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We develop a rigorous quantum-mechanical treatment of color transparency effects in diffractive pho-
toproduction of ¢c pairs on nuclei. The evolution of the ¢c wave function during propagation through a
nucleus is more a considerable distortion of its form than a trivial attenuation. One of the manifestations
of the quantum effects is a nuclear antishadowing of the ¢’ yield, i.e., transparency above one. However,
considerable nuclear shadowing is predicted for the photoproduction of J /¢, which has a much smaller

absorption cross section than /',

I. INTRODUCTION. SPACE-TIME PATTERN
OF CHARMONIUM PHOTOPRODUCTION

A salient prediction of QCD is a close connection be-
tween the interaction cross section of a hadron and its
transverse dimension: the more compact the hadron, the
more weakly it interacts [1-3]. As a result a nucleus
should be transparent for a high-energy hadron partici-
pating in a process where only compact fluctuations of
the hadron can survive [4,5]. It means that nuclear tran-
sparency, defined as
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where o 4, and o are the cross sections of the process on
a nuclear and nucleon targets, should be close to unity.
Indeed, analyses [6,7] of experimental data from Ser-
pukhov on quasifree charge-exchange scattering
7~ p—7°n on bound protons at 40 GeV demonstrate a
steep easing of the pion attenuation in a nucleus depend-
ing on momentum transfer. It is a clear signal of color
transparency. On the contrary, measurements of quasi-
elastic pp scattering at 90° in the c.m. frame, performed at
BNL [8] at energies up to 13 GeV, showed an unexpected
fall of the nuclear transparency. Any of the existing ex-
planations [9,10] consider a considerable admixture of
nonpointlike hadron configurations. This uncertainty ob-
scures the situation and makes one look around for other
hard processes, in which more definite information about
the hadron wave function at the moment of interaction is
available. The diffractive photoproduction of charmoni-
um, considered below, is one example.

The influence of color transparency on J /¢ photopro-
duction on nuclei was considered on a qualitative level in
Ref. [11]. The authors divided conventionally the pro-
cess of J /3 production into two stages, shown in Fig. 1.
The first one is the creation of a compact ¢c pair, local-
ized in a small volume with a dimension of about 1/m,.
Because of the uncertainty principle, this stage takes in
the laboratory frame a time
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As a matter of fact, this is the lifetime of the hadronic
fluctuation with m =~2m, in a vacuum. According to this
estimate, the creation of the Cc pair at energies below
100-150 GeV can be attributed to the interaction with a
single nucleon in the nucleus.

The second stage is the formation of the charmonium
wave function. It lasts in the laboratory frame for a
period T, related to the reversed distance between low-
energy levels of the ¢c system, multiplied by the Lorentz
factor:
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This estimate demonstrates that, starting from energies of
a few tens of GeV, the formation zone of the charmoni-
um exceeds nucleus radii. In this case one can expect
that transparency should exceed the prediction of the
Glauber model due to a weak attenuation of the compact
¢c system in a nuclear medium [11]. The Glauber model
is valid only at low energies, when 75 is much shorter
than the nuclear radius.

A numerical estimation of the nuclear transparency in
the J /¢ photoproduction was first performed in Ref. [12]
under the assumption that the ¢c pair propagates along

FIG. 1. Space-time pattern of diffractive photoproduction of
charmonium in two energy regions: (a) the time of ¢c creation,
Tps is much shorter than the internucleon distance (b) the time
T, considerably exceeds the nuclear radius.
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fixed trajectories starting from the pointlike config-
uration. It was assumed that the absorption cross section
of the Cc system increased proportionally to the distance
covered by the quarks in the laboratory frame. The for-
mation time 7; was twice as small as ours. The authors
of [12] found that the Glauber approach is approximately
valid at SLAC energies. However their predictions
overestimate the high-energy data [13].

It is worthwhile noting that, starting from the same ar-
guments, the authors of [11] came to the opposite con-
clusion; they argued that the Glauber approximation
should be crudely violated even at SLAC energies. From
our viewpoint, the source of disagreement is the too large
value of formation time used in [11], four times higher
than ours, (3).

In addition, it is obvious that an approach based only
on qualitative arguments and semiclassical estimations
cannot produce any rigorous quantitative results. It is
argued in the present paper that the inner dynamics of
the ¢c system including quantum effects are of great im-
portance. We approximate the wave function of char-
monium with the nonrelativistic harmonic oscillator, and
find an exact solution for the evolution operator of the cc
system, propagating through a nuclear medium of vary-
ing density. An analogous approach was used by the au-
thors earlier [7] for analysis of BNL data [8] on nuclear
transparency in quasielastic pp scattering. Of course the
application of the oscillator model in the latter case was
rather questionable. For the Cc system, it is much more
justified.

From the point of view of the double-step approach
[11] to the process of ¢c photoproduction, shown in Fig.
1, one can single out two energy regions where the treat-
ment is most simplified. The first one corresponds to the
case of 7, <<R 4, shown in Fig. 1(a). Nuclear transparen-
cy can be written in the form
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Here p 4(r) is a nuclear density function; ¥;, is a wave
function of the ¢c system originated from the process
yN —TcN [Fig. 1(a)]; ¥, is a wave function of the pro-
duced charmonium, J /¢, ¥, etc.; U(E) is the evolution
operator of the ¢c system in nuclear medium. We neglect
the integration over the momentum transfer in the reac-
tion YN —¢CcN, because the transferred momentum can-
not affect essentially the wave function W, of the com-
pact ¢c system. For the same reason, i.e., due to the
smallness of the radius of the ¢c system and its interac-
tion cross section, we ignore in (4) any incoherent final-
state interactions.

At much higher energies, when 7, >>R ,, the pattern
of charmonium photoproduction changes drastically.
Now the photon converts into the ¢c¢ pair long before the
nucleus, as is shown in Fig. 1(b). The condition 7, >R ,,
guarantees simultaneously a smallness of a variation of
the transverse size of the ¢c system during propagation
through the nucleus. So the influence of the nuclear
medium is reduced to a simple attenuation factor, and the
nuclear transparency takes the form
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Here b is an impact parameters of the Cc-pair center of
mass; T(b)= f ® -4z p 4(b,z) is the nucleus profile func-
tion; o(p) is the interaction cross section of the ¢c pair,
depending on its relative impact parameter p. The in-
tegration over p is assumed in (5). In analogy with for-
mula (4) we neglect the multiple incoherent interactions
of the Cc pair, as well as the integration over transverse
momentum.

It is worthwhile emphasizing that the color transparen-
cy phenomenon is not reduced to a simple filtering of
pointlike ¢c pairs. Nuclear absorption distorts the form
of the ¢c wave function. From the phenomenological
point of view, this phenomenon is equivalent to the
effects of the Gribov inelastic corrections [14]. The latter
are known to bring about an antishadowing [15,16] in
some cases, i.e., an increase of the nuclear transparency
in comparison with expectations of the Glauber approxi-
mation. It is shown below that just this phenomenon
takes place for ¢’ photoproduction on nuclei: in spite of
the attenuation in nuclear matter, the yield of ¥ per nu-
cleon is predicted be higher than on a free-nucleon target.
So nuclear transparency, formally defined in (1), is above
1 in this case.

II. EVOLUTION OF ¢c SYSTEM PASSING A NUCLEUS

Let us go to the c.m. of the € pair where a nonrela-
tivistic quantum-mechanical description is appropriate
for lowest states. If one represents the evolution operator
in the form of functional integral, the influence of nuclear
medium will result in a supplementary attenuation factor,
exp(—1 [dlo(p)p 4(r)) for each virtual trajectory,
where o(p) is the total cross section of the ¢¢ pair interac-
tion with a nucleon, depending on the transverse inter-
quark distance p. The integral is taken along the trajec-
tory in the laboratory frame. So the evolution operator
can be represented in the form

U= [Drexp |i [dt Lg(r,7,0) |, (©6)
Lcﬁ(r,+,r>=L<r,+)+i—l’27’—o(TT>p,,(r(t>) . 7)

Here 7 is an interquark radius vector; ¥ and v are the
Lorenz factor and the velocity of the ¢c pair in the labo-
ratory frame; L(7,7) is the vacuum Lagrangian of the cc
system. We approximate the latter with the harmonic-
oscillator model

2 2
L(T,+)=J“2L—&9’2—Tz— , (8)

where u=m_,/2, m,=1.5 GeV. The oscillatory frequen-
cy o=(M,—M,)/2 is adjusted to the low states of char-
monium.

The widespread approach to the problem of the total
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cross section of hadron interactions is the double-gluon
approximation in QCD [1-3]. A ¢g pair with a relative
impact parameter p interacts with a nucleon. with the
cross section

16a2 [1—exp(ik-p)][1—F (k)]
— s d2k P P 9

The effective gluon mass m, is introduced to account for
the confinement. We fix it at the pion mass. The
double-quark form factor F(k)=( N|exp[ik(r,—r1,)]|N)
is averaged over the nucleon wave function.

We take into account also the evolution of the QCD
coupling, as(qz), which is essential due to the smallness
of the charmonium radius. According to the usual
prescription [17], one should choose a maximal virtuality
g? of lines on a Feynman diagram entering the vertex. So
we put the product a (k?)a,[max(k?,1/p?)] in place of
a? in (9), where 1/p? characterizes the virtuality of the c-
quark line. We use the one-loop approximation for the
k? behavior of a,. However at small values of k2, pertur-
bative QCD fails; then we fix a,(k?2) at a constant value.
These two regimes join at some border value of k =k,:

2T

— 2T ftk<k,,
9in(ke/Agep) K <Ko
a,(k)=
s 27
- 3 k .
9In(k /Agen) <7 Ko

Normalizing {(o(p)),=oi¥=24 mb, we fix k,=0.47
GeV at Agcp=0.2 GeV. Computed in this way o(p)
reproduces well the European Muon Collaboration
(EMC) data on g2 evolution of the nucleon structure
function at small x [18].

At small values of p> < (p?), , the cross section (9) is
close to a simple behavior

o(p)=~Cp?, (10)

used hereafter for the computing of the nuclear tran-
sparency. The factor C is fixed by the relation
c— oi(YN) - o' N) ’ (1)
< P2>¢ (P2>d/
where o,,,(¥N) and o,,(¥'N) are the average values of
o(p) weighted with squares of J/¢¥ and ¢’ wave func-
tions, respectively. Using the oscillatory model and the
double-gluon approximation we find o, (¥N)=5.75 mb
and 0 (¥'N)=12.23 mb. The mean radii are,
<p2>,,,=2/mcw, <p2)¢r=7(p2>¢/3. Note that this value
of (p*), [and consequently o (¥N)] obtained in
simplified oscillatory model is close to the result of exact
calculations with the realistic wave function of J /¢ [19].
At the same time this estimate of o,,,(¥N) is considerably
higher than the value extracted from photoproduction
data using the vector-dominance hypothesis [20]. The
latter however is known to fail crudely for J /v [21,22].
We compare the behavior (10) shown in Fig. 2 by a
dashed curve, with the more sophisticated double-gluon
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FIG. 2. Interaction cross section of a gq pair separated by a
relative impact parameter p, on a nucleon target. The solid
curve corresponds to the double-gluon-exchange approxima-
tion. The dashed curve shows a simple p? behavior (10).

approximation. One can see that both curves are very
close at small p? < (p)3,

The absorption term in (7) leads to a modification of
the frequency w; of transverse oscillators [7]:

or=[w*—id(r)]"?,
where
8(r)=p 4(r)yvowo(YN) .

To calculate the evolution operator of the ¢c system
propagating through a nucleus with a varying density
function we changed the latter with a multistep function.
Within each slice of constant density one can use the
known expression for the evolution operator for an har-
monic oscillator with constant frequency [23,7]. For the
one-dimensional oscillator,

1/2
_ po

27ri sin(wt)

| O0)x)=

—i&[(y2+x2)cos(wt)—2xy] ,

x
P | 2 sin(wr)

(12)

where x and y are the initial and final coordinates of the
oscillator.

The evolution operator for the multistep nuclear densi-
ty can be found using the convolution relation

O(t,, =00ty ., —1,)001(z,) . (13)

Here ¢; is the moment the border between corresponding
slices passes by the Cc pair. Note that the recurrent se-
quence (13) can be finished as soon as the nuclear density
becomes sufficiently small, because the evolution operator
in the vacuum provides only a phase factor, unessential
for nuclear transparency (4).

After applying expression (12) and relation (13) we get
the entire evolution operator, which also has a Gaussian
form
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Here ¢t is the total time of propagation of the ¢c¢ pair along
the given trajectory through the nucleus. Values of the
factors A4 (t), a(t), B(t), and y(¢) can be computed using
the following recurrent relations following from (13):
, 172
i
a(tn)+ﬁ(tn+1—tn) ’

A(tn+1): A(tn+1_tn )A(tn)

Yt 11— 1)
 4lalt,)+B(t, 1 —t)]
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P T a1, ) Bty 11— 1)]

alt, ))=alt, 1 —t,)
(15)

B(tn+1)=B(t")— 2

The factors A, a, B, y depending on the argument
t, +1—t, are defined according to expression (12).

Summarizing, expression (14) and relations (15) solve
the problem of the determination of the entire evolution
operator for a given trajectory of the ¢c pair.

III. CHOICE OF INITIAL WAVE FUNCTION
OF THE cc PAIR.

In order to calculate the nuclear transparency using
formula (4) one needs also an initial wave function ¥;, of
the diffractively produced ¢c pair in the process
YN —ccN. For the sake of simplicity we restrict our-
selves to two variants of W; . The first one uses the wave
function of the ¢c pair produced in the process y N —¢cN
at very high energies, when the production time 7, is
considerably higher than a nucleon radius. We assume
that this choice of ¥;, can be used at maximal allowed en-
ergies (see the Introduction) about 100—150 GeV, where
the ratio 7, /ry is of the order of 2-3.

In accordance with the diffractive mechanism of cc-
pair production shown in Fig. 1, the asymptotic ¢c wave
function is a product of the quark wave function of the
photon and the amplitude of Cc-pair interaction with a
nucleon, i.e., o(p). The former should be taken for that
photon component which has an helicity equal to a sum
of helicities of € and ¢, because we are working within the
nonrelativistic approach to the charmonium wave func-
tion. Using the formula of the noncovariant perturbative
theory in the infinite momentum frame

ln){n|Pli)

wy=3 e linlPli)

n
we get the wave function in the momentum representa-
tion

Y (a,kp) < (m2+k3)7t, (16)
where a is the light-cone variable of the ¢c pair, a part of

the total momentum carried by one of the quarks. Com-
ing back to the p representation we get the transverse
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part of the photon wave function in the form of the
modified Bessel function ky(m.p). Gathering all parts
together, the transverse part of the ¢c wave function ¥;,
[18] takes the form

VIp)<Ko(mplo(p) . 17

This behavior shown in Fig. 3, except the very far tail is
quite exactly reproduced with a simple parametrization

¥I(p)~const X [exp(—p?/a?)—exp(—p?/b?)],

where @ =0.536 fm, b =0.11 fm.

A longitudinal part of the Cc-pair wave function (16)
produced in the reaction y N —¢cN, is independent of a.
So in the c.m. of the Cc-pair the intrinsic momentum is
distributed in a region of the order of m,. Then the cc
pair is located within a region Az=1/m_ of the longitu-
dinal coordinate. A specific choice of the form of the lon-
gitudinal part of W, does not play any role for the J /¢
production because of a factorization of transverse and
longitudinal coordinates in the oscillatory model. It does
not affect considerably the nuclear transparency for i’
photoproduction also, in spite of the lack of the fac-
torization. We wuse the Gaussian parametrization,
WL « exp(—z2?/d?), with d =1/2m.. We check below a
sensitivity of the results to the parameter d.

An additional test of validity of input wave function
(17) is the calculation of a ratio of yields of J /¢ to ¢’ on a
nucleon target:

| Iyl
B <'/}I|"pin>

The computed value R =6.5 nicely agrees with the mea-
sured value [24] R =6.81+2.4. Nevertheless we should
note that the input wave function (17) is approximate
even at asymptotic energies. We used in (16) the free-
quark approximation, neglecting the interquark interac-
tion. The latter brings about a correction of about 30%
to the mass of the Cc system at a relative distance of
1/m,. This effect is important for the absolute value of
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FIG. 3. The input wave function ¥;,(p) of a ¢c pair pho-
toproduced on a nucleon. The solid curve corresponds to the
exact expression (17). The dashed curve is the result of a fit
with a two-Gaussian parametrization.
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the photoproduction cross section, but is not essential for
the nuclear transparency.

Let us remember that the minimum in the p depen-
dence of ¥I(p) at p=0 is the result of the modulation of
the wave function with the factor o(p) in (17). It is truly
only if the transverse coordinates of the Cc pair are
“frozen” during the interaction with a single nucleon.
The latter is possible at sufficiently high energy, which
provides Tp >>1. Af lower energies, when this condition
is crudely violated, a transverse shift of quarks during the
interaction with the nucleon is important. Indeed,
Ap=~vpT,~1/m, where vp=2m /E, is the velocity of
transfer motion of ¢ quarks in the laboratory frame.
Thus the transverse shift of quarks during the interaction
is of the order of the size of the quark localization region.
As a result, the specific form of the wave function (17) is
entirely wiped out. For this reason at low energies we use
a simple parametrization of the initial ¢c wave function in
the form

Wl(p) < exp(—p*/a?) . (18)

Note that the decreasing of the time of life of the ¢c pair,
Tps leads to the reduction of the transverse dimension of
the fluctuation, because the hadronic fluctuation of the
photon starts from a point. For this reason the parame-
ter a in (18) is not connected directly with the dimension
of asymptotic distribution (17). Below we will test a few

values of a.

IV. RESULTS OF CALCULATIONS

The results of a calculation of the transparency of nu-
clei °Be, ®Fe, and 2°’Pb with the Saxon-Woods nuclear
density, for the photoproduction of J/¢¥ and ', are
shown in Fig. 4. We used expression (4) and a €c initial
wave function in the form of (17). Experimental data [13]
on J /¢ photoproduction at an energy of E, =120 GeV
are depicted in the same picture. Though the calcula-
tions were performed in a wide energy interval, we recall
that the usage of the asymptotic form of wave function
(17) is questionable at low energies. In addition, the re-
sults of the Glauber model for photoproduction of J /¢
and ¥/,

1 o
TN(G1)=7fd2b f_w dz p 4(b,z)

X exp |~ oM [ “dz'p 40,2 |,

(19)

are also depicted in Fig. 4 with crosses.

One can see that the transparency for J /¢ photopro-
duction is nearly energy independent and is close to the
Glauber-model prediction. At high energies, where this
variant of calculations is most justified, our predictions
agree well with the experimental data [13].

On the contrary, the photoproduction of y’, displays
some peculiarities. First, at high energies the transparen-
cy is considerably higher than the Glauber predictions, so
inelastic corrections play an important role. Second, the
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transparency for 9’ is higher than for J /4 production, in
spite of the fact that o,(y'N) is more than two times
higher than o,,(¥N). At last the transparency exceeds
unity at energies higher than 40-60 GeV, i.e., nuclei
enhance the yield of y'. This means that the nuclear
transparency defined in (1) cannot be interpreted in ac-
cordance with an intuitive understanding, as a simple at-
tenuation in the nuclear medium. This result shows also
that the distortion of the ¢c wave function during propa-
gation through the nucleus plays a more important role
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FIG. 4. Energy dependence of nuclear transparency for J /¢
and ¢’ photoproduction on (a) °Be, (b) **Fe, and (c) **’Pb, com-
puted with the asymptotic input wave function (17). The
crosses depicted on the y axis are the predictions of the Glauber
approximation (19), independent on energy.
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FIG. 5. Energy dependence of nuclear transparency for J /¢

and ¢’ photoproduction on *’Pb computed with the low-energy
input wave function (18), vs value of parameter a.

than the nuclear attenuation. Of course the total yield of
Cc is shadowed. Note that the possibility of a positive
contribution of inelastic corrections was discussed earlier
in Refs. [15,16].

The results of calculations with the second variant (18)
of 1, more appropriate at low energies are shown in Fig.
5 versus the value of the parameter a. This choice of the
initial wave function essentially modifies the nuclear tran-
sparency. First, in the case of J /¢ production a strong
energy dependence appears. Second, the relation between
yields of J /¢ and ¢’ is found to be sensitive to the size of
the initial ¢c system: the larger the parameter a, the
higher the relative yield of ¢'. Within the uncertainty of
the parameter a, the results agree well with the measure-
ments at SLAC at E,=20 GeV [25]. The measured
value of the ratio R =Tr(°Be)/Tr('*Ta)=1.21+0.08
should be compared with the prediction ranging from
1.25 to 1.27 for the parameter a =(1-3)/m,.

Now let us proceed to another energy region where
both 7, and 7, are much higher than the nuclear radius
R ,. Under these conditions the relative impact parame-
ter p of the Cc pair is “frozen” during the propagation
through the nucleus, so one can use asymptotic expres-
sions (5), for the transparency, and (17) for the Cc-pair
wave function. The results of calculations are collected
in Table I.

Note that the asymptotic values of the transparency
are lower for J /¢ and a little higher for ¢’ than those at
intermediate energies, depicted in Fig. 4. Consequently
the growth of the transparency at intermediate energies
should turn to a fall at higher energies. The reason is ob-
vious: in the latter case a path covered by the hadronic
fluctuation inside a nucleus is longer. As a result the
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TABLE I. Nuclear transparency for J /¢ and ¢’ at asymptot-
ic energies.

A Be Fe Pb
J/ 0.85 0.72 0.5
1 1.08 1.12 1.08

influence of the nucleus at asymptotic energies is
stronger, but we have found out that it manifests itself as
the shadowing for J /¢ and the antishadowing for '.

V. CONCLUSIONS

Let us summarize the main conclusions of the present
paper.

(a) Quantum effects for a quark system propagating
through a nuclear medium are very important. The nu-
clear absorption causes not only an attenuation but dis-
torts also the quark wave function.

(b) Nuclear transparency essentially depends on the
wave function of the quark system at the moment of its
creation. Figs. 4 and 5 illustrate the sensitivity to the
choice of wave function. We conclude that nuclear sha-
dowing of charmonium production in hadron-nucleus in-
teractions is uncertain up to the initial ¢¢c wave function
which depends on the production mechanism.

(c) The relative yields of different final states consider-
ably vary depending on their wave functions. The excit-
ing prediction of this paper is nuclear antishadowing of
¥’ photoproduction in spite of nuclear absorption.

(d) On the contrary, to the naive expectation of the
Glauber approach, nuclear transparency for photopro-
duction of ¢’ is higher than for J /4, in spite of the larger
absorption cross section of the former. This result might
explain the experimentally observed high yield of ¥’ in
hadron-nucleus interactions [26].

(e) At asymptotic energies nuclear effects are enhanced,
both the shadowing for J /4 and the antishadowing for

Y.

Summarizing, the color transparency phenomenon is
analyzed in the present paper in a simple and clear case
of heavy-quarkonium photoproduction. The theoretical
expectations agree well with the available experimental
data on nuclear enhancement of the J /v photoproduc-
tion cross section. Nevertheless more precise measure-
ments in a wide energy range, as well as data for ¢’, are
desirable to have a more definite confirmation of the
color transparency phenomenon. It would be of high in-
terest to have also data for a photoproduction of bb quar-
konia in which the present approach can be used.
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