forward production am
plitude is represented in the quantum-mechanical form,

Mg* N→J/CN~s,Q2!5^J/Cus q̄q
N

~rW,s!ug* &

5E
0

1

daE d2rCJ/C* ~rW,a!

3s q̄q~rW,s!C c̄c~rW,a,Q2!, ~6!

with the normalization

ds

dt U
t50

5
uMu2

16p
. ~7!

In order to calculate the photoproduction amplitude o
needs to know the following ingredients of Eq.~6!.

~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 thec̄c Fock component of
the photonC c̄c(rW,a,Q2), which also depends on the photo
virtuality Q2 and the relative sharea of the photon momen-
tum carried by the quark.

~iii ! The LC wave functionCJ/C(rW,a) of J/C.
Note that in the LC formalism the photon and mes

wave functions contain also higher Fock statesuq̄q&, uq̄qG&,
uq̄q2G&, etc. The effects of higher Fock states are implici
incorporated into the energy dependence of the dipole c
sections q̄q(rW,s) as is given in Eq.~6!.

The dipole cross sections q̄q(rW,s) represents the interac
tion of a q̄q dipole of transverse separationrW with a nucleon
@3#. It is a flavor independent universal function ofrW and
energy and allows to describe various high-energy proce
in an uniform way. It is known to vanish quadratical
s q̄q(r ,s)}r 2 as r→0 due to color screening~CT property!
and cannot be predicted reliably because of poorly kno
higher-order perturbative QCD (pQCD) corrections and
nonperturbative effects. A detailed discussion about the
pole cross sections q̄q(rW,s) with an emphasis on the produc
tion of light vector mesons is presented in Ref.@10#. In elec-
04520
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troproduction of charmonia the corresponding transve
separations ofc̄c dipole reach the values<0.4 fm ~semiper-
turbative region!. It means that nonperturbative effects a
sufficiently smaller as compared to light vector meso
Similarly, the relativistic corrections are also small enou
and the nonrelativistic limita50.5 can be safely used with
rather high accuracy@8#.

There are two popular parametrizations ofs q̄q(rW,s). The
first one suggested in Ref.@14# reflects the fact that at sma
separations the dipole cross section should be a functionr
and xB j;1/(r 2s) to reproduce Bjorken scaling. It describe
well the data for deep-inelastic scattering~DIS! at smallxB j
and medium and highQ2. However, at smallQ2 it cannot be
correct since it predicts energy independent hadronic c
sections. Besides,xB j is not anymore a proper variable a
small Q2 and should be replaced by energy. This defec
removed by the second parametrization suggested in
@15#, which is similar to the one in Ref.@14#, but contains an
explicit energy dependence. It is valid down to the limit
real photoproduction. Since we want to study CT effe
starting fromQ250, we choose the second parametrizatio
which has the following form:

s q̄q~r ,s!5s0~s!@12e2r 2/r 0
2(s)#, ~8!

where

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

3

8

r 0
2~s!

^r ch
2 &

G mb ~9!

and

r 0~s!50.88S s

s0
D 20.14

fm. ~10!

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 Refs.@16,17#,

s tot
pp~s!523.6S s

s0
D 0.079

mb. ~11!

The dipole cross section, Eqs.~8!–~11!, provides the imagi-
nary part of the elastic amplitude. It is known, however, th
the energy dependence of the total cross section gene
also a real part@18#,

s q̄q~r ,s!⇒S 12 i
p

2

]

] ln~s! Ds q̄q~r ,s!. ~12!

The energy dependence of the dipole cross section Eq.~8! is
rather steep at smallr, leading to a large real part whic
should not be neglected. For instance, the photoproduc
amplitude of the processgN→J/CN rises }s0.2 and the
real-to-imaginary part ratio is over 30%.

Although the calculations of DIS using parametrization
the dipole cross section, Eq.~8!, successfully describe th
data at smallxB j up toQ2'10 GeV2, we prefer this param-
etrization for study of charmonium electroproduction. T
4-3
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reason is that we want to study CT effects predominantly
the range ofQ2<20 GeV2 and, in addition, parametrizatio
Eq. ~8! describes the transition toward photoproduction lim
better than the parametrization presented in Ref.@14#. Be-
sides, in the paper@13# it was shown by studying electropro
duction of charmonia off nucleons that the difference b
tween the predictions using both parametrizations@14# and
Eq. ~8! is rather small and can be taken as a measure of
theoretical uncertainty.

The perturbative distribution amplitude~‘‘wave func-
tion’’ ! of the q̄q ( c̄c for J/C production! Fock component
of the photon has the following form for transversely~T! and
longitudinally ~L! polarized photons@19–21#:

C q̄q
T,L

~rW,a!5
ANCaem

2p
Zqx̄ÔT,LxK0~er !, ~13!

wherex and x̄ are the spinors of the quark and antiqua
respectively;Zq is the quark charge,Zq5Zc52/3 for J/C
production; NC53 is the number of colors.K0(er ) is a
modified Bessel function with

e25a~12a!Q21mc
2 , ~14!

where mc51.5 GeV is mass of thec quark, anda is the
fraction of the LC momentum of the photon carried by t
quark. The operatorsÔT,L read

ÔT5mcsW •eW1 i ~122a!~sW •nW !~eW•¹Wr !1~sW 3eW !•¹Wr ,
~15!

ÔL52Qa~12a!~sW •nW !. ~16!

Here¹Wr acts on transverse coordinaterW; eW is the polarization
vector of the photon,nW is a unit vector parallel to the photo
momentum, andsW is the three vector of the Pauli spin m
trices.

In general, the transverseq̄q separation is controlled by
the distribution amplitude, Eq.~13!, with the mean value

^r &;
1

e
5

1

AQ2a~12a!1mq
2

. ~17!

For production of light vector meson very asymmetricq̄q
pairs with a or (12a)&mq

2/Q2 become possible. Conse
quently, the mean transverse separation^r &;1/mq becomes
huge since one must use current quark masses within PQ
However, that is not the case in charmonium production
cause of a large quark massmc51.5 GeV. Therefore, we are
out of the problem how to include nonperturbative intera
tion effects betweenc and c̄ because they are rather sma
Despite this fact, for completeness we include these non
turbative interaction effects in all calculations to avoid sm
but supplementary uncertainties in predictions. We take fr
Ref. @15# the corresponding phenomenology including t
interaction betweenc and c̄ based on the light-cone Gree
function approach.
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The Green functionGq̄q(z1 ,rW1 ;z2 ,rW2) describes the
propagation of an interactingq̄q pair (c̄c pair for the case of
J/C production! between points with longitudinal coordi
natesz1 andz2 and with initial and final separationsrW1 and
rW2. This Green function satisfies the two-dimensional Sch¨-
dinger equation,

i
d

dz2
Gq̄q~z1 ,rW1 ;z2 ,rW2!

5F e22D r 2

2na~12a!
1Vq̄q~z2 ,rW2 ,a!G

3Gq̄q~z1 ,rW1 ;z2 ,rW2!. ~18!

Here n is the photon energy. The LaplacianD r acts on the
coordinater.

The imaginary part of the LC potentialVq̄q(z2 ,rW2 ,a) in
Eq. ~18! is responsible for attenuation of theq̄q in the me-
dium, while the real part represents the interaction betweeq

and q̄. This potential is supposed to provide the correct L
wave functions of vector mesons. For the sake of simplic
we use the oscillator form of the potential,

ReVq̄q~z2 ,rW2 ,a!5
a4~a!rW2

2

2na~12a!
, ~19!

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 below.

In this case, Eq.~18! has an analytical solution, the ha
monic oscillator Green function@22#,

Gq̄q~z1 ,rW1 ;z2 ,rW2!

5
a2~a!

2p i sin~vDz!
expH ia2~a!

sin~vDz!
@~r 1

21r 2
2!cos~vDz!

22rW1•rW2#J expF2
i e2Dz

2na~12a!G , ~20!

whereDz5z22z1 and

v5
a2~a!

na~12a!
. ~21!

The boundary condition is Gq̄q(z1 ,rW1 ;z2 ,rW2)uz25z1

5d2(rW12rW2).
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 zero separation,
4-4
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C q̄q
T,L

~rW,a!5
iZqAaem

4pna~12a!
E

2`

z2
dz1

3~ x̄ÔT,Lx!Gq̄q~z1 ,rW1 ;z2 ,rW !ur 150 . ~22!

The operatorsÔT,L are defined in Eqs.~15! and ~16!. Here
they act on the coordinaterW1.

If we write the transverse part as

x̄ÔTx5x̄mcsW •eWx1x̄@ i ~122a!~sW •nW !eW

1~sW 3eW !#x•¹Wr

5E1FW •¹Wr , ~23!

then the distribution functions read

C q̄q
T

~rW,a!5ZqAaem@EF0~e,r ,l!1FW •FW 1~e,r ,l!#,
~24!

C q̄q
L

~rW,a!52ZqAaemQa~12a!x̄sW •nW xF0~e,r ,l!,
~25!

where

l5
2a2~a!

e2
. ~26!

The functionsF0,1 in Eqs.~24! and ~25! are defined as

F0~e,r ,l!5
1

4pE0

`

dt
l

sh~lt !
expF2

le2r 2

4
cth~lt !2t G ,

~27!

FW 1~e,r ,l!5
e2rW

8pE
0

`

dtF l

sh~lt !G
2

expF2
le2r 2

4
cth~lt !2t G ,

~28!

where sh(x) and cth(x) is the hyperbolic sine and hyperbol
cotangent, respectively. Note that theq̄-q interaction enters
Eqs.~24! and~25! via the parameterl defined in Eq.~26!. In
the limit of vanishing interactionl→0 ~i.e., Q2→`, a is
fixed,a5” 0 or 1) Eqs.~24! and~25! produce the perturbative
expressions of Eq.~13!. As mentioned above, for charmo
nium production nonperturbative interaction effects are qu
weak. Consequently, the parameterl ~26! is rather small due
to a large mass of thec quark.

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 Ref.@15# we
fix this problem via a simple modification of the LC
potential,

a2~a!5a0
214a1

2a~12a!. ~29!

The parametersa0 anda1 were adjusted in Ref.@15# to the
data on total photoabsorption cross section@23,24#, diffrac-
tive photon dissociation, and shadowing in nuclear photo
04520
e

b-

sorption reaction. The results of our calculations vary with
1% only whena0 anda1 satisfy the relation

a0
25v1.15~0.112!2 GeV2,

a1
25~12v !1.15~0.165!2 GeV2, ~30!

wherev takes any value 0<v<1. In the view of this insen-
sitivity of the observables we fix the parameters atv51/2.
We checked that this choice does not affect our results
yond a few percent uncertainty.

The last ingredient in elastic production amplitude~6! is
the charmonium wave function. We use a popular presc
tion @25# applying the Lorentz boost to the rest frame wa
function assumed to be Gaussian, which leads to radial p
of transversely and longitudinally polarized mesons in
form

FJ/C
T,L ~rW,a!5CJ/C

T,L a~12a! f ~a!expF2
a~12a!r 2

2R2 G
~31!

with a normalization defined below, and

f ~a!5expF2
mc

2R2

2a~12a!
G ~32!

with the parameters from Ref.@26#, R50.183 fm andmc
51.5 GeV. A detailed analysis of various problems in th
relativization procedure@27# leads to the same form as Eq
~31!.

We assume that the distribution amplitudes ofc̄c fluctua-
tions for J/C and for the photon have a similar structu
@26#. Then in analogy to Eqs.~24! and ~25!,

CJ/C
T ~rW,a!5~E1FW •¹Wr !FJ/C

T ~rW,a!, ~33!

CJ/C
L ~rW,a!52mJ/Ca~12a!~x̄sW •nW x!FJ/C

L ~rW,a!.
~34!

Correspondingly, the normalization conditions for th
transverse and longitudinal charmonium wave functions r

NCE d2r E da$mc
2uFJ/C

T ~rW,a!u2

1@a21~12a!2#u] rFJ/C
T ~rW,a!u2%

51, ~35!

4NCE d2r E da a2~12a!2mJ/C
2 uFJ/C

L ~rW,a!u251.

~36!

III. ELECTROPRODUCTION OF JÕC ON A NUCLEON,
COMPARISON WITH DATA

In this section we verify first the LC approach by com
paring with data for nucleon target. The forward producti
amplitudeg* N→J/CN for transverse and longitudinal pho
4-5
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tons and charmonium is calculated using the nonperturba
photon, Eqs.~24! and ~25!, and vector meson, Eqs.~33!,
~34!, wave functions and has the following form:

Mg* N→J/CN
T

~s,Q2!u t50

5NCZcA2 aemE d2rs q̄q~rW,s!

3E
0

1

da$mc
2F0~e,rW,l!FJ/C

T ~rW,a!

2@a21~12a!2#FW 1~e,rW,l!•¹WrFJ/C
T ~rW,a!%,

~37!

Mg* N→J/CN
L

~s,Q2!u t50

54NCZcA2 aemmJ/CQE d2rs q̄q~rW,s!E
0

1

da a2

3~12a!2F0~e,rW,l!FJ/C
L ~rW,a!. ~38!

These amplitudes are normalized asuM T,Lu2
516pdsN

T,L/dtu t50. The real part of the amplitude is in
cluded according to the prescription described in the prec
ing section. We calculate the cross sectionss5sT1e8sL

assuming that the photon polarization ise851.
Now we can check the absolute value of the product

cross section by comparing with data for elastic charmon
electroproduction g* p→J/Cp. Unfortunately, data are
available only for the cross section integrated overt,

sT,L~g* N→J/C N!5
uM T,Lu2

16pBJ/C
, ~39!

where BJ/C is the slope parameter in reactiong* N
→J/CN. We use the experimental value@28# BJ/C
54.7 GeV22.

Our predictions are plotted in Fig. 1, together with t
data on theQ21mJ/C

2 dependence of the cross section fro
H1 @29# and ZEUS@30#.

The second test of our approach is a description of
realJ/C photoproduction. As we discussed in the preced

FIG. 1. Q21mJ/C
2 dependence of the integrated cross section

the reactionsg* p→J/Cp. The model calculations are compare
with H1 @29# and ZEUS@30# data at energyW590 GeV.
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section, we include for completeness into calculations

nonperturbative interaction effects betweenc and c̄ although
they are rather small. Comparison of the model with d
@31,32,28,33# for the energy dependence of the cross sect
of real J/C photoproduction is presented in Fig. 2.

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 reproduce t
production cross sections than nuclear effects. For insta
the similar, but simplified calculations in Ref.@8# underesti-
mate theJ/C photoproduction cross section on protons
an order of magnitude.

As a cross check for the choice of theJ/C wave function
in Eqs. ~31! and ~32! we also calculated the totalJ/C
nucleon cross section, which was already estimated in R
@13# using the charmonium wave functions calculated w

several realisticq̄q potentials. TheJ/C nucleon total cross
section has the form

s tot
J/C2N5NCE d2r E da$mc

2uFJ/C
T ~rW,a!u2

1@a21~12a!2#u] rFJ/C
T ~rW,a!u2%s q̄q~rW,s!.

~40!

We calculateds tot
J/C2N with the charmonium wave function

in the form ~31! ~corresponding to quadraticq̄-q potential!
with the parameters described in the preceding section.
the dipole cross section we adopt the parametrization~8!
which is designed to describe low-Q2 data. Then, atAs
510 GeV we obtains tot

J/C2N54.2 mb, which is not in con-
tradiction withs tot

J/C2N53.660.1 mb evaluated in Ref.@13#

using more realisticq̄-q potentials and/or charmonium wav
functions.

r FIG. 2. Energy dependence of the real photoproduction cr
section on a nucleon,gp→J/Cp. Our results are compared wit
data from the fixed target E401@31#, E516@32#, and collider HERA
H1 @28# and ZEUS@33# experiments.
4-6
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IV. INCOHERENT PRODUCTION
OF CHARMONIA OFF NUCLEI

A. The LC Green function formalism

In this section we present a short review of the LC Gre
function formalism for incoherent production of an arbitra
vector meson. For the case of charmonium production
should replaceV→J/C andq̄q→ c̄c. In general, the diffrac-
tive incoherent~quasielastic! production of vector meson
off nuclei, g* A→VX, is associated with a breakup of th
nucleus, but without production of new particles. In oth
words, one sums over all final states of the target nucl
except those which contain particle~pion! creation. The ob-
servable usually studied experimentally is nuclear trans
ency defined as

TrA
inc5

sg* A→VX
inc

Asg* N→VN

. ~41!

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 nuclear transparency
pressed via the forward differential cross sections Eq.~7!,

TrA
inc5

1

AUMg* A→VX~s,Q2!

Mg* N→VN~s,Q2!
U2

. ~42!

In the LC Green function approach@10# the physical pho-
ton ug* & is decomposed into different Fock states, name
the bare photonug* &0 , uq̄q&, uq̄qG&, etc. As we mentioned
above, the higher Fock states containing gluons describe
energy dependence of the photoproduction reaction o
nucleon. Besides, those Fock components also lead to g
shadowing as far as nuclear effects are concerned. How
these fluctuations are heavier and have a shorter coher
time ~lifetime! than the lowestuq̄q& state. Therefore, at me
dium energies onlyuq̄q& fluctuations of the photon matte
Consequently, gluon shadowing related to the higher F
states will be dominated at high energies. Detailed desc
tion and calculation of gluon shadowing for the case of v
tor meson production off nuclei is presented in Refs.@10,11#.
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Although the gluon shadowing effects are rather small in
kinematic range important for study of CT effects in elas
and quasielastic charmonium production off nuclei, we
clude them in all calculations.

Propagation of an interactingq̄q pair in a nuclear medium
is also described by the Green function satisfying the evo
tion Eq.~18!. However, the potential in this case acquires
imaginary part which represents absorption in the mediu

Im Vq̄q~z2 ,rW,a!52
s q̄q~rW,s!

2
rA~b,z2!, ~43!

whererA(b,z2) is the nuclear density function defined at th
point with longitudinal coordinatez2 and impact paramete
bW . The evolution equation ~18! with the potential
Vq̄q(z2 ,rW2 ,a) containing this imaginary part was used
Refs.@34,35#, and nuclear shadowing in deep-inelastic sc
tering was calculated in good agreement with data.

The analytical solution of Eq.~20! 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, ~44!

which allows to obtain the Green function in an analytic
form.

The energy dependent factorC(s) in Eq. ~44! is adjusted
by demanding that calculations employing the approximat
Eq. ~44! reproduce correctly the results based on the reali
cross section Eq.~8! in the limit l c@RA ~the so called ‘‘fro-
zen’’ approximation! when the Green function takes th
simple form,

Gq̄q~z1 ,rW1 ;z2 ,rW2!

⇒d~rW12rW2!expF2
1

2
s q̄q~r 1!E

z1

z2
dzrA~b,z!G , ~45!

where the dependence of the Green function on impact
rameter is dropped. Thus, for incoherent production of vec
mesons, the factorC(s) is fixed by the relation
E d2bTA~b!U E d2rr 2expF2
1

2
C~s!r 2TA~b!G E daCV*

T,L~rW,a!C q̄q
T,L

~rW,a!U2

U E d2r r 2E daCV*
T,L~rW,a!C q̄q

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 daCV*

T,L~rW,a!C q̄q
T,L

~rW,a!U2

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

T,L
~rW,a!U2 ~46!
4-7
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To take advantage of the analytical form of the Gre
function which is known only for the LC potential Eq.~43!
with a constant nuclear density, we use the approxima
rA(b,z)5r0Q(RA

22b22z2). Therefore we have to use th
form for Eq. ~46! as well. The value of the mean nucle
densityr0 was determined using the relation

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

5E d2bF12expS 2
s0

2
T~b! D G , ~47!

where the nuclear thickness functionTA(b) is calculated
with the realistic Woods-Saxon form of the nuclear dens
The value ofr0 turns out to be practically independent of th
cross sections0 in the range from 1 to 50 mb.

With the potential Eqs.~43! and ~44! the solution of Eq.
~18! has the same form as Eq.~20!, except that one should
replacev⇒V anda2(a)⇒b(a), where

V5
b~a!

na~12a!
5

Aa4~a!2 irA~b,z!na~12a!C~s!

na~12a!
.

~48!

As we discussed in Ref.@10# the value ofl c can distin-
guish different regimes of vector meson production.

~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). Correspondingly, the formation time of the mes
wave function is very short as well as given in Eq.~1!. For
light vector mesonsl f; l c and since formation and coheren
lengths are proportional to photon energy both must be sh
Consequently, nuclear transparency is given by the sim
formula Eq.~3! corresponding to the Glauber approximatio

~ii ! In production of charmonia and other heavy flav
quarkonii there is a strong inequalityl c, l f and the interme-
diate casel c→0, but l f;RA can be realized. Then the fo
mation of the meson wave function is described by the Gr
function and the numerator of the nuclear transparency r
Eq. ~42! has the form@8#,

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

F1~b,z!5E
0

1

daE d2r 1d2r 2CV* ~rW2 ,a!G~z8,rW2 ;z,rW1!

3s q̄q~r 1 ,s!C q̄q~rW1 ,a!uz8→` . ~50!

~iii ! In the high-energy limitl c@RA ~in fact, it is more
correct to compare with the mean free path of theq̄q in a
nuclear medium if the latter is shorter than the nuclear
dius!. In this caseG(z2 ,rW2 ;z1 ,rW1)→d(rW22rW1), i.e., all fluc-
tuations of the transverseq̄q separation are ‘‘frozen’’ by Lor-
entz time dilation. Then, the numerator on the right-ha
side of Eq.~42! takes the form@8#,
04520
n

n

.

g

rt.
le
.

n
io

-

d

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!

3expF2
1

2
s q̄q~r ,s!TA~b!GC q̄q~rW,a,Q2!U2

. ~51!

In this case theq̄q attenuates with a constant absorpti
cross section like in the Glauber model, except that
whole exponential is averaged rather than just the cross
tion in the exponent. The difference between the results
the two prescriptions are the well known inelastic correctio
of Gribov @3#.

~iv! This regime reflects the general case when there is
restrictions for eitherl c or l f . The corresponding theoretica
tool has been developed for the first time only recently
Ref. @10# and applied to electroproduction of light vecto
mesons at medium and high energies. Even within the VD
the Glauber model expression interpolating between the
iting cases of low@~i!, ~ii !# and high@~iii !# energies has bee
derived only recently@12# as well. In this general case th
incoherent photoproduction amplitude is represented a
sum of two terms@36#,

uMg* A→VX~s,Q2!u2

5E d2bE
2`

`

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

~52!

The first termF1(b,z) introduced above in Eq.~50! alone
would correspond to the shortl c limit ~ii !. The second term
F2(b,z) in Eq. ~52! corresponds to the situation when th
incident photon produces aq̄q pair diffractively and coher-
ently at the pointz1 prior to incoherent quasielastic scatte
ing at pointz. The LC Green functions describe the evolutio
of the q̄q over the distance fromz1 to z and further on, up to
the formation of the meson wave function. Corresponding
this term has the form,

F2~b,z!5
1

2E2`

z

dz1rA~b,z1!E
0

1

daE d2r 1d2r 2d2r

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

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

Equation~52! correctly reproduces the limits~i!–~iii !. At l c
→0 the second termF2(b,z) vanishes because of stron
oscillations, and Eq.~52! reproduces the Glauber expressi
Eq. ~3!. At l c@RA the phase shift in the Green functions c
be neglected and they acquire the simple fo
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 expression Eq.~51!
is recovered as well.
4-8
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B. Comparison with data for incoherent production of JÕC

Exclusive incoherent electroproduction of vector meso
off nuclei has been suggested in Ref.@37# to be very conve-
nient for investigation of CT. Increasing the photon virtual

Q2, one squeezes the producedq̄q wave packet. Such a
small colorless system propagates through the nucleus
little attenuation, provided that the energy is sufficiently hi

( l f@RA) so the fluctuations of theq̄q separation are frozen
during propagation. Consequently, a rise of nuclear trans
ency TrA

inc(Q2) with Q2 should give a signal for CT. Indeed
such a rise was observed in the E665 experiment@38# at
Fermilab for exclusive production ofr0 mesons off nuclei,
what has been claimed as a manifestation of CT.

However, the effect of coherence length@39,12# leads also
to a rise of TrA

inc(Q2) with Q2 and so can imitate CT effects
This happens when the coherence length varies from lon
short @see Eq.~2!# compared to the nuclear size, and t
length of the path in nuclear matter becomes shorter. Co
quently, the vector meson~or q̄q) attenuates less in nuclea
medium. This happens whenQ2 increases at fixedn. There-
fore one should carefully disentangle these two phenom

Unfortunately, the data on charmonium electroproduct
off nuclei are very scanty so far. There are only data from
NMC experiment@40# concerning energy dependence of t
ratio of nuclear transparencies TrSn

inc and TrC
inc for incoherent

production ofJ/C at Q250. The corresponding photon en
ergy varies from 60 to 210 GeV. It allows to study the tra
sition from medium long to long coherence length, whi
varies from 2.4 to 8.5 fm. For longl c*8.5 fm the ‘‘frozen’’
approximation can be used with high accuracy. In this ca
nuclear transparency TrA

inc of incoherent~quasielastic! J/C
production can be calculated using Eq.~52! and the simpli-
fied ‘‘frozen’’ approximation Eqs.~45!, ~51!. For medium
long coherence length one cannot use the ‘‘frozen’’ appro
mation and fluctuations of the size of theq̄q pair become
important. Because of a strong inequalityl c, l f for charmo-
nium production CT effects are expected to be dominan
small and moderate energies. Consequently, they should
to a rise with energy of TrA

inc . Such a scenario is depicted
Fig. 3 by solid and dashed curves. Dashed curve show
results using the LC Green function approach in the limit
short coherence lengthl c→0, Eq. ~49!. The solid curve in-
cludes in addition also CL effects. Thus, the effect of coh
ence length manifest itself as a separation between the
and dashed curves. Energy rise of the ratio TrSn

inc/TrC
inc at

small and medium energy is a net manifestation of CT
follows from the rise of formation time, see Eq.~1!. At larger
energies when CL effects also become important
TrSn

inc/TrC
inc ratio starts to fall down gradually.2 Unfortunately,

the NMC data have quite large error bars and therefore g
only an indication for such a behavior. More accurate d

2In energy dependence of nuclear transparency at fixedQ2, the
effect of the coherence follows from variation of the coheren
length from small to large values compared to the nuclear size,
Eq. ~2!.
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are needed for exploratory study of CT and CL effects. Ch
monium real photoproduction off nuclei at small and lar
energies is very sensitive for investigation of CT and C
effect separately. However, it is not so for real photoprod
tion of light vector mesons when coherence and format
lengths are comparable and CT-CL mixing exists already
small energies.

Problem of separation of CT and CL effects was discus
in details in Ref.@10# with the main emphasis to light vecto
meson production wherel c* l f at Q2&1 –2 GeV2. In this
paper we present the results for charmonium product
where a strong inequalityl c, l f in all discussed kinematic
regions leads to a different scenario of CT-CL mixing co
pared to production of light vector mesons. Consequently
fixed Q2 and at small and medium energies the problem
CT-CL separation is not so acute. Besides, there is a pres
tion how to eliminate the effect of CL from the data on th
Q2 dependence of nuclear transparency@9#. One should sim-
ply bin the data in a way that keepsl c5const. It means tha
one should vary simultaneouslyn and Q2 maintaining the
CL Eq. ~2! constant,

n5
1

2
l c~Q21mJ/C

2 !. ~54!

In this case the Glauber model predicts aQ2 indepen-
dent nuclear transparency, and any rise withQ2 would signal
CT @9#.

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

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

nmin5
1

2
l cmJ/C

2 . ~55!

e
ee

FIG. 3. Energy dependence of the ratio of nuclear transparen
TrSn and TrC vs experimental points taken from the NMC expe
ment @40#. Solid and dashed curves show our results using the
Green function approach in general case with no restriction
eitherl c or l f , Eq. ~52!, and in the limit ofl c→0, Eq.~49!, respec-
tively.
4-9
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The results for incoherent production ofJ/C at nmin

524.3, 121.7, and 487 GeV (l c51,5 and 20 fm) are pre
sented in Fig. 4 for beryllium, iron, and lead. We use t
nonperturbative LC wave function of the photon with t
parameters of the LC potentiala0,1 fixed in accordance with
Eq. ~30! at v51/2. We use quark massmc51.5 GeV.

Although the predicted variation of nuclear transparen
with Q2 at fixed l c is less than for light vector meson pro
duction @10#, it is still sufficiently significant to be investi-
gated experimentally even in the range ofQ2&20 GeV2. CT
effects ~the rise withQ2 of nuclear transparency! are more
pronounced at low than at high energies and can be ea
identified by the planned future experiments.

We also calculated the energy dependence of nuc
transparency at fixedQ2. The results for beryllium, iron, and
lead are shown in Fig. 5 for different values ofQ2. The
interesting feature is the presence of a maximum of trans
ency at some energy, which is much more evident than
production of light vector mesons@10#. At small and moder-

FIG. 4. Q2 dependence of the nuclear transparency TrA
inc for

exclusive electroproduction ofJ/C on nuclear targets9Be, 56Fe,
and 207Pb ~from top to bottom!. The CL is fixed atl c51, 5, and
20 fm.
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ate energies a strong rise of TrA
inc with energy, especially for

the lead target, is a manifestation of net CT effects result
from a strong inequalityl c, l f . The existence of maxima o
TrA

inc results from the interplay of coherence and formati
effects. Indeed, the formation length rises with energy le
ing to an increasing nuclear transparency. At some ene
however, the effect of CL is switched on leading to a grow
of the path length of theq̄q in the nucleus, i.e., to a suppre
sion of nuclear transparency. This also explains the unu
ordering of curves at small and moderateQ2 calculated for
different values ofl c as is depicted in Fig. 4.

V. COHERENT PRODUCTION OF JÕC

First of all we present a short introduction to cohere
production of vector mesons. One should replaceV→J/C
and q̄q→ c̄c when coherent production of charmonia

FIG. 5. Nuclear transparency for incoherent electroproduct
g* A→J/C X as a function of energy atQ250, 5, 20, and
100 GeV2 for beryllium, iron, and lead. The solid curves an
dashed curves for lead correspond to calculations with and with
gluon shadowing, respectively.
4-10
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treated. In general, in coherent~elastic! electroproduction of
a vector meson the target nucleus remains intact, so al
vector mesons produced at different longitudinal coordina
and impact parameters add up coherently. This condi
considerably simplifies the expressions for the product
cross sections. The integrated cross section has the form

sA
coh[sg* A→VA

coh
5E d2qU E d2b eiq•W bWMg* A→VA

coh
~b!U2

5E d2buMg* A→VA
coh

~b!u2, ~56!

where

Mg* A→VA
coh

~b!5E
2`

`

dzrA~b,z!F1~b,z!, ~57!
tr
ic

ur

ne
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le
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re

ar
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with the functionF1(b,z) defined in Eq.~50!.
One should not use Eq.~42! for nuclear transparency any

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 parameterBV for the processg* N→VN,

TrA
coh5

sA
coh

AsN
5

16pBVsA
coh

AuMg* N→VN~s,Q2!u2
. ~58!

The energy dependent factorC(s) in dipole cross section
approximation Eq.~44! is adjusted in an analogical way a
for incoherent charmonium production described in the p
ceding section. However, in contrast to Eq.~46! the factor
C(s) is fixed now by the following relation:
E d2bU E d2r E daCV*
T,L~rW,a!C q̄q

T,L
~rW,a!H 12expF2

1

2
C~s!r 2TA~b!G J U2

U E d2r E daCV*
T,L~rW,a!C~s!r 2C q̄q

T,L
~rW,a!U2

5

E d2bU E d2r E daCV*
T,L~rW,a!C q̄q

T,L
~rW,a!H 12expF2

1

2
s q̄q~r ,s!TA~b!G J U2

U E d2r E daCV*
T,L~rW,a!s q̄q~r ,s!C q̄q

T,L
~rW,a!U2 . ~59!
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A. Predictions for coherent production of JÕC

Unfortunately, there are no data yet on coherent elec
production of charmonia. Therefore, we present only pred
tions that can be later verified and tested in the fut
planned experiments.

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
reactiong* A→J/CA at fixed values ofl c . The results for
l c51, 5, and 20 fm are depicted in Fig. 6 for several nuc
We performed calculations of TrA

coh with the slope BV

5BJ/C54.7 GeV22. The effect of a rise of TrA
coh is not suf-

ficiently large to be observable in the range ofQ2

<20 GeV2. A wider range ofQ2<100 GeV2 and heavy nu-
clei gives higher chances for experimental investigation
CT. However, it encounters the problem of low yiel
at highQ2.

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

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

coh(Q2)→A1/3.
We also calculated nuclear transparency as function

energy at fixedQ2. The results forJ/C produced coherently
off beryllium, iron, and lead are depicted in Fig. 7 atQ2
o-
-

e

t
-

nt

i.

f

-

of

50, 5, 20, and 100 GeV2. TrA
coh is very small at low energy,

which of course does not mean that nuclear matter is
transparent, but the nuclear coherent cross section is
pressed by the nuclear form factor. Indeed, the longitud
momentum transfer which is equal to the inverse CL, is la
when the CL is short. However, at high 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 manifestation of CT

Note that in all calculations the effects of gluon shado
ing are included in a way analogical to that described in
recent papers@10,11#. They are much smaller than in produ
tion of light vector mesons. For illustration, they are depict
in Figs. 5 and 7 for the lead target as a difference betw
solid and dashed lines at various values ofQ2. In the photo-
production limit Q250 the onset of gluon shadowing be
comes important at rather high photon energyn
.1000 GeV for incoherent andn.500 GeV for coherent
production. This corresponds to the claim made in Ref.@15#
that the onset of gluon shadowing requires smallerxB j than
the onset of quark shadowing. The reason is that the fluc
tions containing gluons are, in general, heavier than theq̄q
and have a shorter CL.

Although gluon shadowing is included in all calculation
it is small enough in the kinematic range important for i
4-11
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vestigation of CT. Consequently, it does not affect the m
achievements and conclusions important in the proces
searching for CT effects in charmonium coherent and in
herent production off nuclei.

VI. SUMMARY AND CONCLUSIONS

In the present paper we focused the main emphasis on
production of charmonia due to advantages as comp
with light vector meson production@10#. Electroproduction
of charmonia off nuclei is a very convenient way to study t
interplay between coherence~shadowing! and formation
~color transparency! effects. A strong inequalityl c, l f in all
kinematic region ofn andQ2 leads to a different scenario o
mixing of CT and CL effects as compared to light vect
mesons wherel c* l f at Q2&1 –2 GeV2. Consequently, a
small and moderate energies a problem of CT-CL separa
is not so acute. Besides, due to quite a large mass of tc
quark the relativistic corrections and nonperturbative effe
are sufficiently small. They are negligible investigating t
production of still heavier vector mesons~bottonium, topo-
nium!. However, one encounters the problem of very lo

FIG. 6. The same as in Fig. 4, but for coherent production
J/C, g* A→J/C A.
04520
n
of
-

he
ed

n

ts

yields as well as very small CT and CL effects~due to very

large masses ofq̄q fluctuactions and vector mesons! to be
measured experimentally. Therefore production of charmo
represents some compromise, because the above ment
theoretical uncertainties~typical for light vector mesons! and
very small production rates~typical for still heavier vector
mesons! are eliminated to a certain extent keeping su
ciently large CT and CL effects. This fact supports an e
hanced interest to study electroproduction of charmonia
nuclei separately. We used from Ref.@10# a rigorous
quantum-mechanical approach based on the light-cone Q
Green function formalism which naturally incorporates t
interference effects of CT and CL. Our main results and
servations are the following.

Within the suggested approach taken from Ref.@10#, in-
terpolating between the previously known low- and hig
energy limits we studied for the first time CT effects in c

f
FIG. 7. Nuclear transparency for coherent electroproduct

g* A→J/C A as a function of energy atQ250, 5, 20, and
100 GeV2 for beryllium, iron, and lead. The solid curves an
dashed curves for lead correspond to calculations with and with
gluon shadowing, respectively.
4-12
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herent and incoherent electroproduction of charmonia
nuclei.

As the first test we compare the model predictions w
available data from the NMC experiment on energy dep
dence of the nuclear transparency ratio TrSn

inc/TrC
inc for inco-

herent production ofJ/C at Q250. We found a good agree
ment with the data, which confirms the dominance of
effects at small and medium and CL effects at medium la
and large energies.

The onset of coherence effects~shadowing! can mimic the
expected signal of CT in incoherent electroproduction
charmonia at medium large and large energies. In orde
single out the formation effect the data must be taken at s
energy andQ2 which keepl c5const. Then the observatio
of a rise withQ2 of nuclear transparency for fixedl c would
give a signal of color transparency. Predictions of TrA

inc(Q2)
as a function ofQ2 at different fixedl c show rather large CT
effects in incoherent production of charmonia. Although t
variation of nuclear transparency withQ2 at fixed l c is pre-
dicted to be less than for the production of light vector m
sons@10#, it is still sufficiently significant to be investigate
experimentally even in the range ofQ2&20 GeV2. CT ef-
fects ~the rise withQ2 of nuclear transparency! are more
pronounced at low than at high energies and can be ea
identified by the planned future experiments.

The effects of CT in coherent production of charmonia
found to be less pronounced, similarly as in production
light vector mesons@10#. A wider rangeQ2<100 GeV2 and
heavy nuclei give higher chances for experimental invest
tion of CT. However, it faces the problem of low yields
high Q2.

The effects of gluon shadowing were shown to be imp
tant only at much higher energies than in production of lig
,

ion

v

r,

B

v,

04520
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e
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e
f
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t

vector mesons due to large mass ofc̄c fluctuation. Nuclear
suppression of gluons was calculated within the same
approach and included in predictions. It was manifested
these corrections are quite small at medium energies w
are dominant in the process of searching for CT effects.

Finally, one can compare the predictions for incoher
and coherent charmonium production off lead target~see
Figs. 4, 5, 6, and 7! obtained within rigorous quantum
mechanical approach based on the light-cone QCD Gr
function formalism~incorporating naturally CT and CL ef
fects! with the results of Ref.@11# evaluated in the approxi
mation of long coherence lengthl c@RA ~without CT effects!
allow to employ realistic light-cone wave functions of cha
monia from Ref.@13# and to make corrections for finite va
ues ofl c . We find a nice quantitative agreement at moder
and high energies and at low and medium values ofQ2. This
fact confirms justification to use that high-energy approxim
tion @11# for charmonium electroproduction off nuclei in th
kinematic region where CL effects dominate. Besides, us
advantages from both approaches, one can perform in
future fully realistic calculations using known LC dipole a
proach based on Green function formalism employing a
alistic dipole cross section and using realistic LC wave fu
tions of charmonia from@13#.

In conclusion, the predicted rather large effects of CT
incoherent electroproduction of charmonia off nuclei op
further possibilities to search for CT with medium ener
electrons and can be tested in future experiments.
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