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Abstract. The nuclear enhancement observed in inelastic
photoproduction ofJ/Ψ should not be interpreted as evi-
dence for an increased gluon density in nuclei. The nuclear
suppression of the production rate due to initial and final
state interactions is calculated and a novel two-step color
exchange process is proposed, which is able to explain the
data.
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1 Introduction

Measuring inelastic photoproduction ofJ/Ψ off heavy nu-
clei, γA→ J/ΨX, the EMC collaboration [1] and later the
NMC collaboration [2] have observed an enhancement of
the production rate compared to a proton or a light nuclear
target: the experimental ratio of the cross sections per nu-
cleon on tin to carbon exceeds the value one by about 10%.
If this enhancement is fully attributed to an enhancement of
the gluon density – as the authors of experiment [2] do – the
gluon density in heavy nuclei should be larger by a similar
value of a few percent, which is perfectly compatible with
the theoretical expectations.

This conclusion is dangerous, however, since it neglects
initial and final state interactions due to the presence of the
other nucleons. The data from the E772 experiment [3] for
J/Ψ production in proton-nucleus collisions show a suppres-
sion, which may be parameterized byA−ε, whereε = 0.08.
There is no reason, why this kind of initial/final state inter-
action should not be present in photoproduction. Therefore,
the observed enhancement in theSn/C ratio in γ → J/Ψ
production of the order of 10% has to be seen in the light
of an expected 20% suppression due to initial/final state in-
teraction. It is theoretically unacceptable to claim that the
discrepancy of 30% is attributed to a modified gluon distri-
bution. Other mechanisms have to be looked for. This is the
aim of the present paper, which is organized as follows.

In the next section the triple-Regge approach to in-
elastic photoproduction of charmonium is developed. Since
the charmonium is produced diffractively via Pomeron ex-
change, we conclude that if the fractionx1 of the photon

light-cone momentum carried by theJ/Ψ , x1 → 1, the re-
action is sensitive to the double-gluon distribution function
(similarly as in elastic photoproduction), rather than to the
single gluon density [4]. Then, in Sect. 3, the suppression
factor for inelastic photoproduction ofJ/Ψ off nuclei is cal-
culated using Glauber’s eikonal approximation for the final
state interaction. The formulas are derived for the first time.
Since Glauber’s approximation assumes lack of formation
time we consider the color-singlet model forJ/Ψ photopro-
duction in Sect. 4. We demonstrate that contrary to the wide
spread opinion the time interval for evaporation of color is
quite short, about 1fm in the energy range of the NMC
experiment. Therefore Glauber’s model can be used in this
case as well. Inelastic shadowing corrections to Glauber’s
approximation are considered in Sect. 5. We demonstrate that
this corrections make the nuclear medium substantially more
transparent for charmonium: the effective absorption cross
section turns out to be only about 60 % of that forJ/Ψ . In
Sect. 6 we present the novel mechanism for diffractive pho-
toproduction of charmonium off nuclei: the photon interacts
with a bound nucleon via color-exchange and produces a
cc̄ pair in a color-octet state. The pair propagates through
nuclear matter and looses energy via hadronization. Then,
with another nucleon thecc̄ pair exchanges color and con-
verts to a color-singlet state. Such a process leads toJ/Ψ ’s
with x1 < 1. Since this mechanism relies upon two interac-
tions at least, its cross section may have anAα-dependence
with α > 1. Interplay of this mechanism with the standard
multiple scattering one nicely explains the NMC data.

2 Glauber theory
for inelastic J/Ψ photoproduction off nuclei

The inelastic photoproduction cross section of aJ/Ψ on a
nucleus can be represented in the form

dσγAΨ
dx1

= SγAΨ A
dσγNΨ
dx1

, (1)

where x1 = p+
Ψ/p

+
γ (≈ xF at x1 → 1) is the fraction of

the photon light-cone momentum carried by theJ/Ψ . In
this section we derive the nuclear suppression factorSγAΨ
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within Glauber theory. There are two types of amplitudes
which contribute to the inelastic photoproduction of aJ/Ψ
off nuclei:

I) The incoming photon does not interact in the nucleus
until the point with coordinates (b, z) (the impact parameter
and the longitudinal coordinate, respectively), where it in-
teracts inelastically,γN → J/ΨX, and produces theJ/Ψ
with the detected final momentum, which leaves the nucleus
without inelastic interactions;

II) prior the inelastic interaction at the point (b, z) the
photon produces elastically aJ/Ψ at the point (b, z1), γN →
J/ΨN , with z1 < z. The J/Ψ propagates through the nu-
cleus without interaction up to the point (b, z), where it pro-
duces the finalJ/Ψ in the reactionJ/ΨN → J/ΨX.

In both cases the longitudinal momentum transfer at the
point (b, z) is so large,qin ≈ (1−x1)ν, that only those ampli-
tudes interfere, which correspond to the inelastic production
of theJ/Ψ with the desired momentum on the same nucleon.

On the other hand, the longitudinal momentum transfer
in elastic photoproduction at the point (b, z1) may be small
at high energies,

qel =
Q2 +M2

Ψ

2ν
. (2)

Therefore the amplitudes corresponding to different coordi-
natesz1 may interfere.

According to our classification of the amplitudes I and
II the suppression factorSγAΨ has three terms,SγAΨ =
(SγAΨ )1 + (SγAΨ )12 + (SγAΨ )2, where the first and the third
terms correspond to squares of the amplitudes I and II, re-
spectively, and the second one is the interference term.
The amplitude I squared provides the following suppression
factor(
SγAΨ

)
1

=
1
A

∫
d2b

∞∫
−∞

dz ρ(b, z) exp
[−σΨNin Tz(b)

]
. (3)

Here Tz(b) =
∫∞
z

dz′ρ(b, z′), where ρ(b, z) is the nuclear
density normalized toA. The nuclear thickness function is
T (b) = Tz→−∞(b).

The interference term has a form

(
SγAΨ

)
12

= −2

(
1
2
σΨNtot

)
1
A

∫
d2b (4)

×
∞∫

−∞
dzρ(b, z) exp

[
−1

2

(
σΨNin − σΨNel

)
Tz(b)

]

×
z∫

−∞
dz1 ρ(b, z1) cos[qel(z − z1)] exp

[
−1

2
σΨNtot Tz1(b)

]
.

This term has a negative sign because the amplitude II plays
the role of an absorptive correction to amplitude I.

To calculate the contribution of the amplitude II squared
we can use the results of ref. [10, 11] for quasielastic photo-
production of vector mesons on nuclei, which we should ap-
ply to production of theJ/Ψ prior the point (b, z). However,
as different from [10, 11], we should include both coherent

(smallqT ) and incoherent (largeqT ) interactions of theJ/Ψ
in the nucleus. The result reads,

(
SγAΨ

)
2

=
1
A

∫
d2b

∞∫
−∞

dz ρ(b, z)

×
σΨNel

z∫
−∞

dz1 ρ(b, z1) exp
[−σΨNin Tz1(b)

]
+

1
2A

σΨNtot (σΨNin − σΨNel )

×
z∫

−∞
dz1 ρ(b, z1) exp

[
−1

2
σΨNtot Tz1(b)

]

×
z∫

z1

dz2 ρ(b, z2) cos[qel(z2 − z1)]

× exp

[
−1

2

(
σΨNin − σΨNel

)
Tz2(b)

] }
. (5)

At low energies, whenqel � 1/RA only
(
SγAΨ

)
1

and the

first term in curly brackets in (5) survive and lead to the
nuclear suppression factor

SγAΨ |qel�1/RA =
1

σΨNin

1
A

(6)

× ∫ d2b
{
σΨNtot

σΨNin

[
1− e−σ

ΨN
in T (b)

]
− σΨNel T (b)e−σ

ΨN
in T (b)

}
.

At high energies, in the limitqel → 0 the sum of expressions
(5)-(7) simplifies very much,

SγAΨ |qel�1/RA =
1
A

∫
d2b T (b)e−σ

ΨN
in T (b) . (7)

Using the smallness ofσΨNtot ≈ 5 mb we can expand (7) as
SγAΨ |qel�1/RA ≈ 1 − 1

2σ
ΨN
tot 〈T 〉, where the mean nuclear

thickness〈T 〉 = A−1
∫

d2b T 2(b). In the approximation Eq.
(7) we have kept only the first order of the expansion param-
eterσΨNtot 〈T 〉, and neglectedσΨNel 〈T 〉, which is of the second
order. To the same order the low-energy limit Eq. (6) leads
to SγAΨ |qel�1/RA ≈ 1− σΨNtot 〈T 〉.

Thus, the nuclear suppression factor at high energy turns
out to be smaller than that at low energy. This result has
a natural space-time interpretation: at high energies a pho-
ton may interact strongly via its hadronic fluctuations. The
lifetime of the cc̄ fluctuation of the photon, called coher-
ence time, istc ∼ 1/qel. A fluctuation created long in
advance propagates and attenuates through the whole nu-
clear thickness, as is explicitly exposed in (7). On the other
hand, at low energy the photon converts to acc̄ inside the
nucleus just prior to theJ/Ψ production. So thecc̄ pair
propagates only through about a half of the nuclear thick-
ness. Such a contribution corresponds to (SγAΨ )1 given by
(3). There is, however, a possibility to produceJ/Ψ “elas-
tically” in γN → J/ΨN prior the inelastic rescattering
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J/ΨN → J/ΨX. This correction is suppressed by factor
σΨNel /σΨNin and is also included in (6).

Expressions (3)–(5) give the correct extrapolation be-
tween the low-energy Eq. (6) and the high-energy Eq. (7)
limits and are quite complicated. If one uses the same ap-
proximationσΨNtot 〈T 〉 � 1 and expands (3) - (5) in this
small parameter up to first order (compare with quasielastic
photoproduction ofJ/Ψ off nuclei [12, 13]), one finds

SγAΨ ≈ 1− 1
2
σΨNtot 〈T 〉 [1 +F 2

A(qel)
]
, (8)

where the effective longitudinal nuclear formfactor squared
is defined as

F 2
A(qel) =

1
A 〈T 〉

∫
d2b

∣∣∣∣∣∣
∞∫

−∞
dz ρ(b, z) exp(iqelz)

∣∣∣∣∣∣
2

. (9)

One can approximateF 2
A(qel) quite well using a Gaussian

parameterization instead of the more realistic Woods-Saxon
form for the nuclear density [14] and obtainsF 2

A(qel) =
exp(−R2

A q2
el)/3, whereR2

A is the mean squared charge ra-
dius of the nucleus [14]. Note thatSγAΨ is independent of
x1, therefore this mechanism of nuclear suppression keeps
the samex1-distribution of the cross section as on a free
nucleon and cannot account for the data (cf. Sect. 4).

There is another possibility within the standard Glauber
approach to produce theJ/Ψ in two-step process on a nu-
cleus: the photon produces theJ/Ψ inelastically on one nu-
cleon with a subsequent diffractive scattering of the char-
monium on another nucleon. Inelasticities of these two in-
teractions should be adjusted to provide the desiredx1 for
the final J/Ψ . The contribution of this mechanism to the
cross section is evaluated in the Appendix and a value of
less than 2% is found, which we neglect compared to the
main mechanism considered above.

3 Triple-Regge formalism for J/Ψ photoproduction

As soon as the nuclear suppression factorSγAΨ is calculated
within Glauber approximation, one can predict the nuclear
cross section provided that theJ/Ψ photoproduction cross
section on a free nucleon is known. We review briefly in this
and the next sections the well accepted mechanisms in order
to justify the usage of Glauber model and to get a reasonable
parameterization for the cross section.

In the standard triple-Regge formalism (see for instance
[5]) the diffractive inelastic photoproduction ofJ/Ψ is de-
scribed by the triple-Pomeron graph, depicted in Fig. 1.

The corresponding differential cross section reads

dσ(γN → J/ΨX)
dx1 dt

= G(γN → J/ΨX)
exp(−BΨp

in p2
T )

(1− x1)2αP (t)−1
.

(10)

Here t is the 4-momentum transfer squared.αP (t) is the
Pomeron trajectory andBΨp

in is the slope parameter for in-
elastic J/Ψ − p collisions. The factorG(γN → J/ΨX)

Fig. 1.The triple-Pomeron graph for the cross section of the reactionγN →
J/ΨX. Thedashed lineshows that only the absorptive part of the amplitude
is included

includes the triple-Pomeron coupling as well as thePγΨ
and thePNN vertices. It can be evaluated using the data
from hadronic interactions, assuming factorization of the
Pomeron.

G(γN → J/ΨX) = G(pp→ pX)
σ(γp→ J/Ψp)BΨp

el

σppel Bpp
el

. (11)

The momentum transfer squaredt is rather large inγN →
J/ΨX, |t|min = (M2

Ψ + x1Q
2)(1− x1)/x1 may reach a few

GeV2 dependent onx1. The Pomeron trajectoryαP (t) is
known to approach the value of 1 at high|t| [6], therefore
we takeαP (t) = 1.

Combining all the factors we get an estimate for thex1-
distribution of the inclusive photoproduction ofJ/Ψ on a
proton, integrated over transverse momenta

dσ(γN → J/ΨX)
dx1

=

=
BΨp

el

Bpp
el BΨp

in

σ(γp→ J/Ψp)
σppel

G(pp→ pX)
1− x1

. (12)

The effective triple-Pomeron constantG(pp → pX) = 3.2
mb/GeV2 is fixed by an analysis of data onpp → pX [5].
The elasticpp cross section and the slope parameter are
taken asσppel = 8 mb andBpp

el ≈ 10 GeV−2. The slope of the
pT -distribution of elasticJ/Ψ photoproduction is assumed
BΨN

el ≈ Bpp
el /2, since the slopes are related to the nucleon

and theJ/Ψ form factors respectively. On the other hand,
in the inelastic photoproduction ofJ/Ψ the nucleon is de-
stroyed and its formfactor does not contribute to the effective
slope (the same as in the case ofpp→ pX reaction, where
the slopeBpp

in ≈ 4 GeV−2 [5]). ThereforeBΨN
in is only due

to the charmonium formfactor. It was measured in the EMC
experiment [7] to beBΨp

in = 0.58± 0.07 GeV−2, but the
NMC experiment [8] led toBΨp

in = 0.23± 0.02 GeV−2. For
a mean photon energy〈ν〉 ≈ 100 GeV, the elastic photopro-
duction cross section isσ(γp → J/Ψp) ≈ 12 nb according
to the EMC measurements [7], but is≈ 27 nb according
to the NMC results [9]. In view of the uncertainties in the
measured values of the elastic photoproduction cross sec-
tion and the inelastic slope we fix them at a middle value
σ(γp→ J/Ψp) = 20 nb andBΨp

in = 0.45 GeV−2.
The cross section formula (12) is calculated with the

parameters given above and is compared with the data from
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Fig. 2. The data from the NMC experiment [2] for inelasticJ/Ψ pho-
toproduction on protons. Thesolid curveshows predictions based on the
triple-Pomeron phenomenology

the NMC experiment [9] in Fig. 2. A good agreement is
found both in shape and normalization.

Note that the triple-Pomeron is known to dominate in
the inclusive cross section ofpp interaction only atx1 > 0.9
[5]. The nondiffractive RRP triple-Reggeon graphs are im-
portant at smallerx1. OZI rule suppresses the RRP term for
J/Ψ interactions, therefore the triple Pomeron contribution
may be important down to lowerx1. Nevertheless, the triple-
Pomeron phenomenology does not necessarily describe the
data for x1 < 0.8. Particularly, the longitudinal formfac-
tor of the γ → J/Ψ vertex may substantially diminish the
cross section at midx1. Yet we need a parameterization of
the data for further applications, and Fig. 2 shows that (12)
reproduces the data well down tox1 = 0.6.

Usually the inelastic photoproduction ofJ/Ψ is treated
perturbatively, within the so called color-singlet model [4].
In that approach the cross section is predicted to be propor-
tional to the low-x gluon density distribution in the proton.
Although the Pomeron by definition includes all possible
kinds of perturbative graphs, but the ones of the color-singlet
model are not the leading contributions atx1 → 1. Therefore
the spectrum ofJ/Ψ predicted by the color singlet model
does not peak atx1 → 1, while the triple-Pomeron contribu-
tion does. The dominant mechanism comes from the ladder-
type graphs with excitation of the proton. Correspondingly,
the cross section is proportional to the double-gluon density,
which is approximately equal to the single-gluon density
squared.

We conclude that forx1 → 1 the inelastic photoproduc-
tion of J/Ψ cannot be used as a probe for the single-gluon
distribution, but it might be possible at midx1-values.

4 Color-singlet model

A popular approach to inelastic diffractive photoproduction
of J/Ψ on a nucleon target is the color-singlet model (CSM)
[4]. It is somewhat similar to the mechanism suggested in
Sect. 6, except that the color-octetcc̄ pair becomes colorless
via radiation of a gluon, rather than by means of a color-
exchange rescattering.

Radiation of a gluon takes some time, which may be
important if the process takes place in a nuclear environment.
Indeed, rescatterings of the color-octetcc̄ pair may induce
additional energy loss, and may result in an effective A-
dependence. Therefore we need to understand the space-time
pattern of gluon radiation in the CSM.

Sometimes the production of a charmonium in CSM is
associated with a two-step space-time development: first the
color-octetcc̄ pair is produced, then it propagates and finally
converts into a color-singlet state via radiation of a gluon.
The second stage is usually assumed to take a long time.

We do not think that such a treatment is possible in view
of a principal quantum-mechanical uncertainty: analogous to
the standard electromagnetic bremsstrahlung one cannot say
whether the gluon/photon has been radiated before or after
the interaction. Both Feynman graphs contribute to the cross
section (actually both are taken into account in perturbative
calculations [4]). One can understand this uncertainty as re-
lated to the lifetime of a fluctuation of the initial particle
containing the radiated gluon and the color-octetcc̄ pair.
This lifetime given by the energy-denominator equals to

tr =
2ν
M2

, (13)

whereM is the effective mass of the fluctuation,

M2 =
M2

cc̄

x1
+

k2
T

x1(1− x1)
. (14)

Taking the mass of thecc̄ pair Mcc̄ ≈ MΨ we get the fol-
lowing expression for the radiation time

tr =
2 ν x1(1− x1)
k2
T +M2

Ψ (1− x1)
. (15)

This radiation time is only about 1fm in the kinematical
region of the NMC experiment. One can safely neglect an
influence of nuclear medium on the process of hadronization
for such a short time interval. Therefore the multiple scat-
tering approach developed in Sect. 2 can be applied in the
case of CSM.

Note that even at very high energies, whentr be-
comes long, the effects of induced radiation by the color-
octet cc̄ pair during radiation time can be neglected since
2κind/M

2
Ψ � 1, whereκind ≤ 1 GeV2 is the density of

energy loss via induced radiation.

5 Beyond Glauber approximation

Considering photoproduction ofJ/Ψ in the quark represen-
tation one understands that a colorlesscc̄ wave packet, rather
than aJ/Ψ , is produced and propagates through the nucleus,
but theJ/Ψ may be formed far away from the nucleus if
the energy is high. Due to quark-hadron duality one can con-
sider the same effects taking into account photoproduction of
higher diffractive excitations of the charmonium,Ψ ′, Ψ ′′ etc.,
as well as all diagonal and off-diagonal diffractive rescatter-
ings of these states in nuclear matter. The corresponding
corrections are know as inelastic shadowing [15]. The sim-
plest, but quite accurate two-coupled-channel approximation
includingJ/Ψ andΨ ′ was considered in [16]. It was found
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that the thecc̄ wave packet produced inpp interaction is
such a combination ofJ/Ψ andΨ ′, which is quite close to
the eigenstate of interaction having the minimal possible in-
teraction cross section. This fact explains particularly why
J/Ψ and Ψ experience similar nuclear attenuation (cf. the
E772 experiment [3]).

We assume that the ratio of the photoproduction ampli-
tudes

Rγp =
〈Ψ ′|f̂ |γ〉
〈Ψ |f̂ |γ〉

, (16)

wheref̂ is the operator of diffractive amplitude, is close to
one inpp scattering where the corresponding value ofRpp

is measured to be 0.5 (see in [16]). This assumption onRγp

can be motivated by the similarity of thecc̄ components of
the wave functions of a photon and of a gluon.

The solution of evolution equation for thecc̄ wave packet
propagated through nuclear matter, which incorporates with
both effects of the coherence and formation lengths will be
presented elsewhere [18], but some numerical results are
published in [17]. Here we use the approximation of small
σΨNtot 〈T 〉 � 1. Then one can modify the Glauber model
expression (8) as follows [17]

SγAΨ ≈ 1− σeffTeff ≈ exp(−σeffTeff) , (17)

where

Teff =
1
2
〈T 〉[1 + F 2

A(qc)] (18)

is according to (8) the effective nuclear thickness covered
by the charmonium, which is controlled by the coherence
length lc ≈ 1/qel [11], and

σeff = σΨin [1 + ε R F 2
A(qf )] (19)

is the effective absorptive cross section for charmonium,
which is controlled by the formation length for the char-
monium wave function,lf ≈ 1/qf , where

qf =
M2

Ψ ′ −M2
Ψ

2x1ν
, (20)

is the longitudinal momentum transfer in the off-diagonal
reactionΨN 
 Ψ ′N .

The new parameterε in (19) is

ε =
〈Ψ ′|f̂ |Ψ〉
〈Ψ |f̂ |Ψ〉

, (21)

and is estimated in [16] in the oscillator approximation,ε =
−√2/3. Remarkably, with these parameters at high energies
σeff ≈ 0.6 σΨNin , i.e. theJ/Ψ attenuates in nuclear matter
substantially less than predicts Glauber model. This may be
understood as a natural consequence of color transparency.

We calculate ratio of production rates ofJ/Ψ for tin
to carbon using (17). The results forν = 70 and 100 GeV
are plotted in Fig. 3 in comparison with the data from the
NMC experiment [2]. We see that the discrepancy with the
inelastic photoproduction data (x1 < 0.85) is so large that it
is difficult to explain it by a few percent enhancement of the
gluon density in heavy nuclei. One has to look for another
explanation of the EMC-NMC effect.

Fig. 3. The data from the NMC experiment [2] for the ratio of inelas-
tic J/Ψ photoproduction rates on tin to carbon, measured with 200 GeV
(squares)and 280 GeV(circles) muons. Thethin solid and dashed curves
correspond to the Glauber-Gribov mechanism for nuclear suppression of
J/Ψ and ν = 100 and 70 GeV, respectively. Thethick solid and dashed
curvesshow predictions based on the proposed novel mechanism of diffrac-
tive interaction with a nucleus atν = 100 and 70 GeV, respectively. For
the origin of the dividing line atx1 = 0.85 see text

6 Novel mechanism ofJ/Ψ photoproduction
in nuclear matter

According to the arguments in Sect. 3 the photoproduction
of J/Ψ on a nucleon proceeds via Pomeron exchange, which
in the language of perturbative QCD can be interpreted as
a colorless gluonic exchange, containing at least two glu-
ons in thet-channel. In a nuclear interaction this colorless
exchange can be split into two color-exchange interactions
with different nucleons, keeping the beam and the nuclear
remnants in the final state colorless [19, 20].

The same physics can be represented as a consequence of
unitarity: the imaginary part of the elastic forward scattering
amplitude ofJ/Ψ on a nucleon is a product of an inelastic
J/Ψ N amplitude with itself time-conjugated (up to small
elastic and diffractive corrections). In the case of a nuclear
target one has to consider also products of two inelastic
amplitudes on different nucleons.

Thus, theJ/Ψ photoproduction on a nucleus can re-
sult from the photoproduction on a bound nucleon of acc̄
pair in a color-octet state, which propagates through nu-
clear matter loosing energy via hadronization until another
color-exchange interaction inside the nucleus converts the
pair back to a colorless state. Actually, this is a specific
QCD mechanism of diffractive excitation of the nucleus.
The energy of theJ/Ψ is less than the photon energy by
the amount lost via hadronization bycc̄ pair while it is in
the color octet state. We assume a constant energy loss per
unit of lengthdE/dz = −κ, what is true both for the color
string [21] and for the bremsstrahlung [22] mechanisms of
hadronization. In this case we have

x1 = 1− κ

ν
∆z , (22)

where∆z is the longitudinal distance covered by thecc̄ pair
in the color-octet state.

The correction from this mechanism to the cross section
for nuclear photoproduction can be calculated as follows

∆

(
dσγAΨ
dx1

)
= 2π

ν

κ
BΨN

el σ(γN → J/ΨN )
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×
∫

d2b

∞∫
−∞

dz1 ρA(b, z1)

∞∫
z1

dz2 ρA(b, z2)

×δ
[
z2 − z1 − (1− x1)

ν

κ

]
× exp

{−σΨNin

[
T (b)− Tz1(b) + Tz2(b)

]}
.(23)

The derivation of this expression includes following ingredi-
ents. We assume that the photon energy is sufficiently high,
ν � M2

ΨRA/2 to allow the photon to convert into thecc̄
pair long in advance. At the first interaction point (b, z1) the
cc̄ pair converts into the color octet state, corresponding to
the cut Pomeron with cross sectionσΨNin . It is important that
no longitudinal momentum is transferred to thecc̄ pair at this
point. All the loss of longitudinal momentum, (1− x1)ν, is
due to the hadronization, until the last interaction at point
(b, z1), where the color octetcc̄ pair converts back to the col-
orless state. This interaction proceeds with the same cross
section as the very first one, except for a factor 1/8 (no
summation over final colors of thecc̄ in this case). We also
use the relationσΨNel = (σΨNtot )2/16πBΨN

el , whereBΨN
el ≈ 5

GeV−2 is the slope ofΨN elastic scattering (see Sect. 3).
The δ-function in (23) takes care of energy-conservation in-
cluding the energy loss (22) during the intermediate state
hadronization. We also assume that thecc̄ pair does not atten-
uate when it propagates through the nucleus in a color octet
state. Actually, rescatterings of such a pair also may cause
an attenuation [23], but it is small provided that the photon
energy is sufficiently high (1−x1)ν/κ� RA. However, the
cc̄ pair does attenuate propagating through the nucleus in the
colorless state before the first interaction (ifqelRA � 1) and
after the last one. We assume in (23) a long coherence length
and zero formation length. We neglect the energy variation
due to these effects because the estimate (23) is quite rough
and the accuracy of data [1, 2] is low as well.

The only unknown parameter we are left with in (23)
is κ, the energy loss per unit length. In the string model it
equals the string tension. The color-octet string tensionκ
may substantially exceed the known value for color-triplet
stringsκ3 ≈ (2πα′R)−1 ≈ 1 GeV/fm [21], whereα′R ≈ 1
GeV−2 is the universal slope of Regge trajectories. Indeed,
the string tension of the color-octet string must to be related
to the slope of the Pomeron trajectory,α′P ≈ 0.2 GeV−2,
which is much smaller thanα′R. Thus,κ8 ≈ (2πα′P )−1 ≈ 5
GeV/fm [20].

One may also treat the energy loss perturbatively as a
result of gluon bremsstrahlung by the color-octetcc̄ pair.
It was demonstrated in [22] that bremsstrahlung provides a
constant density of energy loss, similar to the string model.
The mean squared color-octet charge is 9/4 times bigger
than the color-triplet one, so is the energy loss. Besides, in
the case under discussion the color-charge appears during
the first interaction with a bound nucleon at the timet = t1,
then propagates for the time,∆t = t2 − t1 and disappears
when thecc̄ pair becomes colorless. Such a process with
switch-on and switch-off causes a double bremsstrahlung
[22] (see also [19]): only that part of the frequency spectrum
is emitted during a time interval∆t, which has radiation
time tr = 2ω/k2

T < ∆t, whereω andkT are the energy and
transverse momentum of the radiated gluon, respectively. At
the timet = t2 the cc̄ pair converts to a colorless state and

Fig. 4. The cross section per nucleon forJ/Ψ photoproduction on lead. The
solid curvecorresponds to Glauber-Gribov mechanism of nuclear shadow-
ing at ν = 100 GeV. The novel mechanism contributions atν = 30, 70,
100 and 140 GeV are shown bydashed curves

the radiation process stops. A new radiation process caused
by the charge stopping starts, and another piece of the gluon
spectrum is radiated, identical to the one previously emit-
ted. Thus, the intensity of radiation and the energy loss are
twice as large as in a single-scattering process. Summariz-
ing, we expect the energy loss for gluon bremsstrahlung in
the double-scattering process with a color-octet intermedi-
ate state to be 4.5 times larger than that for radiation of a
color-triplet charge, produced in a single scattering process.
This estimate is very close to the one we found above in
the string model, so we fix for further calculationsκ = 5
GeV/fm.

The new mechanism provides anx1-dependence of the
cross section quite different from the standard one. There
is no cross section forx1 < 1− κRA/ν, since the amount
of lost energy is restricted by the length of the path of the
color-octetcc̄ pair inside the nucleus. This contribution does
not peak atx1 → 1, but may have even a minimum due to
a longer path of the colorlesscc̄ pair in nuclear matter.

The contribution of this mechanism may cause anA-
dependence steeper thanA1, since there is more room for
integration over longitudinal coordinatesz1 andz2. For this
reason the contribution of the mechanism under discussion,
is important for heavy nuclei at moderately highx1. We com-
pare the contribution of Glauber-Gribov mechanism calcu-
lated with (17) and the novel one given by (23) toJ/Ψ pho-
toproduction on lead at different photon energies in Fig. 4.
We see a strong energy variation of the latter contribution,
which shifts with energy towardsx1 = 1. At the same time
the energy dependence of nuclear effects provided by a vari-
ation of the coherence and formation lengths is so small that
we plotted only one curve for the Glauber-Gribov mecha-
nism atν = 100 GeV.

We see that both mechanisms the Glauber one and the
two-step production are of the same order atx1 ≈ 0.6−0.7.

The novel mechanism proposed here does not display
the Feynman scaling typical for the standard mechanism,
but this contribution grows with energy at fixedx1. This is
easy to understand: the total contribution integrated overx1
is energy independent, but the range of 1−x1 shrinks∝ 1/ν.
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Fig. 5. Nuclear suppression/enhancement factor forJ/Ψ photoproduction
on xenon and nitrogen atν = 30 GeV

With the above value ofκ = 5 GeV/fm andσΨNin = 5 mb
we calculate the contribution of the double-color-exchange
mechanism (23). Combining with the Glauber contribution
from Sect. 2 we have

dσγAΨ
dx1

= SγNΨ
dσγNΨ
dx1

+∆

(
dσγAΨ
dx1

)
. (24)

The result for the ratio of the cross sections for tin to carbon
is plotted in Fig. 3 for two photon energiesν = 70 and 100
GeV typical for the NMC experiment in comparison with
the data [2].

It should be noted that such a comparison is legitimate
only for x1 < 0.85 where the experimental resolution of
the J/Ψ momentum suffices to separate events of inelastic
photoproduction from the quasielastic ones. Forx1 > 0.9
quasielastic photoproduction ofJ/Ψ is supposed [1, 2] to be
the dominant process. In this region we should compare the
data with the quasielastic photoproduction cross section. The
corresponding formula is derived in [10, 11]. It is different
from formulas (3) - (5) for inelastic photoproduction, but in
the approximationσΨNtot 〈T 〉 � 1 looks analogous to (17)

σQel(γA→ Ψ ) ≈ σ(γN → ΨN ) A{
1− 1

2
σΨNtot 〈T 〉 [1 +F 2

A(qel)
] [

1 + ε R F 2
A(qf )

]}
, (25)

The results of calculation with (17) shown in Fig. 3 cor-
respond to quasielastic scattering in the limitx1 → 1,
where the momentum transfer (20) acquires the valueqf =
(M2

Ψ ′ −M2
Ψ )/2ν.

Figure 3 shows a good agreement with the data both for
inelastic and quasielastic photoproduction ofJ/Ψ off nuclei.

It is important to study the energy dependence of the
effect under discussion, which is expected to be interesting.
It seems most likely that new data on inelasticJ/Ψ photo-
production will be taken with the HERMES spectrometer at
HERA. In Fig. 5 we show predictions for nuclear suppres-
sion/enhancement factorSγAΨ at ν = 30 GeV for xenon and
nitrogen.

7 Conclusions and discussion

We summarize the main results of the paper as follows.

– The cross section of inelastic photoproduction of char-
monia off nuclei is calculated within the eikonal (Glau-
ber) approximation. Corresponding formulas are derived
for the first time. We also correct the Glauber formulas
for inelastic shadowing, which makes nuclear medium
substantially more transparent for charmonium.

– The experimentally observed nuclear enhancement of in-
elasticJ/Ψ photoproduction atx1 < 0.85 is found to be
too large compared with expectation of Glauber model
to be explained by an enhancement of gluons in nuclei
at low xBj .

– A novel QCD mechanism of charmonium photoproduc-
tion is suggested, which is not included in the standard
multiple-scattering theory and can only occur in a nuclear
target. This mechanism arises as a natural consequence
of the colored structure of the Pomeron: the projectile
hadron (or a hadronic fluctuation of the photon) induces
a color dipole in the target nucleus, leaving the nucleus
in a colorless state. This is a specific way of diffrac-
tive excitation of the nucleus and inclusive production
of leading hadrons.

– As different from the Glauber model the new mechanism
contribution is essentially energy-dependent and violates
Feynman scaling. Due to steeper an A-dependence this
mechanism successfully competes with Glauber one at
moderatex1 in the energy range of the EMC and NMC
experiments and nicely explains the observed [1, 2] nu-
clear enhancement of the photoproduction cross section.
This effect is expected to be squeezed towardsx1 = 1
and to vanish under the quasielastic peak at higher ener-
gies.

– We conclude that the observed nuclear enhancement of
inelastic photoproduction ofJ/Ψ is the evidence of a
new phenomenon related to specifics of QCD. An anal-
ogous effect in the case of interaction of light hadrons
turns out to be suppressed and escapes observations
[19, 20]. Photoproduction of heavy quarkonia might be
a unique reaction where the new mechanism can be ob-
served.

Note, that a specific channel of decay of the color-dipole
created inside the nucleus into two nucleons was suggested
in [24] as a source of the backward protons in the laboratory
frame. Measurements by the SIGMA Collaboration [25] of
backward proton production in pion-beryllium interaction at
40 GeV nicely confirmed the theoretical expectations. This is
another manifestation of the of double-color-exchange mech-
anism.

The important signature of the mechanism under discus-
sion is its specific energy dependence. The nuclear enhance-
ment does not vanish at higher energies, but is squeezed
towardsx1 = 1. This is different from gluon distribution in
a nucleus, which anyway have to switch to nuclear shadow-
ing at higher energies, i.e. smaller Bjorkenx2.

We are thankful to A. Br̈ull and Ch. Mariotti providing us with detailed
results of the NMC experiment for stimulating discussion and J. Nemchik
for useful comments. This work was partially supported by a grant from
the Federal Ministry for Education and Research (BMBF), grant number
06 HD 742, and by INTAS grant 93-0239.
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Appendix

We estimate the correctionδ(dσγAΨ /dx1) from inelastic pro-
duction of J/Ψ with inelasticityα at one point in the nu-
cleus, with subsequent inelastic rescattering with inelasticity
β on another bound nucleon. This contribution to the cross
section integrated over transverse momenta reads

δ

(
dσγAΨ
dx1

)
≈ A T̃

1∫
0

dα

1∫
0

dβ δ(x1 − αβ)
dσγNΨ

dα
dσγNΨ

dβ
,

(26)

where

T̃ =
1

2A

∫
d2b T 2(b) exp[−σΨNin T (b)] (27)

We assume for the sake of simplicity that the energy is
high, qelRA � 1.

After integration (26) takes the form

δ

(
dσγAΨ
dx1

)
= T̃ K(x1) A

dσγNΨ
dx1

, (28)

where the factorK(x1) is a slow function ofx1,

K(x1) =

(
σΨptot

σpptot

)2
G(pp→ pX)

BΨp
in

×
[

(1 +x1) ln

(
1− x1

ε

)
+ x1 ln

(
1
x1

)]
(29)

Hereε = M2
0/s, whereM0 is the minimal mass of the excited

nucleon in final state, which we include in the integration
over inelasticities in (26). AtM0 = 2 GeV andx1 = 0.9 we
estimate the factorK ≈ 0.03 fm2

The effective nuclear thickness (27) for tin is̃TSn ≈ 0.3
fm−2.

We conclude that according to these estimates and ex-
pression (29) the correction under discussion has nearly the
same form ofx1-dependence as the standard mechanism
contribution, but is suppressed by the factorK T̃ A/SγNΨ ≈
0.016. We can neglect such a small correction for our pur-
poses.
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