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Abstract

We study Jrc suppression in AB collisions assuming that the charmonium states evolve from small, color transparent
configurations. Their interaction with nucleons and nonequilibrated, secondary hadrons is simulated using the microscopic
model UrQMD. The Drell-Yan lepton pair yield and the JrcrDrell-Yan ratio are calculated as a function of the neutral
transverse energy in PbqPb collisions at 160 GeV and found to be in reasonable agreement with existing data. q 1999
Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Experimental data on the AB and E dependenceT
w xof Jrc-meson production from the CERN SPS 1–4

exhibit tantalizing evidence for Jrc suppression
when compared to hard QCD production. Do the
Jrc data in PbqPb-collisions indicate the creation
of a deconfined phase of strongly interacting matter,

Ž . w xi.e. a quark-gluon plasma QGP 5,6 ? Such QGP
scenarios generally rely on the experimental observa-
tion of deviations from the predictions of models of
hadronic suppression. Simple semianalytical models
of Jrc suppression have used nuclear absorption

w xalone 5 or absorption by nucleons and comoving

1 Supported by the Alexander v. Humboldt Foundation.
2 E-mail: cspieles@lbl.gov

w xsecondaries 7 to fit all but the PbqPb data. A
w xnoteworthy exception is the model of Ref. 8 where

the PbqPb data can be described with comover
densities extracted from the Dual Parton Model in-
stead of a wounded nucleon ansatz. These semiana-
lytical models generally assume a single, fixed nu-
cleon absorption cross section for all charmonium
states. The comover interaction rate is typically cal-
culated using a thermal ansatz assuming a Bjorken

Žscaling expansion. For theoretical reviews, see Refs.
w x .9–11 .

For this study, charmonium final state inter-
actions with mesons and baryons are simulated using
the Ultrarelativistic Quantum Molecular Dynamics,

w xUrQMD 12 , a microscopic hadronic transport mo-
del. The main difference from previous studies of
charmonium dissociation lies in the assumption of cc
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color singlet states which expand linearly with time
until their asymptotic value is reached. We follow

w xthe argumentation of Ref. 13 : The charmonium
precursors are not eigenstates of the QCD Hamilto-
nian, therefore their effective sizes and interaction
cross sections may vary from their production to the
final state formation. The charmonium nucleon cross
sections employed here are calculated in a nonrela-

w xtivistic potential model 13 since at SPS energies,
charmonium-nucleon interactions are predominantly
nonperturbative.

Recently, there have been several attempts to
build models of charmonium production and absorp-
tion by means of microscopic hadronic transport

w xsimulations 14–17 assuming that the charmonium
precursor states can be immediately dissociated by
nucleons with constant cross sections larger than 5

3 w xmb . Only Ref. 17 includes feeddown to the Jrc

from c
X and x decays. Based on rather differentc

model treatments of the charmonium dynamics and
the interconnection of hard and soft processes, all
these studies claim that conventional hadronic mod-
els can describe the PbqPb data.

We demonstrate that our purely hadronic scenario
is consistent with all pA and AB data. Since all the
parameters have been fixed either by prior model

w xcalculations 13 or the dynamical model, UrQMD,
itself, we do not adjust any parameters. Comover
interactions account for an important fraction of the
observed suppression, larger in PbqPb collisions
than the nuclear absorption alone.

2. The model

We apply perturbative QCD to the production of
charmonium states by simulating nucleus-nucleus
collisions in the impulse approximation. The nuclear
dependence of parton distribution functions is
neglected. The resulting space-time distribution of
charmonium production points is inserted into
the evolving hadronic environment calculated with

w xUrQMD 20 since the rare quarkonium production

3 w xHowever, in Ref. 14 cc production is treated analogously to
ss production by string decays, requiring a considerable formation
time.

processes are small perturbations on the heavy ion
collision 4. In this way, we can account for partonic
and hadronic aspects of the charmonium dynamics.
The space-time distributions of hard and soft pro-
cesses, e.g. charmonium production and absorption,

w xmay overlap – in contrast to Ref. 17 where the soft
phase of the reaction sets in at a constant proper time
surface at which all hard NN interactions cease.
Thus, in our model, a charmonium state produced in
a hard process can be dissociated by the interaction
with a comoving hadron before this state leaves the
nuclear environment and before all other hard pro-
duction processes are completed. The probability for
such an event, however, is reduced due to the ini-
tially small absorption cross sections and the finite
formation times of comoving mesons according to
the string model, see below. To avoid double count-
ing, interactions of cc states with produced hadrons
in individual NN collisions are excluded. In AB
collisions, all hard NN collisions can contribute to
the cc production while all soft NN collisions can
contribute to the hadronic environment in which the
cc state may be dissociated. The error imposed by
this concept — inherent to all microscopic and
analytical models of comover absorption — is esti-
mated to be very small.

The charmonium states are distributed according
to their assumed production probability times their
decay probability to Jrc ’s. Thus 40% of the final
states are x ’s, 55% are Jrc ’s, and 5% are c

Xsc
w x18 . According to the spin degeneracy, 1r3 of the
x ’s are x states and 2r3 are x states. Theirc c10 c11

momenta are assigned according to the parametriza-
w xtion 19 ,

ds 3.55 y1E ; 1yx exp yp 2.08 GeV .Ž . Ž .F T3dM dp

Ž .The rescattering cross sections for X cc qB,
w xassuming B ' N, are taken from Ref. 13 :

Ž . Ž X . Ž .s Jrc N s3.6 mb, s c N s20 mb, s x Nc10
Ž .s6.8 mb, and s x N s15.9 mb. Charmonium-c11

Ž Ž . Ž . .meson cross sections X cc qp , X cc qr, etc.
are reduced by a factor of 2r3 from the correspond-

4 Since we consider only exclusive charmonium production, the
QCD factorization theorem is inapplicable.
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ing baryon values. All baryon and meson collisions
above the respective dissociation thresholds are as-
sumed to break up the charmonium state. Universal
and energy independent cross sections are employed,
ignoring any charmonium-meson resonances. This
assumption is rather crude since from phase space
arguments one can infer that the Jrc p dissociation
cross section should be suppressed close to threshold
while the Jrc dissociation cross section should be
enhanced for exothermic channels. However, we have
found that, during the initial stage of the Jrc co-
mover collisions, the average interaction energy,
² : w xE f5 GeV, is far above threshold 20 . There are
no calculations of Jrc dissociation cross sections

w xwith mesons other than p ’s and r ’s 11 . In a
thermal comover scenario, the density of heavier
mesons is suppressed by the Boltzmann factor. Ac-
cording to the UrQMD simulations, however, more
massive mesons account for f50 % of the comover

w x w xabsorption 20 . In a forthcoming paper 21 the
influence of the energy dependence of the comover
interactions will be studied further.

The charmonium rescattering cross sections of
w xRef. 13 were calculated assuming that the charmo-

5 w xnium state grows linearly with time 22 from a
size A1r2m ;0.06 fm, small compared to thec

i i(size of the final charmonium state, r s s rp . InT

the simulation, the formation of the charmonium
state is implemented by allowing the cross sections
to increase linearly with time from a point-like con-
figuration at ts0 to the formation time t i sr ircF T

of the charmonium state. The resulting formation
w xtimes are comparable to those calculated in Ref. 13 .

We must also take into account the formation
time of comoving mesons, on average, t f1 fmrc.F

This formation time corresponds to the finite time
needed for the tunneling of quark-antiquark pairs in
the chromoelectric field of a string. In our model,
string fragmentation dominates the production of

5 A linear growth of the cross section is consistent with quan-
tum diffusion of a two-body state. In QCD, corrections to the
charmonium wavefunction due to spontaneous creation of light qq
pairs or gluons may play a role in the expansion of the charmo-
nium precursor but since these corrections cannot be calculated
perturbatively, we use a model of the expansion motivated by
quantum mechanics.

secondary hadrons. Particles produced by string frag-
mentation are not allowed to interact with other
hadrons – in particular with a charmonium state –
within their formation time 6. However, leading
hadrons formed at the endpoints of a string contain
constituent quarks of the incident nucleons. These
constituent quarks do not originate from a tunneling
process. Therefore, leading hadrons are allowed to
interact with a reduced cross section even within
their formation time. The reduction factor is 1r2 for
mesons which contain a leading constituent quark
from an incident nucleon and 2r3 for baryons which
contain a leading diquark.

In the UrQMD 1.1 model used in this study, we
have slightly modified the angular distributions of
meson-baryon interactions in the UrQMD 1.0 model
since their strong forward peak underpredicts the

w xtotal produced transverse energy 23 . The model
Ž .now reproduces the E spectra in S 200 GeV qAuT

Ž .and Pb 160 GeV qPb collisions measured by NA35
w xand NA49 respectively 24 . Neither the amount of

baryon stopping nor the rapidity distribution of nega-
tively charged particles which have been shown to

w xagree with experimental pp and AB interactions 12
are significantly affected by this modification.

3. Results and discussion

Fig. 1 shows the calculated number of Drell-Yan
muon pairs, proportional to the number of hard
collisions, in PbqPb collisions as a function of the
produced neutral transverse energy within 1.1-h-

w x2.3. The NA50 data 25 have been included with the
abscissa rescaled to reflect the latest change in data
w x4 which indicates an f20% shift in the absolute

w xE scale from previous publications 3,25 . We areT

aware that the new analysis does not imply a simple
overall rescaling of the old data points. However, in
order to reasonably compare the gross features of the
experimental dimuon E spectrum with our modelT

calculation, we have multiplied all E -values of theT

6 The possibility of charmonium dissociation due to interactions
w xwith the color flux tube itself has been addressed in Ref. 16 .

Like all other studies, we do not take into account this additional
suppression mechanism.
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Fig. 1. Number of Drell-Yan pairs in PbqPb interactions as a
function of the neutral transverse energy within 1.1-h-2.3. The
calculation is normalized to the data. Shown is the UrQMD result

w xand experimental data from NA50 25 with the E of the dataT

rescaled by 0.8. The modification is motivated by a comparison of
w xthe recently published E y E contour plot 4 with theT Z DC

w xpreviously published analysis 3,25 .

data by 0.8. This factor was obtained by comparing
w xthe E yE contour from Quark Matter ’97 25T ZDC

w xand the Moriond ’98 4 proceedings. The agreement
between the model and the rescaled data is to be

w xexpected since the NA49 E distribution 26 isT
w x 7described correctly 24 . The additional simulation

is a simple and well understood model of hard
scattering processes in nucleus-nucleus collisions.

Fig. 2 shows the Jrc production cross section
according to UrQMD calculations for several projec-

Ž Ž . Žtile-target combinations p 450 GeV qC, p 200
. Ž . Ž .GeV qCu, p 200 GeV qW, p 200 GeV qU,

Ž . Ž . .S 200 GeV qU, and Pb 160 GeV qPb in com-
w xparison to experimental data 3 . The results of the

calculations are normalized to the experimental cross
Ž .section in p 200 GeV qp interactions. The 450

GeV and 160 GeV simulations are rescaled to p slab
w x200 GeV with the parametrization of Ref. 28 , as

7 However, the agreement between the model and the NA38
experiment becomes poor for SqU collisions. The UrQMD calcu-
lation appears to overestimate the neutral transverse energy by

w xabout 25% in the range 1.7-h-4.1 1,27 although the calcu-
lated E spectrum of the similar SqAu system agrees well withT

w xthe NA35 data 26 . The UrQMD calculation thus indicates an
inconsistency between the E measurements by NA35, NA49 andT

w xNA50 on the one hand and NA38 on the other 24 .

w xdone by NA50 2,3 . Considering only nuclear disso-
ciation results in a far smaller Jrc suppression than
seen in the data, not only for PbqPb collisions but
also for SqU and even pA reactions. Note that the
systematics of nuclear absorption shown in Fig. 2
does not reflect a universal straight line as in Glauber
calculations with constant absorption cross sections.
By taking the nonequilibrium charmonium-meson
interactions into account, good agreement with the
data is obtained. However, a strong dependence on
parameters such as the charmonium and comover
formation times and the dissociation cross sections

w xremains to be studied in detail 21 .
Due to the linear expansion of the charmonium

cross sections with time, the Jrc and c
X cross

sections are similar in the very early stages, leading
to a weak A-dependence of the c

XrJrc ratio in pA
collisions at central rapidities, apparently consistent
with the data. However, for a deeper understanding

w xof this ratio quantum interference effects 29 as well
X w xas refeeding processes such as p Jrc™c p 30,31

must be considered. The c
XrJrc ratio will be stud-

w xied further later 21 .
Fig. 3 shows the Jrc to Drell-Yan ratio as a

function of E for PbqPb interactions at 160 GeVT

Fig. 2. Jrc-production cross sections times dimuon branching
< <ratio in the kinematical domain 0- y -1 and cosu -0.5,cm CS

and rescaled, if necessary, to p s200 GeV as a function oflab
Ž . w xAB. The data open triangles are from 3 . Open circles denote the

production cross sections if only nuclear absorption is considered.
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Fig. 3. The ratio of Jrc to Drell-Yan production as a function of
E for PbqPb at 160 GeV. The experimental data are from Ref.T
w x4 . The normalization factor, from pp interactions at 200 GeV,

Ž . Ž . w xB s Jrc rs DY s46 is taken from Ref. 5 . This value,mm

however, has been indirectly determined in the framework of a
w xdifferent model. An additional factor of 1.25 9 has been applied

to the PbqPb calculation in order to account for the lower energy.
Note that no scaling factor has been applied to the x-axis for
either the calculations or the data.

w xcompared to the NA50 data 4 . The normalization of
Ž . Ž .B s Jrc rs DY s46 in pp interactions at 200mm

GeV has been fit to SqU data within a geometrical
w xmodel 5 . The application of this value to our analy-

w xsis is not arbitrary: the model of Ref. 5 renders the
identical E -integrated Jrc survival probability, ST

s0.49, as the UrQMD calculation for this system.
w xAn additional factor of 1.25 9 has been applied to

the PbqPb calculation in order to account for the
lower energy, 160 GeV, since the Jrc and Drell-Yan
cross sections have different energy and isospin de-
pendencies. The gross features of the E dependenceT

of the Jrc to Drell-Yan ratio are reasonably well
described by the model calculation. No discontinu-
ities in the shape of the ratio as a function of E areT

predicted by the simulation.

4. Conclusion

We have examined charmonium production and
absorption processes in pA and AB collisions at SPS

energies. The microscopic simulation of hard pro-
cesses in the impulse approximation and the hadro-
nic transport description of AB collisions with the
UrQMD model simultaneously provide reasonable
E dependencies of the Drell-Yan rates as well asT

baryon and meson rapidity distributions. We have
modelled Jrc absorption according to the scenario

w xdescribed in Ref. 13 . Cross sections evolving from
color transparent small configurations to asymptotic
states derived from quantum diffusion and the dy-

Ž .namical x polarization color filtering are takenc

into account.
The calculated Jrc production cross sections for

minimum bias pA, SqU and PbqPb collisions
agree with experiment. Since most hadronic models
cannot describe the entire AB systematics without
invoking new mechanisms for PbqPb interactions
w x5–7 , the agreement of our simulation with the data
is a striking result. Dissociation by nonequilibrium
comovers accounts for about half of the total absorp-
tion in SqU and PbqPb reactions. A simultaneous
comparison of the SqU and PbqPb E dependen-T

w xcies with the model can be found in 21 . There is a
small but non-negligible comover contribution in pA
reactions. The suppression of charmonium states is
sensitive to the comover momentum distributions.
The effective dissociation by comovers seems to
indicate a nonequilibrated hadronic environment. The
observed E dependence of the Jrc to Drell-YanT

ratio in PbqPb collisions is reproduced by the
model. The calculated result is smooth, without
abrupt discontinuities, in agreement with new high

w xstatistics data 32 . We conclude that within our
model, the data on charmonium cross sections at the
SPS can be explained without invoking exotic mech-
anisms.
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