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We calculate open charm and charmonium production if-Au reactions atys=200 GeV within the
hadron-string dynamics transport approach, employing open charm cross sectiomsENfrand N reactions
that are fitted to results fromyTHIA and scaled in magnitude to the available experimental data. Charmonium
dissociation with nucleons and formed mesons to open ch@m} 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 strengni that is fitted to thel/V suppression data for PiPb collisions at
Super Proton Synchrotraf8PS energies. As a novel feature we implement the backward channels for char-
monium reproduction bjDE 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 total/¥ suppression ay’s=200 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 prd/dihcedsons
dissociate immediatelyor are not formed as a mesonic sjata sizable amount of charmonia is found
asymptotically due to th® + D—J/¥ + meson channels in central collisions of ABuU at \/s=200 GeV,
which, however, is lower than th#V yield expected from binary scaling @fp collisions.
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I. INTRODUCTION are in the order of a few mR0-27. Theoretical estimates
here differ by more than an order of magniti@s8], espe-

The dynamics of ultra-relativistic nucleus-nucleus colli- cially with respect toJ/W-meson scattering such that the
sions at Super Proton Synchrotr¢8PS and Relativistic question of charmonium suppression is not yet settled. On
Heavy-ion Collider(RHIC) energies are of fundamental in- the other hand, at RHIC energies further absorption
terest with respect to the properties of hadronic/partonic sysmechanisms—such as plasma screening and gluon
tems at high energy densities, as encountered in the earlycattering—might play a dominant role as suggested in Refs.
phase of the “big bang.” Especially, the formation of a [29,30 and also lead to a substantial reduction of fhd
quark-gluon plasmaQGP and its transition to interacting formation in central Ad-Au collisions.
hadronic matter has motivated a large community for about On the other hand, it has been pointed out—within
20 to 30 yearg1]. However, even after more than a decadestatistical models—that at RHIC energies the charmonium
of experiments at the SPS and recently at the RHIC, thé¢ormation from open charm+ anticharm mesons might
complexity of the dynamics has not been unraveled and npecome essentigB1] and even exceed the yield from pri-
conclusive evidence has been obtained for the formation afhary NN collisions [31,32. However, a more schematic
the QGP and/or the properties of the phase trans[®8],  model by Ko etal. [33]—including the channelsl/¥
though “circumstantial evidence” has been Clﬂn{(ﬂ“ — + m— DD—suggested that such channels should be still of

Apart from the light and strange flavouu,d,d,s,s)  minor importance at RHIC energies, but become essential at
quark physics and their hadronic bound states in the vacuumarge Hadron CollidefLHC) energies. A similar conclusion
(7-r,K,¢,_etc), the interest in hadronic states with charm fla- has been reached in R¢B4]. One of the prevailing ques-
vors (c,c) has been rising additionally in line with the de- tions thus is, if open charm mesons and charmonia will
velopment of new experimental facilities. This relates to theachieve thermal and chemical equilibrium with the light me-
charm production cross section pN, 7N, pA, and AA  sons during the nucleus-nucleus reaction, as suggested/
reactions as well as to their interactions with baryons andnticipated in Refs[35-38. Such issues of equilibration
mesons, which determine their propertispectral functions ~ phenomena are traditionally examined within nonequilibrium
in the hadronic medium. relativistic transport theorj13,39-42.

The charm quark degrees of freedom are of special inter- In this work we will calculate open charm and charmo-
est in context of the phase transition to the QGP, sioce Nium p_roduct|on at RHIC energies within the hadron-string
meson states should no longer be formed due to color screeflynamics(HSD) transport approacti3,16,43 for the over-
ing [5,6]. However, the suppression af¥ and¥’ mesons all reaction d_ynam|cs using parametrizations for the elemen-
in the high density phase of nucleus-nucleus collisions afa"y Production channels including the charmed hadrons
SPS energieg7—11] might also be attributed to inelastic co- D,D,D*,D*,Dg,Dg,Df ,Df, J/W,¥(2S),x,. from NN
mover scatterindcf. Refs.[12—19 and references thergin and 7N collisions. The latter parametrizations are fitted to
provided that the correspondinf'¥’-hadron cross sections PYTHIA calculations[44] above \s=10 GeV and extrapo-
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lated to the individual thresholds, while the absolute strengtland do not interact during the “partonic” propagation. Fur-
of the cross sections is fixed by the experimental data athermore, hadronization is inhibited if the energy density—in
described in Refl43]. In the latter work we have calculated the local rest frame—is above 1 GeVAmwhich roughly
excitations functions for open charm mesons and charmonigorresponds to the energy density for QGP formation in equi-
including theJ/W suppression by dissociation with baryons jibrium at vanishing quark chemical potential,. Thus
and mesong“comovers”) using theJ/"-meson cross sec- “hadrons” only exist as quark-antiquark or quark-diquark
tions from Haglin[20]. The centrality dependence for the nairs at energy densities above 1 GeVAfand only can be-
J/¥ survival probability has been presented in R&6] for  come ordinary hadrons if the system has expanded suffi-
SPS (/s=17.3 GeV) and RHIC energies/6=200 GeV),  cjently. We note that this cut on the energy density is the only
too, for Pb-Pb or AutAu collisions, respectively. We here mqdification introduced as compared to the earlier studies in
extend our previous works and include explicitly the back-Refs.[16,43,47 and has also been included in the more re-
ward channels “charmt+ anticharm mesor- charmonia+ cent systematic analysis in R¢#6] from SIS to SPS ener-
meson,” employing detailed balance in a more schematit@ies_
interaction model with a single parameter or matrix element  |n order to demonstrate the applicability of the HSD ap-
[Mo|? that is fixed by thel/¥ suppression data from the proach to nucleus-nucleus collisions at RHIC energies we
NASO0 collaboration at SPS energies. _show in Fig. 1 the calculated pseudorapidity distributions of
Our work is organized as follows. In Sec. Il we will charged hadrongsolid line9 for Au+Au at ys=200 GeV
present the results of the HSD transport approach for chargeg; gifferent centrality classes in comparison to the experi-
hadrons, protons, antiprotons, and elliptic flow in-A&u mental data of the PHOBOS Collaboratig#g] (full points),
collisions at\/s=200 GeV in comparison to available data. where the error bars indicate the systematic experimental un-
This presentation is necessary since the open and hldd%rta|nty The open squares in the upper left figure corre-
charm formation and propagation proceeds in a dense anghond to the data from the BRAHMS Collaboration for the
hot hadronic environment that should be sufficiently realis-sgme centrality clag€9]. We find that the HSD calculations
tic. The elementary production cross sections for open charighow a small dip irdN/d» at midrapidity for all centrality
and charmonia from baryon-baryoBB) and meson-baryon c|asses, which is not seen in the experimental distributions.
(mB) collisions are presented in Sec. I, as well as theirFyrthermore, the pseudorapidity distributions are slightly
interaction cross sections with hadrons. A phase-space modgjoader than the data, which also might point towards an
will be presented, furthermore, for the charmonitnmeson  improper string fragmentation scheme in the LUND model
dissociation cross sections that allows to implement “de{50] employed in HSD. We expect that this issue can be
tailed balance” for all channels of interest. Section IV con- gettled uniquely when high statistics data gy reactions at
tains the actual calculations for the open and hidden charmnyic energies become available. On the other hand, the
degrees of freedom for PEPb collisions atys=17.3 GeV  overall description of the rapidity distributions is reasonably
and Aut+Au collisions atys=200 GeV with particular em- good for our present purposes.
phasis on the novel aspect, i.e., the charmonium reformation A further question is related to the antibaryon and baryon
by open charm mesons employing “detailed balance.” Aabundances at midrapidity, which show the amount of
comparison to the preliminary data of the PHENIX Collabo-baryon stopping and antibaryon product@di]. We mention
ration on J/¥ suppression in AgAu collisions at s  that multimeson fusion channels play a sizable role in re-
=200 GeV will be presented, too. Sec. V concludes thiscreating baryon-antibaryon pai47,52,53 and reducing the
study with a summary and discussion of open problems. number of light mesons accordingly. Thus detailed balance
on the many-particle level—as only found more recently
Il. CHARGED HADRONS, BARYONS, ANTIBARYONS, [47]—leads to an approximate chemical equilibrium of anti-
AND COLLECTIVE FLOW baryons with mesons whenever the meson density is suffi-
ciently high as, e.g., in nonperipheral Aéu collisions at

Before coming to the actual charmonium and open ChathlC energies. Our numerical results for thEJr(K)/(p

dynamics at RHIC energies we have to investigate _|f the+A) ratio in 10% central AwAu collisions at
HSD transport approach based on string, quark, diquark

(q aqq q_q) as well as hadronic degrees of freedom per-\/gz 200 GeV are displayed in Fig. 2 as a function of rapid-

) =ity y in comparison to the data from the BRAHMS Collabo-
forms reasonably well with respect to the abundance of light . . — .
hadrons composed af d,s quarks' Such a test is essential ration[54], which correspond to the measurgip ratio, but,

since the dissociation of charmonia on baryons, antibaryondlowever, include some still unknown fraction froand A .
and mesons is directly proportional to their density in phasé€cays. The comparison in Fig. 2 thus suffers from a 5-10%

have a formation time ofr==0.8 fm/c in their rest frame Practically the same rapidity distribution for antiprotons is
obtained when discarding baryon-antibaryon annihilation as

well as the backward channels. Thus the calculations for

'For a more recent survey on hadron rapidity distributions fromcharmor_\la and open c_harm mesons in S_ec. IV will be per-

2 to 160A GeV in central nucleus-nucleus collisions within the formed in the latter limit. Nevertheless, Fig. 2 suggests that

HSD and Ultrarelavisitc Quantum Molecular Dynami¢srQMD)  the antiproton/proton ratio is reasonably described in the
[45] transport approaches we refer the reader to Ref. HSD approach. This also holds for the net protq(p)
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FIG. 1. The calculated pseudorapidity distributions of charged hadsutis line for Au+Au at \'s=200 GeV for different centrality
classes in comparison to the experimental data of the PHOBOS Collabde8ipotiull points), where the error bars indicate the systematic
experimental uncertainty. The open squares in the upper left figure correspond to the data from the BRAHMS Collaboration for the same
centrality clasg49].

rapidity distribution as seen from Fig. 3 in comparison to theinitial phase can presently be drawn. Moreover, the large
preliminary data of the BRAHMS Collaboratids5] for the  pressure needed to describe the elliptic flow at RHIC ener-
same event class as in Fig22. gies is approximately described by “early” hadron
In principle, one might argue that a transport approacHormation—as in HSD—and the “large” hadronic interaction
based on string and hadronic degrees of freedom should notoss sections. This is demonstrated in Fig. 4, where we
be adequate in the initial stage of nucleus-nucleus collisionshow the calculated elliptic flow, for charged hadrons
at RHIC energies where a new state of matter, i.e., a QGP, i&olid lineg as a function of the pseudorapidity (upper
expected/hoped to be formed. However, the global evenpar) and as a function of the number of “participating nucle-
characteristics and particle abundancies from SIS to RHI®@ns” N, (lower par} for | #7|<1 in comparison to the pre-
energies are found experimentally to show a rather smoottiminary “hit-based analysis” data of the PHOBOS Collabo-
evolution with bombarding enerd%6,57], such that no ob- ration[58]. Note that the experimental error bars correspond
vious conclusion on the effective degrees of freedom in theo 1o statistical errors, only. Our calculations underestimate
the v,(7n) distribution close to midrapidity and also are
somewhat low in the centrality dependence of the elliptic
2The experimental data again include some unknown fraction oflow. Whereas the elliptic flow at midrapidity is well de-
A and A decays such that the “real’p(— p) rapidity distribution ~ scribed by hydrodynamical models, thg(#) distribution
should be slightly lower. comes out too flat in these calculatidi®®]. We note that our
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FIG. 2. The p+A)/(p+A) ratio in 10% central Au-Au col- 0.08 charged particles |
lisions aty's=200 GeV as a function of rapidityin comparison to Inl<1
the p/p data from the BRAHMS Collaboratiofb4]. Note that the 0.06 _
experimental data include some unknown fractiom\oand A de- s
cays such that the comparison suffers from a 5-10 % systematic 0,04
uncertainty. ) 7]
HSD results are very similar to those of the hadronic rescat- 0.02 " Z‘;gaos’ prefim. .
tering model by Humaniet al.[60,61 and almost quantita-
tively agree with the calculations by Salet al. [62] per- 0.00 I T T T TR R
formed within the hadron-string cascade model JPO3]. 50 100 150 200 250 300 350 400

On the other hand, unexpectedly high parton cross sec-
tions of ~5—6 mb have to be assumed in parton cascades
[64] in order to reproduce the elliptic flow,(pt) seen ex-

baryon-baryon total cross sectior-45 mb) or 1/6 of the

part

| ! FIG. 4. The calculated elliptic floww, for charged hadrons
perimentally. These cross sections are about 1/9 of thgsolid lineg as a function of pseudorapidity (upper partand as a

function of the number of “participating nucleonsX, for |7

meson-baryon cross section- 80 mb), such that the effec- <1 (lower par} for Au+Au collisions atys=200 GeV in compari-

tive cross section for the constituent quarks and antiquarks ison to the preliminary “hit-based analysis” data of the PHOBOS
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Collaboration[58].

roughly the same in the partonic and hadronic phases. In this
context it will be important to have precise data on open
charm and charmonium transverse momentyr) (Spectra,
since their slope might give information on the pressure gen-
erated in a possible partonic phd&b|. This argument is
expected to hold especially fdf'" mesons, since their elas-
tic rescattering cross section with hadrons should be small in
the hadronic expansion phaf&6]. We note that in central
Pb+Pb collisions at SPS energies the spectral slopd/ f
mesons is found experimentally to be substantially smaller
(~240 MeV [67]) than that of protons 300 MeV [68)).

At RHIC energies the radial flow in central AtAu colli-
sions is even larger, leading to a stiffer spectrum with an
inverse slope parameter400 MeV for the strongly interact-

ing protons[69].

FIG. 3. The net protonf{— p) rapidity distribution in central Nevertheless, in addition to nucleus-nucleus collisions
Au+Au collisions at\s=200 GeV in comparison to the prelimi- from SIS to SPS energidd6], the HSD transport approach
nary data of the BRAHMS Collaboratidib5] for the same event is found to work reasonably well also at RHIC energies for
class as in Fig. 2. Note, that the experimental data include somthe “soft” hadron abundances such that the “hadronic envi-
unknown fraction ofA and A decays such that the “real’d—p) ronment” for open charm mesons and charmonia should be
rapidity distribution should be slightly lower. sufficiently realistic.
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IIl. ELEMENTARY CROSS SECTIONS

80
T T T T T
In order to examine the dynamics of open charm pp->J/w+X, s7°=200 GeV |
and charmonium degrees of freedom during the formation
and expansion phase of the highly excited system one 60 L _
has to know the number of initially produced particles g
with ¢ or ¢ quarks, i.e.,D,D,D*,D*,Dg,Ds,D¥ DY, = 1
IV, W(2S), x2¢ - !g 40 | -
©
A. Production cross section inpp and &N collisions o0 T
In Ref. [43] we have fitted the total charmonium cross 20 L _ -
sections K= x¢,J/¥,¥’) from NN collisions as a function ® PHENIX, prelim.
of the invariant energy/s by the function HSD 1
@ -B
m m -4 -2 0 2 4
NN(g) = X)X _
X (5)—bx< -5 ( ﬁ) O(\Vs—s) (1) 030 | | |
pp->D/Dbar+X, s'°=200 GeV
with =10, B=1, while \/s, denotes the threshold in 025 |- .
vacuum. The parameters were fixed in Hdf3] to describe 3
the J/¥ and ¥’ data at lower energyls<30 GeV). For _ 020 -
our present study we use the same parametrizétiowith a 'g L |
slightly modified parameteB=0.775 (instead of3=1) in = 015 | _
order to fit the preliminary data point from the PHENIX % | |
Collaboration [70] at /s=200 GeV, which givesa(pp T 010 L |
—J/¥ +X)=3.8£0.6(stat.}- 1.3(sys.) ub for the total I
JI'P cross section. The parametsr=240 Cy nb is propor- 005 L ]
tional to the fraction of charmonium stat€s,. We choose HSD
Cy.=0.4, Cyy=0.46, andCy =0.14 in line with Ref. 0.00 I . | . | . |
[71]. _ _ 4 -2 0 2 4
For the total charmonium cross sections frerl reac- y

tions we adopt the parametrizatidim line with Ref.[14]),

FIG. 5. The calculated rapidity distribution fa/' mesons
(upper part, multiplied by the branching to dileptpasd all open
charm mesonglower pari from pp collisions at\/s=200 GeV in
comparison to the preliminary data from the PHENIX Collaboration

M Y
) 2
Vs
with y=7.3 andd, = 1360.8C, nb, which describes the ex- [70] for J/¥ +X. TheD+D pair rapidity distribution is obtained
isting experimental data at lows reasonably welicf. Fig. 3 by dividing the result in the lower part by a factor of2.
from Ref.[43)).
Apart from the total cross sections, we also need the difis seen to be in sufficient agreement with the preliminary
ferential distribution of the produced mesons in the transdata[70], though the rapidity distribution appears slightly

m
a’XTN(s):dx< 1-—=

verse momentunp; and the rapidityy (or Feynmanxg)
from each individual collision. We recall that=p,/py®*
~2p, /s with p, denoting the longitudinal momentum. For
the differential distribution inxg from NN and«N collisions

we use the ansatz from the E672/E706 Collaboratis),

dN
dxedpy

~ (1= [xe])exp(— by pr), 3

whereb, =2.08 GeV' ' andc=a/(1+b/\/s). The param-
etersa,b are chosen aayn=13.5, byn=24.9 forNN col-
lisions anda n=4.11, b, n=10.2 for wN collisions.

In Fig. 5 (upper parnt we compare the calculatedf ¢
differential cross section in rapidity.,,—multiplied by the

broader than the data.

The number of primanyd/¥ mesons formed in central
Au+Au reactions at/s=200 GeV can be estimated—on the
basis of the Glauber model—by multiplying tipg produc-
tion cross section with the number of binary collisions
(Npin~1.2x10% and dividing by the inelastipp cross sec-
tion (~45 mb). This leads to a multiplicity of primary
J/W’s of ~0.1 in very central Ad-Au collisions.

The total and differential cross sections for open charm
mesons fronpp collisions, furthermore, are taken as in Ref.
[43]. They also might have to be reduced slightly as the
charmonia cross sections, however, no experimental con-
straint is available so far. We thus refer to the results of Ref.

[43], which give~16DD pairs in central Ad-Au collisions

branching ratio to dileptons—uwith the preliminary data from at y's=200 GeV, a factor of-160 relative to the expected

the PHENIX Collaboration[70] for pp collisions at /s
=200 GeV usingB=0.775. Our elementary/ ¥V formation

primordial J/¥ multiplicity of ~0.1. Note that at
Js~17.3 GeV the primaryDD to J/¥ ratio is about 40
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[43]; the increase of this ratio by a factor ef4 from  typically occur with low relative momentécomovers”) it
Js=17.3 GeV to \/s=200 GeV is within the expected is legitimate to write the cross section for the process
range. Our result for the rapidity distribution of open charm+ m,—m3z+m, as
mesons fronpp collisions atys=200 GeV(summing up all

6
D andD mesongis displayed in the lower part of Fig. 5 and 0149 aeal Js)=2% E1E2E3E4| 2 Ms+M, 5
shows a rather flat distribution at midrapidity, too. Presently, - S \/5 P’
there are no data that could control this open charm rapidity (5)
spectrum.

Apart from primary hardNN collisions the open charm WhereE; and S denote the energy and spin of hadron
mesons or charmonia may also be generated by Secondd‘@SpeCtiveW. The initial and final momenta for fixed invariant
mB reactions. Here we include all secondary collisions ofenergyy's are given by
mesons with “baryons” by assuming that the open charm ) )
cross sectiorifrom Sec. Il of Ref[43]) only depends on the Pg:[s_(M1+ M2)7][s—(M1—M;)7]
invariant energy/s and not on the explicit meson or baryon ! 4s ’
state. Furthermore, we take into account all interactions of
“formed” mesons—after a formation time of-=0.8 fm/c , [s=(M3+My)?[s—(M3z—M,)?]

(in their rest framg[74]—with baryons or diquarks, respec- Pi= 4s ' ©)
tively. As pointed out in Ref[43], the production of open

charm pairs in central AuAu collisions bymB reactions is  where M; denotes the mass of hadronin Eq. (5) |M
expected to be on the 10% level. stands for the effective matrix element squared, which for the

In order to study the effect of rescattering we tentativelydifferent two-body channels is taken of the form
adopt the following dissociation cross sections of charmonia o
with baryons independent of the ener@y line with Refs. |Mf|2=M§ for (r,p)+J/V—D+D,

[16,43):

fl?

IM¢|2=3M2 for(m,p)+Jd/¥—D*+D,D+D*,D*+D*,
(TC;BZG mb, O-‘]/’\I/‘B:4 mb, (TXCBZS mb, O'\I,/B:lo mb

1 _
) ||v|f|2=§M(2J for (K,K*)+J/¥—D¢+D,DD,

In Eqg. (4) the cross sectiowr. stands for acolor dipole .
preresonance-c@ baryon cross section, since toe pair |Mf|2:MS for (K,K*)+J/¥—Ds+D*,DD*,DY
produced initially cannot be identified with a particular had- e Tk s

ron due to the uncertainty relation in energy and time. For +D,DsD.Ds D%, @)
the lifetime of the preresonana:Epair (in its rest framg a

value of76c=0.3 fm/c is assume(_j following Ref75]. This in comparison to the data of the NA50 Collaborat[@n10].

value correipo_nd_s*to the mass difference oMeandJ/*lf. The relative factors of 3 in Eq7) are guided by the sum rule
For D,D*,D,D*-meson fr,7,p,w) scattering we ad- studies in Ref[78], which suggest that the cross section is

dress to the calculations from Ref®2,23, which predict increased whenever a vector mesh or D* appears in the

terlisgiigrgfsfhzegiﬂiafgt;?ee:mﬁ)e gg 12;20 Ti?jgl(ianpeGCvdeinL?sg%al channel while another factor of 1/3 is introduced for
ployed. g achs or s quark involved. The factof(M s+ M,)//s]® in

a constant cross section of 10 mb for elastic scattering wit . ; .
mesons and also baryons, although the latter might be eve 4. (5 gccounts for the suppression of bmary channels with
higher for very low relative momenta. increasingy's and has been fitted to the experlmerjtal data for
the reactionsm+N—p+N,0+N,®+N,K*+A in Ref.
[79]. For simplicity, we use the same matrix elements for the
B. Comover dissociation channels dissociation ofy. and ¥’ with mesons, though there is no
As already pointed out in the Introduction, tig¥ for- ~ fundamental reason why these matrix elements should be the

mation cross sections by open charm mesons or the inver§&me. However, since we here concentrate only on the net
comover dissociation cross sections are not well known and/"V absorption and production and not on the explicit char-
the significance of these channels is discussed controvef@onium “chemistry,” this approximation should work out
sially in the present literaturf28,31,32,34,76,77 Whereas reasonably well within the range of systematic uncertainties.

in Refs.[16,43 the energy-dependedt¥-meson cross sec- g Tk_]ledatt:i)v?ntagefof tne rtr;odel introduced in Eg is thaf .
tions for dissociation tdD have been taken from the cal- etalled balance for the binary reactions can be employe

culations of Haglin[20], we here introduce a simple two- strictly for each individual channel, i.e.,
body transition model with a single free parameMé, 2
which allows to implement the backward reactions uniquely 0314 142(NS)= 0149 .3+ 4(\S) (25, +1)(25,+1) i
by employing detailed balance for each individual channel. (25+1)(25,+1) p?
Since the meson-meson dissociation and backward reactions (8

involving a single parameteMé to be fixed at SPS energies
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FIG. 6. TheJ/W¥ dissociation cross sections with, p, K, and
K* mesons as specified in Sec. lII. 10" L
and the role of the backward reaction¥'¥ +meson forma- =
tion by D+ D flavor exchangecan be explored without in- E
troducing any additional parameter onbt% is fixed. The ©
uncertainty in the cross sectio®) is of the same order of
magnitude as that in Lagrangian approaches using, e.g.,
SU(4)f1avor SYmmetry[22,23 since the form factors at the
vertices are essentially unknowWmns]. 10°

As mentioned before, we fit the parameiéf to theJ/ ¥
suppression data from the NA50 Collaboration for+#b
collisions at 168 GeV (cf. Sec. IVA). For the valueM3
=0.13 fm/GeVf used below we end up with thE¥" disso- FIG. 7. The cross sections for the channdls+D, D
ciation cross sections +D*, D*+D,D*+D*—J/¥ + meson (upper pait and the

channels involvings or s quarksD¢+D, Dg+D*, D +D, D}
D+ * i i i
Tvrmax(VS) =2 03w smoc(\S) (99  +D"=JW+(K,K*) (lower pan as a function of the invariant
C energy+/s according to the model described in Sec. Il

displayed in Fig. 6 withr, p, K, andK* mesons. The sum- gisplayed in Fig. 7 separately for the “nonstrangeness-
mation over the final channelin Eq. (9) includes all binary  per pary and “strangeness” channelfower par}, showing
channels compatible with charm quark and charge conservagain divergent cross sections for “exothermal” channels
tion. Note, that for the comover absorption scenario eSSer: | \h asD+DJ/¥+ . Such divergent cross sections
t"f’l”y the regime 3.8 Ge¥ \5=4.8 _GeV 1S _Of relevanc(-:cf._ arise in all “exothermal”’Swave channels implying thdd

Fig. 7.13 in Ref[13]), where the dissociation cross sectlons+50r D* +D mesons with low relative momentum have a
are on the level of a few mb. We note that the explicit chan-

neIJ/\If+q-r—>D+5, which has often been calculated in the large cross lsetlzti(_)n foc ar:]dg_ quark exchange. _In ac_tual
literature [22,23,76,77, is below 0.7 mb in our model. A transport calculations such divergent cross sections impose

somewhat more essential result is that d& dissociation ?o'tproblems S'n.?e the tranhsmon ratp:_@ f03+4?1t+2Eremgm
cross section witlp mesons is in the order of 5-7 mb as in INite, as IS easily seen w eg)‘zmser ing E§) into Eq. (8),

the calculations of Haglif20] used before in Ref43], since  and since the divergent facté¥ cancels out. Furthermore,
this channel was found to dominate thel dissociation at " the transport calculations an explicit cut in the total cross
SPS energiekl3]. The explicit shape of the cross sections is S€Ctions of 120 mb is employed, which simulates the screen-
characterized by a rapid rise ifs whenever a new channel ing of large cross sections at a finite hadron density.

opens up. On the other hand, the channels with vector me-

sons p,K*) are “exothermal” and thus divergent at thresh- C. Numerical implementation

old.
We recall that(as in Refs[43,73,80,8)) the charm de-

Ire ?OSE SEC“O_”*S for the backward chanri2lsD,D grees of freedom are t_reated perturbatively and that initial
+D*.D J_FD'D_ DT+ meson as well as the hard processesuch asc or Drell-Yan production fronNN
channels involvings or s quarks, i.e.Ds+D,Ds+D*,DS  collisiony are “precalculated” to achieve a scaling of the
+D,Df+D"—J/¥+(K,K*), then are fixed by detailed inclusive cross section with the number of projectile and
balance via Eq(8). The actual results for these channels—target nucleons a&p X At when integrating over the impact
summed up again over all possible binary final states—arparameter. To implement this scaling we separate the produc-
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tion of the hard and soft processes: The space-time produc- 40

tion vertices of thecc pairs are “precalculated” in each I
transport run by neglecting the soft processes, i.e., the pro- Pb+Pb, s°=17.3 GeV
duction of light quarks and associated mesons, and then re- g 30t g
inserted in the dynamical calculation at the proper space- =
time point during the actual calculation that includes all soft §
processes. As shown in Rd#3], this prescription is very S 20l g
well in line with Glauber calculations for the production of % .
hard probes at fixed impact parameter, too. We mention that ®, 9 o
this “precalculation” of cc production might be modified at 10} 2 NAsowithminimum bias 1
RHIC energies due to changes of the gluon structure func- | = HSD'97 %
tions during the heavy-ion reaction or related shadowing TN
phenomend82]. Such effects, however, are expected to be 00 : 2'0 : 4'0 : 6'0 : 8'0 : 160 : 150 0
of minor importance at RHIC energiéand below and will S —
be discarded for our present study that concentrates on the - . A
balance between comover absorption df reproduction o o Nnog et e
Channe]s_ w 30L ! & NA50'00, anal. C, prelim. i
Each open charm meson and charm vector meson is pro- 3 %: e

duced in the transport calculation with a weidfit given by g
the ratio of the actual production cross section divided by the ¥ 20
inelastic nucleon-nucleon cross section, e.g., S

=4

_ ONN i x( Vs) 10 ,_:g 10l
o)
0 . L . L . L . L . L . L

In the transport simulation we follow the motion of the char- o 20 40 60 8 100 120 140

monium pairs or produceED,S,D*,E* mesons within the E, [GeV]

full background of strings/hadrons by propagating them as o

free particles, i.e., neglecting in-medium potentials, but com- FIG. 8. TheJ/¥ suppressior(in terms of thex ™ n~ decay

pute their collisional history with baryons and mesons orPranch relative to the Drell-Yan background from 2.9—4.5 GeV

quarks and diquarks. For reactions with diquarks we use thivariant massas a function of the transverse energy in Pb

corresponding reaction cross section with baryons multiplied "~ collisions at 168 GeV. The solid line(HSD'03) stands for

by a factor of 2/3. For collisions with quarkantiquark$ we the HSD reslt W'th'r.' the “late comover :absorptlon scenario pre-

adopt half of the cross section for collisions with mesons. sented in Sec. Il while the dotted lineISD’'97) reflects the earlier
Furthermore, in addition to our previous studies calculation from Ref[81]. Upper part: the full dots stand for the

. . NA50 data from 1995, the full squares for the 1996 data, the open
[16'43_'81 the re-creation of charmonia by channels such a?riangles for the 1996 data with minimum bias, while the open

D*+D—J/¥+m, etc., is taken into account in each indi- circles represent the 1998 data adopted from R@s10]. Lower

vidual run according to the cross secti@Bswith the weight  part: the open and full symbols indicate the preliminary NA50 data

of the produced charmonium stategiven by from 2000(analysesA,B, andC) [11]. The dashed histogram is the
UrQMD result from Ref[18].

Wi=W;W;, (11 IV. NUCLEUS-NUCLEUS COLLISIONS
A. SPS energies

whereW,; ,W; are the individual weights of the open charm  We directly step on with the results for the charmonium
mesons. The open charm mesons are not allowed to rescat®rppression and start with the systemtifb at 16@ GeV
within a formation time of 0.3 fn? (in their rest framg to demonstrate that the “late” comover dissociation model
since a finite time is needed to form their wave functions.(5) is approximately in line with the data of the NA50 Col-
This formation time is not well known and presently can laboration. The correspondinf¥ suppressioriin terms of
only be estimated. Thus we checked—Dby performing calcuthe u*u~ decay branch relative to the Drell-Yan back-
lations with formation times from 0.3 to 0.6 fim/—that the  ground from 2.9—-4.5 GeV invariant masas a function of
physical statemeni{see belowremain robust. As commonly the transverse enerdy; in Pb + Pb collisions at 168 GeV
employed in transport simulations, the open charm mesois shown in Fig. 8. The solid linégHSD’03) stands for the
pairs, which stem from the same interaction vertex, are noHSD result within the comover absorption scenario for the
allowed to rescatter with each other again unless an intermeross sections defined by E¢p), while the various data
diate scattering has occurred. points reflect the different data releases from the NA50 Col-
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FIG. 9. Calculated/¥ rapidity distributions for central PbPb 5 10 15 - 20
collisions atys=17.3 GeV. The ordering of the different lines is as time [fm/c]
follows: the upper dot-dot-dashed line stands for the rapidity distri-
bution of J/¥ mesons produced by initi@B collisions, while the FIG. 10. The calculated rate df ¥ dissociation reactions with
lowest dot-dashed line reflects the rapidity distribution6¥ me-  mesons (solid histogram for central Pb-Pb collisions at+/s
sons frommB collisions. The dashed line Corresponds toIhd'’s =17.3 GeV in Comparison to the rate of backward reactions of

dissociated by baryonéB) and the dotted line shows th#W’s  open charm pairs td/¥ + meson(dashed histograpaccording to
dissociated by mesonsnj. The full solid line gives the final/¥ the model specified in Sec. Il.

rapidity distribution.
mover absorption ratésolid histogram in central Pb+ Pb

laboration[7-10]. Note that the 2000 dafd 1] (lower par} collisions at 16 GeV is shown in Fig. 10 in comparison to
no longer indicate the drop at the high&st (for analysisB) theJ/¥ reformation ratédashed histograpthat includes all
in line with the HSD calculations from 19981] and the backward channels. Since the rates differ by about two or-
UrQMD results from 1999[18] (dashed histograjn We  ders of magnitude, the backward rate 8% formation can
mention that the present calculatigsolid line, HSD'03  clearly be neglected at SPS energies even for centraPBb
agrees with the earlier calculations from RE81] (dotted  reactions. This result is essentially due to the fact that the
line, HSD'97) very well except for the firsE; bin. Thus the  expected multiplicity of open charm pairs+0.12 in central
cross sections presented in Fig. 6 do not lead to an overes{Pp+Pb collisions at\/gz 17.3 GeV(according to the calcu-
mation of J/¥ suppression at SPS energies. There might beations in Ref[43]). Even in case of “open charm enhance-
alternative explanations fa/'" suppression as discussed in ment” (as suggested in Ref84]) by a factor~ 3, where the
Refs. [14,29,30,73,8B and/or further dissociation mecha- j/¥ reformation rate would increase by a factet9, the
nism not considered here. However, for the purposes of thpackward channels still could be neglected.
present study it is sufficient to point out that the cross sec- Since the “comover” dissociation cross sections em-
tions displayed in Fig. 6 most likely are upper limits. ployed should be regarded as upper limits, we conclude that

In order to provide some information on the relative pro-no chemical equilibration between mesons, open charm me-
duction and absorption channels for charmonia in these resons, and charmonia is achieved dynamically at SPS ener-
actions we show the calculatéd\V rapidity distributions for  gies. Note, however, that the transverse ndssspectra for
10% central PBPb collisions atys=17.3 GeV in Fig. 9.  all mesons including open charm and charmonia from central
The ordering of the different lines is as follows: the upperPb+Pb collisions scale according to the HSD calculations
dot-dot-dashed line stands for the rapidity distribution of(cf. Fig. 18 of Ref[43]), if final state elastic scatterings are
J/'¥ mesons produced by initi@B collisions while the low-  omitted. Thus statistical model fits still should work for the
est dot-dashed line reflects the rapidity distributionJ6¥ different hadron abundances.
mesons from secondami B collisions that are of minor im-
portance at SPS energies. The dashed line corresponds to the B. RHIC energies
J/W’s dissociated by baryonsB{; this absorption mecha- .
nism is denoted as “conventiond/¥ attenuation” by the For central Au-Au collisions atys=200 GeV, however,

NAS50 Collaboration and also presentpr- A reactions. The e multiplicity of open charm pairs should bel6, i.e., by
dotted line (“m abs.”) gives the rapidity distribution for aPout 2 orders of magnitude larger, such that a much higher
J/¥'s dissociated with mesong¢‘comover absorptiony, J/'W reformation rate ¢ N_) is expected at RHIC energies
while the full solid line stands for the final/W rapidity ~ (cf. Ref.[30]). In Fig. 11, we display the total/ "' comover
distribution. absorption ratésolid histogram in comparison to the/W¥

As mentioned in Sec. Ill, mod¢b) allows to calculate the reformation ratgdashed histograjras a function of time in
backward channels—leading bWV reformation by open the center-of-mass frame. Contrary to Fig. 10 now the two
charm + anticharm mesons—without introducing any new rates become comparable for4 -5 fm/c and suggest that
parameter or assumption. The result for the tatal co-  at the full RHIC energy of/s=200 GeV thel/¥ comover
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FIG. 11. The calculated rate df' ¥ dissociation reactions with
mesons (solid histogram for central AurAu collisions at /s
=200 GeV in comparison to the rate of backward reactions of open 10 2
charm pairs ta)/¥ + meson(dashed histograjmaccording to the r
model specified in Sec. IIl.

dN/dy

dissociation is no longer important since the charmonia dis-
sociated in this channel are approximately re-created in the
backward channels. Accordingly, th#¥ dissociation at

RHIC should be less pronounced than at SPS energies. FIG. 12. Calculated/¥ rapidity distributions for 12% central
Moreover, there is even a small excesslb¥ formation by ~ Au+Au collisions at/s=200 GeV. The ordering of the different

D+D reactions in the first 2 fna/ (after contact qualita- lines in the upper part is as follows: the upper dot-dot-dashed line
tively in line with AMPT calculations by Zhangt al. [85]. stands for the rapidity distribution o/ mesons produced by
In order to provide some information on the relative pro_initial BB collisions while the lowest dot-dashed line reflects the
duction and absorption channels for charmonia in these rd2Pdity distribution of J/ mesons frommB collisions. The
actions we show—in analoav to Fid. 9—the calculajéd dashed line corresponds to th&V’s dissociated by baryonsBj;
o o 9y 9- o this distribution is approximately the same as the recreation of
rapidity distributions for 12% central AuAu collisions at

B . . . JI¥’s from D+D annihilation (thin solid line with open circles
\/§_ 200 GeV'in the upper part of Fig. 12. The ordering of The dotted ling“m abs.”) shows thel/¥’s dissociated by mesons

the different lines is as follows: the upper dot-dot-dashed line hich is slightly | than the + D 3/ +
stands for the rapidity distribution g'¥ mesons produced (™) Which is slightly lower than thé@ +D—J/¥ + meson rec-
by initial BB collisions, while the lowest dot-dashed line reation channel. The full solid line gives the findW¥ rapidity

flects th idity di t"b tion GH W f d distribution. Lower part: The solid line is identical to the fidd
reflects e_ “."‘p' Ity distribu 'On_ . mesons from secona- rapidity distribution from the upper part whereas the dashed line is
aryml_3 collisions that are of minor importance ?"39 at R,HIC obtained from HSD calculations assuming that all charmonia pro-
energies. The dashed line corresponds toJthe's dissoci-  gyced from initialBB collisions are “melted” in a possible QGP
ated by_bar_yons{B_), i.e., the “conventionall/¥ attenua-  ppase(see text
tion.” This distribution is approximately the same as the re-
creation ofJ/W’'s from D+ D annihilation (thin solid line  calculation, but evolved the system in time with the same
with open circles The dotted ling“m abs.”) gives the ra- production and absorption cross sections as before. The re-
pidity distribution forJ/W’s dissociated with mesonsco- sulting final J/¥ rapidity distribution for central AdAu

mover absorption}; it is slightly lower than theD+D re- collisions atys=200 GeV is shown in the lower part of Fig.

creation channel. The full solid line stands for the fiasr 12 by the dashed line in comparison to the fidial rapidity

rapidity distribution that is about a factor ef3 lower than  distribution from the upper part of the figu(solid line). The

the primary production fronBB collisions. Since all distri- comparison demonstrates that even in case of complete ini-

butions(within Statistics are practica”y flat fo'iycm| <2,n0 tial charmonium dissociation a finite amountX3fV'’s should

strong sensitivity of thed/ ¥ survival probability is expected be seen experimentally, which is roughly half of the yield

for different rapidity cuts in this interval around midrapidity. €xpected from the full calculations and essentially due to the
We additionally comment on results of HSD calculationsD + D production channels. Since the latter cross sections are

that have been performed under the assumption of initialpper estimates, th& V' yield (dashed line in Fig. 12also

J/I'P “melting” by color screening in a QGP phase as advo- has to be considered as an upper limit in this case.

cated in Refs[5,6]. To this aim we have “deleted” all char- A note of caution should be added in context with Fig. 12,

monia created initially from primanBB collisions in the since the actual rapidity distributions might change quantita-
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FIG. 13. The calculated/V survival probabilityS;,¢ as a func-

tion of the transverse energy—in units of the transverse energy at FIG. 14. The calculated/W multiplicity per binary collision—
impact parametelo= 1 fm—for Au+Au collisions with (solid line) multiplied by the branching to dileptons—as a function of the num-
and without inclusion of the backward channétswer dot-dashed ber of participating nucleord, in comparison to the preliminary
line). The dashed linémiddle) shows the result from Fig. 8 for the data from the PHENIX Collaboratiofv0] for Au+Au andpp re-
same quantity in PbPb collisions aty/s=17.3 GeV for compari-  actions.
son.

transverse energy at impact paramdterl fm—for Au+Au
tively when including a more refined model for the matrix collisions with(solid line) and without inclusion of the back-
elements in Eq(7), especially for they. and V' states. ward channel¢dash-dotted ling In fact, the dash-dotted line
Furthermore, in-medium modification®r self-energy cor- is (within statistic$ identical to the previous calculation in
rectiong of the open charm mesoitand charmonigshould  Ref.[16] demonstrating a considerahl&¥ “comover” sup-
change the final rapidity distributions to some extent, since g@ression for central collisions. When including the re-
lowering of D,D masses leads to an increase ¥ + formation channels this suppression is substantially reduced
meson absorption rates and a decrease of the backward chaid leads to a less effective dissociation of charmonia than at
nel rates[85]. For constant matrix elements as in H@) SPS energie@middle dashed line Furthermore, we observe
these modifications directly result from an enhanced phas#at Syy<1 for all centralities and thus nd/\V' enhance-
space for absorption and a reduced invariant energy for theent relative to the primanB production is found from
backward channels. On the other hand, for enharizddl  OYr calculations as claimed in the statistical models of Refs.

masses in the medium thE'W + meson absorption rates [31,38,87. We would also like to recall that the charmonium

will be lowered and the backward channels be enhanced agmelting scenario” advocated in Ref83] should lead to a

cordingly. As argued in Ref86], charmonium spectroscopy StePlikeEr dependence db,, due to a successive melting
in p induced reactions on nuclei might shed some furtherOf the xc andJ/'¥ and an almost complete disappearance of
P 9 /W’s for central collisions. Moreover, as shown in Refs.

light on this presently open issue. Nevertheless’. our actua[1 8,89, statistical models on the partonic or even hadronic
results for the)/W reformation by apen chart anticharm I?vel lead to very different predictions for tdéW¥ multiplic-

mesons are in qualitative and even quantitative agreemeri}y as a function of centrality in A#Au collisions atys
ith the i ies i hat al . . "
with the independent transport studies in Re] that also =200 GeV. Since at RHIC energies the predictions of the

demonstrate a net reduction &V mesons relative to the “comover” aporoach. the statistical models. and the “melt-
extrapolations fronpp collisions with the number of binary . . E’p . . X T
ing scenario” are substantially different, experiment should

collisions. clearly decide about the adequacy of the concepts involved.

We now turn back again to the HSD results for the full ““r0 o opinary data of the PHENIX Collaboratigo]
calculations. To quantify the final/¥ suppression in : e .
allow for a first glance at the situation encountered in

Au+Au collisions at RHIC we show in Fig. 13 the calcu- . _
lated J/ survival probabilityS,y defined as AutAu collisions at \s=200 GeV. In order to compare
with the preliminary data we have performed a rapidity cut

A |Ye.ml=<2 in the calculations. In Fig. 14 thi#W¥ multiplicity
sm,z%, (12 per binary collisiontimes the branching ratiB) is shown as
Ngg a function of the number of participating nucleofgs,, in

comparison to the data at midrapidity. Whereas our transport
whereN7?/Y andNgg denote the final number afi'V' me-  results give a monotonous decrease of & yield (per
sons and the number df'¥'s produced initially byBB re-  binary collision with centrality, the statistical charm coales-
actions, respectively. In Fig. 13 the quantify2) is displayed cence model of Gorensteét al.[89] predicts an increase by
as a function of the transverse enerfgy—in units of the  about 20% fromA,,,= 100 to 380. Since the statisti¢and
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binning in Ay, is quite limited so far on the experimental ~ The focus of this work has been to show the dynamical
side, no final conclusion can presently be drawn; howevereffects from the backward channels for charmonium repro-
the data neither suggest a dramatic enhancemehitioforo-  duction byD + D channels, employing detailed balance on a
duction nor a complete “melting” of the charmonia in the microscopic level. To this aim we have formulated a simple
QGP phase. phase-space model for the individual charmonium dissocia-
tion channels with a single free paramekég (cf. Sec. I,
which we have fixed at SPS energies in comparison to the
V. SUMMARY J/W suppression data of the NA50 Collaboration. In fact, the
) ) ) results for the charmonium suppression are practically the
In this work we have performed a first comparison ofsame as in the previous HSD transport calculations
results from HSD transport calculations on meson, baryon;16,43,8]. From our dynamical calculations we find that the
antibaryon production, and elliptic flow with th@relimi-  charmonium re-creation by the backward channels plays no
nary) data for AutAu collisions at\s=200 GeV from the role at SPS energigsf. Fig. 10, however, it becomes sub-
PHOBOS, BRAHMS, and PHENIX Collaborations. The stantial in Au+ Au collisions at\/s=200 GeV and even is
HSD transport approach, which is based on quark, diquarkslightly larger than the “comover” absorption channel. This
string, and hadronic degrees of freedom, is found to give &ads to the final result that the totd'V suppression as a
quite reasonable description of the different observablefunction of centrality is less pronounced than at SPS ener-
studied in this work. Only the elliptic flow, is underesti- gies, where the backward channels play no role. Further-
mated closer to midrapidity—quantitatively in line with the more, even in the case that all directly produdéd# mesons
hadron-string cascade calculations in Rg#2]—indicating are not formed as a mesonic staeg., due to color screen-
that there might be “extra pressure” being generated in theng), a sizable amount of charmonia is found asymptotically
“prehadronic phase.” due to theD + D—J/¥ + meson channels which is almost
On the other hand, hard probes such as charmonia angLiantitatively in line with the AMPT calculations in Ref.
openD-meson pairs are expected to be sensitive to the initigigs] for central AurAu collisions at\/s=200 GeV. Since
phase of high energy density where charmonia might bghe cross sections fa/'¥ + meson absorption employed in
“melting” according to the scenario advocated in RE83],  this work have to be considered as upper limits, the charmo-
their formation be suppressed due to plasma scred@iBig nium re-formation byD+5—>J/\If + meson channels

or absorped 'early by neighboring 'strinﬁgs].. However, should be lower than thd/¥ cross section expected from
charmonia might also be generated in a statlsgcal faghlon Eﬂinary scaling ofpp reactions. The preliminary data of the
the phase boundary between the QGP and an interacting hagp - Collaboration[70] are compatible with our full

fon gas such_t_ha_t their_ abunde_mce could be in StatiSticq}ansport calculationgcf. Fig. 14. However, improved sta-
(chemical equilibrium with the light and strange hadrons tistics and also data for light systems such astNe and

[35'83' Tgetl?tter plctlﬁre IS exp?;(gi o lead nc;tttho "’:CSIIUD'AngAg will be necessary to clarify the issue of charmonium
pression but to an enhancemen mesons at the full 5 ession experimentally.

RHIC energy if compared to the scaledV multiplicity
from pp collisions [31]. We recall that the “hadronic co-
mover” dissociation concept has led t0~a90% J/¥ sup- ACKNOWLEDGMENTS

pression in central Au- Au collisions aty's [16] due to the The authors acknowledge inspiring discussions with M.
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