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In a recent publication we calculated elastic charmonium producti@picollisions, employing realistic
charmonia wave functions and dipole cross sections, and found good agreement with the data in a wide range
of s and Q2. Using the ingredients from those calculations we calculate exclusive electroproduction of char-
monia off nuclei. Here new effects become importditcolor filtering of thecc pair on its trajectory through
nuclear matter(ii) dependence on the finite lifetime of tlee fluctuation(coherence lengthand(iii) gluon
shadowing in a nucleus compared to the one in a nucleon. Total coherent and incoherent cross sections for C,
Cu, and Pb as functions sfand Q? are presented together with some differential cross sections. The results
can be tested with future electron-nucleus colliders or in peripheral collisions of ultrarelativistic heavy ions.
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[. INTRODUCTION of the nucleus. At the same time, the formation length may
be long, comparable with the nuclear radRig,

In contrast to hadroproduction of charmonia, where
the elementary production vertex is still debated, electro-
(photgproduction of charmonia seems well understood: the [ — 2v
cc fluctuation of the incoming real or virtual photon interacts Y 2 _M §/
with the target(proton or nucleusvia the dipole cross sec- ¥ v
tion o4z and the result is projected on the wave function of
the observed hadron. In thg p—W¥p reaction only the di- In Ref. [3] the wave function formation is described by
pole cross sectionr gz and the wave function of th# enter  means of the light-cone Green function approach summing
(P stands ford/¢ or ¢'). In comparing calculations with up all possible paths of thec in the nucleus. The result has
experiment(which fortunately are rather precise and cover abeen unexpected. Contrary to naive expectation, based on the
wide range of values and Q? of the incomingy*), various larger size of the)’ compared td)/ ¢, it has been found that
parametrizations of the dipole cross section and the wavé' is not more strongly absorbed than thes, but may even
function have been successfully tested in R&f.where one  be enhanced by the nuclear medium. This is interpreted as an
can also find references to other publications on this subjeceffect of filtering which is easy to understand in the limit of
In the exclusive electroproduction of charmoniaA— WX, long coherence length;>R,, when the ratios of cross sec-
whereX=A (coherenkt or X=A* (incoherent, wheréd* is  tions on nuclear and nucleon targets take a simple form.
an exited state of thA-nucleon systeimnew phenomena are Indeed, the production rate gf on a proton target is small
to be expected: color filtering, i.e., inelastic interactions ofdue to strong cancelations in the projection of the produced
thecc pair on its way through the nucleus is expected to leaccc wave packet onto the radial wave function of thié
to a suppression o production relative t0AT .y - which has a node. After propagation through nuclear matter
Since the dipole cross sectiong also depends on the gluon the transverse size of @& wave packet is squeezed by ab-
distribution in the targetp of A), nuclear shadowing of the sorption and the projection of th¢' wave function is en-
gluon distribution is expected to redueg;s in a nuclear hanced[3,4] since the effect of the node is reducéske
reaction relative to the one on the proton. Production o€a another manifestation of the node in RE5)).
pair in a nucleus and its absorption are also determined by However, the quantitative predictions of R3] are not
the values of the coherence lengdth and the formation trustable since the calculations have been oversimplified and
lengthl; [2]. little progress has been made on the form of the dipole cross

Explicit calculations have already been performed in Refsectiono g and the light cone wave functions for the char-
[3] in the approximation of a short coherer(oe production monia. Therefore we take the problem up again and provide
length, when one can treat the creation of the colortass more realistic calculations for nuclear effects in exclusive

pair as instantaneous, electroproduction of charmonia off nuclei, relying on the
successful parameter free calculations which have been per-
20 21 formed recently by the authofg] for elastic virtual photo-
c=—~——<Ra, (1) production of charmoniay* p— W p. Since the present paper
M My, is a direct follow up of Ref[1], we do not repeat all defini-

tions and notations, but rather request the reader to consult
wherev is the energy of the virtual photon in the rest frame Ref. [1] for more details.
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Whenever one deals with high-energy reactions on nuclei,e., X=A, or incoherent, wheiX is an excited nuclear state
one cannot avoid another problem of great importance: gluoyhich contains nucleons and nuclear fragments but no other
shadowing. At small values of, gluon clouds overlap in  hadrons. The cross sections depend on the polarizatisfn
longitudinal direction and may fuse. As a result, the gluonthe virtual photor(in all figures below we will implye=1),
density per nucleon in a nucleus is expected to be reduced ) . .
compared to a free proton. Parton shadowing, which leads to o’ A(s,Q%)=0"TA(5,Q%) + a1 A(s5,Q?), (3
an additional nuclear suppression in various hard reactions - .
(DIS, DY, heavy flavor, higtpr hadrons, et¢.may be espe- \é\’iﬂgﬁa thc()alé?glggé’,hLOI%c;]r;esrsgngc'ct(i)vglansversely or longitu-
cially strong for exclusive vector meson production like Thi Fc):ross seth)ion for ,echLE)sive r)c/)'duction of charmonia
charmonium production which needs at least two gluon ex- ff | i it ted P tum t a
change. Unfortunately, we have no experimental informatiory " & Nucieon target integrated over momentum rangley
for gluon shadowing in nuclei so far, and we have to rely on’> 9Iven by
the available theoretical estimatggs—10]. * N

In the present paper we work in the approximation of long g (5,.Q8) = (W] ogg(rr ) yee ) )
coherence timé.>R, since calculations can be done with
great confidence. Only recentl{1] the light-cone(LC) di-
pole approach has been generalized also for the case of
finite coherence length, relevant for the vast majority Ofare involved in the integration in the matrix element ).
available data. However, because of technical difficultieaI,(FT «) is obtained by means of a Lorentz boost applied to
those calculations employ ther shape of the dipole cross e soljtions of the Schdinger equation. This procedure

section. It is still a challenge to perform calculations with aj,olves the Melosh spin rotatiof.3,14 which produces
realistic dipole cross section for the regime of finite coher-gj,apje effects. '

ence length. Nevertheless, we make corrections for finite val- | | Eq. (4) y=t(Fr,a,Q?) is the LC wave function of the
. cc 1 &5

ues ofl; employing the approximation suggested in Ré}. cc Fock component of the photon. It depends on the photon

The predic_tions in this paper are meant as a realistic bas\ﬁrtuality Q2. One can find the details in RefL] including
for the planning of future experiments for electron-nucleusthe effects of a nonperturbatiwg interaction

collisions at high energies like in the eRHIC project. It The cross sectiomq(r1,5) describes the interaction of a

would be highly desirable to have good data in order to tes . ; X
the assumptions and ingredients which have entered the Caﬁplorless quark-antiquark dipole of separatianand center

. . 4 f mass(c.m) energy squared with a nucleon. At small
.culat|on. and which are |mp_ortant aspects of modern S.tron%alues ofr; the energy dependence should come in the com-
interaction many-body physics. Furthermore, progress in th% T

understanding of charmonium electroproduction will also 'matlonx 1/(rTf5) n order to respect BJO”@ scaling. A
have important consequences for hadroproduction. simple parametrization ofqq(rv,x) suggested in Ref.15]

The paper is organized as follows. Section |I introduces[c-;‘)l’ac"?"egnat and V\BIhoff(QBV\/)]ZweII descrlzbes the data
some notations and the most important definitions and exor F5(x,Q?) at smallx and highQ®. At low Q?, however,
pressions. Then the integrated cross sections for coherent aHif energy variable is more appropriate. A parametrization
incoherent charmonia production are calculated as function oqe(r7,S) suggested in Re{.8] [Kopeliovich, Schéer,
of s and Q2 of the virtual photon and the results are pre-and Tarasov(KST)] describes DIS data only up tQ?
sented as a ratio ta times the cross sections on a proton. In~10 GeV which is a scale relevant for charmonia. Since we
the following two sections, two important modifications are cannot see why one parametrization should be better than the
introduced. The effect of gluon shadowing in the dipole cros@ther, we calculate results for both parametrizations as has
section (Sec. 1l) and the case of finite values of (I,  Peen done in Ref1]. _ .
~R,) (Sec. IV). The Appendix describes some very useful ~ The cross sections for coherent and incoherent production
calculation procedures, which considerably increase the a@n huclei will be derived under various conditions imposed

whereV (f'r, ) is the charmonium LC wave function which
depends on the transverse separatiorr and on the rela-
ti¥e sharinga of longitudinal momentunil]. Both variables

curacy and the speed of numerical calculations. by the coherence length E(l). At high energies the coher-
ence length Eq(l) may substantially exceed the nuclear ra-
Il. SHADOWING AND ABSORPTION FOR ¢t PAIRS Ehus. In”th|s case the transverse size ofthavave packet is
IN NUCLEI frozen” by Lorentz time dilation, i.e., it does not fluctuate

during propagation through the nucleus, and the expressions
Exclusive charmonium production off nucleiy*A  for the cross sections, incoherenh¢) or coherent ¢oh),
— WX is called coherent, when the nucleus remains intactare particularly simpl¢3],

lve)I2, (5)

. 1
is.00- | deTA<b>|<~P|aqa<rT'S>ex‘{‘z"qﬁ”’sﬁf*(b)

e |2 (6)

T 1
7ied= | dzb'“"l‘ex‘{ S (TS TAD)
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Here Ta(b)= /7 _.dzp(b,2z) is the nuclear thickness func- part of the wave function leads to a strong enhancement of
tion given by the integral of the nuclear density along thethe ¢/ production rate. This is why using the more realistic
trajectory at a given impact parameter rq-dependence of;5(rv) leveling off at larger; leads to a
In Egs.(5) and(6) we also include a small correction due weaker enhancement of thg. This effect becomes even
to the real part of the/* N— WN amplitude via replacement more pronounced at higher energies since the dipole cross
section saturates starting at a value-rq(s) wherery(s)

imdlnogg decreases with energy. This observation probably explains
Oqg— Oq| 1~ 2 JIns () why they/ is less enhanced at higher energies as one can see
from Fig. 1.

As it is common practice, we express nuclear cross sections Note that the “frozen” approximation is valid only for
for incoherent and coherent production in the form of thel >Ra and can be used only g%>20-30 GeV. Therefore,

ratio the low-energy part of the curves depicted in Fig. 1 should be
corrected for the effects related to the finitenes$.ofThis
a7 A(s,Q?) will be done in Sec. IV.
Ry(s,Q%) = N oo (8) One can change the effect of color filtering in nuclei in a
Ao” 7(s,Q7) controlled way by increasing the photon virtualit®?

h h ds for th . q thereby squeezing the transverse size ofdbductuation in
where the numerator stands for the expressions &jjan the photon. For a narrowerc pair the cancelation which is

(6) for incoherent and coherent cross sections, respectivelxaused by the node in the radial wave function/6fshould
The details of the technically rather complicated numericabe less effective. One expects that #heto J/¢ ratio on a
_calculatior!s of the integrals in Eq&) and(6) can be found proton target increases witQ?, as is observed both in ex-
n ﬁ\_pr)]pendllx.E 8) for incoh | duction of periment and calculatioFig. 9 of Ref.[1]). Figure 2 shows
(? ratlo g _) or inco erent e ef;tropro uction df ¢ the result for nuclear targets: for large valuesQf ratios
and ¢ is shown in Fig. 1 as a.fun'cnon ofs. We. use the Rij}C andR"® become very similar. This effect has also been
GBW [15] and KST[8] parametrizations for the dipole cross bs%erved iﬁ] the E665 experimdiif7] for exclusive produc-
section and show the results by solid and dashed curve on of p andp’ off nucleipat high energies P
respectively. Differences are at most 10—20 %. f ' -
: - Nuclear effects fo roduction shown in Fig. 2 demon-
Analyzing the results shown in .Flg' 1, we observe thatstrate an even moreurlg)et):uli@2 dependence Thge overlap of
nuclear suppression ad/¢ production becomes stronger e producedsc state and they’ wave func.tion rises with
with increasing energy. This is an obvious consequence O P

2 . . .
- ; ; both in the numerator and denominator of the ratio Eq.

the energy dependence of(rr,s), which rises with en- -
ergy (see Ref[1]). For ¢/ the suppression is rather similar as (8) due to the node effect. However, the nuclear filtering for

for J/ 4. In particular, we do not see any considerable nuclealarge sizecC pairs is especially strong at smaf, hence the

enhancement of’ which has been found earlid,16), Q? squeezing does not affect theinncumerator as much as the

where the oversimplified form of the dipole cross section,deénominator. Th'52'5 why thezratiaw, (Q?) can be a falling
o4q(r7)>r2 and the oscillator form of the wave function had function at smallQ®. At high Q°, however, the size of thec

been used. Such a form of the cross section enhances theSO sma_ll that color filtering is not an important effect any-
compensation between large and small distances in the wayBore, while the nucleus becomes more transparent eventu-
function of ¢ in the processy*p— y'p. Therefore, the ally causingR;’(Q?) to rise.

color filtering effect which emphasizes the small distance Cross sections for coherent production of charmonia on

1.2 T T 1.2 T T 1.0 T T T 1.0 T T T
i3 Ry
1.0 1.0

ine Rinc
A

0.8

0.8 0.8

0.6 0.6

0.4 0.4

0.2 02 .

04} E

0.0 b L 0.0t

10 100 10 1(I)0 20 30 40 50 20 30 40 50
V5 [GeV] V3 [GeV] Q*+Mj)y; [GeV?) Q*+ M [GeV?)
FIG. 1. RatiosRi\{,10 for 3/ and ¢/ incoherent production on FIG. 2. RatiosRij}f,, andRi(;,C for incoherent production on three

carbon, copper, and lead as a function\& and atQ?=0. The  nuclei displayed as a function %+ Mﬁ, at fixeds=4000 Ge\..
solid curves refer to the GBW parametrization @f and the  The lines are for the GBWsolid curve$ and KST(dashed curves
dashed ones refer to the KST parametrization. parametrizations.
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FIG. 3. The ratiosRS/)’ and R}:" for coherent production on
nuclei as a function of/s. The meaning of different lines is the FIG. 5. Ratios Ry, and R, as functions ofk; at s
same as in Fig. 1. =4000 Ge\ for different values ofQ. All curves are calculated

with the GBW parametrization of the dipole cross sectiqg.
nuclei are calculated analogously using E8). The results
for the energy dependence are depicted in Fig. 3 and for this the mean nuclear thickness. This ratio approaches one
Q? dependence in Fig. 4. It is not surprizing that the ratioswhen nuclear effects disappear. Nevertheless, we will follow
exceed one. In the absence @f attenuation the forward the usual definition Eq(8) which is widely used for the
coherent production would be proportional A3, while in-  presentation of data.
tegrated over momentum transfer, the one depicted in Fig. 3, We can also predict the dependence on the momentum
behaves a®\*3. It is a result of our definition Eq(8) that transﬂ-:-rlzT for the charmonium electroproduction on nuclei.
R°°h exceeds one. To avoid this artifact one may redefine thén the case of incoherent production this dependence is the

ratio for coherent processes as same as for production on free nucleons. However, in coher-
ent production the nuclear formfactor comes into play and
Coh( 7= coh(s Q?) one has
A<TA>167TB)/ No-y N(SIQZ) 7T|_ ( Q
RCOh(S QZ) % j d2b eIIZT6<\P|1
_ N2 ’ — (9) d kT
(Ta)167BY 2

lv&)| . (1D

1
. ex;{zaqﬁ(rT,s)TA(b)
whereB” N is the slope of they* N—WN differential cross

section and In Fig. 5 we plot the ratios of total distributiofsum of T

andL components Eq11) in the form of Eq.(3) normalized
2_ —
<TA j deTi(b) (10) atQ“=0 andkT—O],

doloA(s,Q?) do-coh( s,Q%=0)
d%ky ! d%ks

——  EE R(s,Q?kr) = [kr=

(12

as functions ok at s=4000 Ge\# for different virtualities

Q of the photon. We see that thkg dependences are rather
similar for J/¢ and ¢’ . The shape of the distribution is gov-
erned mainly by the nuclear geomefgnd not by the size of
the (small) charmoniunj. The calculated curves show the
c c familiar diffraction pattern known from elastic scattering on
nuclei.

05 m 0w s 0 20 0 a0 50 IIl. GLUON SHADOWING

Q4+ M3y [GeV?) Q*+ M3 [Gev?)

The gluon density in nuclei at small Bjorkeris expected
FIG. 4. The ratiosRSf; and R°°h for coherent production on to be suppressed compared to a free nucleon due to interfer-
various nuclei as a function @?. The meaning of the lines is the ences. This phenomenon called gluon shadowing renormal-
same as in Fig. 2. izes the dipole cross section,
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o'qa(r-r,X):>a'qa(rT,X)RG(X,Q2,b), (13) wherea(y*N) is the part of the totaly*N cross section

related to acc fluctuation in the photon,
where the factoRg(x,Q?,b) is the ratio of the gluon density

atx andQ? in a nucleon of a nucleus to the gluon density in N

a free nucleon. No data are available so far which CO“'%(y*N):f derf dal‘I’cyé(rT,a,Q2)|20qa(fT,X)- (15)
provide direct information about gluon shadowing. Currently 0

it can be evaluated only theoretically. In what follows we

employ the technique developed in RE]. * o _ )

Note that the procedure E€L3) differs from the prescrip- Here Wiz (rr,a,Q?) is the light-cone wave function of the
tion from [18,19. It is based on QCD factorization applied €€ pair Wlth _transverse separatigh and relative ;haymg of
to a nuclear target and suggests to multiplyRay(x,Q2,b) the longitudinal momentuna gnd 1-« (see details in Ref.
the whole nuclear cross section. This approximation shoul§i8])- The numeratodo(y*A) in Eq. (14) reads[8]
not be used for charmonium production which exposes ac-
cording to above calculations a strong deviation from factorA g-(y* A)
ization. Besides, gluon shadowing is overestimated in Ref.

[19] as is discussed in Refg]. ) , |d?o(y*N—CccGN)
The interpretation of the phenomenon of gluon shadowing ZSWRGJ' d bf dMm AM2d
depends very much on the reference frame. It looks like ar =0

glue-glue fusion in the infinite momentum frame of the . .

nucleus: although the nucleus is Lorentz contracted, the X f dzlf d2,0(z,—21) pa(0,21) pa(0,25)
bound nucleons are still well separated since they contract — —o

too. However, the gluon clouds of the nucleons are con- .

tracted less since they have a smaller momentum fraction xexd —iqu(zz—2zy)]. (16)
~X. Therefore, they do overlap and interact at smakhnd

gluons originating from different nucleons can fuse leadingHere the invariant mass square of @G system reads
to a reduction of the gluon density.

Although observables must be Lorentz invariant, the 5 o
space-time interpretation of shadowing looks very different 2 M ki
: . M2=2
in the rest frame of the nucleus. Here it comes as a result of i @
eikonalization of higher Fock components of the incident
particles. Indeed, the nuclear effect included via eikonaliza- . _ :
tion into Eqgs.(5) and(6) corresponds to the lowest Fock where the sum is takgn over partoreE) having massn;,
component of the photon. These expressions do not includénsverse momentuky, and fractione; of the full momen-
any correction for gluon shadowing, but rather correspond téum. TheccG system is produced diffractively as an inter-
shadowing of sea quarks in nuclei, analogous to what is mednediate state in a double interaction in the nucleysindz,
sured in deep-inelastic scattering. Although the phenomendare the longitudinal coordinates of the nucledfisand N,
logical dipole cross sectionrgg(x,Q?) includes all possible ~ respectively, participating in the diffractive transitionf N,
effects of gluon radiation, the eikonal expressions Efs. —CCGN; and backccGN,— y*N,. The value ofAc is
and(6) assume that none of the radiated gluons takes part igontrolled by the longitudinal momentum transfer
multiple interaction in the nucleus. The leading order correc-
tion corresponding to gluon shadowing comes from eikonal- Q%+ M?2
ization of the next Fock component which contains tfee g.=
pair plus a gluon. One can trace on Feynman graphs that this
is exactly the same mechanism of gluon shadowing as glue-
glue fusion in a different reference frame. which is related to the gluonic coherence lenttk= 1/q, .

Note that Egs(5) and (6) assume that for the coherence  The propagation and interaction of theG system in the
length >R, . Even if this condition is satisfied for @ nyclear medium between the poimtsandz, is described by
fluctuation, it can be broken for theeG component whichis  the Green functiorG ss(F2,52,22;F1,5121), wherer; , and
heavier. Indeed, it was found in R¢R0] that the coherence ;. ., are the transverse separations betweencthadc and
length for gluon shadowing is about an order of magnitudegetween thec pair and gluon at the poirg; and destination

shorter than the one for shadowing of sea quarks. Thereforg, respectively. Then the Fourier transform of the diffractive
one should not rely on the long coherence length approximagross section in Eq(16),

tion used in Eqgs(5) and(6), but take into account the finite-
ness oﬂf. This can be done by using the light-cone Green

: (17)

T 18

function approach developed in Rg8). f , |d?a(y*N—=XN)
2 8m | dMY | —————— cogq.(z,—z)], (19
The factorRg(x,Q%,b) has the form dMidq% o
A *A
Re(x,Q%b) =1~ LA (14 |
Ao (y*N) can be represented in the form
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1
SRe f d?r,d?p,d?r,d%p, f dagd In(ag)

t > >
XFy**,CE(;(rZ!pZ!aq vaG)

X Geeo(2,02:22:F1,01,20)F » _cea(M1,p1, ¢, aG)-
(20)

PHYSICAL REVIEW C66, 024903 (2002

rather accurate for heavy nuclei.
=poL(b), whereL (b)=2R2—b?.

With these simplifications we can perform integration
overz, in Eg. (16) and the gluon shadowing correction takes
the form

Correspondingly(b)

Assuming that the momentum fraction taken by the gluon

is small, <1, and neglecting thec separationr<p we

arrive at a factorized form of the three-body Green function,

Geea(M2:02,22:71,01,21)
=G(2,22:71,21)Gge(p2:22:01,21), (22)

whereGgg(p2.22;p1,21) describes propagation of th@G
dipole (in fact, the color-octetc and gluon in the nuclear

medium. This Green function satisfies the two dimensional
Schralinger equation which includes the glue-glue nonper-

turbative interaction via the light-cone potentM(p,z), as
well as interaction with the nuclear medium,

id_ZZGGG(ﬁzyZZ;ﬁlyzl)

A(py)
B Wiza)ij(pZ’ZZ) Gee(p2:22:p1,21),
(22
where
2ImV(p,z)=—0oga(p)pa(b,2), (23

and the glue-glue dipole cross section is related tajtpene
by the relation

oga(r,X)= (24

a'q{r X).

Following Ref.[8] we assume that the real part of the poten-
tial has a form

bop

2vag(l—ag)’

2

ReV(p,z)= (25

The parameteby=0.65 GeV was fixed by the data on dif-
fractive gluon radiatior(the triple-Pomeron contribution in
terms of Regge approackvhich is an essential part of Gri-
bov’s inelastic shadowinf21]. The well known smallness of
such a diffractive cross section explains wiyis so large,
leading to a rather weak gluon shadowing. In other words¢

1-R f db fub)d L(b
o(xQ)=pb | 7.5y ], 9AL(b)~2]
XW(x,Q%b,2), (26)
whereW(x,Q?,b,z) reads[8]
 4ay(@) [xma,  CGa(%,Q%b)
WD g rCoi ) T et
F{ Qz)t sinh(Qz)
X Re| ex —E V_V —t
. (1_E>+2_t3 tsinr(Qz)+4_t3
n u?/  uw? w? wil |’
(27)
ad(Q?) = i (29)
s 9In[(Q?+0.25 GeVt)/A?]’
X=min(X/ ag ,X max» (29
Q*=Q*+M%, (30
b2=b2+ Q% (31)
B=\b*~iag(1- ag)rpeCoc(¥.b), (32)
Q=iB/lag(l—ag)v], (33
t=B/b?, (34)
u=t coshQz)+sinh(Qz), (35
w=(1+1t?)sinh(Qz)+ 2t coshQz). (36)

HereX ma—= 0.1 andA =200 MeV. The factoCgg(x, Q2 b)

is determined by the condition of equivalent descriptions in
the limit IS>R, using the realistic parametrization for
ogg(rt) and its simplified formogg(rv) = CGGrT,

this strong interaction squeezes the glue-glue wave packet

resulting in small nuclear attenuation due to color transpar-

ency.
In order to get an analytical solution of E¢23) we
assume that ogg(r,s)~Cga(s)r?, with Cgg(s)
=dogg(r,s)/dr?,_,. We also use the approximation of
constant nuclear densitya(r)=po®(Ra—r) which is

{(Caa(X,Q%b)raT(b)))
9
=<<Zaqa<x,rT>RG<x,Q2,b>TA(b>>>. (37)

Here
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FIG. 6. RatiosSs(s,Q?) of cross sections calculated with and
without gluon shadowing for incoherent and coherent charmonia FIG. 7. RatioRy as a function ofk; at s=4000 Ge\? and
production. We only plot ratios fod/¢ production, because ratios Q2=0 with (solid curve$ and without(dashed curvesyluon shad-
for ¢ production are practically the same. All curves are calculatecbwing with the GBW parametrization of the dipole cross section.
with the GBW parametrization of the dipole cross sectigf.

where o1 is the effective cross section which depends on

. B the dynamics of interaction of thgqG fluctuation with a
fdsz|‘1’qG(fT)|§ff(1—e Wwarrn) nucleon.
{f(rp))= , (39 It was found in Ref[20] that the coherence length for
J’ A2 Wy (rr)|24f (1) gluon shadowing is rather short,
1
and the nonperturbative light-cone wave function of 8@ IS~ 10Ky’ (43

(in factcc andG) dipole,
where x in our case should be an effective ones (Q?

) e PorT +M3)/2myv. The onset of shadowing according to Egs.
[Wea(roler — (39 (41) and (42) should be expected at2~3/(RSM? -
2 ! pected ajZ~3/(R§")? corre
sponding to

Obtaining the gluon shadowing factBg(b) one can re-
late it to the corresponding valué,(b). This givesRg as a
function of thicknesg 5, Rg(Tp)- This function is then used

se~ 10MyRS(Q%+M2,)/4/3, (44)

) : . . . >~ where Rﬁ“)z is the mean square of the nuclear charge ra-
in calculations whereT 5(b) is obtained with the realistic dius. This estimate is in a good agreement with Fig. 6. Re-

Wolgds-Saxon nucleus d?”s'ty- . .markably, the onset of shadowing is delayed with rising

igure 6 shows the ratios of cross sections calculated W'tlﬁuclear radius an@Z. This follows directly from Eq.(42)

and without gluon shadowing and the fact that the formfactor is a steeper falling function

crgA(s,QZ) (;flRA for heavy than for light nuclei, provided tha‘fRA

aV*A(s,QZ) (40 Figure 7 shows the effect of shadowing for thedepen-
dence of the coherent photoproduction. As one can see, these

for incoherent and coherent exclusive charmonium electrocorrections are quite small f@2?=0 [and even smaller with

production. We see that the onset of gluon shadowing hapghcreasingQ?, see Eqs(26) and (27)].

pens at a c.m. energy of few tens GeV. This is controlled by

the longitudinal nuclear form factor IV. FINITE COHERENCE LENGTH

Se(s,Q%) =

1 o . A strictly quantum-mechanical treatment of a fluctuating
Fa(qS,b)= ﬁf dzpa(b,z)e'%?, (41)  qgq pair propagating through an absorptive medium based on
a(b)J = the LC Green function approach has been suggested recently
o G in Ref. [11]. However, an analytical solution for the LC
where the longitudinal momentum transf@f=11¢. For  Green function is known only for the simplest form of the
the onset of gluon shadowingfR,>1 one can keep only dipole cross sectiomr g5(rr)<rf. With a realistic form of
the double scattering shadowing correction, oqg(r) itis possible only to solve this problem numerically,
L what is still a challenge. Here we use the approximation
1 2012 2,.G suggested in Ref[22] to evaluate the corrections arising
Se~1 409”f dbTa(b)FA(Ac b, “2) " fom the finiteness of=2v/M?% by multiplying the cross

024903-7



IVANOV, KOPELIOVICH, TARASOV, AND HUFNER PHYSICAL REVIEW C66, 024903 (2002

sections for incoherent and coherent production evaluated fdhe nucleus. As a result, it propagates through the whole
|.—2 by a kind of formfactor='"® and F¢°", respectively,  nucleus and the mean path length is twice as long as at low
~ _ _ energies. This is why the nuclear transparency drops when
a7 (5,Q%)= a7 VX(5,Q)F " s,1¢(5,Q%)], (45 going from the regimes of short to lorg.
One can simplify expressiofd7) assumingoynTa(b)
A WA 2 A—WA 2 hy 2
o (8,Q%)=0" (5,Q)F*Ts1c(s,Q9], (46) <1 which is a rather accurate approximation 1. Then
where one can expand the exponentials in E@®) and (50) and
obtain[4]
F”‘C(s,lc)=f deJ dzpa(b,2)|Fy(s,b,z) 1 ,
o ' 1_5[1+FA(qC)]UJ/¢N(S)<TA>
Inc

_FZ(S,b,Z,lc)lzl('")||C:w, (47) FJ/‘/I(S): 1_0-J/|//N(S)<TA> . (51)

FCOh(SJc) Here

2

= [l [ dzoab2Fus b2 )

(48)

J i dzpa(b,z)e'%? (52

1
FAQ= 7y J d*b

1 . is the so-called longitudinal nuclear formfactor.
Fﬂs,b,z)zexp{ - _O'\I'N(S)f dz’pA(b,z’)), (49) At low energies,g.=1/1.>1/R,, the formfactorFa(q,)
2 z =0 and both the numerator and denominator in Exi)
decrease with energy due to the risimg ,(s), but the de-
Fa(s,bzl¢) nominator does it faster. This is why the ratio E§1) rises
1 ) with energy unless it drops due to the rise of the formfactor
:_U'\I'N(S)f dz' pa(b,z’ )F4(b,z’ )e~'(z=2)lc. (50) F2(qe)#0. The transition energy regime is related to the
2 - variation of the formfactor between 0 and 1, i.e., at

For the charmonium nucleon total cross sectigp(s) we 1

use our previous resulfg], essentially the expectation value Sce~ mN(M§/¢+ Q2)R/§h/\/§: —sg. (53)

of the dipole cross sectiom(r1,s) taken between the LC 10

wave functions for the charmonia. The “formfactorf'"c

for incoherentd/y and ' production are depicted in Fig. 8. This energy increases wit@” and nuclear radius in accor-
The observed nontrivial energy dependence is easy to inteflance with Fig. 8.

pret_ At IOW energie$c< RA and the photon propagates W|th' ) Note that the Glauber apprOXimation Used to Ca|Cu|ate
out any attenuation inside the nucleus where it develops for B is rather good ford/¢, but not fory’. One could im-
short timet,, a cc fluctuation which momentarily interacts to Prove it by applying the rigorous description based on the
get on mass shell. The produced pair attenuates along the light-cone Green function formalism developed in Réfl]
path whose length is half of the nuclear thickness on thdor exclusive production of vector mesons. However, it was
average. On the other hand, at high energjigsR, and the done only for the unrealistic form of the dipole cross sections

cc fluctuation is developed long before its interaction with

1.2 P T 1.2 by T
. . . . Fh Fgh
File — Q?= 0GeV? Fie —Q*= 0GeV? 10fF 1of
----- Q? =10 GeV? meeme Q2 = 10 GeV?
20k s @ = 30 GeV2 | 2.0 e Q2 = 30 GeV2

0.8 b 0.8
0.6 b 0.6

- 15
5 0'4 -

04F ,'

el A m—t A
; s Q2 = 30 GeV? e (% = 30 GeV?
. . . . 00 100 00™%0 100
10 100 10 100 V3 [GeV] V8 [GeV]
V5 [GeV] V3 [GeV]
FIG. 9. |, corrections for coherent production & and ' on
FIG. 8. I corrections for incoherent production &fy and /' C (thin curveg and Pb(thick curves for the GBW parametrization

on C(thin curves and Pb(thick curves$ for the GBW parametriza- of the dipole cross section. Contrary to the case of incoherent pro-
tion of the dipole cross sectiomgg. duction, results fod/« and ¢/ are very similar.
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2.0 T 2.0 T 3.5 T 3.5 T
h h
RS, R
3.0 b 3.0

2.5 2.5

2.0 2.0

15 15

1.0 1.0
0.5 0.5
00™%% 100 0045 100 00™4% 100 0040 100
V3 [GeV] V3 [GeV] V3 [GeV] V5 [GeV]
FIG. 10. RatiosRY° for J/¢ and /' incoherent production on FIG. 12. RatiosRSf) ande,f,’hfor coherent production on nuclei

carbon, copper, and lead as a function\&fand atQ?=0 calcu-  as a function ofys. The meaning of the different lines is the same
lated with GBW parametrization af . The solid curves display as in Fig. 10. Thin curves correspond to Fig. 3.
the modifications due to the gluon shadowing and finite coherence

lengthl; while the dashed lines do neéame as in Fig. J1 10 and 11 show the andQ? dependency for incoherent and

) _ i Figs. 12 and 13 for coherent production of charmonia.
oqg*r7 and for an oscillatory wave function of the vector "o summarize, in this paper we provide predictions for
meson. It is still a challenge to make this approach realistichyclear effects in exclusive electroproduction of charmonia

The results for the energy dependence of the formfactopn nyclej with realistic light-cone wave functions of charmo-
Fe°" for coherent scattering are shown on Fig. 9. In the limitnia and with dipole cross sections which have been already
of low energiesl.—0 the strongly oscillating exponential tested in a calculation of elastic charmonium electroproduc-
phase factor in Eq(48) makes the integral very small and tjon of protons. Such calculations still can be performed only
thus F57/'~0. Then the cross section rises withunless it at rather high energies where the coherence length exceeds
saturates a:>Ra when the phase factor becomes constantthe nuclear sizel (>R,). At these energies gluon shadowing
Apparently, this transition region is shifted to higher energiesyhich is absent at lower energiek.{ R,) becomes an im-
for larger Q? and nuclear radius as is confirmed by theportant and sometimes the dominant effect. Since no reliable
curves in Fig. 9. experimental information about gluon shadowing is available
so far, we have performed calculations of this effect employ-
ing the same light-cone dipole approach. We found sizable,
but not large correctiongl0—20% which, however, keep

Combining the results of the previous sectidins., in-  rising with energy. It turns out that the magnitude of gluon
cluding finite coherence length and gluon shadowing  shadowing is suppressed by a nonperturbative interaction of
obtain the final results for ratios ttey,, andR, . Figures the light-cone gluons which is well fixed by data on large

mass diffraction. The effects related to finiteness of the co-

V. FINAL RESULTS AND CONCLUSIONS

1.0 T T T 1.0 T T T

ine ine
Ry 3.0F . 3.0

P
R, % Ret
2.5

0.8

0.6

04f .
2IO 3I0 4I0 50 2I0 3I0 4I0 50
Q2+M§/¢ [GeV? Q¥+ M3 [GeV? 05 2 ra—T— 0.8 % m w0
) Q%+ M3y, [GeV?) Q*+ M} [GeV?)
FIG. 11. RatiosRy* for J/¢ and ¢ incoherent production on _

carbon, copper, and lead as a function @f+M? at fixed s FIG. 13. RatiosRy° for J/¢ and ¢/ coherent production on
=4000 GeV for GBW parametrization of the dipole cross section carbon, copper, and lead as a function @f+ M?I, at fixed s
o4g- The solid curves correspond to the final reswith gluon =4000 Ge\? for GBW parametrization of the dipole cross section
shadowing andl; correctiong while the dashed curves do ngame  o4g. The meaning of the different lines is the same as in Fig. 11.
as in Fig. 2. Thin curves correspond to Fig. 4.
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Lo T L0 In the nuclear case one needs to calculate matrix elements of
47 1= the operators withrg in the exponent. For incoherent and
08 T £ . - coherent scattering one can use Taylor expansion, for ex-
: ample,
B 2 c?o®
(oe”)=(o—co+ R
c’f,
=(o)|1-chit 24|, (A2)
. . . . . c2g?2 343
00™56 100 00™g 100 (1-e %)= Com—H—t— 1
V3 [GeV] V'S [GeV]
2
FIG. 14. Convergence of the serigs?) (left) and resummation = C(a}( 1— C_fl + c_f2 4o, (A3)
in the exponentA5) (right) for incoherentl/ ¢ production on nuclei 2 2

(Q%=0, gluon shadowing anb}, corrections are not includgdor

different orders of summation ofy,. wheref,=(o""1)/(o) andc does not depend on initial and

final states. So matrix elements of powerg;" have to be
herence length at somewhat lower energies were estimaté@iculated. The forn{Al) allows to express any power of
t00. oq5(r7) as a sum of exponentials exp(F/rg) with reduced
We have calculated both coherent and incoherent crogg=r3/m, i.e.,(c") can be expressed in terms @f) with
sections as function of energ®?, and momentum transfer. reducedr?.
Our predictions can be tested in future experiments at high The rate of convergence of such series slows down with
energies with electron-nuclear collidgeRHIC). It also can increasingo (largers) and increasing nuclear thicknejss
be produced in peripheral heavy ion collisigiHIC, LHC), «Ta(b)]. In our calculations we used a more efficient ex-
and our predictions will be published elsewhere. pansion, which contains matrix elemerts”) in the expo-
nent. This form can be obtained when applying the identity
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APPENDIX: RESUMMATION EXPRESSIONS
2
Matrix elements of the dipole cross sectioyg for the <1_eC(r>:C<O.>eXF{ — C_f1+02 fa_ f_l +---], (AB)
charmonia production including the effects of spin rotation 2 6 8 ’

were calculated in Ref.1] for the specific form of the ¢

dependence provided by the KST and GBW parametrization&hich converges noticeably faster. Figure 14 shows that
while one needs about six terms= 6) to obtain an accurate

result using Taylor expansid\2), one has already satisfac-

2
oqg(r1) =09 1—exp( - r_; . (A1)  tory results fom=2 in the method, where one resums in the
o exponent.
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