PHYSICAL REVIEW C 66, 045204 (2002

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
(Received 17 June 2002; published 17 October 2002

Within a light-cone QCD formalism incorporating color transparency, coherence length effects, and gluon
shadowing, we study electroproductiondsfV’ 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 0fQ?<20 Ge\. 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
Sr/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 manifests itself as a vanishing absorption of the small sized
OF CHARMONIUM PRODUCTION colorlessqq wave packet during propagation through the

The dynamics of charmonium production has been a hofycjeys. Dynamical evolution of the small sizgg pair to a
topic evolved intensively during almost the last three dey,ormal sized vector meson is controlled by the time scale,
cades. Discovery ofi/¥ in 1973 confirmed the idea of cajled formation time. Due to the uncertainty principle, one
charm quark and gave a basis for its further investigationspeeds a time interval to resolve different levéléhe ground
affected also by further experiments carried out at new acstatg or V' (the next excited staten the final state. In the
celerators using more powerful electronics. Later, at the berest frame of the nucleus this formation time is Lorentz di-
ginning of 1990’s the experiments with relativistic heavy-ion lated,
collisions[1] stimulated the enhanced interest about charmo-
nium suppression as a possible indication of the quark-gluon 2v
plasma formation. This fact became a motive power in in- ty=
vestigation of space-time pattern of charmonium production

Sggnﬁ}gﬁ: new possibilities to analyze various conseque\rll\}here v is the photon energy. A rigorous guantum-

_ . mechanical description of the pair evolution was suggested
One of the fundamental phenomena coming from QCD 'Sn Ref. [8] and is based on the light-cone Green function

color transparencﬁCD, studied intensively for almost .the technique. A complementary description of the same process
last two decades. This phenomenon can be treated eltherJH the hadronic basis is presented in R&f

the hadronic or in the quark basis. The former approach leads Another phenomenon known to cause nuclear suppression

to Gribov's inelastic correctionf2], the latter one manifests g yq effect of quantum coherence. It results from destructive

itself as a result of color screenifg,4]. Although thes_e WO interference of the amplitudes for which the interaction takes
approaches are complementary, the quark-gluon interpretaq, .o o gifferent bound nucleons. It reflects the distance
tion is more intuitive and straightforward. Colorless hadronsy. ) e absorption point when the pointiike photon be-

can interact only because color is distributed inside them. | . . . .
the hadron transverse sizéends to zero then the interaction cOMes the hadronlikeq pair. This may also be interpreted
cross sectionr(r) vanishes as? [3]. As a result, the nuclear as a lifetime ofgq fluctuation providing the time scale which
medium is more transparent for smaller transverse size of theontrols the shadowing. Again, it can be estimated by relying
hadron. Besides, this fact naturally explains the correlatio®n the uncertainty principle and Lorentz time dilation as
between the cross sections of hadrons and their §&zeg|.

Investigation of diffractive electroproduction of vector 2v
mesons off nuclei is very effective and sensitive for the study tc:m' @
of CT. A photon of high virtualityQ? is expected to produce v
a pair with a small~1/Q? transverse separatidriThen CT

()

my.2—mg

It is usually called coherence time, but we will also use the
term coherence lengttCL), since light-cone kinematics is
N ) ) o _assumed|.=t. (similarly, for formation length;=t;). CL

For production of light vector mesong{, ©°) very asymmetric  ig rejated to the longitudinal momentum transfer= 1/ in
pairs can be possible when eithle_or g carries almost the whole y*N—VN, which controls the interference of the produc-
photon momentum. As a result, g pair can have a large sepa- tjon amplitudes from different nucleons.

ration, see Sec. Il and E¢L7). However, it is not so for the pro- Exclusive production of vector mesons at high energies is
duction of charmonia, where mainly symmetrjig pairs(eitherqor  controlled by the smalks; (xg; is the Bjorken variable
g carries one half of the whole photon momenjuominate. physics, and gluon shadowing becomes an important phe-
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nomenor 10]. It was shown in Ref{11] that for electropro- scenario of CT-CL mixing compared to light vector meson
duction of charmonia off nuclei the gluon shadowing startsproduction. This fact gives a motivation for separate study of
to be important at center-of-mass systéoom.s) energies  J/W¥ production presented in this paper using light-cone di-
Js=30-60 GeV, depending on nuclear target & Al- pole approach generalized for the case of a finite coherence
though the gluon shadowing is quite small in the kinematiCIength and developed in Reff10]. Another reason is sup-
range important for investigation of CT and discussed in theyorted by the recent papgtl], where charmonium produc-
present paper, we include it in all calculations. _ tion was calculated in the approximation of long coherence
Inelectroproduction of vector mesons off nuclei onejength | >R, using realistic charmonium wave functions
needs to disentangle Qabsorption and CL(shadowingas  fom Ref.[13] and corrections for finite values bf. It gives
the two sources of nuclear suppression. Detailed analysis o,y interesting possibility to compare the predictions of the
the CT and CL effects in electroproduction of vector MESON$resent paper with the results obtained from Rad] for
off nuclei showed10] that one can easily |dent_|fy the dif- enhancement of reliability of theoretical predictions as a re-
ference of the nuclear suppression corresponding to absor%ﬁstic basis for planned future electron-nucleus collisions.

tion and shadowing in two limiting cases which can be illus- The paper is organized as follows. In Sec. Il we present a
trated for the example of vector dominance mo@4bM). . . ' L ;
P ) short review of the light-conéLC) approach to diffractive

(i) In the limit of smalll;, shorter than the mean inter- . !
nucleon spacing-2 fm, only final state absorption matters electroproduction of vector mesons in the rest frame of the
The ratio of the quasiélasti(@r incoherent y* A—VX and nucleon target. Here we also present the following individual
ingredients contained in the production amplitude.

v*N—VX cross sections, usually called nuclear transpar-'%’ ) ) i )
ency (Tr), reads[8] (i) The dipole cross section characterizing the universal
interaction cross section for a colorless quark-antiquark di-
' 0.\3;*/'\ 1 m pole and a nucleon.
T <r E—*z—f dzbf dzpa(b,z) (i) The LC wave function for a quark-antiquark fluctua-
c A Ao_’y N A o . .
v tion of the virtual photon.
(iii) The LC wave function of charmonia.
As the first test of the model we calculate in Sec. Il the
cross section of elastic electroproduction & off a

nucleon target. Model calculations reproduce both energy

Xex;{ —ai\ﬁ]’\‘f dz' pa(b,z')
z

1VNJ d?b{1—exd —oNT(b)]} andQ? dependence remarkably well, including the absolute
Adiy normalization.
VA Section 1V is devoted to incoherent productionJé¥ off
_Tin . 3) nuclei. Model predictions are compared with the data of the
AoN New Muon Collaboration(NMC) on the SWC ratio of

nuclear transparencies as a function of the photon energy. We
Here z is the longitudinal coordinate andl is the impact find a different scenario of an interplay between coherence
parameter of the production point of vector meson. InBg. and formation length effects from that occurring in light vec-
pa(b,2) is the nuclear density an@IiY]N is the inelasticv-N tor meson production. Because a variation ofvith Q2 can

cross section. mimic CT at medium and low energies, one can map experi-
(i) In the limit of longl . the expression for nuclear trans- mental events inQ? and » in such a way as to keep
parency takes a different form, =const. The LC dipole formalism predicts rather large effect

of CT in the range 0R?<20 Ge\~. This fact makes it fea-
sible to find a clear signal of CT effects also in exclusive
production ofJ/¥ in the planned future experiments.

Coherent production of vector mesons off nuclei leaving
where we assumer'MN<o N for the sake of simplicity. the nucleus intact is studied in Sec. V. The detailed calcula-
Ta(b) is the nuclear thickness function tions show that the effect of CT on th@? dependence of
nuclear transparency &t=const is weaker than in the case
of incoherent production and is difficult to be detected at low
energies since the cross section is small.

We show that the gluon shadowing suppresses electropro-
The exact expression that interpolates between the two retuction of charmonia at high energies. However, it is not
gimes, Egs(3) and(4), can be found in Ref.12]. very significant in the energy range important for search of

The problem of CT-CL separation arises especially in pro-CT effects. Despite this fact, we include the gluon shadowing
duction of light vector mesongf, ®°) [10]. In this case the effects in all calculations for nuclear transparency.
coherence and formation lengths are comparable starting The results of the paper are summarized and discussed in
from the photoproduction limit up t@Q?~1-2 Ge\. In Sec. VI. An optimistic prognosis for discovery of CT in elec-
charmonium production, however, there is a strong inequaltroproduction of charmonia is made for the future experi-
ity 1,>1. independent ofQ? and v. It leads to a different ments.

TR R = f d*oTa(b)exd — iy Ta(b)],  (4)

Tab)= [ dzpba). )
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Il. A SHORT REVIEW OF THE LIGHT-CONE DIPOLE troproduction of charmonia the corresponding transverse

PHENOMENOLOGY FOR ELASTIC separations otc dipole reach the values 0.4 fm (semiper-
ELECTROPRODUCTION OF CHARMONIA = ¥*N—J/W N tyrpative regioh It means that nonperturbative effects are

The LC dipole approach for elastic electroproductionSufficiently smaller as compared to light vector mesons.
v*N—VN was already used in RdfL3] to study the exclu- Similarly, the relativistic corrections are also small enough
sive photo- and electroproduction of charmonia and in Ref2nd thé nonrelativistic limie=0.5 can be safely used with
[10] for elastic virtual photoproduction of light vector me- father high accuractg. o )
sonsp? and®°. Therefore, we present only a short review of ~ There are two popular parametrizationsogf(r,s). The
this LC phenomenology with the main emphasis on elastidirst one suggested in Rfl4] reflects the fact that at small
electroproduction of charmonia. Here a diffractive process iseparations tpe dipole cross section should be a function of
treated as elastic scattering ofyg fluctuation ¢c fluctua- ~ @ndXe;~1/(r"s) to reproduce Bjorken scaling. It describes
tion for the case of charmonium productjoof the incident ~ Well the data for deep-inelastic scatterifiglS) at smallxg;

particle. The elastic amplitude is given by convolution of the@nd medium and higR“. However, at smalQ® it cannot be
universal flavor independent dipole cross section for&Qe correct since it predicts energy independent hadronic cross

interaction with a nucleonyy,, [3] and the initial and final sections. Besides(s, is not anymore a proper variable at

2 . .
wave functions. For the exclusive photo- or electroproduc—Small Q" and should be replaced by energy. This defect is

tion of charmoniay* N— J/\W N the forward production am- removeq by the .second parametrization suggestgd in Ref.
. . . . [15], which is similar to the one in Ref14], but contains an
plitude is represented in the quantum-mechanical form, - . : oo
explicit energy dependence. It is valid down to the limit of
real photoproduction. Since we want to study CT effects
starting fromQ?=0, we choose the second parametrization,
which has the following form:

My* NHJ/‘I’N(S’Qz) = <‘]/\P|0-gq( F!S)| 7* >

l -
=J daf dzr\I'j,q,(r,a)
0

0T, 8) = ([ 1—e 5], ®)
X O-Eq(r?is)q,?c( F: ale)! (6) where
with the normalization
oo(S)=0o7R(s) 1+§rg($) 9
d_cr :% 7 ° ! 8 (réw
dt —o 167 °
- and
In order to calculate the photoproduction amplitude one ~0.14
needs to know the following ingredients of H®). ro(s)=0.88< _) fm. (10)
So

(i) The dipole cross sectioaaq(F,s) which depends on

theqq transverse separatiosrand the c.m. energy squared  Here (r%,)=0.44 fn? is the mean pion charge radius
(i) The LC wave function of thec Fock component of squareds,=1000 Ge\f. The cross sectionp:(s) was fit-

the photort¥ (1, a,Q?), which also depends on the photon ted to data in Refd.16,17,

virtuality Q2 and the relative share of the photon momen-

tummcarrled by the quark. . A at’{ﬁ(s)=23.€(
(iii) The LC wave functionV ;,4(r,a) of J/W.

Note thz.at in the I_‘C formz_ihsm the photon and meSONrhe dipole cross section, Eq®8)—(11), provides the imagi-
wave functions contain also hlgher Fock statgs), |qu>: _nary part of the elastic amplitude. It is known, however, that
|dq2G), etc. The effects of higher Fock states are implicitly the energy dependence of the total cross section generates
incorporated into the energy dependence of the dipole crosgiso a real parf18],
sectionagq(F,s) as is given in Eq(6).

. L= . )

The dipole cross sectioargy(r,s) represents the interac- an(r,s):( 1—i— _) Taq(r.9). (12)

tion of aqq dipole of transverse separatiﬁrwith a nucleon 2 dIn(s)

[3] It is a flavor independ_ent un_iversa! function E)fand The energy dependence of the d|p0|e Ccross sectionj&idxs
energy and allows to describe various high-energy processegther steep at smali, leading to a large real part which

in an unn‘grm way. It is known to vanish quadratically should not be neglected. For instance, the photoproduction
ogq(r,s)or< asr—0 due to color screeninCT property  amplitude of the procesyN—J/¥N rises «s%? and the
and cannot be predicted reliably because of poorly knownea|-to-imaginary part ratio is over 30%.

higher-order perturbative QCDpQCD) corrections and Although the calculations of DIS using parametrization of
nonperturbative effects. A detailed discussion about the dlthe d|p0|e Cross Section, EQ8), Successfu”y describe the
pole cross sectiongq(F,s) with an emphasis on the produc- data at smalkg; up to Q?~10 Ge\?, we prefer this param-
tion of light vector mesons is presented in Rd0]. In elec-  etrization for study of charmonium electroproduction. The

0

0.079
) mb. (11
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reason is that we want to study CT effects predominantly in The Green function GEq(Zl,Fl;Zz.Fz) describes the
the range 0fQ?<20 Ge\? and, in addition, parametrization o —
Eqg. (8) describes the transition toward photoproduction limit 5,y production between points with longitudinal coordi-
better than the parametrization presented in Red]. Be-

sides, in the papdii3] it was shown by studying electropro- Qateszl andz, and with initial and final separationg and
duction of charmonia off nucleons that the difference be< 2. This Green function satisfies the two-dimensional Schro

tween the predictions using both parametrizatiph§] and ~ dinger equation,
Eq. (8) is rather small and can be taken as a measure of the

propagation of an interactingg pair (cc pair for the case of

theoretical uncertainty. d . .
The pertuLbati_ve distribution amplitudé€'wave func- id—ZZGgq(zl,rl;zz,rz)
tion”) of the qq (cc for J/¥ production Fock component
of the photon has the following form for transversély and eZ—A,Z .
longitudinally (L) polarized photon§19—21: = erng(zz,rz,a)
- VNca — _ b
W (F @)= " ZxOT xKo(er),  (13) XGaq(Z1:11:22.72)- (18

Here v is the photon energy. The Laplaciagy acts on the

where y and y are the spinors of the quark and anthuark’coordinater.

respectively;Z, is the quark chargeZ,=2.=2/3 for J/'¥

production; Nc=3 is the number of colorsKy(er) is a The imaginary part of the LC potentiadyq(z,r>, ) in
modified Bessel function with Eq. (189) is responsible for attenuation of thyg in the me-
dium, while the real part represents the interaction betvgeen
e=a(l—a)Q%+m? (14 a9 Thi ial i i
o andq. This potential is supposed to provide the correct LC

wave functions of vector mesons. For the sake of simplicity

wherem.=1.5 GeV is mass of the quark, anda is the  \\o \;se the oscillator form of the potential,

fraction of the LC momentum of the photon carried by the
quark. The operator® ™" read

- R a4(a)F§
©T=mC5~é+i(1—2a)(5--ﬁ)(é-V:)Jr((;xé)-v:,( ) ReVaa(Z2,f2, ) =5 n =0y (19
15
O = 20a(1— a)(6-1) (16 which leads to a Gaussiandependence of the LC wave
= a\L— a)\o- .

function of the meson ground state. The shape of the func-

R e . L tion a(«) will be discussed below.
HereV, acts on transverse coordinatee is the polarization In this case, Eq(18) has an analytical solution, the har-

vector of the photorﬁ is a unit vector parallel to the photon monic oscillator Green functiof22],
momentum, andr is the three vector of the Pauli spin ma-

trices. A
In general, the transversg] separation is controlled by aqiel i1 t2:02
the distribution amplitude, Eq13), with the mean value a’(a) ia% () _ , R
= . +
. . 2t siwhz) P siwhz) (11T T2)C0SwAZ)
(rN~-= - 17 i€?Az
€ 2a(l1—a)+m —2r..r R
VQZe( ) +mg 2r,-1,]tex va(l—a)| (20)
For production of light vector meson very asymmeEq:
pairs with @ or (1—oz)sm§/Q2 become possible. Conse- whereAz=z,—z; and
quently, the mean transverse separation~1/m, becomes
huge since one must use current quark masses within PQCD. 2
: . ; : a‘(a)
However, that is not the case in charmonium production be- w=— (21)
cause of a large quark masg=1.5 GeV. Therefore, we are va(l-a)

out of the problem how to include nonperturbative interac-

tion effects betweerr andc because they are rather small. The boundary condition is GEq(21'F1i221F2)|z .,
Despite this fact, for completeness we include these nonper- , - - 2
turbative interaction effects in all calculations to avoid small ~ ¢ (ri=ra). —

but supplementary uncertainties in predictions. We take from The probability amplitude to find theq fluctuation of a
Ref. [15] the corresponding phenomenology including thephoton at the poing, with separatiorr is given by an inte-
interaction betweer and c based on the light-cone Green gral over the poinz;, where thegq is created by the photon
function approach. with initial zero separation,
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V="(r,a)= 2 \/K

aq 4771/01(1 ) ﬂcdzl

X (x0T X)Gqq(z1,1 1325, 0. (22

The operator™" are defined in Eqs(15) and (16). Here

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

XOTx=xmeo-ex+x[i(1—2a)(o-n)é

+(oxe)]x-V.

=E+F.V,, (23
then the distribution functions read
‘If (r a)=Zq\aed E®g(€,r,\) )+F- <D1(e,r,>\)]
(24)
W (1) = 2Zg\aerQa(1- ) xo - ixPo(e,1,\),
(25
where
2a?
_Zzaa) (26)

62

The functions®, ; in Egs.(24) and(25) are defined as

fdtsmt)‘jxp{
B, exr (=
CDJ_(G,I',)\)ZEJO dt

N €e?r?

O(evr!)\ 4 Cth()\t)_t

(27)

2 7\62r2
exr{— 7 cth()\t)—t},
(28)

A
sh(\t)

where shk) and cthk) is the hyperbo_lic sine and hyperbolic

cotangent, respectively. Note that theg interaction enters
Eqgs.(24) and(25) via the parametex defined in Eq(26). In
the limit of vanishing interactiol—0 (i.e., Q?°—x, a is

fixed, a+# 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 quite

weak. Consequently, the paramexe(26) is rather small due
to a large mass of the quark.

With the choicea?(a) = a(1— ) the end-point behavior

of the mean square interquark separat{of)=1/a(1— «a)
contradicts the idea of confinement. Following Réf5] we

fix this problem via a simple modification of the LC

potential,
a’(a)= ag+ 4a§a(1— a).

(29

The parametera, anda; were adjusted in Ref.15] to the
data on total photoabsorption cross secfi@®,24, diffrac-

PHYSICAL REVIEW C 66, 045204 (2002

sorption reaction. The results of our calculations vary within
1% only whena, anda; satisfy the relation

az=v'1%0.112? Ge\?,

at=(1-v)1%0.165° Ge\?, (30)
wherev takes any value €v<1. In the view of this insen-
sitivity of the observables we fix the parametere at1/2.
We checked that this choice does not affect our results be-
yond a few percent uncertainty.

The last ingredient in elastic production amplitu@? is
the charmonium wave function. We use a popular prescrip-
tion [25] applying the Lorentz boost to the rest frame wave
function assumed to be Gaussian, which leads to radial parts
of transversely and longitudinally polarized mesons in the
form

a(l—a)r?
2R
(31
with a normalization defined below, and
mZR?
f(a)—ex —m (32)

with the parameters from Ref26], R=0.183 fm andm,
=1.5 GeV. A detailed analysis of various problems in this
relativization procedur¢27] leads to the same form as Eq.
(32).

We assume that the distribution amplitudescoffluctua-
tions for J/¥ and for the photon have a similar structure
[26]. Then in analogy to Eqg24) and (25),

Wy (@) =(E+F-V)®J(r,a), (33)

Wy (r,@)=2myya(l—a)(xo nx)®Yy(r,a).
(34)

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

Ne [ or [ dadmil (7.

+la?+(1—a)?]| 3, D (r,a)|?}

=1, (35

4ch dzrf da a?(1— a)?m? | @Yy (r,a)|?=1.
(36)
Il ELECTROPRODUCTION OF J/W¥ 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 production

tive photon dissociation, and shadowing in nuclear photoabamplitudey* N— J/WN for transverse and longitudinal pho-
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FIG. 1. Q%+ mj,y, dependence of the integrated cross section for  FIG. 2. Energy dependence of the real photoproduction cross
the reactionsy*p—J/¥p. The model calculations are compared section on a nucleonyp— J/¥p. Our results are compared with
with H1 [29] and ZEUS[30] data at energyvV=90 GeV. data from the fixed target E4381], E516[32], and collider HERA

tons and charmonium is calculated using the nonperturbativ'é|1 [28] and ZEUS[33] experiments.

photon, Egs.(24) and (25), and vector meson, Eq$33),
(34), wave functions and has the following form: section, we include for completeness into calculations the
MT (5,Q2)], nonperturbative interaction effects betweeandc although
PEN=INA= S TIE=0 they are rather small. Comparison of the model with data

- [31,32,28,33for the energy dependence of the cross section
— 2 —
=NcZcV2 “emj drorgq(r.s) of real J/'¥ photoproduction is presented in Fig. 2.
L The normalization of the cross section and its energy and
XJ da{mdo(e,r N )DLy (1, a) Q? dependence are remarkably well reproduced in Figs. 1
0 and 2. This is an important achievement since the absolute

) - - s 1 - normalization is usually much more difficult to reproduce the
—[a®+ (1= )Py, \)- Vi Py (r,a)}, production cross sections than nuclear effects. For instance,
(37)  the similar, but simplified calculations in RéB] underesti-
L 5 mate theJ/¥ photoproduction cross section on protons by
M arun($Q%) =0 an order of magnitude.
1 As a cross check for the choice of thel wave function
=4NcZ\2 aemmJ,\I,Qf dzragq(F,s)f da a? in Egs. (31) and (32) we also calculated the total/W
0 nucleon cross section, which was already estimated in Ref.
[13] using the charmonium wave functions calculated with

several realistiqqq potentials. Thel/W nucleon total cross
These amplitudes are normalized agM ™ ?  gection has the form
=16mdoy " /dt|,—o. The real part of the amplitude is in-
cluded according to the prescription described in the preced-
ing section. We calculate the cross sectiens o'+ €' o*
assuming that the photon polarizationeis=1. oV N= ch dzrf da{m3|®],(r,a)|?
Now we can check the absolute value of the production
Cross section t_)y coTparlng with data for elastic charmonium +[a?+(1- a)z]lﬁrdﬂ,q,(r,a)|2}agq(r S).
electroproduction y*p—J/Wp. Unfortunately, data are
available only for the cross section integrated oer (40)

|MT,L|2
167B,y

X (1= a)?Dg(€,r \) DYy (1, a). (39)

oY (y*N=J/¥ N)= (39

We calculateds;¥ ~N with the charmonium wave function

in the form (31) (corresponding to quadratig-q potentia)

with the parameters described in the preceding section. For
the dipole cross section we adopt the parametrizat®n

=4.7 GeV 2. P , ,
Our predictions are plotted in Fig. 1, together with theWhich is designed t%/q(,j?ﬁcrlbe lo@? data. Then, at/s

data on theQ?+m?,, dependence of the cross section from =10 GeV we O?fq"i“fﬁ““ =4.2 mb, which is not in con-
H1 [29] and ZEUS[30]. tradiction withoj,, " =3.6:0.1 mb evaluated in Ref13]

The second test of our approach is a description of theising more realisticj-q potentials and/or charmonium wave
real J/W photoproduction. As we discussed in the precedingunctions.

where By is the slope parameter in reactiog*N
—J/WN. We use the experimental valug28] By
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IV. INCOHERENT PRODUCTION Although the gluon shadowing effects are rather small in the
OF CHARMONIA OFF NUCLEI kinematic range important for study of CT effects in elastic
and quasielastic charmonium production off nuclei, we in-
clude them in all calculations.

In this section we present a short review of the LC Green Propagation of an interactir@_m pair in a nuclear medium
function formalism for incoherent product.ion of an arpitrary is also described by the Green function satisfying the evolu-
vector meson. For the case of charmonium production ongop Eq. (18). However, the potential in this case acquires an

should replac&/— J/'¥ andgq—cc. In general, the diffrac-  imaginary part which represents absorption in the medium,
tive incoherent(quasielastit production of vector mesons

off nuclei, y* A—VX, is associated with a breakup of the o= (F.5)

nucleus, but without produ<_:t|on of new patrticles. In other ImVEq(ZZ,F,a)I—LpA(b,Zz), (43)

words, one sums over all final states of the target nucleus 2

except those which contain partidlpion) creation. The ob-

servable usually studied experimentally is nuclear transpaivherep,(b,z,) is the nuclear density function defined at the

ency defined as point with longitudinal coordinate, and impact parameter
b. The evolution equation (18) with the potential
ng(zz,Fz,a) containing this imaginary part was used in

(41) Refs.[34,35, and nuclear shadowing in deep-inelastic scat-
tering was calculated in good agreement with data.

_ ) ) ) o The analytical solution of Eq20) is only known for the
Thet slope of the differential quasielastic cross section is thg,armonic oscillator potentia¥(r)«=r2. To keep the calcula-

same as on a nucleon target. Therefore, instead of integratgdns reasonably simple we are forced to use the dipole ap-
cross sections one can also use nuclear transparency &xroximation

pressed via the forward differential cross sections (Zj.

A. The LC Green function formalism

O_inc

Trinc— y*A-VX
A - .
Ao NN

‘2 ogq(r,5)=C(s)r?, (44)

e 1 Moya ux(s,.Q%)

Trire=— 1~ . (42)
AOA M'y*N—»VN(S:Qz)‘

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

The energy dependent fact6y(s) in Eq. (44) is adjusted

In the LC Green function approa¢h0] the physical pho- by demanding that calculations employing the approximation
ton [y*) is decomposed into different Fock states, namelyEq. (44) reproduce correctly the results based on the realistic
the bare photoy*)o, |qq), |qqG), etc. As we mentioned cross section Eq8) in the limit | >R, (the so called “fro-
above, the higher Fock states containing gluons describe tri#en” approximation when the Green function takes the
energy dependence of the photoproduction reaction on simple form,
nucleon. Besides, those Fock components also lead to gluon . .
shadowing as far as nuclear effects are concerned. Howevépgq(Z1,r1;22,2)
these fluctuations are heavier and have a shorter coherence

time (Iifetimg) than the Iowestqq) state. Therefore, at me- :5“»1_;2)6)([{ B %an(rl)jzdePA(b,Z)
dium energies onlyqq) fluctuations of the photon matter. )
Consequently, gluon shadowing related to the higher Fock

states will be dominated at high energies. Detailed descripahere the dependence of the Green function on impact pa-
tion and calculation of gluon shadowing for the case of vectameter is dropped. Thus, for incoherent production of vector
tor meson production off nuclei is presented in RETH,11]. mesons, the factaC(s) is fixed by the relation

, (49

2

f d2bTA(b)U d2rr2ex;{—%0(s)r2TA(b) fdaquT'L(F,a)q%;;(F,a)

2

f dzrrzf da WM, a) W (T a)

2

jdaq’f/T'L(F,a)\If%aL(F,a)

1
f dszA(b)‘ f d?r aqq(r,s)ex;{— 50qq(18) Ta(D)
- 5 (46)

U dr ogq(r,s)f da W3 TH(F,a) W (7, a)
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To take advantage of the analytical form of the Green M AL yx(s,Q?
function which is known only for the LC potential E¢3)
with a constant nuclear density, we use the approximation
pa(b,2) =po®(Ra—b?—2%). Therefore we have to use this
form for Eq. (46) as well. The value of the mean nuclear
densityp, was determined using the relation

j d?b[1—exp(— gopoVRz—b?)]

IE s r,

1 -
zf d?b TA(b)Udzrf da W (r,a)og(r,s)
0

2

Voo(r,a,Q?)| . (51)

X ex;{ - %agq(r ,S)Ta(b)

5 o In this case thegq attenuates with a constant absorption
:f d“b 1—ex;{—7T(b)) ) cross section like in the Glauber model, except that the
whole exponential is averaged rather than just the cross sec-
where the nuclear thickness functidi(b) is calculated tion in the exponent. The difference between the results of
with the realistic Woods-Saxon form of the nuclear density.the two prescriptions are the well known inelastic corrections
The value ofp, turns out to be practically independent of the of Gribov [3].
cross sectionr in the range from 1 to 50 mb. (iv) This regime reflects the general case when there is no
With the potential Eqgs(43) and (44) the solution of EQ.  restrictions for eithet, or I;. The corresponding theoretical
(18) has the same form as E(0), except that one should 40| has been developed for the first time only recently in
replacew={ anda’*(a)=b(a), where Ref. [10] and applied to electroproduction of light vector
I — mesons at medium and high energies. Even within the VDM
= b(a) = va'(a@) —ipa(b,z)va(l a)C(S)_ the Glauber model expression interpolating between the lim-
va(l-a) va(l-a) iting cases of low (i), (ii)] and high[(iii)] energies has been
derived only recentlf12] as well. In this general case the
As we discussed in Ref10] the value ofl, can distin- incoherent photoproduction amplitude is represented as a
guish different regimes of vector meson production. sum of two termg36],
(i) The CL is much shorter than the mean nucleon spacing
in a nucleus ,—0). In this caseG(z,,r,;2;,r1)— 8(2,
—2,;). Correspondingly, the formation time of the meson
wave function is very short as well as given in Efj). For
light vector mesons;~ | and since formation and coherence
lengths are proportional to photon energy both must be short.
Consequently, nuclear transparency is given by the simple
formula Eq.(3) corresponding to the Glauber approximation. The first termF(b,z) introduced above in Eq50) alone
(i) In production of charmonia and other heavy flavorwould correspond to the shdrg limit (ii). The second term
quarkonii there is a strong inequality<I; and the interme- F»(b,2) in Eq. (52) corresponds to the situation when the
diate casd.—0, butl{~R, can be realized. Then the for- incident photon produces @q pair diffractively and coher-
mation of the meson wave function is described by the Greeently at the pointz; prior to incoherent quasielastic scatter-
function and the numerator of the nuclear transparency ratifng at pointz. The LC Green functions describe the evolution
Eq. (42 has the forn{8], of theqq over the distance from, to zand further on, up to

Mo nux(S,00[2 o th_e formation of the meson wave function. Correspondingly,
Mo avx(8.Q9)ic 01w, this term has the form,

(47)

(48)

|My* AHVX(SrQZ)lz

= f dzbf:deA(b,zﬂFl(b,z)— F,(b,2)2.

(52

= dzbfm dzpa(b,2)|[F1(b,2)[%, (49 1z 1
f —x pA( )| 1( )| ( ) Fz(b,Z):EJ lepA(b,Zl)f daf d2r1d2r2d2r
— 0

where . L .
XWY(Fp,@)G(Z' —%,15;2,F) 0gq(r,S)

1 . -
Fl(b,Z):fo da’f d?ryd?ryWd(ry,@)G(2' ry;2,ry)

XG(Z,1;21,1)0gq(r1,9) ¥g(r1,@). (53

Xoaq(rl.s)‘l’aq(Fl,a)lzr_)m. (500  Equation(52) correctly reproduces the limit@)—(iii ). At I
—0 the second ternk,(b,z) vanishes because of strong
oscillations, and Eq(52) reproduces the Glauber expression

Eq. (3). At |.>R, the phase shift in the Green functions can

(iii) In the high-energy limitl >R, (in fact, it is more
correct to compare with the mean free path of tltiein a

nuclear medium if the latter is shorter than the nuclear rape

dius). In this case(;(zz,Fz;zl,Fl)aé(Fz—Fl), i.e., all fluc-
tuations of the transversg separation are “frozen” by Lor-

neglected and they acquire the simple form
G(Zz,Fz;Zl,Fl)—)5(F2—Fl). In this case the integration
over longitudinal coordinates in Eq&0) and (53) can be

entz time dilation. Then, the numerator on the right-handperformed explicitly and the asymptotic expression &1)

side of Eq.(42) takes the fornj8],

is recovered as well.
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B. Comparison with data for incoherent production of J/W¥ 1.4

o NMC 200 GeVv

Exclusive incoherent electroproduction of vector mesons
i a NMC 280 Gev

off nuclei has been suggested in R7] to be very conve- 1.2
nient for investigation of CT. Increasing the photon virtuality
Q?, one squeezes the producgd wave packet. Such a
small colorless system propagates through the nucleus with
little attenuation, provided that the energy is sufficiently high
(I+>R,) so the fluctuations of thqq separation are frozen
during propagation. Consequently, a rise of nuclear transpar-
ency TH'(Q?) with Q? should give a signal for CT. Indeed,

such a rise was observed in the E665 experinjési at 0.4~ ="80 130 180 230 280
Fermilab for exclusive production gf° mesons off nuclei, v (GeV)
what has been claimed as a manifestation of CT.
However, the effect of coherence leng@9,12 leads also FIG. 3. Energy dependence of the ratio of nuclear transparencies

to a rise of TH'°(Q?) with Q? and so can imitate CT effects. Trs,and Te vs experimental points taken from the NMC experi-
This happens when the coherence length varies from long taent[40]. Solid and dashed curves show our results using the LC
short [see Eq.(2)] compared to the nuclear size, and theGreen function approach in general case with no restriction for
length of the path in nuclear matter becomes shorter. Conséitherl¢ orl¢, Eq.(52), and in the limit ofl . —0, Eq.(49), respec-

quently, the vector mesofor qq) attenuates less in nuclear tively.

medium. This happens whe? increases at fixea. There-

fore one should carefully disentangle these two phenomendre needed for exploratory study of CT and CL effects. Char-
Unfortunately, the data on charmonium electroproductionmonium real photoproduction off nuclei at small and large

off nuclei are very scanty so far. There are only data from theéenergies is very sensitive for investigation of CT and CL

NMC experimen{40] concerning energy dependence of theeffect separately. However, it is not so for real photoproduc-

ratio of nuclear transparenciesiffrand TE° for incoherent  tion of light vector mesons when coherence and formation

production ofJ/¥ at Q?=0. The corresponding photon en- lengths are comparable and CT-CL mixing exists already at

ergy varies from 60 to 210 GeV. It allows to study the tran-Small energies. _ .
sition from medium long to long coherence length, which Problem of separation of CT and CL effects was discussed

varies from 2.4 to 8.5 fm. For long=8.5 fm the “frozen” in details in Ref[10] with the main emphasis to light vector
approximation can be used with high accuracy. In this casd!'€SOn production wherg=I at Q*<1-2 G_E\'Z- In this
nuclear transparency f of incoherent(quasielastip J/w ~ Paper we present the results for charmonium production,
production can be calculated using E§2) and the simpli- whgre a strong |nequalltyc<lf in a]l discussed k.m.ematlc
fied “frozen” approximation Eqs.(45), (51). For medium '€gions leads to a dn‘fe_rent scenario of CT-CL mixing com-
long coherence length one cannot use the “frozen” approxiPared 0 production of light vector mesons. Consequently, at
mation and fluctuations of the size of tlu_m pair become fixed Q” and at small and medium energies the problem of
: . i CT-CL separation is not so acute. Besides, there is a prescrip-
important. Because of a strong inequality<| for charmo-

nium production CT effects are expected to be dominant a%ln how to eliminate the effect of CL from the data on the

2 .
. dependence of nuclear transparef@ly One should sim-
small and moderate energies. Consequently, they should Ie% bir|10the data in a way that ker(Jal cgnst. It means that
to a rise with energy of Tt°. Such a scenario is depicted in

. ) hould imult d Q? maintaining th
Fig. 3 by solid and dashed curves. Dashed curve show om%rll_eEZ (()g) C(;/r?sr}[/aﬁlmu aneously and Q° maintaining the

results using the LC Green function approach in the limit of

short coherence length—0, Eqg.(49). The solid curve in- 1 5

cludes in addition also CL effects. Thus, the effect of coher- v= §|C(Q2+ M) (54)

ence length manifest itself as a separation between the solid

and dashed curves. Energy rise of the ratid Tfrl° at

small and medium energy is a net manifestation of CT. Itin this case the Glauber model predicts@ indepen-

follows from the rise of formation time, see Eq). At larger  dent nuclear transparency, and any rise \@thwould signal

energies when CL effects also become important theCT [9].

Trés/Trl® ratio starts to fall down gradualfyUnfortunately, The LC Green function technique incorporates both the

the NMC data have quite large error bars and therefore giveffects of coherence and formation. We performed calcula-

only an indication for such a behavior. More accurate datdions of Tix°(Q?) at fixedI . starting from different minimal
values of v, which correspond to real photoproduction
in Eq. (54),

2In energy dependence of nuclear transparency at i@&dthe
effect of the coherence follows from variation of the coherence 1
Iéeg.g(t;).from small to large values compared to the nuclear size, see Vmin:§|cm§/\p _ (55)
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FIG. 4. Q? dependence of the nuclear transparency®Tior
exclusive electroproduction /¥ on nuclear target$Be, ®Fe, FIG. 5. Nuclear transparency for incoherent electroproduction
and 2°"Pb (from top to botton). The CL is fixed ai,=1, 5, and y*A—J/¥ X as a function of energy aQ?=0, 5, 20, and
20 fm. 100 GeV for beryllium, iron, and lead. The solid curves and

dashed curves for lead correspond to calculations with and without

The results for incoherent production Q¥ at vy, gluon shadowing, respectively.

=24.3, 121.7, and 487 GeM{=1,5 and 20 fm) are pre- , i - ) )
sented in Fig. 4 for beryllium, iron, and lead. We use thedle energies a strong rise ofsfrwith energy, especially for
nonperturbative LC wave function of the photon with the the lead target, is a manifestation of net CT effects resulting
parameters of the LC potential, ; fixed in accordance with frci)m a strong inequality.<l. The existence of maxima of
Eq. (30) atv=1/2. We use quafk mass,= 1.5 GeV. Tr,“ results from the interplay of coherence and formation
Although the predicted variation of nuclear transparencygffects. Indeed, the formation length rises with energy lead-
with Q2 at fixed |, is less than for light vector meson pro- INg t0 an increasing nuclear transparency. At some energy,
duction[10], it is still sufficiently significant to be investi- however, the effect of CL is switched on leading to a growth
gated experimentally even in the range@f<20 Ge\?. CT  of the path length of theq in the nucleus, i.e., to a suppres-
effects (the rise withQ? of nuclear transparengyare more  sion of nuclear transparency. This also explains the unusual
pronounced at low than at high energies and can be easilgrdering of curves at small and moder&é calculated for

identified by the planned future experiments. different values ol . as is depicted in Fig. 4.
We also calculated the energy dependence of nuclear
transparency at fixe@2. The results for beryllium, iron, and V. COHERENT PRODUCTION OF J/W

lead are shown in Fig. 5 for different values @°. The

interesting feature is the presence of a maximum of transpar- First of all we present a short introduction to coherent
ency at some energy, which is much more evident than iroduction of vector mesons. One should replace J/W
production of light vector mesorj40]. At small and moder- and qgq—cc when coherent production of charmonia is
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treated. In general, in coheref@lastig electroproduction of  with the functionF;(b,z) defined in Eq.50).

a vector meson the target nucleus remains intact, so all the One should not use E¢42) for nuclear transparency any-
vector mesons produced at different longitudinal coordinatesnore since thd-slopes of the differential cross sections for
and impact parameters add up coherently. This conditiomucleon and nuclear targets are different and do not cancel in
considerably simplifies the expressions for the productiorthe ratio. Therefore, the nuclear transparency also includes
cross sections. The integrated cross section has the form the slope parametds,, for the procesgyy* N— VN,

2

o= A= f d%q f d?b 9P M a(D) Teoh_ o' 16mByoR" -
A - - .
coh AON  AlM o un(S,Q?)[?
= [ iz P (56
The energy dependent fact@(s) in dipole cross section
where approximation Eq(44) is adjusted in an analogical way as
~ for incoherent charmonium production described in the pre-
Mo b :f dzpa(b.2)F1(b.2), 5 ceding section. However, in contrast to Ed46) the factor
yea-va(P) e pa(b:2)F4(b,2) ®7 C(s) is fixed now by the following relation:

2

]

fdzrf da‘Iff,T'L(F,a)\lfgaL(F,a)(1—ex;{—%oaq(r,s)TA(b) ]
. . (59)

f d%b

N N 1
fdzrj da\If{‘,T"—(r,a)\I%(’qL(r,a)[1—exr{—EC(S)rzTA(b)

2

U erJ da\Iff,T’L(F,a)C(s)rZ‘PgaL(F,a)

2

f d’b

f erJ da\pgT’L(F,a)o;q(r,s)‘l%;f(ﬂa)

A. Predictions for coherent production of J/W¥ =0, 5, 20, and 100 GEX/ Tr}iOh is very small at low energy,
Unfortunately, there are no data yet on coherent electrowhich of course does not mean that nuclear matter is not
production of charmonia. Therefore, we present only predictransparent, but the nuclear coherent cross section is sup-
tions that can be later verified and tested in the futurepressed by the nuclear form factor. Indeed, the longitudinal
planned experiments. momentum transfer which is equal to the inverse CL, is large
One can eliminate the effects of CL and single out the netvhen the CL is short. However, at high enelgy R, and
CT effect in a way similar to what was suggested for inco-nuclear transparency nearly saturaftgsdecreases withv
herent reactions by selecting experimental events With only due to the rising dipole cross sectjiofThe saturation
= const. We calculated nuclear transparency for the coheretevel is higher at large©?, which is a manifestation of CT.
reactiony* A—J/WA at fixed values of .. The results for Note that in all calculations the effects of gluon shadow-
l.=1, 5, and 20 fm are depicted in Fig. 6 for several nuclei.ing are included in a way analogical to that described in the
We performed calculations of " with the slopeB,  recent papergl0,11. They are much smaller than in produc-
=B,y =4.7 GeV 2. The effect of a rise of B"is not suf- f[ion .of light vector mesons. For illustration, t.hey are depicted
ficiently large to be observable in the range g2 in Figs. 5 and 7 for the lead target as a difference between
<20 Ge\2. A wider range 0fQ?<100 Ge\f and heavy nu- Solid and dashed lines at various valuesQsf In the photo-
clei gives higher chances for experimental investigation oProduction limit Q=0 the onset of gluon shadowing be-

CT. However, it encounters the problem of low yieldscomes important at rather high photon energy
at highQ?. >1000 GeV for incoherent and>500 GeV for coherent

Note that in contrast to incoherent production whereproduction. This corresponds to the claim made in RE3]
nuclear transparency is expected to saturate J5(Q°) that the onset of gluon shadowing requires smallgrthan
—1 at largeQ?, for the coherent process nuclear transparthe onset of quark shadowing. The reason is that the fluctua-
ency reaches a higher limit, E\FF‘(QZ)HA”"‘. tions containing gluons are, in general, heavier thanauhle
We also calculated nuclear transparency as function ofind have a shorter CL.
energy at fixedQ?. The results fod/¥ produced coherently Although gluon shadowing is included in all calculations,
off beryllium, iron, and lead are depicted in Fig. 7 @ it is small enough in the kinematic range important for in-
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FIG. 6. The same as in Fig. 4, but for coherent production of
¥, v A= A, FIG. 7. Nuclear transparency for coherent electroproduction
y*A—J/¥ A as a function of energy a©?=0, 5, 20, and
vestigation of CT. Consequently, it does not affect the mainLoo GeV for beryllium, iron, and lead. The solid curves and
achievements and conclusions important in the process afashed curves for lead correspond to calculations with and without
searching for CT effects in charmonium coherent and incogluon shadowing, respectively.
herent production off nuclei.

yields as well as very small CT and CL effedthie to very
large masses afq fluctuactions and vector mesgn® be

In the present paper we focused the main emphasis on theeasured experimentally. Therefore production of charmonia
production of charmonia due to advantages as comparegpresents some compromise, because the above mentioned
with light vector meson productiofi0]. Electroproduction theoretical uncertaintiegypical for light vector mesonsand
of charmonia off nuclei is a very convenient way to study thevery small production rate@ypical for still heavier vector
interplay between coherenceshadowing and formation mesong are eliminated to a certain extent keeping suffi-
(color transparengyeffects. A strong inequality.<I; in all ciently large CT and CL effects. This fact supports an en-
kinematic region ofr andQ? leads to a different scenario of hanced interest to study electroproduction of charmonia off
mixing of CT and CL effects as compared to light vectornuclei separately. We used from Reffl0] a rigorous
mesons wheré.=|; at Q2<1-2 Ge\?. Consequently, at quantum-mechanical approach based on the light-cone QCD
small and moderate energies a problem of CT-CL separatio@reen function formalism which naturally incorporates the
is not so acute. Besides, due to quite a large mass o theinterference effects of CT and CL. Our main results and ob-
quark the relativistic corrections and nonperturbative effectservations are the following.
are sufficiently small. They are negligible investigating the  Within the suggested approach taken from R&8], in-
production of still heavier vector mesofisottonium, topo- terpolating between the previously known low- and high-
nium). However, one encounters the problem of very lowenergy limits we studied for the first time CT effects in co-

VI. SUMMARY AND CONCLUSIONS
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herent and incoherent electroproduction of charmonia offector mesons due to large masscaf fluctuation. Nuclear
nuclei. suppression of gluons was calculated within the same LC
As the first test we compare the model predictions withapproach and included in predictions. It was manifested that
available data from the NMC experiment on energy depenthese corrections are quite small at medium energies which
dence of the nuclear transparency ratid Tirc® for inco-  are dominant in the process of searching for CT effects.
herent production o/ atQ?=0. We found a good agree-  Finally, one can compare the predictions for incoherent
ment with the data, which confirms the dominance of CTand coherent charmonium production off lead tar(sse
effects at small and medium and CL effects at medium largeFigs. 4, 5, 6, and )7 obtained within rigorous quantum-
and large energies. mechanical approach based on the light-cone QCD Green
The onset of coherence effe¢shadowing can mimic the  function formalism(incorporating naturally CT and CL ef-
expected signal of CT in incoherent electroproduction offectg with the results of Ref[11] evaluated in the approxi-
charmonia at medium large and large energies. In order tgnation of long coherence lengtg> R, (without CT effects
single out the formation effect the data must be taken at suchilow to employ realistic light-cone wave functions of char-
energy andQ? which keepl.=const. Then the observation monia from Ref[13] and to make corrections for finite val-
of a rise withQ? of nuclear transparency for fixdd would  ues ofl,. We find a nice quantitative agreement at moderate
give a signal of color transparency. Predictions dfTQ?)  and high energies and at low and medium value®fThis
as a function ofQ? at different fixed . show rather large CT fact confirms justification to use that high-energy approxima-
effects in incoherent production of charmonia. Although thetion [11] for charmonium electroproduction off nuclei in the
variation of nuclear transparency wi@? at fixed|. is pre-  kinematic region where CL effects dominate. Besides, using
dicted to be less than for the production of light vector me-advantages from both approaches, one can perform in the
sons[10], it is still sufficiently significant to be investigated future fully realistic calculations using known LC dipole ap-
experimentally even in the range @?<20 Ge\?. CT ef-  proach based on Green function formalism employing a re-
fects (the rise withQ? of nuclear transparengyare more  alistic dipole cross section and using realistic LC wave func-
pronounced at low than at high energies and can be easiljons of charmonia froni13].
identified by the planned future experiments. In conclusion, the predicted rather large effects of CT in
The effects of CT in coherent production of charmonia areéncoherent electroproduction of charmonia off nuclei open
found to be less pronounced, similarly as in production offurther possibilities to search for CT with medium energy
light vector meson§10]. A wider rangeQ?<100 Ge\f and  electrons and can be tested in future experiments.
heavy nuclei give higher chances for experimental investiga-
tion onCT. However, it faces the problem of low yields at ACKNOWLEDGMENTS
high Q<.
The effects of gluon shadowing were shown to be impor- This work was supported in part by the Slovak Funding
tant only at much higher energies than in production of lightAgency, Grant Nos. 2/1169 and 6114.

[1] T. Matsui and H. Satz, Phys. Lett. B78 416(1986. [14] K. Golec-Biernat and M. Wsthoff, Phys. Rev. 59, 014017
[2] V.N. Gribov, Zh. Esp. Teor. Fiz.56, 892 (1969 [Sov. Phys. (1999; 60, 114023(1999.
JETP29, 483(1969]. [15] B.Z. Kopeliovich, A. Schter, and A.V. Tarasov, Phys. Rev. D
[3] A.B. Zamolodchikov, B.Z. Kopeliovich, and L.I. Lapidus, 62, 054022(2_000-
Pis'ma zh. Tekh. Fiz.33, 612 (1981 [JETP Lett.33 595 16l éoggnnam'e and P.V. Landshoff, Phys. Lett. 4§ 146
(19811 8
[4] G. Bertsch, S.J. Brodsky, A.S. Goldhaber, and J.F. Gunion,[17] (Pzzzrggl.e Data Group, D.E. Grooet al, Eur. Phys. J. @5, 1
Phys. Rev. Lettd7, 297 (1981. [18] J.B. Bronzan, G.L. Kane, and U.P. Sukhatme, Phys. 468,
[5] J.F. Gunion and D.E. Soper, Phys. RevlR 2617(1977). 272(1974.
[6] J. Hufner and B. Povh, Phys. Rev. &6, 990 (1992. [19] J.B. Kogut and D.E. Soper, Phys. Rev.1D2901(1970.
[7] B. Povh, hep-ph/9806379. [20] J.M. Bjorken, J.B. Kogut, and D.E. Soper, Phys. Rev3D
[8] B.Z. Kopeliovich and B.G. Zakharov, Phys. Rev.44, 3466 1382(1971).
(1992. [21] N.N. Nikolaev and B.G. Zakharov, Z. Phys.4®, 607 (1991).
[9] J. HuUfner and B.Z. Kopeliovich, Phys. Lett. 803 128(1997. [22] R.P. Feynman and A.R. Gibb@uantum Mechanics and Path
[10] B.Z. Kopeliovich, J. Nemchik, A. Schaefer, and A.V. Tarasov, Integrals (McGraw-Hill, New York, 1965.
Phys. Rev. (65, 035201(2002. [23] H1 Collaboration, S. Aicket al, Z. Phys. C69, 27 (1995.
[11] Yu.P. lvanov, B.Z. Kopeliovich, A.V. Tarasov, and J. Huefner, [24] ZEUS Collaboration, M. Derriclet al,, Phys. Lett. B293 465
Phys. Rev. (66, 024903(2002. (1992.
[12] J. Hufner, B.Z. Kopeliovich, and J. Nemchik, Phys. Lett. B [25] M.V. Terent'ev, Yad. Fiz24, 207 (1976 [Sov. J. Nucl. Phys.
383 362(1996. 24, 106 (1976)].
[13] J. Huefner, Yu.P. Ivanov, B.Z. Kopeliovich, and A.V. Tarasov, [26] J. Nemchik, N.N. Nikolaev, E. Predazzi, and B.G. Zakharov,
Phys. Rev. D62, 094022(2000. Z. Phys. C75, 71 (1997.

045204-13



J. NEMCHIK

[27] I. Halperin and A. Zhitnitsky, Phys. Rev. B6, 184 (1997).

[28] H1 Collaboration, C. Adloffet al, Phys. Lett. B483 23
(2000.

[29] H1 Collaboration, C. Adloffet al,, Eur. Phys. J. C10, 373
(1999.

[30] ZEUS Collaboration, J. Breitweet al, Eur. Phys. J. G, 603
(1999.

[31] E401 Collaboration, M. Binklewt al, Phys. Rev. Lett48, 73
(1982.

[32] E516 Collaboration, B.H. Denbgt al, Phys. Rev. Lett52,
795 (1984).

[33] ZEUS Collaboration, J. Breitwegt al, Z. Phys. C75, 215
(1999.

PHYSICAL REVIEW C 66, 045204 (2002

[34] B.Z. Kopeliovich, J. Raufeisen, and A.V. Tarasov, Phys. Lett.
B 440, 151(1998.

[35] B.Z. Kopeliovich, J. Raufeisen, and A.V. Tarasov, Phys. Rev. C
62, 035204(2000.

[36] J. Hifner, B.Z. Kopeliovich, and A. Zamolodchikov, Z. Phys.
A 357, 113(1997).

[37] B.Z. Kopeliovich, J. Nemchik, N.N. Nikolaev, and B.G. Za-
kharov, Phys. Lett. BB24, 469 (1994).

[38] E665 Collaboration, M.R. Adamst al,, Phys. Rev. Lett74,
1525(1995.

[39] B.Z. Kopeliovich and J. Nemchik, nucl-th/9511018.

[40] NMC Collaboration, M. Arneodet al., Phys. Lett. B332, 195
(1994.

045204-14



