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We discuss the negative Feynman-x regime of the new data for the production of thec8 meson inpA
collisions at 450 GeV at CERN-SPS(of the NA50 Collaboration). We extract from the CERN datassc8Nd
<8 mb under the assumption that thec8 is produced as a result of the space-time evolution of a pointlikecc
pair which expands with time to the full size of the charmonium state. In the analysis we assume the existence
of a relationship between the distribution of color in a hadron and the cross section of its interaction with a
nucleon. However, our result is rather sensitive to the pattern of the expansion of the wave packet and
significantly larger values ofssc8Nd are not ruled out by the data. We show that recent CERN data confirm the
suggestion of Gerlandet al. [Phys. Rev. Lett.81, 762 (1998); Nucl. Phys. A663, 1019 (2000)] that color
fluctuations of the strengths in charmonium-nucleon interaction are the major source of suppression of theJ/c
yield as observed at CERN in bothpA andAA collisions.

DOI: 10.1103/PhysRevC.69.014904 PACS number(s): 24.85.1p, 12.38.Aw, 12.39.Hg, 12.40.Vv

I. INTRODUCTION

The aim of the present paper is to show that the theoret-
ical description of the production and annihilation yield of
particles with hidden charm, which accounts for color fluc-
tuations in charmonium-nucleon interactions, agrees with
new data of the NA50 Collaboration[1] who observed quite
different J/c- and c8-nucleon cross sections. Analogous re-
sults have been found at negative Feynmanx sxFd in proton-
nucleus collisions at 800 GeV at Fermilab by the E866 Col-
laboration[3]: Both experiments found that the charmonium-
nucleon cross section is smaller in the target fragmentation
region than at midrapidity. This is in good agreement with
models that assume that thec8 is produced due to a space-
time evolution of colorless, pointlikecc pairs, which expands
with time to its full size and that there exists a relationship
between the distribution of color in a hadron and the cross
section of its interaction with a nucleon. The agreement of
this scenario with the negativexF Fermilab data[3] was first
demonstrated in Ref.[2].

The major new effect is that QCD predicts different inter-
action cross sections for the interaction of different charmo-
nium states(J/c, c8, andx) with usual hadrons due to their
different spatial size if the cross section is proportional to the
distribution of color in the projectile. This relationship is
proved in pQCD(perturbative QCD) [4] as equivalent of the
QCD evolution equations and it is a plausible suggestion in
the nonperturbative QCD regime, which assumes smooth
matching with pQCD predictions. If this is so, the
c8-nucleon cross section is expected to be on the order of the
interaction cross section of nucleons with mesons built of
light quarks, e.g., thef or theK.

It is a well-known fact that spatially larger hadrons have
larger interaction cross sections. For example, the inelastic
J/c-nucleon cross section was found to be around 3.5 mb at
SLAC [5] while the inelasticp-nucleon cross section at these
energies is<20 mb. From charmonium models, e.g., in Refs.

[6,7] it is known that the different charmonium states(J/c, x,
andc8) have different spatial sizes. The average relative dis-
tancesÎkr2l with kr2l=eC2srdr2d3r of the QQ pairs are
Îkr2lJ/c=0.38 fm,Îkr2lx=0.57 fm, andÎkr2lc8=0.76 fm for
the wave functionsCsrd of Ref. [6].

The relation between the spatial size of a color dipole and
the interaction cross section was found in pQCD[4] for a
spatially small dipole as another form of the QCD evolution
equations. It will be shown in Sec. II E that the charmonium-
nucleon cross section predicted from pQCD is significantly
smaller than the measured ones. We concluded in Ref.[2]
that these cross sections are dominated by nonperturbative
contributions. A plausible parametrization within the con-
stituent quark model for this soft contribution is reviewed in
Sec. II D.

In Ref. [2] it was shown that the production ofJ/c’s in pA
collisions can be understood if one takes into account the
production and the subsequent decays of higher mass char-
monium state resonancessx, c8d into J/c’s. Those higher
resonances have larger cross sections for the scattering off
nucleons due to their larger spatial size. This leads to a sig-
nificant increase of the effective absorption ofJ/c’s as com-
pared to the propagation of pureJ/c states. In Ref.[8] it was
shown also that the production ofJ/c’s in AA collisions is
additionally suppressed by the final state interaction of char-
monium states with newly produced hadrons such asp’s,
r’s, and so on. These interactions of charmonium states with
light hadrons are predominantly soft in the SPS regime, be-
cause they take place at lower energies than the collisions
with the initial nucleons.

The positive Feynman-x regime, i.e., the fragmentation
region of the nucleus inpA collisions, is not a subject of this
paper. At higher energies the formation time of the charmo-
nium states will be longer due to Lorentz dilatation. Then a
hadronic description is no longer useful. In a kinematic re-
gime where charmonium states are formed only after thecc
pair left the nucleus a partonic description is preferable. A
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model for the positive Feynman-x regime was discussed
elsewhere[9].

II. MODEL DESCRIPTION

A. Semiclassical Glauber approximation

The suppression factorS for the charmonium production
in minimum biaspA collisions can be evaluated within the
semiclassical approximation(cf. Ref. [10]) as

SA =
sspA→ Xd

AsspN→ Xd
=

1

A
E d2BdzrsB, zd

3expS−E
z

`

ssXNdrsB, z8ddz8D . s1d

rsB, zd is the local nuclear ground state densityswe used the
standard parametrization from Ref.f11gd. ssXNd is the inter-
action cross section of the charmonium stateX with a
nucleon. We want to draw attention to the fact that this cross
section changes with time due to the space-time evolution of
color fluctuations. Therefore, it is necessary to keeps under
the integral. In principle one should deal with the expansion
effects on the amplitude level. However, numerically the dif-
ference is small on the scale of the uncertainties of the mod-
eling of the effect.

We make the standard assumption that the production of
cc pairs is a hard process and that the QCD factorization
theorem is applicable, similar to the Drell-Yan process. In
practice this means for Drell-Yan pair production thatS=1,
becausesspA→ l+l−d=A·sspp→ l+l−d for Drelly–Yan lepton
pairs. Deviations fromS=1 for the Drell-Yan process can
result from nuclear effects on the parton distribution only,
which are neglected, because in the kinematics of SPS they
are a small correction. However, in contrast to the dilepton
pair produced in the Drell-Yan process, the charmonium
states have strong final state interactions. They can be split
into open charmed hadrons by colliding with other hadrons.
Therefore, 0,S,1 for the charmonium states.

The S=1 assumption on the level of the charm quark
production leads to a restriction on the range of applicability
of the discussed model as the gluon distribution is modified
at smallx due to the shadowing and antishadowing effects.
At the very least the requirement is that for very high ener-
gies

EJ/c ø
mJ/c

2

2x0xPmN
, s2d

where x0,0.03 is in theregion where gluon shadowing
sets in.xP is the Bjorkenx of the projectile. Foryc.m.=0
the restriction corresponds tox0=mJ/c/2Îs, becausexP
=xT with xT the Bjorkenx of the target. In addition, as
soon asxA of the nuclear gluon becomes small enough the
cc pair is produced at a distance,1/s2xAmNd from the
interaction point and one has to take into account the evo-
lution of the pair before it reaches the interaction point.
Hence the picture of the formation ofcc states in the
proton fragmentation region is qualitatively different from
that in the nuclear fragmentation region.

The suppression factorS of J/c’s produced in the nuclear
medium is calculated as

S= 0.6s0.92SJ/c + 0.08SC8d + 0.4Sx. s3d

SX are the respective suppression factors of the different pure
charmonium statesX in nuclear matter. Equations3d ac-
counts for the decay of higher resonances after they left the
target nucleus intoJ/c’s. The fractions ofJ/c’s that are pro-
duced in the decays of higher resonances in Eq.s3d are taken
from Ref. f12g. However, in Ref.f12g it is assumed that the
different charmonium states interact with nucleons with the
same cross section, which is in disagreement with the data
from Refs.f1,3g.

In line with the above discussion we want to stress that
Eqs.(1) and(3) are applicable at CERN energies for central
and negative rapidities, but have to be modified if applied
already atyc.m.,0 at RHIC or higher energies, because at
higher energies charmonium states can be produced outside
of the nucleus and thecc pairs propagate through the whole
nucleus without forming a hadron.

Data are often presented in the form

spA = sppA
a. s4d

The relation betweenS anda is

S= Aa−1. s5d

B. Color fluctuations in charmonium rescattering

The first evaluations ofstotsJ/c−Nd have been obtained
by applying the vector dominance model(VDM ) to J/c pho-
toproduction data. This leads tosJ/cN,1 mb for Einc
,20 GeV. However, the application of the VDM leads to a
paradox[13] — one obtainsstotsc8−Nd<0.7stotsJ/c−Nd,
although, on the other hand,rc8<2rJ/c in charmonium mod-
els such as in Refs.[7,6]. This clearly indicates that the char-
monium states produced in photoproduction are in a smaller
than average configuration. Therefore, the VDM significantly
underestimatesstotsJ/c−Nd andstotsc8−Nd [13].

Note that the generalized VDM, which assumes that the
dominant process is photoproduction of spatially smallcc
pairs and accounts for the space-time evolution of this pair,
predicts significantly largerstotsc8−Nd [14].

Indeed, theA dependence of theJ/c production studied at
SLAC at Einc,20 GeV exhibits a significant absorption ef-
fect [5] corresponding tosabssJ/c−Nd=3.5±0.8 mb. It was
demonstrated in Ref.[15] that, in the kinematic region at
SLAC, the effects due to the space-time evolution of theJ/c
are still small for the formation ofJ/c’s and lead only to a
small increase of the value ofsabssJ/c−Nd. So, in contrast to
the findings at higher energies, at intermediate energies this
process measures thegenuine J/c−N interaction cross sec-
tion at energies of,15–20 GeV[15]. However, the dynami-
cal effect of the production of charmonium states in
squeezed configurations is still there. We account for this
effect as due to the propagation of theJ/c and c8 system.
Experimental evidence for this expansion was found, e.g., in
the photoproduction of charmonium states. This will be dis-
cussed in Sec. II C.
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In the semiclassical Glauber approximation, we take into
account these color fluctuations in an effective way as de-
scribed in Ref.[15]. We assume that a charmonium stateX is
produced atz as smallcc configuration, then it evolves —
during the formation timetf ,respectively, while it passes the
formation lengthlc — to its full size. Please note that there is
up to now no theoretical or experimental proof for the as-
sumption that charmonium states are produced in pointlike
configurations as predicted in pQCD; a way to test this ex-
perimentally was suggested recently in Ref.[16]. Therefore,
if the formation length of the charmonium states,l f, becomes
larger than the average internucleon distancesl f . rNN

<1.8 fmd, one has to take into account the evolution of the
cross sections with the distance from the production point
z8−z [15]:

ssz, z8dX = sszd +
z8 − z

l f
fsX − sszdg for z8 − z, tf

ssz, z8dX = sX otherwise. s6d

The formation length of theJ/c is given by the energy
denominatorl f <2p/smc8

2 −mJ/c
2 d, wherep is the momentum

of the J/c in the rest frame of the target. Withp=30 GeV,
the momentum of aJ/c produced at midrapidity at SPS en-
ergiessElab=200A GeVd, this yieldsl f <3 fm, i.e., a proper
formation time oft f =0.3 fm.

As formation time of thec8 in its rest system we use the
radius given by nonrelativistic charmonium models, e.g., see
Refs.[7,6]. This radius isr =0.45 fm for thec8. Please note
that this radius differs from the variabler in charmonium
models, which rather denotes the diameter of positronium-
like states. Within the formation time the cross section in-
creases linearly with the distance from the production point
[15,2].

We chose a larger value for the cross section of thec8N
interaction than for theJ/c because the radius ofc8 is a
factor 2 larger and its radius is larger than the formation time
of theJ/c. A larger value oftf for thec8 is supported also by
the extraction of the formation time of theJ/c from e+e− data
[17].

Recently another attempt to describe the space-time evo-
lution within the formation time was published in Ref.[18].
The authors develop a quantum mechanical model to de-
scribe the expansion of the small wave packages. Their ini-
tial condition is motivated by the nonrelativistic QCD
(NRQCD) approach from Ref.[19]. The charmonium states
are described as superposition of six charmonium states(four
S waves and twoP waves). Diagonal and nondiagonal tran-
sitions due to collisions with nucleons are taken into account.
In contrast to the generalized VDM(GVDM) in the model of
Ref. [18] partons interact with the nuclear target within the
formation time. Because this model also leads to a stronger
suppression at smaller Feynmanx, the cc pairs within the
formation time have a smaller absorption cross section than
the fully formed charmonium states. This is because the for-
mation time decreases with the decrease of the Lorentz factor
of the cc pairs relative to the nuclear target.

However, we restrict ourselves to the simpler model of
Refs.[15,2] because of simplicity and better control over the
impact. For a quantum mechanical description such as in
Ref. [18] a complete set of states is needed. The contribution
of higherS andP states might be small, but the contribution
of the continuum, given by open charm states, is unclear
(remember that thec8 is close to theDD threshold, and a
mixing with DD may be relevant for the properties of large
size configurations in thec8, cf. Ref. [20]).

The NRQCD approach for the production of charmonium
states is only valid if a large scale exists in the process, e.g.,
a high transverse momentum. Forpt integrated data, where
small transverse momenta dominate, this description does
not work. This is because[19] colored states are produced
that become color neutral by radiation of gluons. Without a
large scale in the process only soft gluons can be emitted,
which cannot transport quantum numbers(see, e.g., Ref.
[21]). Another problem in Ref.[18] is that a quantum me-
chanical model is unable to describe the emission of gluons.
Therefore in this model the effect of the gluon emission on
thecc distribution is put in the initial distribution at the pro-
duction point, though the emission of soft gluons takes a
relatively long time.

In our ansatz these deviations from quantum mechanics
predicted by quantum field theories are taken into account in
an effective way. In the expansion ofcc pairs suggested in
Refs.[15,2] the cross sections of wave packages produced as
small size objects increase with time, because the area of the
color distribution increases. It is here not important if this
increase is due to the motion of the partons or due to radia-
tion of gluons. This scenario can be described like the diffu-
sion of aQQ pair in statistical mechanics, because the total
cross section of such a pair does not change due to gluon
radiation if one sums over all channels, i.e., over the number
of emitted gluons[22].

Reference[23] claimed that the FNAL data on theJ/c
photoproduction contradict the expansion ofcc pair dis-
cussed in Ref.[15]. But Ref. [15] discussed the space-time
evolution ofcc in the inclusive photoproduction of charmo-
nium statessg+A→C+Xd for the energies where the coher-
ence length islc,2Eg /Mc

2 !RA. In the energy range of
FNAL data the coherence length is comparable or exceeds
nuclear radiusRA. At high energies theJ/c is not produced
locally as it is the case at the SLAC energies considered in
Ref. [15] and hence the analysis of Ref.[15] is not literally
applicable — one needs to take into account both the forma-
tion of thecc before the nucleus and the increase of the cross
section ofcc−N interaction with energy. Besides this Ref.
[23] discussed the quasielastic photoproduction of charmo-
nium statesfg+A→C+p+sA−1dg. The selection of one
specific channel means that there is no summation over all
radiated gluons as for the inclusive process. Therefore the
model of Ref.[15] should be modified to account for the
suppression of gluon radiation. The expansion of thecc pair
in the kinematics of FNAL photoproduction data is described
better by the generalized gluon distribution, i.e., by the well
understood QCD evolution, see Refs.[24,25]. In this paper
we discuss the total charmonium-nucleon cross sections at
moderately large energies. Therefore the expansion model of
Ref. [15] should be applicable.
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C. Vector dominance model

Somewhat different values for the cross section of the
J/c- andc8-nucleon interaction arise in charmonium models
when the cross section is assumed to be determined by the
radius of the color distribution within a hadron(Table I) and
also in the analysis of photoproduction data within the
GVDM [26]. The x-nucleon interaction cannot be investi-
gated with this model, because it has different quantum num-
bers than the photon. Therefore, parametrizations such as in
Sec. II D are needed to make an educated guess for the
x-nucleon cross section.

The VDM takes into account only the direct diffractive
production of theJ/c and thec8, while the GVDM accounts
also for the nondiagonal transitions(c8+N→J/c+N and
J/c+N→c8+N). The latter are needed, because in photo-
production the particles are produced as pointlike configura-
tions and develop then to their average size. In a hadronic
model such as the GVDM this is taken into account in form
of the interference due to the nondiagonal matrix elements.

In the GVDM the photoproduction amplitudesfgc and
fgc8 for the J/c and thec8 are given by[14]

fgc =
e

fc

fcc +
e

fc8
fc8c,

fgc8 =
e

fc

fcc8 +
e

fc8
fc8c8. s7d

fc and fc8 are theJ/c−g and thec8−g coupling andfVV8 are
the amplitudes for the processesV+N→V8+N, whereV and
V8 are theJ/c and thec8, respectively. In the VDM the
nondiagonal amplitudes withVÞV8 are neglected. The im-
portance of the nondiagonal transitions is evident, because
the left-hand side of Eq.s7d is small. If it is neglected as a
first approximation f14g, then fc8c=−sfc/fc8dfcc<1.7fcc ,
and due to the CPT theoremfc8c= fcc8. The right-hand
side of Eq.s7d is illustrated in Fig. 1.

To get a real description of this expansion, it would be
necessary to have a complete set of hadron states, i.e., infi-
nitely many boundS-wave charmonium states plus the con-
tinuous spectrum(only S waves have the same quantum

numbers as the photon). For illustrating the physics, we re-
strict ourselves to the contribution of two states only.

In Ref. [26] the GVDM yields 8–10 mb for the
c8-nucleon interaction cross section at SPS energies. The
sign of the photoproduction amplitudesfgc of the J/c and
fgc8 of thec8is positive relative tofc , fc8 within the conven-
tions of nonrelativistic charmonium models. The sign of the
wave functions in the origin is usually chosen to be positive.
It is easy to see that a change of this convention would not
change Eq.(7). TheJ/c-nucleon interaction cross section at
SPS energies<3.5–4 mb is used as input into the analysis
of Ref. [26]. The accuracy of such GVDM in predicting the
c8N cross sections is not clear. The above calculation dem-
onstrates that implementing color transparency leads to sig-
nificantly larger cross sections of thec8N interaction.

D. Charmonium-nucleon cross section
within the charmonium models

One possibility to evaluate the predominantly nonpertur-
bative QCD contribution is to use an interpolation formula
for the dependence of the cross section on the transverse size
b of a quark-gluon configuration within the constituent quark
model,

sabs= cb2, s8d

whereb is the distance between the two constituent quarks,
transverse to the collision direction. Such a form for the in-
terpolation formula is also supported by pQCD, where the
relation

TABLE I. The average square of the transverse distances of the charmonium states and the total
quarkonium-nucleon cross sectionss for two different charmonium models. For thex two values arise, due
to the dependence of the wave functions on the third component of the angular momentumm slm=10, 11d.
Theshard values are calculated with Eqs.(9) and(11). bø0.35 is an upper limit for the integral in Eq.(11).
For the rowsshard, allbd we used a parametrization like Eq.(9) aboveb=0.9 fm, because in this region
Bjorken x becomes larger than 1 and the gluon distribution of Eq.(9) cannot be defined in this region.

cc/bb state J/c c8 xc10 xc11

kb2lsfm2d 0.094 0.385 0.147 0.293

ssCornelldsmbd 2.2 9.1 3.5 6.9

sslndsmbd 2.7 13 4.4 8.7

sshard,b,0.35 fmd 0.42 0.13 0.41 0.28

sshard,allbd 2.2 8.2 3.7 7.4

FIG. 1. Schematic illustration of the right-hand side of Eq.(7).
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ssbd =
p2

3
b2assQ2dxGsx, Q2d, s9d

Q2=9/b2, was foundf4g for small b2 only. Beyond smallb2

Eq. s8d has no justification — it is merely an educated guess.
The constantc can be adjusted within the constituent

quark model:bp
2 = 8/3rp

2 and rp
2 is the square of the pion

radius. This radius is known from the vector meson domi-
nance model to be rp=Î6/mr<0.65 fm [27], mr

<770 MeV is the mass of ther meson. This result is con-
firmed by measurements of the electromagnetic form factor
[28] of the pion. Thus within this model

c = spN/bp
2 = 25 mb/1.06 fm2 = 23.5 mb/fm2. s10d

We use in the followingspN=25 mb. This is in good agree-
ment with the dataf29g for both energies discussed here,
ElabsCERNd=450 GeV andElabsHERA Bd=920 GeV, be-
cause the energy dependence of this cross section is not so
strong in this kinematical region.bp

2 is increasing with
energy as the cross section. Within soliton-type models
for the pion, the relation betweenb and the radius of the
pion will be different. Therefore Eq.s8d is model depen-
dent.

The X–N cross section is calculated via

s =E ssbduCsrdu2d3r , s11d

whereCsrd is the charmonium wave function. In our calcu-
lations we use the wave functions from two nonrelativistic
charmonium models:s1d A Cornell confining potential,

VCornellsrd = −
0.52

r
+

r

s2.34 GeV−1d2 , s12d

see Ref.f6g and references therein, ands2d a logarithmic
potential

Vlnsrd = − 0.6635 GeV +s0.733 GeVdlnsr 3 1 GeVd
s13d

from Ref. f7g. We chose two different charmonium models
to exhibit the theoretical uncertainties of this approach. The
resulting cross sections are given in Table I.

This also resolves the puzzle why in photon-nucleus col-
lisions a smallers3–4 mbd cross section for theJ/c was
found than in proton-nucleus collisionss6–7.5 mbd: In pA
collision 40% of the genuineJ/c’s are from decays ofx
mesons, which are strongly suppressed ingA collisions, be-
cause thex has angular momentumL=1, while J/c andc8
have the same quantum numbers as the photon.

E. Hard cross section

We also calculatessX–Nd assuming that pQCD is appli-
cable. In this calculation we ignore the differences between
bare quarks of the QCD Lagrangian and the constituent
quarks, because these are nonperturbative QCD effects. The
numerical calculations shown in Table I yield at CERN en-
ergiesssX–Nd values which are significantly smaller than in

Ref. [5]. Theshard values[30] in Table I are also calculated
with Eq. (11), but here we integrate only over the region
0 fm,b,0.35 fm, becauseas increases withb. b is the
transverse distancebetween the heavy quarks transverse to
the momentum of the heavy quarkonium. For the row
sshard,allbd we used a parametrization like Eq.(9) above
b=0.9 fm, because in this region Bjorkenx becomes larger
than 1: the gluon distribution of Eq.(9) cannot be defined in
this region. For the calculation of the hard cross section, the
ssbd in Eq. (11) is given by Eq.(9). We employ the CTEQ5L
parametrizations of the gluon distribution functions in the
proton [31].

The Bjorkenx needed for the calculation ofshardsX–Nd is
calculated byx=Q2/s2mNnd, where Q2=9/b2, mN is the
nucleon mass, andn is the energy of the heavy quarkonium
stateX in the rest frame of the nucleon. The calculation in
Table I is done for a stateX produced at midrapidity for SPS
energies, but in the target fragmentation region for RHIC and
LHC. One can see that the hard contributions to the cross
sections are just a correction at SPS energies, but at RHIC
energies both contributions become compatible, while at
LHC the hard contributions dominate(we neglect here that
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi equation
might be violated[32]).

The extrapolation of Eq.(9) yields similar values as a
parametrization like Eq.(8). This is because the factor
asxGsx, Q2d depends only weakly onx and Q2, even in the
region whereQ2!1 GeV2. This is no proof that parametri-
zations like Eq.(8) can be applied to charmonium states, but
at least it shows that there is no discontinuity between the
pQCD result and the parametrizations for the soft regime.

III. EXPERIMENTAL RESULTS

A. Comparison with CERN data

On the left-hand side(lhs) of Fig. 2 we show a compari-
son between calculations with different cross sections and
different expansion times and the NA50 data[1] for pA col-
lisions and the NA51 data[33] for pp andpD collisions for
the cross section ofc8N interaction vs the mass of the target.
They axis showsBmmsc8/A whereBmm is the branching ratio
for the decay of thec8 into dimuon pairs andsc8 is the
production cross section. The “5.1-mb instant formation”
curve in Fig. 2(lhs) is the fit of the NA50 Collaboration to
their data. Instant formation means that they assumed that
the c8 is produced with the full cross section and not as a
pointlike particle as in the description of this paper.(Note the
NA50 Collaboration fittedBmmsc8/sDY, where DY means
Drell-Yan, therefore we multiplied their fit with the Drell-
Yan cross section inpp collisions measured by NA51).

The “8-mb,tf =0.45 fm” curve is the eyeball fit of the
model described in this paper. For the comparison with the
data we need the production cross section of thec8 in pp
collisions as input. We used here the average of thepp and
pD data of the NA51 Collaboration. The value of 8 mb
agrees well with the model parametrizations discussed in
Secs. II A and II B. However, we compare also with the cal-
culation with the parameters of Ref.[2], i.e., ssc8Nd
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=20 mb andtf =0.6 fm. For this comparison we used the
production cross section of thec8 in pD collisions divided
by 2 as input. This is also close to the value of the NA50 fit.
One can see on the left-hand side of Fig. 2 that the calcula-
tion with these parameters is also in good agreement with the
data. A value forssc8Nd of the size of 20 mb is favored by
the nucleus-nucleus data as shown in Ref.[8].

On the right-hand side of Fig. 2 is plotted
BmmssJ/cd/ssDYd and the NA50 data[34] for PbPb colli-
sions vs the transverse energyEt, a measure for the centrality
of the collision. The result of the calculation within the ul-
trarelativistic quantum molecular dynamics model[35] is
also shown in form of the histogram in Fig. 2[right-hand
side (rhs)]. In the calculation(for more details see Ref.[8])
for the charmonium-nucleon absorption cross sections the
values from Ref.[2] were used. In this calculation the char-
monium states can interact also with secondary produced
particles. Based on the additive quark model the cross sec-
tion for charmonium baryon interactions was assumed to be
the same as the charmonium-nucleon cross sections and for
charmonium meson interactions two-thirds of the
charmonium-nucleon cross sections.

The calculation for theJ/c agrees well with the data. The
calculation for thec8 underestimates the data. However it is
not understood if this is due to the high value ofssc8Nd
=20 mb, or if nondiagonal transitions such as in Sec. II C
should be taken into account inAA collisions, too.

The value of 8 mb for thec8-nucleon cross section from
the fit to the pA is smaller than the theoretical estimate
20 mb of Ref.[2]. This is because in Ref.[2] a formation
time of 0.6 fm was chosen for thec8, while we used here
0.45 fm, the radius of thec8 given by the charmonium mod-

els. The fact that the formation time is not known very well
is another uncertainty. Further uncertainty comes from using
the diffusion model of expansion at distances comparable to
the scale of the soft interaction. Within the error bars the
c8-nucleon cross section extracted from thesepA data and
the prediction of the GVDM, discussed in Sec. II C, are
qualitatively similar. However, further data are needed to
learn more about this cross section.

B. Predictions for HERA B

Figure 3 shows our predictions ofSsJ/cd (lhs) andSsc8d
(rhs) for HERA B vs Feynmanx for pA collisions atElab
=920 GeV. Two different nuclear targets, carbonsA=12d
and tungstensA=184d, are shown for the two different sets
of cross sections resulting from the different charmonium
models.

We used here the cross sections of the constituent quark
model shown in Table I in Sec. II D, because this model is
the only one which predicts alsox-nucleon cross sections.
We calculated the suppression factorS for thec8 additionally
with a cross section of 20 mb and a formation time of 0.6 fm
to estimate theoretical uncertainties. These are the values dis-
cussed in Ref.[2].

Note that we plotted in Fig. 3 the result of our model up to
a Feynmanx of 0.2 to show the behavior of the model.
However, it is known from E866[3] and NA3[36] data that
there are additional suppression mechanisms at positive
Feynmanx, e.g., parton energy loss and nuclear shadowing.

IV. CONCLUSIONS

The new data of the NA50 Collaboration[1] and the data
of the E866 Collaboration[3] prove that thec8-nucleon

FIG. 2. (Color online) On the lhs are plotted
the Bmmsc8/A values extracted from calculations
with different absorption cross sections and dif-
ferent formation times, the NA51 data forpp and
pD, and the NA50 data forpBe, pCu, pAg, and
pW vs the massA of the target, and the rhs shows
BmmssJ/cd/ssDYd with the absorption cross sec-
tions from Ref.[2] and the NA50 data for PbPb
collisions vs the transverse energyEt.

FIG. 3. SsJ/cd (lhs) andSsc8d (rhs) are shown
vs xF for carbon and tungsten at HERA B ener-
gies sElab=920 GeVd.
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cross section is much larger than theJ/c-nucleon cross sec-
tion. This is in agreement with the photoproduction data for
these charmonium states as discussed in the framework of
the GVDM in Sec. II C. This confirms the QCD prediction
that the strength of hadron-hadron interactions depends on
the volume occupied by color.

Within the assumption that charmonium states are pro-
duced as pointlike white states, we demonstrated that the
data [1] can be fitted with ac8-nucleon cross section of
ssc8Nd<8 mb. We discuss different models for this cross
section and show that they prefer ac8-nucleon cross section
of ssc8N, modeld=9–13 mb.However, due to the large ex-
perimental errors we conclude that the data and the QCD-
motivated models agree, further data with higher accuracy
and covering a larger rapidity range in the fragmentation
region of the nucleus are needed.

This cross section will be measured soon in proton-
nucleus collisions at HERA B at an energy ofElab
=920 GeV. The advantage of this experiment is that it covers
a larger range of FeynmanxF, especially in the negativexF
region. In this region effects due to the formation time of the
hadron will be less important. These data will give new in-
formation about the relations between the size of mesons and
the strength of hadron-hadron interactions as well as the pos-
sibility to test the existing models for this relation.
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