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Open charm and charmonium production at relativistic energies
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We calculate open charm and charmonium production in Au1Au reactions atAs5200 GeV within the
hadron-string dynamics transport approach, employing open charm cross sections frompN andpN reactions
that are fitted to results fromPYTHIA and scaled in magnitude to the available experimental data. Charmonium

dissociation with nucleons and formed mesons to open charm (D1D̄ pairs! is included dynamically. The
‘‘comover’’ dissociation cross sections are described by a simple phase-space model including a single free
parameter, i.e., an interaction strengthM0

2 that is fitted to theJ/C suppression data for Pb1Pb collisions at
Super Proton Synchrotron~SPS! energies. As a novel feature we implement the backward channels for char-

monium reproduction byDD̄ channels employing detailed balance. From our dynamical calculations we find
that the charmonium re-creation is comparable to the dissociation by ‘‘comoving’’ mesons. This leads to the
final result that the totalJ/C suppression atAs5200 GeV as a function of centrality is slightly less than the
suppression seen at SPS energies by the NA50 Collaboration, where the ‘‘comover’’ dissociation is substantial
and the backward channels play no role. Furthermore, even in the case that all directly producedJ/C mesons
dissociate immediately~or are not formed as a mesonic state!, a sizable amount of charmonia is found

asymptotically due to theD1D̄→J/C 1 meson channels in central collisions of Au1Au at As5200 GeV,
which, however, is lower than theJ/C yield expected from binary scaling ofpp collisions.

DOI: 10.1103/PhysRevC.67.054905 PACS number~s!: 25.75.2q, 13.60.Le, 14.40.Lb, 14.65.Dw
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I. INTRODUCTION

The dynamics of ultra-relativistic nucleus-nucleus co
sions at Super Proton Synchrotron~SPS! and Relativistic
Heavy-ion Collider~RHIC! energies are of fundamental in
terest with respect to the properties of hadronic/partonic s
tems at high energy densities, as encountered in the e
phase of the ‘‘big bang.’’ Especially, the formation of
quark-gluon plasma~QGP! and its transition to interacting
hadronic matter has motivated a large community for ab
20 to 30 years@1#. However, even after more than a deca
of experiments at the SPS and recently at the RHIC,
complexity of the dynamics has not been unraveled and
conclusive evidence has been obtained for the formation
the QGP and/or the properties of the phase transition@2,3#,
though ‘‘circumstantial evidence’’ has been claimed@4#.

Apart from the light and strange flavor (u,ū,d,d̄,s,s̄)
quark physics and their hadronic bound states in the vac
(p,K,f, etc.!, the interest in hadronic states with charm fl
vors (c,c̄) has been rising additionally in line with the de
velopment of new experimental facilities. This relates to
charm production cross section inpN, pN, pA, and AA
reactions as well as to their interactions with baryons a
mesons, which determine their properties~spectral functions!
in the hadronic medium.

The charm quark degrees of freedom are of special in
est in context of the phase transition to the QGP, sincecc̄
meson states should no longer be formed due to color scr
ing @5,6#. However, the suppression ofJ/C andC8 mesons
in the high density phase of nucleus-nucleus collisions
SPS energies@7–11# might also be attributed to inelastic co
mover scattering~cf. Refs.@12–19# and references therein!,
provided that the correspondingJ/C-hadron cross section
0556-2813/2003/67~5!/054905~14!/$20.00 67 0549
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are in the order of a few mb@20–27#. Theoretical estimates
here differ by more than an order of magnitude@28#, espe-
cially with respect toJ/C-meson scattering such that th
question of charmonium suppression is not yet settled.
the other hand, at RHIC energies further absorpt
mechanisms—such as plasma screening and g
scattering—might play a dominant role as suggested in R
@29,30# and also lead to a substantial reduction of theJ/C
formation in central Au1Au collisions.

On the other hand, it has been pointed out—with
statistical models—that at RHIC energies the charmoni
formation from open charm1 anticharm mesons migh
become essential@31# and even exceed the yield from pr
mary NN collisions @31,32#. However, a more schemati
model by Ko et al. @33#—including the channelsJ/C
1p↔DD̄—suggested that such channels should be stil
minor importance at RHIC energies, but become essentia
Large Hadron Collider~LHC! energies. A similar conclusion
has been reached in Ref.@34#. One of the prevailing ques
tions thus is, if open charm mesons and charmonia w
achieve thermal and chemical equilibrium with the light m
sons during the nucleus-nucleus reaction, as sugges
anticipated in Refs.@35–38#. Such issues of equilibration
phenomena are traditionally examined within nonequilibriu
relativistic transport theory@13,39–42#.

In this work we will calculate open charm and charm
nium production at RHIC energies within the hadron-stri
dynamics~HSD! transport approach@13,16,43# for the over-
all reaction dynamics using parametrizations for the elem
tary production channels including the charmed hadr
D,D̄,D* ,D̄* ,Ds ,D̄s ,Ds* ,D̄s* , J/C,C(2S),x2c from NN
and pN collisions. The latter parametrizations are fitted
PYTHIA calculations@44# aboveAs510 GeV and extrapo-
©2003 The American Physical Society05-1
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lated to the individual thresholds, while the absolute stren
of the cross sections is fixed by the experimental data
described in Ref.@43#. In the latter work we have calculate
excitations functions for open charm mesons and charmo
including theJ/C suppression by dissociation with baryo
and mesons~‘‘comovers’’! using theJ/C-meson cross sec
tions from Haglin @20#. The centrality dependence for th
J/C survival probability has been presented in Ref.@16# for
SPS (As517.3 GeV) and RHIC energies (As5200 GeV),
too, for Pb1Pb or Au1Au collisions, respectively. We her
extend our previous works and include explicitly the bac
ward channels ‘‘charm1 anticharm meson→ charmonia1
meson,’’ employing detailed balance in a more schem
interaction model with a single parameter or matrix elem
uM0u2 that is fixed by theJ/C suppression data from th
NA50 collaboration at SPS energies.

Our work is organized as follows. In Sec. II we wi
present the results of the HSD transport approach for cha
hadrons, protons, antiprotons, and elliptic flow in Au1Au
collisions atAs5200 GeV in comparison to available dat
This presentation is necessary since the open and hid
charm formation and propagation proceeds in a dense
hot hadronic environment that should be sufficiently rea
tic. The elementary production cross sections for open ch
and charmonia from baryon-baryon (BB) and meson-baryon
(mB) collisions are presented in Sec. III, as well as th
interaction cross sections with hadrons. A phase-space m
will be presented, furthermore, for the charmonium1 meson
dissociation cross sections that allows to implement ‘‘d
tailed balance’’ for all channels of interest. Section IV co
tains the actual calculations for the open and hidden ch
degrees of freedom for Pb1Pb collisions atAs517.3 GeV
and Au1Au collisions atAs5200 GeV with particular em-
phasis on the novel aspect, i.e., the charmonium reforma
by open charm mesons employing ‘‘detailed balance.’’
comparison to the preliminary data of the PHENIX Collab
ration on J/C suppression in Au1Au collisions at As
5200 GeV will be presented, too. Sec. V concludes t
study with a summary and discussion of open problems.

II. CHARGED HADRONS, BARYONS, ANTIBARYONS,
AND COLLECTIVE FLOW

Before coming to the actual charmonium and open cha
dynamics at RHIC energies we have to investigate if
HSD transport approach based on string, quark, diqu
(q,q̄,qq,q̄q̄), as well as hadronic degrees of freedom p
forms reasonably well with respect to the abundance of li
hadrons composed ofu,d,s quarks.1 Such a test is essentia
since the dissociation of charmonia on baryons, antibary
and mesons is directly proportional to their density in ph
space. We recall that in HSD all newly produced hadro
have a formation time oftF50.8 fm/c in their rest frame

1For a more recent survey on hadron rapidity distributions fr
2 to 160A GeV in central nucleus-nucleus collisions within th
HSD and Ultrarelavisitc Quantum Molecular Dynamics~UrQMD!
@45# transport approaches we refer the reader to Ref.@46#.
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and do not interact during the ‘‘partonic’’ propagation. Fu
thermore, hadronization is inhibited if the energy density—
the local rest frame—is above 1 GeV/fm3, which roughly
corresponds to the energy density for QGP formation in eq
librium at vanishing quark chemical potentialmq . Thus
‘‘hadrons’’ only exist as quark-antiquark or quark-diqua
pairs at energy densities above 1 GeV/fm3 and only can be-
come ordinary hadrons if the system has expanded s
ciently. We note that this cut on the energy density is the o
modification introduced as compared to the earlier studie
Refs.@16,43,47# and has also been included in the more
cent systematic analysis in Ref.@46# from SIS to SPS ener
gies.

In order to demonstrate the applicability of the HSD a
proach to nucleus-nucleus collisions at RHIC energies
show in Fig. 1 the calculated pseudorapidity distributions
charged hadrons~solid lines! for Au1Au at As5200 GeV
for different centrality classes in comparison to the expe
mental data of the PHOBOS Collaboration@48# ~full points!,
where the error bars indicate the systematic experimental
certainty. The open squares in the upper left figure co
spond to the data from the BRAHMS Collaboration for t
same centrality class@49#. We find that the HSD calculation
show a small dip indN/dh at midrapidity for all centrality
classes, which is not seen in the experimental distributio
Furthermore, the pseudorapidity distributions are sligh
broader than the data, which also might point towards
improper string fragmentation scheme in the LUND mod
@50# employed in HSD. We expect that this issue can
settled uniquely when high statistics data forpp reactions at
RHIC energies become available. On the other hand,
overall description of the rapidity distributions is reasonab
good for our present purposes.

A further question is related to the antibaryon and bary
abundances at midrapidity, which show the amount
baryon stopping and antibaryon production@51#. We mention
that multimeson fusion channels play a sizable role in
creating baryon-antibaryon pairs@47,52,53# and reducing the
number of light mesons accordingly. Thus detailed bala
on the many-particle level—as only found more recen
@47#—leads to an approximate chemical equilibrium of an
baryons with mesons whenever the meson density is s
ciently high as, e.g., in nonperipheral Au1Au collisions at
RHIC energies. Our numerical results for the (p̄1L̄)/(p
1L) ratio in 10% central Au1Au collisions at
As5200 GeV are displayed in Fig. 2 as a function of rap
ity y in comparison to the data from the BRAHMS Collab
ration @54#, which correspond to the measuredp̄/p ratio, but,
however, include some still unknown fraction fromL andL̄
decays. The comparison in Fig. 2 thus suffers from a 5–1
systematic uncertainty. We mention that~within statistics!
practically the same rapidity distribution for antiprotons
obtained when discarding baryon-antibaryon annihilation
well as the backward channels. Thus the calculations
charmonia and open charm mesons in Sec. IV will be p
formed in the latter limit. Nevertheless, Fig. 2 suggests t
the antiproton/proton ratio is reasonably described in
HSD approach. This also holds for the net proton (p2 p̄)
5-2
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FIG. 1. The calculated pseudorapidity distributions of charged hadrons~solid lines! for Au1Au at As5200 GeV for different centrality
classes in comparison to the experimental data of the PHOBOS Collaboration@48# ~full points!, where the error bars indicate the systema
experimental uncertainty. The open squares in the upper left figure correspond to the data from the BRAHMS Collaboration for
centrality class@49#.
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rapidity distribution as seen from Fig. 3 in comparison to t
preliminary data of the BRAHMS Collaboration@55# for the
same event class as in Fig. 2.2

In principle, one might argue that a transport approa
based on string and hadronic degrees of freedom should
be adequate in the initial stage of nucleus-nucleus collisi
at RHIC energies where a new state of matter, i.e., a QG
expected/hoped to be formed. However, the global ev
characteristics and particle abundancies from SIS to RH
energies are found experimentally to show a rather smo
evolution with bombarding energy@56,57#, such that no ob-
vious conclusion on the effective degrees of freedom in

2The experimental data again include some unknown fraction

L and L̄ decays such that the ‘‘real’’ (p2 p̄) rapidity distribution
should be slightly lower.
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initial phase can presently be drawn. Moreover, the la
pressure needed to describe the elliptic flow at RHIC en
gies is approximately described by ‘‘early’’ hadro
formation—as in HSD—and the ‘‘large’’ hadronic interactio
cross sections. This is demonstrated in Fig. 4, where
show the calculated elliptic flowv2 for charged hadrons
~solid lines! as a function of the pseudorapidityh ~upper
part! and as a function of the number of ‘‘participating nucl
ons’’ Npart ~lower part! for uhu<1 in comparison to the pre
liminary ‘‘hit-based analysis’’ data of the PHOBOS Collab
ration @58#. Note that the experimental error bars correspo
to 1s statistical errors, only. Our calculations underestim
the v2(h) distribution close to midrapidity and also ar
somewhat low in the centrality dependence of the ellip
flow. Whereas the elliptic flow at midrapidity is well de
scribed by hydrodynamical models, thev2(h) distribution
comes out too flat in these calculations@59#. We note that our

f
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HSD results are very similar to those of the hadronic res
tering model by Humanicet al. @60,61# and almost quantita
tively agree with the calculations by Sahuet al. @62# per-
formed within the hadron-string cascade model JAM@63#.

On the other hand, unexpectedly high parton cross s
tions of ;5 –6 mb have to be assumed in parton casca
@64# in order to reproduce the elliptic flowv2(pT) seen ex-
perimentally. These cross sections are about 1/9 of
baryon-baryon total cross section (;45 mb) or 1/6 of the
meson-baryon cross section (;30 mb), such that the effec
tive cross section for the constituent quarks and antiquark
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dN
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y

y 

FIG. 2. The (p̄1L̄)/(p1L) ratio in 10% central Au1Au col-
lisions atAs5200 GeV as a function of rapidityy in comparison to

the p̄/p data from the BRAHMS Collaboration@54#. Note that the

experimental data include some unknown fraction ofL and L̄ de-
cays such that the comparison suffers from a 5–10 % system
uncertainty.
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FIG. 3. The net proton (p2 p̄) rapidity distribution in central
Au1Au collisions atAs5200 GeV in comparison to the prelimi
nary data of the BRAHMS Collaboration@55# for the same even
class as in Fig. 2. Note, that the experimental data include s

unknown fraction ofL and L̄ decays such that the ‘‘real’’ (p2 p̄)
rapidity distribution should be slightly lower.
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roughly the same in the partonic and hadronic phases. In
context it will be important to have precise data on op
charm and charmonium transverse momentum (pT) spectra,
since their slope might give information on the pressure g
erated in a possible partonic phase@65#. This argument is
expected to hold especially forJ/C mesons, since their elas
tic rescattering cross section with hadrons should be sma
the hadronic expansion phase@66#. We note that in centra
Pb1Pb collisions at SPS energies the spectral slope ofJ/C
mesons is found experimentally to be substantially sma
(;240 MeV @67#! than that of protons (;300 MeV @68#!.
At RHIC energies the radial flow in central Au1Au colli-
sions is even larger, leading to a stiffer spectrum with
inverse slope parameter;400 MeV for the strongly interact-
ing protons@69#.

Nevertheless, in addition to nucleus-nucleus collisio
from SIS to SPS energies@46#, the HSD transport approac
is found to work reasonably well also at RHIC energies
the ‘‘soft’’ hadron abundances such that the ‘‘hadronic en
ronment’’ for open charm mesons and charmonia should
sufficiently realistic.
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FIG. 4. The calculated elliptic flowv2 for charged hadrons
~solid lines! as a function of pseudorapidityh ~upper part! and as a
function of the number of ‘‘participating nucleons’’Apart for uhu
<1 ~lower part! for Au1Au collisions atAs5200 GeV in compari-
son to the preliminary ‘‘hit-based analysis’’ data of the PHOBO
Collaboration@58#.
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III. ELEMENTARY CROSS SECTIONS

In order to examine the dynamics of open cha
and charmonium degrees of freedom during the forma
and expansion phase of the highly excited system
has to know the number of initially produced particl
with c or c̄ quarks, i.e., D,D̄,D* ,D̄* ,Ds ,D̄s ,Ds* ,D̄s* ,
J/C,C(2S),x2c .

A. Production cross section inpp and pN collisions

In Ref. @43# we have fitted the total charmonium cro
sections (X5xC ,J/C,C8) from NN collisions as a function
of the invariant energyAs by the function

sX
NN~s!5bXS 12

mX

As
D aS mX

As
D 2b

Q~As2As0! ~1!

with a510, b51, while As0 denotes the threshold i
vacuum. The parameters were fixed in Ref.@43# to describe
the J/C and C8 data at lower energy (As<30 GeV). For
our present study we use the same parametrization~1! with a
slightly modified parameterb50.775 ~instead ofb51) in
order to fit the preliminary data point from the PHENI
Collaboration @70# at As5200 GeV, which givess(pp
→J/C1X)53.860.6(stat.)61.3(sys.) mb for the total
J/C cross section. The parameterbX5240 CX nb is propor-
tional to the fraction of charmonium statesCX . We choose
CxC

50.4, CJ/C50.46, andCC850.14 in line with Ref.
@71#.

For the total charmonium cross sections frompN reac-
tions we adopt the parametrization~in line with Ref. @14#!,

sX
pN~s!5dXS 12

mX

As
D g

~2!

with g57.3 anddx51360.8CX nb, which describes the ex
isting experimental data at lowAs reasonably well~cf. Fig. 3
from Ref. @43#!.

Apart from the total cross sections, we also need the
ferential distribution of the produced mesons in the tra
verse momentumpT and the rapidityy ~or FeynmanxF)
from each individual collision. We recall thatxF5pz /pz

max

'2pz /As with pz denoting the longitudinal momentum. Fo
the differential distribution inxF from NN andpN collisions
we use the ansatz from the E672/E706 Collaboration@72#,

dN

dxFdpT
;~12uxFu!cexp~2bpT

pT!, ~3!

wherebpT
52.08 GeV21 and c5a/(11b/As). The param-

etersa,b are chosen asaNN513.5, bNN524.9 for NN col-
lisions andapN54.11, bpN510.2 forpN collisions.

In Fig. 5 ~upper part! we compare the calculatedJ/C
differential cross section in rapidityycm—multiplied by the
branching ratio to dileptons—with the preliminary data fro
the PHENIX Collaboration@70# for pp collisions at As
5200 GeV usingb50.775. Our elementaryJ/C formation
05490
n
e

f-
-
is seen to be in sufficient agreement with the prelimina
data @70#, though the rapidity distribution appears slight
broader than the data.

The number of primaryJ/C mesons formed in centra
Au1Au reactions atAs5200 GeV can be estimated—on th
basis of the Glauber model—by multiplying thepp produc-
tion cross section with the number of binary collisio
(Nbin'1.23103) and dividing by the inelasticpp cross sec-
tion (;45 mb). This leads to a multiplicity of primary
J/C ’s of ;0.1 in very central Au1Au collisions.

The total and differential cross sections for open cha
mesons frompp collisions, furthermore, are taken as in Re
@43#. They also might have to be reduced slightly as t
charmonia cross sections, however, no experimental c
straint is available so far. We thus refer to the results of R
@43#, which give;16DD̄ pairs in central Au1Au collisions
at As5200 GeV, a factor of;160 relative to the expecte
primordial J/C multiplicity of ;0.1. Note that at
As'17.3 GeV the primaryDD̄ to J/C ratio is about 40
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FIG. 5. The calculated rapidity distribution forJ/C mesons
~upper part, multiplied by the branching to dileptons! and all open
charm mesons~lower part! from pp collisions atAs5200 GeV in
comparison to the preliminary data from the PHENIX Collaborati

@70# for J/C1X. The D1D̄ pair rapidity distribution is obtained
by dividing the result in the lower part by a factor of;2.
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@43#; the increase of this ratio by a factor of;4 from
As517.3 GeV to As5200 GeV is within the expected
range. Our result for the rapidity distribution of open cha
mesons frompp collisions atAs5200 GeV~summing up all
D andD̄ mesons! is displayed in the lower part of Fig. 5 an
shows a rather flat distribution at midrapidity, too. Presen
there are no data that could control this open charm rapi
spectrum.

Apart from primary hardNN collisions the open charm
mesons or charmonia may also be generated by secon
mB reactions. Here we include all secondary collisions
mesons with ‘‘baryons’’ by assuming that the open cha
cross section~from Sec. II of Ref.@43#! only depends on the
invariant energyAs and not on the explicit meson or baryo
state. Furthermore, we take into account all interactions
‘‘formed’’ mesons—after a formation time oftF50.8 fm/c
~in their rest frame! @74#—with baryons or diquarks, respec
tively. As pointed out in Ref.@43#, the production of open
charm pairs in central Au1Au collisions bymB reactions is
expected to be on the 10% level.

In order to study the effect of rescattering we tentativ
adopt the following dissociation cross sections of charmo
with baryons independent of the energy~in line with Refs.
@16,43#!:

scc̄B56 mb, sJ/CB54 mb, sxcB55 mb, sC8B510 mb.
~4!

In Eq. ~4! the cross sectionscc̄B stands for a~color dipole!
preresonance- (cc̄) baryon cross section, since thecc̄ pair
produced initially cannot be identified with a particular ha
ron due to the uncertainty relation in energy and time. F
the lifetime of the preresonancecc̄ pair ~in its rest frame! a
value oftcc̄50.3 fm/c is assumed following Ref.@75#. This
value corresponds to the mass difference of theC8 andJ/C.

For D,D* ,D̄,D̄* -meson (p,h,r,v) scattering we ad-
dress to the calculations from Refs.@22,23#, which predict
elastic cross sections in the range of 10–20 mb dependin
the size of the form factor employed. As a guideline we u
a constant cross section of 10 mb for elastic scattering w
mesons and also baryons, although the latter might be e
higher for very low relative momenta.

B. Comover dissociation channels

As already pointed out in the Introduction, theJ/C for-
mation cross sections by open charm mesons or the inv
comover dissociation cross sections are not well known
the significance of these channels is discussed contro
sially in the present literature@28,31,32,34,76,77#. Whereas
in Refs.@16,43# the energy-dependentJ/C-meson cross sec
tions for dissociation toDD̄ have been taken from the ca
culations of Haglin@20#, we here introduce a simple two
body transition model with a single free parameterM0

2,
which allows to implement the backward reactions uniqu
by employing detailed balance for each individual chann
Since the meson-meson dissociation and backward reac
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typically occur with low relative momenta~‘‘comovers’’! it
is legitimate to write the cross section for the processm1
1m2→m31m4 as

s112→314~As!524
E1E2E3E4

s
uM f u2S M31M4

As
D 6

Pf

Pi
,

~5!

where Ei and Si denote the energy and spin of hadroni,
respectively. The initial and final momenta for fixed invaria
energyAs are given by

Pi
25

@s2~M11M2!2#@s2~M12M2!2#

4s
,

Pf
25

@s2~M31M4!2#@s2~M32M4!2#

4s
, ~6!

where Mi denotes the mass of hadroni. In Eq. ~5! uM f u2

stands for the effective matrix element squared, which for
different two-body channels is taken of the form

uM f u25M0
2 for ~p,r!1J/C→D1D̄,

uM f u253M0
2 for~p,r!1J/C→D* 1D̄,D1D̄* ,D* 1D̄* ,

uM f u25
1

3
M0

2 for ~K,K* !1J/C→Ds1D̄,D̄sD,

uM f u25M0
2 for ~K,K* !1J/C→Ds1D̄* ,D̄sD* ,Ds*

1D̄,D̄s* D,D̄s* D* , ~7!

involving a single parameterM0
2 to be fixed at SPS energie

in comparison to the data of the NA50 Collaboration@9,10#.
The relative factors of 3 in Eq.~7! are guided by the sum rule
studies in Ref.@78#, which suggest that the cross section
increased whenever a vector mesonD* or D̄* appears in the
final channel while another factor of 1/3 is introduced f
eachs or s̄ quark involved. The factor@(M31M4)/As#6 in
Eq. ~5! accounts for the suppression of binary channels w
increasingAs and has been fitted to the experimental data
the reactionsp1N→r1N,v1N,F1N,K11L in Ref.
@79#. For simplicity, we use the same matrix elements for
dissociation ofxc and C8 with mesons, though there is n
fundamental reason why these matrix elements should be
same. However, since we here concentrate only on the
J/C absorption and production and not on the explicit ch
monium ‘‘chemistry,’’ this approximation should work ou
reasonably well within the range of systematic uncertaint

The advantage of the model introduced in Eq.~5! is that
detailed balance for the binary reactions can be emplo
strictly for each individual channel, i.e.,

s314→112~As!5s112→314~As!
~2S111!~2S211!

~2S311!~2S411!

Pi
2

Pf
2

,

~8!
5-6
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and the role of the backward reactions (J/C1meson forma-
tion by D1D̄ flavor exchange! can be explored without in
troducing any additional parameter onceM0

2 is fixed. The
uncertainty in the cross sections~5! is of the same order o
magnitude as that in Lagrangian approaches using,
SU(4)f lavor symmetry@22,23# since the form factors at th
vertices are essentially unknown@78#.

As mentioned before, we fit the parameterM0
2 to theJ/C

suppression data from the NA50 Collaboration for Pb1Pb
collisions at 160A GeV ~cf. Sec. IV A!. For the valueM0

2

50.13 fm/GeV2 used below we end up with theJ/C disso-
ciation cross sections

sJ/C1m→X~As!5(
c

sJ/C1m→c~As! ~9!

displayed in Fig. 6 withp, r, K, andK* mesons. The sum
mation over the final channelc in Eq. ~9! includes all binary
channels compatible with charm quark and charge conse
tion. Note, that for the comover absorption scenario ess
tially the regime 3.8 GeV<As<4.8 GeV is of relevance~cf.
Fig. 7.13 in Ref.@13#!, where the dissociation cross sectio
are on the level of a few mb. We note that the explicit cha
nel J/C1p→D1D̄, which has often been calculated in th
literature @22,23,76,77#, is below 0.7 mb in our model. A
somewhat more essential result is that theJ/C dissociation
cross section withr mesons is in the order of 5–7 mb as
the calculations of Haglin@20# used before in Ref.@43#, since
this channel was found to dominate theJ/C dissociation at
SPS energies@13#. The explicit shape of the cross sections
characterized by a rapid rise inAs whenever a new channe
opens up. On the other hand, the channels with vector
sons (r,K* ) are ‘‘exothermal’’ and thus divergent at thres
old.

The cross sections for the backward channelsD1D̄,D
1D̄* ,D* 1D̄,D* 1D̄* →J/C 1 meson as well as the
channels involvings or s̄ quarks, i.e.,Ds1D̄,Ds1D̄* ,Ds*

1D̄,Ds* 1D̄1→J/C1(K,K* ), then are fixed by detailed
balance via Eq.~8!. The actual results for these channels
summed up again over all possible binary final states—

4.0 4.5 5.0 5.5
10

-1

10
0

10
1

J/Ψ+K*

J/Ψ+K

J/Ψ+ρ

J/Ψ+π

σ 
[m

b]

s
1/2

 [GeV]

FIG. 6. TheJ/C dissociation cross sections withp, r, K, and
K* mesons as specified in Sec. III.
05490
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displayed in Fig. 7 separately for the ‘‘nonstrangeness’’~up-
per part! and ‘‘strangeness’’ channels~lower part!, showing
again divergent cross sections for ‘‘exothermal’’ chann
such asD1D̄→J/C1p. Such divergent cross section
arise in all ‘‘exothermal’’S-wave channels implying thatD
1D̄ or D* 1D̄ mesons with low relative momentum have
large cross section forc and c̄ quark exchange. In actua
transport calculations such divergent cross sections imp
no problems since the transition rates;Pfs314→112 remain
finite, as is easily seen when inserting Eq.~5! into Eq. ~8!,
and since the divergent factorPf

2 cancels out. Furthermore
in the transport calculations an explicit cut in the total cro
sections of 120 mb is employed, which simulates the scre
ing of large cross sections at a finite hadron density.

C. Numerical implementation

We recall that~as in Refs.@43,73,80,81#! the charm de-
grees of freedom are treated perturbatively and that in
hard processes~such ascc̄ or Drell-Yan production fromNN
collisions! are ‘‘precalculated’’ to achieve a scaling of th
inclusive cross section with the number of projectile a
target nucleons asAP3AT when integrating over the impac
parameter. To implement this scaling we separate the pro

4.0 4.5 5.0 5.5
10

0

10
1

D*+Dbar*

D+Dbar*, D*+Dbar

D+Dbar

σ  
[m

b]

4.0 4.5 5.0 5.5
10

0

10
1

D
S

*+Dbar, D
S
+Dbar*

D
S

*+Dbar*

D
S
+Dbar

 

σ  
[m

b]

s
1/2

 [GeV]

FIG. 7. The cross sections for the channelsD1D̄, D

1D̄* , D* 1D̄,D* 1D̄* →J/C 1 meson ~upper part! and the

channels involvings or s̄ quarksDs1D̄, Ds1D̄* , Ds* 1D̄, Ds*

1D̄1→J/C1(K,K* ) ~lower part! as a function of the invarian
energyAs according to the model described in Sec. III.
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tion of the hard and soft processes: The space-time pro

tion vertices of thecc̄ pairs are ‘‘precalculated’’ in each
transport run by neglecting the soft processes, i.e., the
duction of light quarks and associated mesons, and then
inserted in the dynamical calculation at the proper spa
time point during the actual calculation that includes all s
processes. As shown in Ref.@43#, this prescription is very
well in line with Glauber calculations for the production
hard probes at fixed impact parameter, too. We mention

this ‘‘precalculation’’ of cc̄ production might be modified a
RHIC energies due to changes of the gluon structure fu
tions during the heavy-ion reaction or related shadow
phenomena@82#. Such effects, however, are expected to
of minor importance at RHIC energies~and below! and will
be discarded for our present study that concentrates on
balance between comover absorption andJ/C reproduction
channels.

Each open charm meson and charm vector meson is
duced in the transport calculation with a weightWi given by
the ratio of the actual production cross section divided by
inelastic nucleon-nucleon cross section, e.g.,

Wi5
sNN→J/C1x~As!

sNN
inelas~As!

. ~10!

In the transport simulation we follow the motion of the cha
monium pairs or producedD,D̄,D* ,D̄* mesons within the
full background of strings/hadrons by propagating them
free particles, i.e., neglecting in-medium potentials, but co
pute their collisional history with baryons and mesons
quarks and diquarks. For reactions with diquarks we use
corresponding reaction cross section with baryons multip
by a factor of 2/3. For collisions with quarks~antiquarks! we
adopt half of the cross section for collisions with mesons

Furthermore, in addition to our previous studi
@16,43,81#, the re-creation of charmonia by channels such
D* 1D̄→J/C1p, etc., is taken into account in each ind
vidual run according to the cross sections~8! with the weight
of the produced charmonium statesk given by

Wk5WiWj , ~11!

whereWi ,Wj are the individual weights of the open char
mesons. The open charm mesons are not allowed to resc
within a formation time of 0.3 fm/c ~in their rest frame!
since a finite time is needed to form their wave functio
This formation time is not well known and presently c
only be estimated. Thus we checked—by performing cal
lations with formation times from 0.3 to 0.6 fm/c—that the
physical statements~see below! remain robust. As commonly
employed in transport simulations, the open charm me
pairs, which stem from the same interaction vertex, are
allowed to rescatter with each other again unless an inter
diate scattering has occurred.
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IV. NUCLEUS-NUCLEUS COLLISIONS

A. SPS energies

We directly step on with the results for the charmoniu
suppression and start with the system Pb1Pb at 160A GeV
to demonstrate that the ‘‘late’’ comover dissociation mod
~5! is approximately in line with the data of the NA50 Co
laboration. The correspondingJ/C suppression~in terms of
the m1m2 decay branch relative to the Drell-Yan bac
ground from 2.9–4.5 GeV invariant mass! as a function of
the transverse energyET in Pb1 Pb collisions at 160A GeV
is shown in Fig. 8. The solid line~HSD’03! stands for the
HSD result within the comover absorption scenario for t
cross sections defined by Eq.~5!, while the various data
points reflect the different data releases from the NA50 C

0 20 40 60 80 100 120 140
0

10

20

30

40

 NA50'95
 NA50'96
 NA50'96 with minimum bias
 NA50'98 with minimum bias
 HSD'97
 HSD'03

B
µµµµ

σ (
J/

Ψ
)/

σ (
D

Y
)| 2.

9-
4.

5

Pb+Pb,  s
1/2

=17.3 GeV

0 20 40 60 80 100 120 140
0

10

20

30

40

 NA50'00, anal. A, prelim.
 NA50'00, anal. B, prelim.
 NA50'00, anal. C, prelim.
 UrQMD'99
 HSD'03

B
µµµµ

σ (
J/

Ψ
)/

σ (
D

Y
)| 2.

9-
4.

5

Pb+Pb,  s
1/2

=17.3 GeV

E
T
 [GeV]

FIG. 8. TheJ/C suppression~in terms of them1m2 decay
branch relative to the Drell-Yan background from 2.9—4.5 G
invariant mass! as a function of the transverse energyET in Pb
1Pb collisions at 160A GeV. The solid line~HSD’03! stands for
the HSD result within the ‘‘late’’ comover absorption scenario pr
sented in Sec. III while the dotted line~HSD’97! reflects the earlier
calculation from Ref.@81#. Upper part: the full dots stand for th
NA50 data from 1995, the full squares for the 1996 data, the o
triangles for the 1996 data with minimum bias, while the op
circles represent the 1998 data adopted from Refs.@7–10#. Lower
part: the open and full symbols indicate the preliminary NA50 d
from 2000~analysesA,B, andC) @11#. The dashed histogram is th
UrQMD result from Ref.@18#.
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OPEN CHARM AND CHARMONIUM PRODUCTION AT . . . PHYSICAL REVIEW C 67, 054905 ~2003!
laboration@7–10#. Note that the 2000 data@11# ~lower part!
no longer indicate the drop at the highestET ~for analysisB)
in line with the HSD calculations from 1997@81# and the
UrQMD results from 1999@18# ~dashed histogram!. We
mention that the present calculation~solid line, HSD’03!
agrees with the earlier calculations from Ref.@81# ~dotted
line, HSD’97! very well except for the firstET bin. Thus the
cross sections presented in Fig. 6 do not lead to an over
mation ofJ/C suppression at SPS energies. There might
alternative explanations forJ/C suppression as discussed
Refs. @14,29,30,73,83# and/or further dissociation mecha
nism not considered here. However, for the purposes of
present study it is sufficient to point out that the cross s
tions displayed in Fig. 6 most likely are upper limits.

In order to provide some information on the relative pr
duction and absorption channels for charmonia in these
actions we show the calculatedJ/C rapidity distributions for
10% central Pb1Pb collisions atAs517.3 GeV in Fig. 9.
The ordering of the different lines is as follows: the upp
dot-dot-dashed line stands for the rapidity distribution
J/C mesons produced by initialBB collisions while the low-
est dot-dashed line reflects the rapidity distribution ofJ/C
mesons from secondarymB collisions that are of minor im-
portance at SPS energies. The dashed line corresponds
J/C ’s dissociated by baryons (B); this absorption mecha
nism is denoted as ‘‘conventionalJ/C attenuation’’ by the
NA50 Collaboration and also present inp1A reactions. The
dotted line ~‘‘m abs.’’! gives the rapidity distribution for
J/C ’s dissociated with mesons~‘‘comover absorption’’!,
while the full solid line stands for the finalJ/C rapidity
distribution.

As mentioned in Sec. III, model~5! allows to calculate the
backward channels—leading toJ/C reformation by open
charm 1 anticharm mesons—without introducing any ne
parameter or assumption. The result for the totalJ/C co-

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
10

-5

10
-4

10
-3

m abs.
B abs.

m prod.

final

B prod.

Pb+Pb->J/Ψ+X,  s
1/2

=17.3 GeV, central
dN

/d
y

y

FIG. 9. CalculatedJ/C rapidity distributions for central Pb1Pb
collisions atAs517.3 GeV. The ordering of the different lines is a
follows: the upper dot-dot-dashed line stands for the rapidity dis
bution of J/C mesons produced by initialBB collisions, while the
lowest dot-dashed line reflects the rapidity distribution ofJ/C me-
sons frommB collisions. The dashed line corresponds to theJ/C ’s
dissociated by baryons~B! and the dotted line shows theJ/C ’s
dissociated by mesons (m). The full solid line gives the finalJ/C
rapidity distribution.
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mover absorption rate~solid histogram! in central Pb1 Pb
collisions at 160A GeV is shown in Fig. 10 in comparison t
theJ/C reformation rate~dashed histogram! that includes all
backward channels. Since the rates differ by about two
ders of magnitude, the backward rate forJ/C formation can
clearly be neglected at SPS energies even for central Pb1Pb
reactions. This result is essentially due to the fact that
expected multiplicity of open charm pairs is;0.12 in central
Pb1Pb collisions atAs517.3 GeV~according to the calcu-
lations in Ref.@43#!. Even in case of ‘‘open charm enhanc
ment’’ ~as suggested in Ref.@84#! by a factor;3, where the
J/C reformation rate would increase by a factor;9, the
backward channels still could be neglected.

Since the ‘‘comover’’ dissociation cross sections e
ployed should be regarded as upper limits, we conclude
no chemical equilibration between mesons, open charm
sons, and charmonia is achieved dynamically at SPS e
gies. Note, however, that the transverse massMT spectra for
all mesons including open charm and charmonia from cen
Pb1Pb collisions scale according to the HSD calculatio
~cf. Fig. 18 of Ref.@43#!, if final state elastic scatterings ar
omitted. Thus statistical model fits still should work for th
different hadron abundances.

B. RHIC energies

For central Au1Au collisions atAs5200 GeV, however,
the multiplicity of open charm pairs should be;16, i.e., by
about 2 orders of magnitude larger, such that a much hig
J/C reformation rate (;Ncc̄

2 ) is expected at RHIC energie
~cf. Ref. @30#!. In Fig. 11, we display the totalJ/C comover
absorption rate~solid histogram! in comparison to theJ/C
reformation rate~dashed histogram! as a function of time in
the center-of-mass frame. Contrary to Fig. 10 now the t
rates become comparable fort>4 –5 fm/c and suggest tha
at the full RHIC energy ofAs5200 GeV theJ/C comover

i-

5 10 15 20

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

time [fm/c]

 J/Ψ+m->D+Dbar
 D+Dbar->J/Ψ+m

Pb+Pb,  s
1/2

=17.3 GeV,  central

dN
/d

t

FIG. 10. The calculated rate ofJ/C dissociation reactions with
mesons ~solid histogram! for central Pb1Pb collisions atAs
517.3 GeV in comparison to the rate of backward reactions
open charm pairs toJ/C 1 meson~dashed histogram! according to
the model specified in Sec. III.
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dissociation is no longer important since the charmonia
sociated in this channel are approximately re-created in
backward channels. Accordingly, theJ/C dissociation at
RHIC should be less pronounced than at SPS energ
Moreover, there is even a small excess ofJ/C formation by
D1D̄ reactions in the first 2 fm/c ~after contact! qualita-
tively in line with AMPT calculations by Zhanget al. @85#.

In order to provide some information on the relative pr
duction and absorption channels for charmonia in these
actions we show—in analogy to Fig. 9—the calculatedJ/C
rapidity distributions for 12% central Au1Au collisions at
As5200 GeV in the upper part of Fig. 12. The ordering
the different lines is as follows: the upper dot-dot-dashed
stands for the rapidity distribution ofJ/C mesons produced
by initial BB collisions, while the lowest dot-dashed lin
reflects the rapidity distribution ofJ/C mesons from second
ary mB collisions that are of minor importance also at RH
energies. The dashed line corresponds to theJ/C ’s dissoci-
ated by baryons~B!, i.e., the ‘‘conventionalJ/C attenua-
tion.’’ This distribution is approximately the same as the
creation ofJ/C ’s from D1D̄ annihilation ~thin solid line
with open circles!. The dotted line~‘‘m abs.’’! gives the ra-
pidity distribution for J/C ’s dissociated with mesons~‘‘co-
mover absorption’’!; it is slightly lower than theD1D̄ re-
creation channel. The full solid line stands for the finalJ/C
rapidity distribution that is about a factor of;3 lower than
the primary production fromBB collisions. Since all distri-
butions~within statistics! are practically flat foruycmu<2, no
strong sensitivity of theJ/C survival probability is expected
for different rapidity cuts in this interval around midrapidit

We additionally comment on results of HSD calculatio
that have been performed under the assumption of in
J/C ‘‘melting’’ by color screening in a QGP phase as adv
cated in Refs.@5,6#. To this aim we have ‘‘deleted’’ all char
monia created initially from primaryBB collisions in the

5 10 15 20

10
-4

10
-3

10
-2

10
-1

time [fm/c]

 J/Ψ+m->D+Dbar
 D+Dbar->J/Ψ+m

Au+Au,  s
1/2

=200 GeV, central

dN
/d

t

FIG. 11. The calculated rate ofJ/C dissociation reactions with
mesons ~solid histogram! for central Au1Au collisions at As
5200 GeV in comparison to the rate of backward reactions of o
charm pairs toJ/C 1 meson~dashed histogram! according to the
model specified in Sec. III.
05490
-
e

s.

-
e-

e

-

al

calculation, but evolved the system in time with the sa
production and absorption cross sections as before. The
sulting final J/C rapidity distribution for central Au1Au
collisions atAs5200 GeV is shown in the lower part of Fig
12 by the dashed line in comparison to the finalJ/C rapidity
distribution from the upper part of the figure~solid line!. The
comparison demonstrates that even in case of complete
tial charmonium dissociation a finite amount ofJ/C ’s should
be seen experimentally, which is roughly half of the yie
expected from the full calculations and essentially due to
D1D̄ production channels. Since the latter cross sections
upper estimates, theJ/C yield ~dashed line in Fig. 12! also
has to be considered as an upper limit in this case.

A note of caution should be added in context with Fig. 1
since the actual rapidity distributions might change quant

n

-3 -2 -1 0 1 2 3

10
-3

10
-2

m abs.

B prod.

m prod.

final

 DDbar ann.
 B abs.

Au+Au->J/Ψ+X

s
1/2

=200 GeV, central

dN
/d

y
-3 -2 -1 0 1 2 3

10
-3

10
-2            final J/Ψ  :

 with BB prod.
 without BB prod.

dN
/d

y
y

FIG. 12. CalculatedJ/C rapidity distributions for 12% centra
Au1Au collisions atAs5200 GeV. The ordering of the differen
lines in the upper part is as follows: the upper dot-dot-dashed
stands for the rapidity distribution ofJ/C mesons produced by
initial BB collisions while the lowest dot-dashed line reflects t
rapidity distribution of J/C mesons frommB collisions. The
dashed line corresponds to theJ/C ’s dissociated by baryons (B);
this distribution is approximately the same as the recreation

J/C ’s from D1D̄ annihilation~thin solid line with open circles!.
The dotted line~‘‘m abs.’’! shows theJ/C ’s dissociated by meson

(m), which is slightly lower than theD1D̄→J/C 1 meson rec-
reation channel. The full solid line gives the finalJ/C rapidity
distribution. Lower part: The solid line is identical to the finalJ/C
rapidity distribution from the upper part whereas the dashed lin
obtained from HSD calculations assuming that all charmonia p
duced from initialBB collisions are ‘‘melted’’ in a possible QGP
phase~see text!.
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tively when including a more refined model for the matr
elements in Eq.~7!, especially for thexc and C8 states.
Furthermore, in-medium modifications~or self-energy cor-
rections! of the open charm mesons~and charmonia! should
change the final rapidity distributions to some extent, sinc
lowering of D,D̄ masses leads to an increase ofJ/C 1
meson absorption rates and a decrease of the backward
nel rates@85#. For constant matrix elements as in Eq.~7!
these modifications directly result from an enhanced ph
space for absorption and a reduced invariant energy for
backward channels. On the other hand, for enhancedD,D̄
masses in the medium theJ/C 1 meson absorption rate
will be lowered and the backward channels be enhanced
cordingly. As argued in Ref.@86#, charmonium spectroscop
in p̄ induced reactions on nuclei might shed some furt
light on this presently open issue. Nevertheless, our ac
results for theJ/C reformation by open charm1 anticharm
mesons are in qualitative and even quantitative agreem
with the independent transport studies in Ref.@85# that also
demonstrate a net reduction ofJ/C mesons relative to the
extrapolations frompp collisions with the number of binary
collisions.

We now turn back again to the HSD results for the f
calculations. To quantify the finalJ/C suppression in
Au1Au collisions at RHIC we show in Fig. 13 the calcu
latedJ/C survival probabilitySJ/C defined as

SJ/C5
Nf in

J/C

NBB
J/C

, ~12!

whereNf in
J/C and NBB

J/C denote the final number ofJ/C me-
sons and the number ofJ/C ’s produced initially byBB re-
actions, respectively. In Fig. 13 the quantity~12! is displayed
as a function of the transverse energyET—in units of the

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Pb+Pb, s1/2=17.3 GeV

SJ/
Ψ

Au+Au, s1/2=200 GeV:
 with DDbar ann.
 without DDbar ann.

E
T
/E

T max

FIG. 13. The calculatedJ/C survival probabilitySJ/C as a func-
tion of the transverse energy—in units of the transverse energ
impact parameterb51 fm—for Au1Au collisions with~solid line!
and without inclusion of the backward channels~lower dot-dashed
line!. The dashed line~middle! shows the result from Fig. 8 for the
same quantity in Pb1Pb collisions atAs517.3 GeV for compari-
son.
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transverse energy at impact parameterb51 fm—for Au1Au
collisions with~solid line! and without inclusion of the back
ward channels~dash-dotted line!. In fact, the dash-dotted line
is ~within statistics! identical to the previous calculation i
Ref. @16# demonstrating a considerableJ/C ‘‘comover’’ sup-
pression for central collisions. When including the r
formation channels this suppression is substantially redu
and leads to a less effective dissociation of charmonia tha
SPS energies~middle dashed line!. Furthermore, we observ
that SJ/C<1 for all centralities and thus noJ/C enhance-
ment relative to the primaryBB production is found from
our calculations as claimed in the statistical models of Re
@31,38,87#. We would also like to recall that the charmoniu
‘‘melting scenario’’ advocated in Ref.@83# should lead to a
steplikeET dependence ofSJ/C due to a successive meltin
of thexc andJ/C and an almost complete disappearance
J/C ’s for central collisions. Moreover, as shown in Ref
@88,89#, statistical models on the partonic or even hadro
level lead to very different predictions for theJ/C multiplic-
ity as a function of centrality in Au1Au collisions atAs
5200 GeV. Since at RHIC energies the predictions of
‘‘comover’’ approach, the statistical models, and the ‘‘me
ing scenario’’ are substantially different, experiment shou
clearly decide about the adequacy of the concepts involv

The preliminary data of the PHENIX Collaboration@70#
allow for a first glance at the situation encountered
Au1Au collisions at As5200 GeV. In order to compare
with the preliminary data we have performed a rapidity c
uyc.m.u<2 in the calculations. In Fig. 14 theJ/C multiplicity
per binary collision~times the branching ratioB) is shown as
a function of the number of participating nucleonsApart in
comparison to the data at midrapidity. Whereas our trans
results give a monotonous decrease of theJ/C yield ~per
binary collision! with centrality, the statistical charm coale
cence model of Gorensteinet al. @89# predicts an increase b
about 20% fromApart5100 to 380. Since the statistics~and

at
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FIG. 14. The calculatedJ/C multiplicity per binary collision—
multiplied by the branching to dileptons—as a function of the nu
ber of participating nucleonsNpart in comparison to the preliminary
data from the PHENIX Collaboration@70# for Au1Au and pp re-
actions.
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binning in Apart) is quite limited so far on the experiment
side, no final conclusion can presently be drawn; howe
the data neither suggest a dramatic enhancement ofJ/C pro-
duction nor a complete ‘‘melting’’ of the charmonia in th
QGP phase.

V. SUMMARY

In this work we have performed a first comparison
results from HSD transport calculations on meson, bary
antibaryon production, and elliptic flow with the~prelimi-
nary! data for Au1Au collisions atAs5200 GeV from the
PHOBOS, BRAHMS, and PHENIX Collaborations. Th
HSD transport approach, which is based on quark, diqu
string, and hadronic degrees of freedom, is found to giv
quite reasonable description of the different observab
studied in this work. Only the elliptic flowv2 is underesti-
mated closer to midrapidity—quantitatively in line with th
hadron-string cascade calculations in Ref.@62#–indicating
that there might be ‘‘extra pressure’’ being generated in
‘‘prehadronic phase.’’

On the other hand, hard probes such as charmonia
openD-meson pairs are expected to be sensitive to the in
phase of high energy density where charmonia might
‘‘melting’’ according to the scenario advocated in Ref.@83#,
their formation be suppressed due to plasma screening@33#,
or absorbed early by neighboring strings@73#. However,
charmonia might also be generated in a statistical fashio
the phase boundary between the QGP and an interacting
ron gas such that their abundance could be in statis
~chemical! equilibrium with the light and strange hadron
@35,87#. The latter picture is expected to lead not to a su
pression but to an enhancement ofJ/C mesons at the full
RHIC energy if compared to the scaledJ/C multiplicity
from pp collisions @31#. We recall that the ‘‘hadronic co
mover’’ dissociation concept has led to a;90% J/C sup-
pression in central Au1 Au collisions atAs @16# due to the
high meson densities encountered. However, as pointed
in Ref. @16#, the latter calculations had been performed wi
out including the backwardD1D̄→J/C 1 meson channels
thus violating ‘‘detailed balance.’’
.
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The focus of this work has been to show the dynami
effects from the backward channels for charmonium rep
duction byD1D̄ channels, employing detailed balance on
microscopic level. To this aim we have formulated a simp
phase-space model for the individual charmonium disso
tion channels with a single free parameterM0

2 ~cf. Sec. III!,
which we have fixed at SPS energies in comparison to
J/C suppression data of the NA50 Collaboration. In fact, t
results for the charmonium suppression are practically
same as in the previous HSD transport calculatio
@16,43,81#. From our dynamical calculations we find that th
charmonium re-creation by the backward channels plays
role at SPS energies~cf. Fig. 10!, however, it becomes sub
stantial in Au1 Au collisions atAs5200 GeV and even is
slightly larger than the ‘‘comover’’ absorption channel. Th
leads to the final result that the totalJ/C suppression as a
function of centrality is less pronounced than at SPS en
gies, where the backward channels play no role. Furth
more, even in the case that all directly producedJ/C mesons
are not formed as a mesonic state~e.g., due to color screen
ing!, a sizable amount of charmonia is found asymptotica
due to theD1D̄→J/C 1 meson channels which is almo
quantitatively in line with the AMPT calculations in Re
@85# for central Au1Au collisions atAs5200 GeV. Since
the cross sections forJ/C 1 meson absorption employed i
this work have to be considered as upper limits, the charm
nium re-formation by D1D̄→J/C 1 meson channels
should be lower than theJ/C cross section expected from
binary scaling ofpp reactions. The preliminary data of th
PHENIX Collaboration@70# are compatible with our full
transport calculations~cf. Fig. 14!. However, improved sta-
tistics and also data for light systems such as Ne1Ne and
Ag1Ag will be necessary to clarify the issue of charmoniu
suppression experimentally.
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