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Strangeness, charm, and bottom production from dense parton matter in high energy
nuclear collisions
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The production properties of strange, charm, and bottom quarks in ultrarelativistic A + 4
collisions at heavy ion colliders are investigated for systems from p+ p to Au+Au in the energy
range ~s/A = 200—6300 GeV, using the parton cascade model. Within this kinetic space-time
description of the parton dynamics, based on the current understanding of semihard and hard @CD
interactions, it is found that a substantial enhancement of 8, c, and 6 production can be expected
in AA collisions edith plasma formation of the deconfined parton matter relative to the case of
a purely hadronic scenario without plasma formation. Because of the large number of initially
produced energetic gluons the main contribution comes from decays of virtually excited gluons and
gluon fusion. The associated resonance production of P, J/@, and T is estimated and it is shown
that the resulting abundances of these vector mesons can be used as a sensitive thermometer of
the hot and dense +CD matter formed in the central region during the very early stage of the
collisions. Therefore the future heavy ion collider experiments would have an attractive opportunity
to probe the evolution of partons through preequilibrium toward plasma formation by measuring
the multiplicities and momentum spectra of heavy mesons.

PACS number(s): 25.75.+r, 12.38.Bx, 12.38.Mh, 24.85.+p

I. INTRODUCTION

The expected formation of hot and ultradense mat-
ter in the central region of high energy heavy ion colli-
sions at the planned BNL Relativistic Heavy Ion Collider
(RHIC) and the CERN Large Hadron Collider (LHC)
offers the opportunity to study @CD in a large volume
at high energy densities. The search for experimental
evidence for the predicted @CD phase transition to a
locally deconfined quark-gluon plasma (QGP) [1—3] dur-
ing the very early stage of the reactions requires to ex-
tract unambiguous characteristic signals [4—6] that sur-
vive the complex evolution through the later stages of
the collision. In this context the microscopic dynamics
of partons in these nuclear collisions during the first few
fm has recently attracted growing interest. A number
of investigations [7—11] addressing the mechanisms that
precede the formation of a thermalized QGP have led
to considerable progress in understanding the very early
stage of the reactions. It was reahzed that the preequi-
librium phase, from the moment of nuclear contact to
the establishment of a locally thermalized plasma of par-
tons, may significantly inHuence the yield of some typical
QGP signatures, such as dileptons, direct photons, and
hadrons containing strange, charm, or bottom quarks.
The kinetics of interacting quarks and gluons during this
early stage of nuclear collisions and the space-time evo-
lution of the parton distributions has been studied in
detail in Refs. [10,11] within the parton cascade model
[12,13]. This approach is a perturbative @CD-based ki-
netic description of the partons phase-space evolution in
real time. It allows to evolve the initial partons in the
colliding nuclei smoothly from their first hard scatterings
through the preequilibrium stage into a fully thermalized

plasma by "solving" an appropriate relativistic transport
equation with Monte Carlo methods. Based on these in-
vestigations, and on other analyses [8,9,14,15], the cur-
rent understanding of the partons' evolution in high en-
ergy nuclear collisions during the first few fm after the
nuclear contact at v- may be summarized in four stages
[2,9] (here r, & 0, with ~r,

~

0.5—1 fm, is defined such
that 7 = 0 is the moment of maximum nuclear overlap
[10])

(i) 7; & r & 0.2 fm: The vehement materialization of
initial virtual partons plus associated gluon emission pro-
duces most of the entropy and results in a large number
of "few GeV" excitations, which are mostly gluons.

(ii) 0 & r & 0.3 fm: Both the gluons and quarks rapidly
reach a local kinetic equilibrium in the central collision
region with approximately isotropic momentum distribu-
tions in the local rest frame of the matter.

(iii) 0.3 & r & 2 fm: The gluons approach complete
equilibration —the saturation of the phase-space density
toward its chemical equilibrium value. The phase-space
population of quarks evolves significantly slower, mostly
by gluon induced processes, and yields at most 1/2 to
2/3 of the quarks' chemical equilibrium densities.

(iv) r & 2 fm: The gluon-dominated plasma expands
and cools without further significant change of its chem-
ical composition.

Thus, the early evolution of these nuclear collisions is
governed by the dominant role of gluons, due to their
large interaction probability and the large gluonic com-
ponent in the initial nuclear wave functions. This leads
to a "hot glue scenario" [7], in which the large number of
initially produced energetic partons create a high temper-
ature, high density plasma of predominantly hot gluons
and a considerably smaller number of quarks. Figure 1
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shows, as an exemplary illustration of the partons' space-
time evolution, the development of the gluon and quark
number densities in the central collision region of zero
impact Au+Au reactions at RHIC energy, as well as the
total number, energy, and entropy densities and the as-
sociated temperature of the system [11]. Such extreme
conditions are expected to significantly influence QGP
signals and should modify the observable consequences
for the production of particles at early times. In this con-
text, the production of dileptons and of direct photons
from the preequilibrium stage recently have been investi-
gated [16,17], with the common general conclusion that
the particle yield from the early stage is signi6. cant.

The aim of the present paper is to extract and an-
alyze, within the kinetic approach of the parton cas-
cade model, the properties of heavy quark production
(strange, charm, as well as bottom quarks and anti-
quarks) in ultrarelativistic nuclear collisions. Particular
emphasis lies on heavy ion collisions at RHIC and LHC
energies, for which I estimate the resulting production
rates of P, J/g, vP', and T mesons as characteristic QGP
signatures.

Investigations of the properties of strangeness and
charm production in high energy heavy ion reactions
led to expectations of potentially observable enhanced
strange hadron production [18,19] and J/vP suppression

FIG. 1. Characteristic space-time evolution of the parton
system in Au+Au collisions at ~s = 200 A GeV as a function
of proper time w in the central region with space-time rapidity
lgl & 1 and transverse radius lri

l

( 5 fm: (a) Development
of the local number densities of gluons, n~ and of quarks plus
antiquarks nq+nq. Only the valence quarks and those partons
that have interacted at least once or have been created in
pair production processes are taken into account, since these
contribute to the entropy production; (b) time evolution of
tota/ parton density n, energy density c, entropy density s
and of the associated temperature T = —(e/s) in the central
region.

[20,21], respectively. The enhanced abundance of strange
particles is expected to be a good indicator for the estab-
lishment of a thermalized QGP, because for plasma tem-
peratures T » m, (m, , 150 MeV) there should be no
significant difference between u, d, and 8 quark produc-
tion. The idea of a suppression of cc mesons J/Q, Q', on
the other hand, is based on the notion that t"c pairs are
produced mainly via primary hard collisions of energetic
gluons during the preequilibrium stage up to shortly after
the plasma formation (before the initial temperature of
the plasma drops below the production threshold), and
the J/@, g' mesons formed from these pairs may sub-
sequently experience decon6nement when traversing the
region of the plasma. Additional charm production in the
plasma at later times would not occur due to the large
charm quark mass (m, 1.3—1.5 GeV) and the rapidly
dropping temperature. Similar arguments hold for even
heavier particles, such as the bb meson Y. However there
are other estimates [22,23] that predict, instead of a sup-
pression, rather an enhancement of J/Q production in
the plasma, because of the possibility of having several
charmed quarks produced independently in close prox-
imity of phase space.

The issue of charm production from partons in heavy
ion collisions as a QGP signal has recently been adressed
in Refs. [7,8,24]. In particular the thermal versus purely
hadronic production was studied in detail by Shor [24].
In this investigation the procedure was, to (i) calculate
the direct ct" production via gluon fusion or qq annihila-
tion in pp collisions and extrapolating to AA collisions,
(ii) to estimate the thermal rate by assuming QGP for-
mation, and, (iii) to compare the two yields to obtain
information about the characteristics of a thermalized
QGP relative to a scenario without plasma formation.
However, in such an analysis there are at least two major
uncertainties involved. First, the thermal production de-
pends sensitively on the choice of the formation time and
the initial temperature of the plasma. Second, although
quark production is well understood in hadron-hadron
collisions within perturbative QCD, the increasing (with
beam energy v s and mass number A) importance for the
reaction dynamics of nuclear and dense medium effects
are very likely to alter the simple extrapolation of the
resulting particle yields from pp to AA with a typical
scaling behavior oc A ', independent of Vs [25]. Gener-
ally one might expect from collective effects a multiplicity
dependence that scales oc A" ~('), with k =1 (2) for pA
(AA) and 2/3 ( nI ( 4/3, depending on the particle
species P as well as on s [26].

Furthermore, a common approximation when estimat-
ing heavy quark production and resulting hadron yields
in nuclear collisions is the restriction to flavor creation
processes and the neglect of flavor excitation processes
by which initial virtual quarks are scattered out of the
initial sea quark distribution of the colliding nuclei to
become "real" excitations. The yield of such 8, c, and
6 quarks depends on the initial strangeness, charm, and.
bottom content in the nuclear structure functions. Since
these components increase with beam energy, and since
the cross sections for the Qavor excitation processes are
comparably large [27], this additional source is essential
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to include in the consideration.
With the parton cascade model [12,13] it is possible to

resolve these shortcomings and to systematically inves-
tigate the beam energy and mass dependence of heavy
quark production, extract formation times, and associ-
ated initial plasma temperatures, as well as to separate
the individual processes that contribute. In this paper I
report on calculations within this model of strangeness,
charm, and bottom production in central AA collisions
&om A =1—197 in the energy range between RHIC and
LHC (~s/A = 200—6300 GeV). For the case of heavy ion
reactions, two different scenarios are compared. The first
scenario considers Au+Au collisions with plasma forma-
tion by realistic simulation includ. ing nuclear and dense
medium effects [13,28], such as nuclear shadowing [29],
enhanced multiple minijet production [30,31],parton cas-
cading with rescattering, emission and absorption [10],
and the Landau-Pomeranchuk-Migdal efFect [32]. The
second scenario mimics Au+Au collisions zoithout plasma
formation, on the basis of purely hadronic interactions,
by simulating pp collisions and multiplying with the ex-
pected average number of nucleon-nucleon scatterings in
these reactions. The results imply a substantial enhance-
ment of strange, charm, as well as bottom particle yields
in AA reactions relative to pp collisions and are consis-
tent with the formation of a high temperature gluon-
dominated plasma in the central region within already
0.2—0.3 fm after the moment of maximum nuclear overlap
found in earlier investigations [9—11]. Especially the in-
tense production of charm and the associated abundance
of D and 1/g mesons (in contrast with J/Q suppres-
sian) should provide an observable signal in the invariant
mass spectrum of lepton pairs resulting from the decays
of these mesons. It will be shown that this can serve
as a sensitive thermometer of the initial temperature of
the parton matter upon the time of plasma formation.
At LHC energies even the bottom mesons B and T are
produced copiously enough to be measurable with sufB-
ciently good statistics.

I would like to stress beforehand that the calculations
and results presented in this paper must be viewed as an
optimistic upper limit of the possible flavor yield that is
subject to considerable uncertainties (as will be discussed
in Sec. III G). It is entirely possible that once more exper-
imental and theoretical information is available regarding
the heavy flavor sea excitation and glue decay production
at RHIC and LHC energies, these mechanisms which are
found theoretically to be clearly dominating, may lose
in importance. Although I intend to stimulate consid-
eration of experiments on, e.g. , D meson detection as a
signature for copious charm production, I emphasize that
the theoretical predictions of this work should not lead to
premature conclusions for the experimentally observable
yield.

The remainder of the paper is structured as follows. In
Sec. II the statistical framework for the space-time de-
scription of the parton kinetics is briefly reviewed and
the method of calculating the quark production rates
from the evolution of parton cascades is introduced. Sec-
tion III is devoted to a detailed presentation of results
from simulations of AA collisions in the energy range

II. QUARK PI AVOR PRODUCTION PROM
CASCADING PARTONS

A detailed description of the parton cascade model can
be found in Refs. [12,13]. In this inodel, ultrarelativis-
tic nuclear collisions are described as the time evolution
of the partons' phase-space distributions. The space-
time development is formulated within renormalization-
group-improved @CD perturbation theory, embedded in
the framework of relativistic transport theory. The dy-
namics of the dissipative processes during the early stage
of a nuclear reaction is simulated as the evolution of mul-
tiple internetted parton cascades associated with quark
and gluon interactions. At the end of the perturbative
@CD phase, hadronization is modeled as a recombination
of the final state partons to form color singlet clusters,
followed by the fragmentation of these clusters into ob-
servable hadronic states.

In extracting the space-time history of the production
of heavy quarks (antiquarks) Q (Q) from the partons'
evolution, each parton cascade is decomposed. in a num-
ber of elementary processes that determine the net yield
of Q or Q through their detailed balance.

(i) The flavor creation (annihilation) processes by
which a QQ pair is newly created (annihilated) through
quark-antiquark annihilation, gluon fusion, or virtual
gluon decay:

q+ qmQ+Q,
q+u~Q+ Q,

g*++Q+ Q,

(1)
(2)
(3)

where q=u, d, s, c, band Q=s, corb.
(ii) The flavor excitation processes in which a Q or a

Q is knocked out of the sea of one of the incoming nuclei
by a collision with a q, q, or g:

q(q) + Q(Q) ~ q(q) +Q(Q)
q + Q(Q) -+ g +Q(Q) .

(4)
(5)

It is important to realize that the subset of processes
(1)—(5) is much more general than it seems at first sight.
In the parton cascade model the complicated space-

~s/A = 200—6300 GeV. The difFerent production mech-
anisms for strange, charm, and bot tom quarks, the re-
sulting multiplicities as well as momentum spectra are
discussed, and corresponding initial plasma temperatures
are inferred. Furthermore the A dependence of the quark
yields is investigated in terms of a power-law scaling be-
havior. Finally the resonance production rates for the
vector mesons P, J/g, @', and T are extracted from the
coalescence probabilities of quarks and antiquarks with
the required flavors. The observable consequences for the
resonance production at the RHIC and LHC heavy ion
experiments are elucidated by estimating the count rates
of muon pairs produced by the decays of these mesons.
Section IU is reserved for a summary and some conclud. —

ing remarks.
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p"B„F{p,r)
processes k

I(k)( ) (6)

with a collision kernel QI = Q(I '" —I ") on
the right-hand side that balances the various processes

time structure of multiple parton interactions is pictured
as many internetted cascades composed of elementary
2 —+ 2 collisions, 2 + 1 fusion processes, and 1 —+ 2
branchings, plus higher order virtual and real corrections
[13]. The decomposition into the elementary processes
(1)—(5) is simply a convenient accounting prescription
for the difFerent production mechanisms [17]. In fact, all
kinds of higher order processes are taken into account.
For example, the process g + g ~ Q + Q + g + g is in-
cluded in the form of two gluon annihilation into a QQ
pair, where the Q (Q) emits two bremsstrahlung gluons,
or both Q and Q emit a single gluon. Similarly, processes
with three or more partons in the initial state are also ac-
counted for. For instance, the process Q+g+g ~ Q+g
is decomposed into the absorption of the first gluon by
the second and the subsequent collision of the quark Q
with the excited gluon.

Within this framework the space-time history of Q (Q)
production via (1)—(5) in a nuclear collision is extracted
from the time development of the phase-space distribu-
tions F (p, r) for the partons of species a = qf, qf, g (f la-
beling the quark Havors), starting from their given initial
form at time t = to when the two nuclei begin to overlap.
The time evolution is governed by the relativistic invari-
ant transport equation [13] (natural units h = c = 1 will
be employed throughout)

k by which a parton of type a with four-momentum
p—:pl" = (E, p) and space-time point r—:r" = (t, r)
may be gained or lost in a phase-space volume d pd r
centered at p and r at time t. The collision kernel is a sum
over Lorentz invariant collision integrals I that involve
the matrix elements for the different kind of interaction
processes k in which at least one parton of type a is in-
volved. The initial phase-space distribution of partons in
the incoming nuclei at time t = to (the moment of nuclear

cantact), F (p, r) [«, = F( ) (p, r, Qo), is canstructed as
a convolution of the scale (Q20) dependent nuclear struc-
ture functions with a spatial distribution determined by
the nucleons' elastic form factor. The effect of parton
shadowing, evident in the observations of the European
Muon Collaboration (EMC) [33] as a depletion of soft
partons in a nucleus relative to a nucleon, is accounted
for in a shadowing factor by employing the prescription
described in Refs. [13,31].

From Eq. (6) one obtains the following rate equations
(one for each parton species a) by integrating over p:

B„n"{r) = Rs '"(r) —R' "{r) —= R (r)

where

d p
(2.) EP" -(" P)

are the local space-time-dependent parton currents. The
factors p are the products of spin and color degeneracies
(p~ = 2 x 8 far gluons and p~ = p~ = 2 x 3 for quarks
and antiquarks) . The quantity

R (r) =
processes k

d'I Igsin (k)
( )

Iloss (k)
( )(2')sE

I). S
processes k

n+m

(2vr) 8
i=i

n m+n n m+n

[1+0,F, ( ., )]
i =1 j=n+1 i =1 j =n+1

is the net gain rate for producing a parton a at r = (t, r)
through any of the considered processes k. The spin-
and color-averaged effective matrix elements squared,

take into accaunt higher order @CD correc-
tions to the first order Born terms [10,13], are weighted
by distribution functions E; for the particles coming in
[1 + 8~E~] for the particles going out of the vertex, where
0&

———1 for fermions and 0~ = +1 for bosons. The sta-
tistical factor S is given by S = Q v'"!v "!when there
are v'" (v "

) identical particles of species a in the ini-
tial (final) state. The specific forms of the effective ma-

trix elements squared ~M,& ~

were derived in Ref. [10]
in terms of lowest arder perturbative @CD interaction
Born amplitudes which are squared and weighted with a
form factor for each of the partons coming in and going
out of the vertex. The form factors, which inclusively

sum up the higher order corrections associated with the
leading logarithmic collinear and in&ared singularities of
@CD give the probability for additional gluon emission
through @CD bremsstrahlung and are taken into account
as radiative emissions of both spacelike and timelike par-
tons [10,13]. The effective matrix elements are embedded
in the collision term of the transport equation (6) and
generate the space-time evolution of the partons' phase-
space distributions F (p, r) as a succession of multiple
parton-parton collisions together with associated radia-
tive emissions (branchings) and absorption (fusion) pro-
cesses, once the incoming nuclear parton clouds begin to
overlap. This concept and the Monte Carlo procedure
for this simulation is described in detail in Ref. [13].

According to the outlined concept, I will be concerned
in the following only with the subset of interaction pro-
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cesses (1)—(5), in which an interaction of any kind of par-
ton a results in the production or annihilation of a heavy
quark Q = s, c, b or antiquark Q. Thus, the total net
production rate for quarks Q (and similar for antiquarks
Q) is

Rg(r) = ) R ~-+~@ —R~q~ ~

a, b

+ +g—+QQ +QQ —+g

+ R+Q(pram) ~+@ (10)

rdrdrid r~ —( Rq(r) + Rq(r))2 d

dg

Thus, the Q plus Q yield from the various processes (1)—
(5) is accumulated by summing over the complete space-
time evolution of the parton system in phase space up to
a certain time w.

corresponding to the sum of net rates for the Havor cre-
ation processes (1)—(3} via QQ production and the fla-
vor excitation processes via scatterings of primary Q out
of the coherence of the initial nuclear wave functions
(indicated by the label "prim"). The rates R,~g on
the right-hand side are extracted from the parton cas-
cade simulation, evaluated according to Eqs. (6)—(9),
using the "massive" Q production amplitudes derived
by Combridge [27] in the effective matrix elements M,~
of Eq. (9). The matrix elements are calculated with
the standard running QCD coupling strength o., (k ) at
k2 = (pg + pq) = s for the processes ab ++ QQ, at
k = p for g* ++ QQ, and at k2 = 1/2(p + pg) = s/2
for aQ —+ aQ. The current quark masses are taken to
be m„= 5.6 MeV, mg ——9.9 MeV, m, = 199 MeV,
m, = 1.35 GeV, and mg ——5 GeV. Furthermore a K
factor (K 2) is included for primary parton collisions
to account for next-to-leading order corrections to the
parametrization of the initial nuclear structure functions
by adopting the prescription of Ref. [34].

To make connection with experimental quantities, the
total rest-frame rates Rg(r) and Rq(r} must be con-
voluted over the space-time history of the parton sys-
tem, since detectors record particle multiplicities only in
a space-time-integrated way. Using d r = wd~dgd r~,
where 7. is the proper time, g the space-time rapidity,
and r~ the transverse coordinate, the experimentally rel-
evant, space-time integrated number distribution of pro-
duced Q and Q with respect to their center-of-mass ra-
pidity y is obtained by

and the proper time r = sgn[t —to(s)]g[t —to(s)]2 —z,
where t is the center-of-mass time and to(s) is its value at
the moment of maximum overlap of the colliding nuclei,
ranging from to 0.9 fm for ~s = 200 A GeV to to 0.4
fm for ~s = 6300 A GeV [10,11]. Thus, in the center of
mass, at z = 0, the initial nuclear contact occurs at w =
—to(s) and the maximum density is achieved at r 0.
A series of simulations of AA collisions were performed,
with A= 1, 32, 56, 108, 197 at various beam energies
~s = 200, 1000, 2000, 4000, 6300 A GeV, except for
pp collisions, for which ~s = 200, 540, 900, 1800, 6300
GeV was chosen. All AA calculations were carried out
with zero impact parameter, whereas for pp collisions it
was averaged over impact parameters, because in nuclear
collisions with A ) 1, the nucleons have different impact
parameters, even when the nuclei collide head on.

It has to be stressed at this point that the optimistic
predictions on strange, charm, and bottom production
presented below rely on the underlying assumption of the
parton cascade model, that the nuclear dynamics dur-
ing the first few fm can be essentially described on the
basis of perturbative QCD, in terms of multiple binary
parton-parton collisions and associated intertwined cas-
cades (for a discussion of the limitations and open ques-
tions of the model, see Ref. [13]). The characteristics
of the partons' space-time evolution therefore depends
on the chosen boundary between perturbative and non-
perturbative regimes, which is set by two infrared cut-
off parameters, one for the momentum transfer in par-
ton collisions, p~ „t, and one for the timelike virtual
mass of cascading partons produced in radiative emis-
sions, p,„t. Although these parameters have been ad-
justed [13,35] to reproduce a wide range of experimental
data from high energy pp (pp) collisions and e+e an-
nihilation, it remains to investigate in detail how these
parameters are affected in heavy ion collisions by nuclear
and dense medium effects. It is expected [2] that the color
screening length and effective medium-induced masses of
gluons and quarks should provide a natural regulariza-
tion of the perturbative QCD divergences. Eventually
these quantities will need to be calculated dynamically
as a function of space-time. For now, in the calculations
presented here, the infrared cutoffs have been taken to
be the same for pp and AA collisions [13]. However, par-
ticularly for cc and bb production the values of the cutoff
parameters p~,„t and p,„t are not very inHuential, since
for these processes the interaction scale is set by the par-
tons invariant mass (~s or Ms. ) which has to be larger
than the threshold 2m ~~~, whereas the cutoffs are set
at p~,„q(s) = 1.6—4.0 GeV (~s =200—6300 A GeV) and
@cut = 1 GeV.

III. HEAVY QUARK PRODUCTION IN
CENTRAL AA COLLISIONS BETViTEEN RHIC

AND LHC ENERGIES

The results presented and dicussed in this section were
obtained by following the parton cascade development of
the nuclear collisions in full six-dimensional phase-space

A. Multiplicities

Figure 2 shows the central rapidity density
dN&+q/dy ~„o versus the normalized beam energy ~s/A
of produced strange, charm, and bottom quarks plus an-
tiquarks (Q = s, c, b) in central Au+Au collisions zoith

[Fig. 2 (a)] and tuithout [Fig. 2 (b)) plasma formation.
The data points are the results of the simulations at vari-



K. GEIGER

Au+Au with QGP Au+Au w/o QGP

C3
II—

1

0
l(3

Cl 1

I I I I I ill] I I I I I I

a) ~O

Q

~6
,,Cl

,D

,d

I I

S+S
~ ~ s Q 1 ~ ~ C+C

(b):=-

S+S ——

C+C ==

I IIIII I I I I I III I I I I I II I

j/

s /A (GeV) s /A (GeV)

FIG. 2. Central rapidity density dN&+q/dyt„o versus

v s/A of produced strange, charm, and bottom quarks plus
antiquarks (Q = s, c, b) in central Au+Au collisions: (a)
~ith plasma formation, as obtained from the parton cascade
simulations of Au+Au collisions on the basis of Eq. (11);
(b) without plasma formation, as calculated from pp colli-
sions and scaled to AA according to Eq. (13). The solid
lines are the parton cascade results, and the thin lines are
the corresponding simple parton model predictions, obtained
by convoluting the proton structure functions with the quark
production cross sections and taking into account only pri-
mary parton-parton collisions without subsequent cascading
and gluon bremsstrahlung.

ous collider energies; the lines are interpolations to guide
the eye.

In Fig. 2(a) the displayed energy dependence of
dK&+q/dy with plasma formation was obtained on the
basis of Eq. (11). As has been found in Refs. [10,11],the
parton system evolves rapidly through a preequilibrium
stage toward a thermalized, gluon dominated plasma and
establishes an approximate kinetic equilibrium in the cen-
tral region already within ~ 0.3 fm after the moment
of maximum nuclear overlap.

In Fig. 2(b) shows the purely hadronic production,
without plasma formation, which was mimicked by sim-
ulating pp collisions, averaging over impact parameter,
and, following Ref. [24], simply scaling the calculated
multiplicities to Au+Au according to [36,38]
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sections for the processes (1), (2), (3), and (5). This case
corresponds to taking into account only primary parton-
parton collisions without subsequent cascading and gluon
bremsstrahlung. Evidently, in the case of hadronic pro-
duction, the parton cascade result generally agrees with
the simple parton model estimate, although a steadily
growing deviation with ~s/A from the parton model pre-
diction is obvious. The stronger increase within the par-
ton cascade model arises, because multiple parton scat-
terings and QQ production by radiative gluons from par-
ton cascades play an increasingly important role, even in
hadron collisions.

Comparing the two scenarios with and without plasma
formation, Figs. 2(a) and 2(b), respectively, one observes
a substantial enhancement of more than one order of
magnitude of the quark production for all three Qavors
8, c, and 6. Note that this enhancement comes on top
of a substantial depletion of partons in the central rapid-
ity region due to nuclear shadowing of the initial gluon
and quark distributions and due to the medium eKects
discussed in [13,28].

Figure 3 displays, in correspondence to Fig. 2(a), the
individual contributions from the processes (1)—(5) to the
central rapidity density of strange [Fig. 3(a)] and charm
quarks plus antiquarks [Fig. 3(b)] as a function of ~s/A.
Most significant is the strongly increasing yield kom the
flavor creation processes involving gluons, g" ~ QQ, and
gg ~ QQ. In particular the QQ production by hard
bremsstrahlung gluons g* is mainly responsible for the

dNA. A dN"
g+Q & +i/3 Q+Q

dg dg
(12) 1: q+q -& Q+Q

2: g+g -& 0+Q
3: g -~Q+g

4: q+0 -~ q+Z
5: g+Q -~ g+Q
6: total

with n = 0.76 [37].
As a consistency check, Fig. 2(b) also indicates the

simple parton model result [24,27] (thin lines), evaluated
for pp collisions and scaled to Au+Au, by convoluting
the proton structure functions with the production cross

FIG. 3. Individual contributions from the processes (1)—(5)
to the central rapidity density of (a) strange and (b) charm
quarks plus antiquarks as a function of v s/A for the case of
Au+Au collisions with plasma formation Icf. Fig. 2(a)].
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drastic multiplicity increase at high energies.
The abundance of strange particles is a well-known

dense matter signal, discussed in detail in [18,19]. In
a hot, gluon dominated plasma there should be no sig-
ni6cant difference between u, d, and 8 quark production,
because the common thermal mass m„" = m&" ——m," cx

g T, acting as a production threshold is at high temper-
atures larger than the current quark masses, mz ( m ".
Indeed, as will be shown in Sec. IIIC below, the ra-
tio of produced strange to light-quark —antiquark pairs
increases from 0.7 (RHIC) to 1 (LHC). An enhanced
charm production on the other hand has been advocated
to serve as a sensitive thermometer for the initial tem-
perature of QGP [7,8,24]. In fact, in the calculations
presented here, the majority of charm quarks from cc
production (which according to Fig. 3 provide the domi-
nant contribution to the total charm yield) is due to the
large number of energetic gluons with several GeV en-
ergy momentum. These gluons are mostly produced in
primary parton collisions at very early times w & 0.3 fm
and provide the main source of ce pairs. Therefore the
charm quarks should have the momentum distribution
of the gluons during the preequilibrium stage and upon
thermalization, so that they reHect the initial tempera-
ture To Ts(wo) around the plasma formation time 7o.
The same argument holds also for bb creation, however
this production rate is by more than an order of magni-
tude smaller and therefore more diKcult to measure with
suKciently good statistics.

B. Momentum distributions

The rapidity and. transverse momentum distributions
of 8 and c quarks produced in central Au+Au collisions
with plasma formation at RHIC and. I HC energies are
shown in Figs. 4 and 5, respectively. The thick curves
represent the total yield resulting from the sum of the
processes (1)—(5), the thin curves exhibit the contribu-
tion from the flavor creation processes (1)—(3) alone, and
the difFerence of the curves is the contribution from the
flavor excitation processes (4) and (5). The flavor cre-
ation via ss (cc) production is concentrated in the cen-
tral rapidity intervals IyI & 2 at ~s = 200 A GeV, and
IyI & 3 at ~s = 6300 A GeU, wherein about 90% of the
pairs are created. The quarks produced by Havor exci-
tation extend to larger rapidities and widen the y dis-
tributions. The Havor creation processes also dominate
the low p~ region with an exponential decrease, while
the Havor excitation processes involve generally a larger
transverse momentum and give rise to a power-law tail
at large p~. The difFerent behavior of Havor creation and
excitation processes can be understood as follows. The
flavor creation of QQ pairs results mainly from relatively
hard collisions involving primary partons, either directly
via gg fusion and qq annihilation, or indirectly via decay
of massive virtual gluons produced in hard. scatterings.
In these processes a considerable fraction of the partons'
energy is converted into the masses of the produced Q
and Q. Consequently the Aavor creation processes hap-
pen preferably at smaller rapidity and lower p~ than the
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FIG. 4. Rapidity distributions of a and c quarks plus an-
tiquarks produced in central Au+Au collisions with plasma
formation at RHIC (LHC) energy, ~s = 200 (6300) A GeV.
The solid curves represent the total yield resulting from the
sum of the processes (1)—(5), the thin curves exhibit the con-
tribution from the flavor creation processes (1)—(3) alone.

Havor excitation processes.
Since, as argued before, the momentum spectrum of

charm quarks should reHect the gluon momentum dis-
tribution up to wo, the formation time for local equi-
libration of gluons, one may extract estimates for ef-
fective initial temperatures by a simple fit to the p~
spectra of cc pairs with a standard Fermi-Dirac distribu-

- —j.
tion oc exp( — pz + mQ/To) + 1 . This yields ini-

tial temperatures THt T„=600MeV -at Vs = 200
A GeV and To~HC T; 900 MeV at Vs = 6300 A
GeV.
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FIG. 5. Transverse momentum distributions of 8 and c
quarks plus antiquarks produced in central Au+Au collisions
with plasma formation at RHIC (LHC) energy, ~s = 200
(6300) A GeV, in correspondence to Fig. 4.
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C. Formation times and initial plasma temperatures

A perhaps more quantitative, and independent method
to extract the initial plasma temperatures To is to com-
pare the parton cascade results in Au+Au collisions of
Fig. 2(a) with the multiplicities of produced s and c
quarks expected from an ideal QGP. The thermal pro-
duction of Q and Q from an ideal plasma in central AA
collisions can be cast in the form [24]

doth TQ

37rR~ wp Tp [Rq (T) + Rtq (T)]
8y T.

where To is the initial plasma temperature at formation
time To and T is the critical temperature of the hadronic
phase transition. The total production rate of quarks Q
at temperature T, Rq (T), is, in lowest order perturba-
tive QCD, given by

T6
Rq(T) =, , ) )

k a, b

dz z Ki(z) & i qx (E) (14)

where z = E/T, zp ——2mq/T, and Ki is the Bessel func-
tion of order one. In the sum over processes k, I will
include [39] the 2 ~ 2 reactions (1), (2), (4), and (5)
with the respective cross sections 0. b~g~ from Com-
bridge [27] as before. The degeneracy factors p I, involve
summing over all initial spin, color, and flavor combina-
tions. In order to relate the thermal yield (13) to the
yield (ll) from the parton cascade calculations of Fig.
2(a), I chose the formation time Tp equal to the relax-
ation time w, ~ associated with the entropy production
in the central region [10] and extracted from the simula-
tion:

d%q~q/dy
pq+q(s) =

—, (d/V + /dy + d~-d+d/dy)

(a}

S
1/2

(GeV)

qualitatively similar estimates from different approaches
The dependence of Tp on dNq+q/dy is plotted in Fig.

6(a) for Q = s, c, 6, whereas in Fig. 6(b) the ratios
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Furthermore, using T, = 160 MeV (at high initial tem-
peratures Tp the exact choice of T, is not important) and
RA„—6.6 fm, one obtains the thermal yield de" q/dy
as a function of initial temperature To alone. Equating
the rapidity density of the parton cascade calculations
(ll) with the thermal density (13),

1000

10

I I I I I I I I

100

dNQ+0/dy

1000

1/2/A

(Gev)

d~ — dN~

dy dy
(s) = (Tp) (16)

and solving for To gives

' 685 MeV,
785 MeV,

Tp(s) = t, 850 MeV,
905 MeV,

, 970 MeV,

Vs = 200 A. GeV,
~s = 1000 A GeV,
Vs = 2000 A GeV,
V s = 4000 A. GeV,
V s = 6300 A GeV.

(17)

It is worth noting that these rather high initial tem-
peratures are in agreement with previous investigations
[10,11], where the temperatures were inferred from the
ratio of the partons' central energy density to entropy
density. Also, Shuryak [7], as well as Biro et al. [9], find
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I"IG. 6. Interrelation between initial temperatures To at
the time of local plasma formation in the central region, and
(a) the rapidity densities dN&+q/dy, as well as (b) the ratios
p&+q defined in Eq. (18), around y = 0.
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are shown. The figure suggests to infer the initial temper-
ature To by simply measuring the total strange or charm
yield in the central rapidity region. Although it is to
date not completely understood how these absolute mul-
tiplicities are reHected in the final hadron spectra, the
ratios (18) in Fig. 6(b) of s, c, and b quarks to the light
quarks should be equal in magnitude to the measurable
ratios of strange, charm, and bottom mesons to pions,
respectively, because of entropy conservation.

D. A dependence of heavy quark yields

RHIC LHC
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The A dependence of quark production in high energy
AA collisions is of interest, because with growing size of
the collision system nuclear and medium effects [13,28],
such as parton shadowing, the saturation of the gluon
density, and the Landau-Pomeranchuk-Migdal effect, will

play an increasingly prominent role. In Fig. 7 the calcu-
lated A dependence of strangeness, charm, and bottom
production in central Au+Au collisions at RHIC [Fig.
7(a)] and LHC [Fig. 7(b)] energies. The solid curves de-
pict the total yield from the Havor creation plus flavor
excitation processes (1)—(5), and the dotted curves rep-
resent the contribution from the QQ creation processes
(1)—(3) alone. Generally, the multiplicities increase very
strongly from pp to medium sized systems and show a
saturation behavior for heavy nuclei. This saturation ef-
fect is naturally more prominent, the lighter the quarks
are, and also increases with beam energy. For instance,
in Au+Au collisions, the 8s Havor creation has almost
reached its limit at RHIC, whereas for cc creation the
point of saturation lies at or beyond LHC energies. This

feature reHects the saturation of the gluon density in the
central region already at very early times, since the ini-
tially produced hard gluons are mainly responsible for
the QQ creation. The point of maximum phase space
density of the gluons depends on their energy momen-
tum and therefore on the beam energy [15], so that the
saturation of QQ production acts as a meter for the max-
imum density of gluons with Eg mq.

The growth of the production cross section with A for
particles of species P is conveniently parametrized by a
power law in oc A for pA collisions and cx A ~ in
AA collisions. The power 0;~ generally depends on the
particle species P and on the beam energy ~s [26], so
that the multiplicity increase in central AA collisions may
be related to pp collisions as

d~AA d~ P

dg d'g

From the calculated yields dK& /dy for A
1, 32, 56, 108, 197 shown as data points in Fig. 7, I de-
termined the values for n~(s) for the total number of
quarks plus antiquarks (P = s + s, c + c, b + b), as
well as for the contributions of the Havor creation pro-
cesses alone (P = ss, cc, bb), at ~s = 200 A GeV and
~s = 6300 A GeV. The results are listed in Table I.
The values are remarkably close to the values for P = P,
J/g, T, determined from measured data of pA collisions
ny = 0.86 + 0.02 [41], o.jy@ ——o.@i = 0.92, and nr = 0.97
[42] (assumed to be independent of s).

The scaling behavior oc A —A implied by the o.~
values of Table I and Eq. (19), yields a considerably
stronger increase with A than the A dependence of Eq.
(12), oc A~ i, which is based on the multichain model
[36] and obtained from the number of individual nucleon-
nucleon scatterings in AA collisions. The much stronger
increase with A resulting from the parton cascade cal-
culations, as compared to the case of purely hadronic
interactions, is due to the larger number of quark-gluon
degrees of freedom on the parton level, and the high den-
sity and temperature of the parton system. Therefore a
measurement of the A dependence in the experiments at
RHIC and LHC may provide another diagnostic tool for
an indirect confirmation of a parton plasma formation.

TABLE I. The values of a.~(s) in Eq. (19) for the total
number of quarks plus antiquarks (P = s+ s, c+ c, b+ b), as
well as for the contributions of the Havor creation processes
alone (P = ss, cc, bb), at ~s = 200 A GeV and ~s = 6300 A
GeV.

~s+ s 0'ss &c+c &cc

FIG. 7. A dependence of strangeness, charm, and bottom
production in central Au+Au collisions at RHIC (a) and LHC
(b) energies. The solid curves display the total yield from the
flavor creation plus flavor excitation processes (1)—(5), and
the dotted curves show the contribution from the QQ creation
processes (1)—(3) alone.

RHIC
(v s = 200 A GeV)

LHC
(v s = 6300 A GeV)

0.91 0.93

0.80 0.80

0.93 0.95

0.82 0.83

0.94 0.96

0.84 0.85
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E. Resonance production of @, J/Q, Q', and T

From the previous considerations, one would expect
that the copious production of strange, charm, and bot-
tom quarks during the preequilibrium stage of heavy ion
collisions should have a significant impact on the produc-
tion rates of hadrons containing these quarks. In partic-
ular the substantial enhancement of the Ss, cc, and bb

fiavor creation processes (1)—(3) should testify in the pro-
duction rates of the vector meson resonances P, J/@, @',
and T, and may provide an observable signal for a QGP
formation. However, there are a number of uncertainties
to be aware of. First, the mechanisms for the formation
of these vector mesons from the quark-antiquark pairs are
not yet completely understood, and second, the fate of
these mesons while traversing the dense nuclear environ-
ment before escaping is rather unclear. Both these issues
have been addressed for charmonium and bottomonium
production within various models [19,22,42—45], with pre-
dictions ranging from significant suppression to substan-
tial enhancement of resonance production in a QGP sce-
nario. An experimental data analysis and investigative
discussion of resonance production in relativistic AA col-
lisions has recently been carried out by Vogt [40].

It is nevertheless of interest to estimate the resonance
production rates of P, J/@, Q', and T from the yields of
8, c, or 6 quarks resulting from the parton cascade calcu-
lations, in connection with observable count rates in the
heavy ion experiments at RHIC and LHC (discussed in
Sec. III F below). Rather than pursuing a detailed model
for resonance formation, I will follow an approach which
is inspired by the simple picture advocated by Shor in
Ref. [22]. The author assumes that in a QGP the coa-
lescence of quarks with other partons in the plasma oc-
curs at random, because the momenta and coordinates
get quickly randomized [47], and furthermore that the
binding between a quark and an antiquark is the same
for all Qavor combinations. Then the coalescence prob-
abilities are simply determined by the relative particle
abundances. This idea is compatible with the hadroniza-
tion scheme developed for the parton cascade model in
Ref. [13]. There the central idea is that at the end of the
perturbative phase of parton cascade development, color
singlet clusters of partons are formed which subsequently
decay independently into hadrons. This concept is based
on. the "preconfinement" property [48], which is the ten-
dency of the partons produced in the individual cascades
to arrange in color singlet clusters with limited exten-
sion in both position and momentum space. It is natural
to suppose that these clusters are the basic units out
of which hadrons arise nonperturbatively. Within this
cluster hadronization scheme the coalescence approach
of Shor can be extended to a local description by dis-
cretizing phase space in cells and extracting the parton
distributions in each cell individually, as described in Ref.
[10]. Newt, each gluon is represented by a light —quark—
antiquark pair, so that one is left with a parton ensemble
consisting only of quarks and antiquarks [13]. The local
probability for the production of a P, J/@, or T meson
is now given by the multiplicity of Q = s, c, b quarks
in a certain phase-space cell times the probability that a

quark Q will find and coalesce with a Q antiquark to form
a QQ bound state. This latter coalescence probability is
taken to be the multiplicity of antiquarks Q divided by
the total multiplicity of partons in a given phase-space
cell. Most of the time the Q will coalesce with a light
antiquark to produce K, D, or B mesons. The rela-
tively rare coalescence of QQ states will yield primarily
P, J/@, or T, while the production of heavier resonances
and higher spin states is considerably suppressed. The
@' however will be accounted for by taking the relative
probability of J/Q to g' production to be 0.015 [49] at
low energies and rising toward its asymptotic limit 0.25
[50]. Thus, the estimate for the total production of vec-
tor meson resonances R = P, J/g, @',T from coalescing
Q = s, c, 6 quarks and Q antiquarks can be expressed as

) [(ng(k)) 'P~~q(k)
cells A;

+(nq(k)) 7'q g(k)] (20)

where the sum runs over all phase-space cells k, (n (k))
is the event averaged number of partons of species a in
cell A: as extracted &om the parton distributions E in
the local rest frame of the cell [cf. Eq. (8)],

n (k) = p
d pd p F (r, p) (21)

and

(nq)
(22)

M~
A~ exp

/

—14.7
y=O

(23)

where M~ is the resonance mass, and the normalizations
are A.y

——2400 nb, A.Jy~
——500 nb, A.y

——7.5 nb, and
A~ ——1.4 nb. To extrapolate to AA collisions, I use the
scaling behavior [24,25] [cf. Eq. (12)]

is the probability that a quark Q would coalesce with an
antiquark Q in phase-space cell k.

Using this prescription and inserting the average mul-
tiplicities of partons in the central rapidity unit around
y = 0, obtained from the simulations, one obtains the
the rapidity densities dN~/dy~„o of resonances R. The
resulting yield of P, J/g, g', and T is shown in Fig. 8(a)
as a function of ~s/A for central Au+Au collisions with
plasma formation. In correspondence with Fig. 2(a),
these particle yields reflect the copious QQ production
by the hot and dense parton matter in the central region
of these reactions, with the effective initial temperatures
To, Eq. (17), associated with the beam energy ~8/A.

Analogous to the procedure in Sec. III A, it is elucidat-
ing to compare these resonance yields with the multiplic-
ities expected for purely hadronic interactions, that is,
without plasma formation. To obtain an estimate for the
latter, I employ the phenomenological parametrization of
the hadronic production cross sections for resonances R
in pp collisions [40,49]:
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Au+Au with QGP Au+Au w/o QGP and the later stages of the nuclear collision. Neverthe-
less it shows that a considerable increase of resonance
production can be expected in heavy ion collisions, if a
high density, high temperature environment is created
as predicted by the parton cascade simulations [10,11].
It is worth noting that the yields of P, J/g, g', and T in
Fig. 8(a) increase significantly faster with ~s/A than the
corresponding yields of s, c, and b quarks in Fig. 2(a).
This effect arises, because the heavier the quarks Q the
more likely they are to coalesce with much more abun-
dant light antiquarks, instead of coalescing with the rare
Q antiquarks. However, the coalescence probabilities of
Q and Q grow considerably with v s/A, because, as is
evident in Fig. 6(b), the ratios of heavy to light quark
abundances increase.
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F. Expectations for RHIC and LHC
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FIG. 8. Rapidity densities dNR/dy„o of the vector meson
resonances R = P, J/g, Q', T as a function of vs/A for cen-
tral Au+Au collisions: (a) with plasma formation, as obtained
from the quark yields calculated with the parton cascade sim-
ulations of Au+Au collisions and on account of the coales-
cence approach, Eqs. (20)—(22); (b) without plasma forma-
tion, on the basis of individual nucleon-nucleon interactions,
Eqs. (23) and (24), corresponding to resonance production
exclusively due to primary parton-parton collisions without
taking into account the contribution from interactions involv-

ing secondary partons and hard gluon bremsstrahlung.

dNAA j d PP
R

~

A +1/3
~

R (24)
J y=o

o-". "
inel 4 y y 0

with np = 0.86 + 0.02 [41], ng/g = n@I = 0.92, and
n~ = 0.97 [42], extracted from pA data, and o", "i, the
inelastic cross section in pp collisions, is taken from [51].
This is the resonance yield that one would crudely ex-
pect in AA collisions without plasma formation, on the
basis of individual nucleon-nucleon interactions [36,38].
As mentioned after Eq. (12), this corresponds in the par-
ton language to resonance production exclusively due to
primary parton-parton collisions and neglects the major
contribution from interactions involving secondary par-
tons and hard gluon bremsstrahlung. In this restricted
case the number of parton interactions would also scale
with the transverse size of the nuclear system, i.e., as
A / . The dependence of dNR /dy at y = 0 on the
scaled beam energy ~s/A is shown in Fig. 8(b).

In contrasting the two scenarios of Figs. 8(a) and 8(b),
one observes that the resonance production is compara-
ble at RHIC energy, but in case (a) increases so strongly
that it exceeds the yield in scenario (b) by more than
2 orders of magnitude. Of course, these estimates are
rather optimistic predictions, because it is assumed that
all the QQ bound states survive the plasma evolution

One possibility to probe the vector meson resonance
yield from the high density matter in the heavy ion ex-
periments at RHIC and LHC, is to measure the count
rates of lepton pairs produced by the decay of these res-
onances in the central rapidity region. To make a spe-
cific connection between the model predictions for the
resonance yields dNR/dy of Fig. 8(a) and the associ-
ated count rates of muon pairs in these experiments that
would be implied by these predictions, two aspects have
to be taken into consideration. First, whereas the model
calculations were done by assuming ideally central AA
collisions with impact parameter b = 0, the experimental
definition of central collisions is always the average over
a certain "central impact parameter" range. Second, one
has to account for the luminosity of the collider beams.
In order to incorporate these two points, it is convenient
to express the total expected rate for resonance produc-
tion A+ A -+ B ~ p+p in AA collisions within a beam
running time of 1.08 x 10 sec (one "experimental year"
at RHIC or LHC) as [40]

XR ——1.08 x 10" L~~ BR o.R (25)

do'R ( dNR l
&R

d
= oAA(b-)

I
&R

ddy I dy )
(26)

Here

AA(b. ) = d bo„„(b)TAA(b)- (27)

is the total nuclear cross section integrated over the "cen-
tral impact parameter" range b, that depends on the ex-
perimentally achievable resolution. The normalization
factor CR is fixed by the ratio of the calculated total num-
ber of resonances NR in pp collisions at ~s = 200 GeV to

where L~~ is the beam luminosity, BR is the branching
ratio of the meson decays into p+p pairs, and o.R is
the total (integrated) resonance production cross-section
for particles B. The measured cross section BRo.R can
be related to the number of produced particles per unit
rapidity by
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the corresponding measured number of p, +p pairs that
result from the leptonic decays of the resonances. The
nuclear overlap integral in (27) is defined as

(b.)
dy

T~~(b) = d r~ T~(r~) Tz(b —r~) (28)
( dN~'i= 1.08 x 10 Iwx fan(b, ) (~ Rw) ~

C
dy )

with the nuclear profile function

T~(r~) = dz pA(z, r~)

and the nuclear density distribution p~ is normalized as

d r px(r) (3o)

I will follow Ref. [40] to define the "central fraction" f~~
as

f~~(b. ) = 2~ db b T~~(b) (31)

which is equivalent to the fraction of the total geometric
cross section, mR&, involved in a central collision. Thus,
for b, « 2 R~, it follows, with Eq. (27), that

~~~(b.) = ~~~(0) d'b T~z (b) = ~ &A fz~ (bc)

(32)

and, using Eq. (26), one can rewrite the formula (25) as
the expected binned production rate per unit rapidity for
resonances R as

(33)

Inserting the estimated values dNIt/dy resulting f'rom
the full Au+Au simulations and on the basis of Eq. (20),
I obtain the predictions listed in Table II for P, J/@,
@', and T production that may be measured at RHIC
and LHC. Here I used the quoted values for the beam
luminosities at RHIC [52] and LHC [53] at maximum
achievable i/s/A = 200 GeV, respectively, ~s/A = 6300
GeV. Listed are the results for both the central rapid-
ity densities dNR'" /dy and the total integrated rates

N&, each for two diferent central impact parameters
(expt)

b = 2 fm and 6 = 0.5 fm with the corresponding central
fractions f~A taken from Ref. [4O].

Such high resonance production rates as in Table II
would be very promising. The P meson rates however
are also subject to a large background, because of acci-
dental coincidences of sr+sr and %+K decays, ther-
mally produced lepton pairs and semileptonic decays of
charmed particles in the mass region 1—3 GeV. The J/Q
and g' production rates should be high enough to be sep-
arately observable with suKciently good statistics, since
the background afHicting the P is reduced in the J/Q re-
gion. The T yield is probably not large enough at RHIC

TABLE II. Estimates for P, J/g, Q', and T production that may be measured at RHIC and
LHC in the invariant mass spectrum of muon pairs produced by the meson decays. The values
for I~& are the beam luminosities quoted for Au beams at RHIC [52] and Pb beams at LHC [53]
at maximum achievable gs /A. Listed are the results for both the central rapidity densities
dN&'" '

/dy and the total integrated rates N~'", each for two different central impact parameters
b = 2 fm and b, = 0.5 fm with the corresponding central fractions fg~ [40].

Quantity
Resonance production rates in Au+Au collisions per 3000 h

RHIC LHC

v's max /A 200 GeV 6300 GeV

0x10 cm s 6.0 x 10 cm s

2.0 fm
0.09

0.5 fm
0.01

2.0 fm
0.09

0.5 fm
0.01

1.28 x 10
7.66 x 10
1.15 x 10
3 29 x 10

1.42 x 10
8.51 x 10
1.28 x 10'
3.65 x 10

(dN~'" 'l/dy)„
9.81 x 10"
3.21 x 10
8.28 x 10
1.04 x 10

1.09 x 10
3.57 x 10
920 x 10
1.15 x 10

4.38 x 10
2.13 x 1O'
2.99 x 10
7.45 x 10

4.87 x 10
2.37 x 1O4

3.32 x 10
8.28 x 10

Total N~'"
3.38 x 10
8.92 x 10
2 15 x 10
2.35 x 10

3.75 x 10
9.91 x 10
2.39 x 10
2.61 x 10
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to provide a clean signal, but at LHC, where several thou-
sand are produced, the T should show up clearly in the
invariant mass spectrum of muon pairs.

C. Uncertainties and open questions

A general discussion concerning the assumptions and
approximations of the parton cascade model can be found
in Ref. [10]. Nevertheless some explanatory comments on
the results for Havor production presented here are ap-
propriate at this point. The rather large multiplicities of
Q and Q quarks produced in Au+Au collisions, evident
in Fig. 2(a) and Fig. 3, may seem surprising at first
sight. However, the separation of the various production
processes in Fig. 3 exhibits some interesting features
that elucidate the origin of this intense flavor produc-
tion: (i) the Q (Q) 8avor production is overwhelmingly
driven by the gluonic processes g* ~ QQ, gg ~ QQ,
and gQ ~ gQ; (ii) among the 2 —

& 2 processes, the
flavor excitation process (5), gQ ~ gQ, outweighs the
flavor creation process (2), gg ~ QQ, over the entire
displayed energy range, although the latter contribution
rises steeply with ~s/A and becomes comparable in mag-
nitude at and beyond LHC energy; (iii) the 1 ~ 2 ffavor
creation process (3), g" M QQ, gives the dominant con-
tribution for large energies (~s/A + 1 TeV).

The first property (i) arises from the combination of
two effects: first, the comparably large initial gluonic
component in the nuclear structure functions [54,55], and
second, the well-known property of perturbative @CD
[56,57,7,11] that the amplitudes for the gluonic processes
(2), (3), and (5), clearly outweigh those involving quarks
only, (1) and (4), especially in the small angle region.
The second point (ii) is also related to the initial par-
tonic substructure of the incident nuclei, i.e. , the fact
that there is a significant strangeness and charm content
in the sea quark contribution [54,55] to the nucleon struc-
ture functions f (x, Qo) at small energy fractions x and
the "initial resolution scale" Qo [28]. For example, the
structure function parametrization of Ref. [55] employed
here gives relative proportions of d: u: 8: c quarks and
antiquarks of 1.32:1.21:0.67:0.15 at RHIC (~s/A = 200
GeV, Qo ——2.28 GeV), and 2.28:2.11:1.17:0.26 at LHC
(~s/A = 6300 GeV, Qo ——5.23 GeV) [28]. There-
fore, in heavy ion collisions at RHIC energy and above,
this incidently present component of spacelike virtual 8
and c sea quarks leads to a considerable materializa-
tion of strangeness and charm due to the frequent fa-
vor excitation processes (4) and (5), which is obviously
more favorable than the creation of new 88 or cc pairs
via qq annihilation (1) and gg fusion (2). This feature
was already investigated by Combridge [27] in the con-
text of strangeness production in hadronic collisions, who
pointed out the uncertainties of flavor production con-
nected with the nucleon structure functions of the initial
state. Finally, the third point (iii) seems most stunning,
in that the decays of timelike virtual gluons yield the
increasingly dominant contribution to the flavor produc-
tion in AA collisions at ~s/A 1 TeV. From Fig. 3 it is
obvious that these processes are responsible for the main
part of QQ production and the steep rise of dK&+q/dy

1
n~ (r)np (r)0p~�g-qK�

+ ) ng (r)..

k=1 i=1 g;

—:W~~' (r) + W~"' (r) (34)

such that

Wg(r) & 1

Here n (r) = n (r, t) is the local, time-dependent den-
sity of partons of type n, cr p &q oc n, /@2& is the elas-

tic 2 -+ 2 scattering cross section, I .~&q oc n, /Mg.
the decay width of timelike excited gluons with virtu-
ality Mg. , and Bo is taken to be 1 fm, the typical
hadronic scale. For the collider energies range consid-
ered here, even for Au+Au collisions this probability is
at most W, " 0.04 (0.13) and W " 0.01 (0.03) at
~s/A = 200 (6300) GeV. On the other hand, the corre-
sponding probability for producing gluons,

1
Wg(r) =

7t 0
n (r)np(r)onp~gx

(36)

where n' = g* (q*), at tiines approaches unity in the
most densely populated phase-space of the central region,

with collider energy. In the parton cascade model the
cumulation of the processes g* ~ QQ corresponds to the
sum of all inelastic contributions in the leading logarith-
mic approximation [15],which are usually termed "higher
twist" efFects. The origin of these contributions lies in
the early production of a large number of timelike glu-
ons (mainly through inelastic primary parton collisions)
with virtualities of a few GeV, which subsequently decay
into two gluons or a quark-antiquark pair. Although the
ratio of g* —+ ss (ec) to g' -+ gg is only about 3 x 10
(1.5 x 10 s), almost independent of collider energy, the
inelastic processes g' -+ QQ occur frequently enough to
be more favorable than the direct production via the elas-
tic processes gg M QQ. In this context I would like to
refer also to the work of Biro, Levai, and Miiller [58] who
investigated strangeness production by gluonic processes
in a QGP involving gluons that are efFectively massive
due to medium effects. The authors also find, however,
within a more phenomenological approach, that the one-
gluon decay process dominates for gluon masses above
300 MeV.

One might wonder about unitarity: the sum probabili-
ties of all elastic and inelastc production channels should
not exceed unity, or else one is in trouble. In the parton
cascade model the conservation of unitarity is ensured by
the recent implementation of the Levin-Ryskin unitarity
condition [15], which may be represented in terms of the
probability for producing a quark (antiquark) of type Q
(Q):
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which however is balanced by the increasing probability
for the fusion processes gg ~ g* [11].

Summarizing these considerations pre cautiously, I
would like to state that the band of uncertainty in
strangeness and charm production is bounded by curves
2 and 6 in Fig. 3, that is of roughly one order of magni-
tude. Curve 2 represents the lower limit for s and c pro-
duction via the favor creation process gg ~ QQ alone,
neglecting the sizable but uncertain contributions of the
ftavor excitation processes associated with sea quark ex-
citation, as well as the dominant inelastic ftavor creation
processes g* ~ QQ. Certainly the total s and c yield
cannot be less than curve 2, which extrapolates without
diKculty to the high energies considered. Curve 6, on
the other hand, as the sum of all contributing processes,
must be understood as a very optimistic upper bound
that depends crucially on the magnitude of the dominant
contributions 3 and 5. If indeed the true s and t- yield in
heavy ion collisions at RHIC and LHC comes close to the
predicted curves 6, then the resulting K and especially
D mesons should be experimentally detectable with out-
standing multiplicities. If however the total 8 and. c yield
turns out to be only slightly larger than curve 2, then it
is rather questionable if the strange and charmed mesons
would be produced in appreciable numbers.

It should be noted that the total multiplicity of parton
interactions is in general sensitively dependent on the two
infrared regularization parameters [28] of the parton cas-
cade model, namely, the minimum required momentum
transfer in parton-parton collisions, p~,„t, and the mini-
mum required virtuality for a parton to decay, po. How-
ever, for QQ (particularly for cc and bb) production the
threshold 2m' provides a natural cutofF that is above or
of the order of p~, „t,

——1.55 (3.95) GeV for RHIC (LHC)
energy and po

——1 GeV (independent of beam energy).
Therefore the fiavor production of the heavier quarks is
far less sensitive to the choice of p~, „q and po than the
production of light quarks or low energy gluons.

In addition to the question of how the screening in
the dense matter of heavy ion collisions might act as a
natural infrared regularization and may modify the role
of p~, „t, and p,o, there are a number of uncertainties in-
volved in QQ production, as has recently been investi-
gated in detail by Mangano et aL [59]. Still, the results
of the parton cascade calculations for pp collisions, indi-
cated in Fig. 2(b) by the thin curves, agree well with
the improved parton model predictions of [59] for charm
and bottom production in pp collisions that Bt the recent
experimental data compilations on inclusive heavy Qavor
production [60] in hadron collisions. For example, the
parton cascade model prediction for the total cc cross
section at ~s/A = 200 (6300) GeV is o,— = 0.63 (5.9)
mb with m, = 1.35 GeV and the structure functions of
[55]. This may be compared with the corresponding pre-
diction of Mangano et al. [59] o; 0.6 (4.0) mb. Hence,
the charm yield calculated with the parton cascade model
for pp collisions is relatively accurate within the uncer-
tainties associated with the exact value of m, the choice
of the structure function parametrization, etc. , so that
any additional uncertainty in AA collisions is connected
with the extrapolation from pp to AA, i.e. , the lack of

detailed knowledge about nuclear and dense medium ef-
fects that are essential in AA reactions but are irrelevant
in pp collisions.

From this discussion it should be clear that the predic-
tions of the model calculations for AA collisions are to
be understood more as qualitative results, and one must
keep in mind that there are a number of fundamental
questions that remain to be understood better in order
to make accurate predictions. I believe, the two most im-
portant issues are (i) the initial state, the uncertainty in
the magnitude of the gluonic and sea quark component in
the nuclear structure functions at small x ( & 10 ) and
(ii) nuclear and medium effects, the interpretation of the
infrared cutoffs p~,„t and po, which in pp collisions are
constrained by experimental data, but in AA reactions
must be related to the infrared behavior of partons in
dense @CD matter (screening).

IV. SUMMARY AND CONCLUDING REMARKS

Within the framework of the parton cascade model, I
have investigated the properties of strange, charm, and
bottom quark production in central AA collisions at col-
lider energies and discussed, on the basis of a coalescence
approach, the possible observable consequences for the
yields of the vector meson resonances P, J/g, vP', and T
containing these quarks. The dependence of the quark
production on the beam energy over the range ~s/A =
200—6300 GeV, and on the size of the collision system
ranging from pp to Au+Au, was studied. For the case of
Au+Au collisions two scenarios were compared with and
without plasma formation. The results of the realistic
simulations with plasma formation predict a very opti-
mistic scenario in heavy ion reactions at the RHIC and
LHC experiments with very large abundances in the cen-
tral region of strange, charm, and even bottom particles
relative to pp collisions at the same energies. If indeed
such a strong enhancement of heavy Aavor production
could be observed in these experiments, then, according
to the present analysis, this would be a clear indication
for the formation of a hot and dense parton plasma in the
central collision region with initial temperatures consid-
erably larger than commonly assumed in earlier studies.
The results may be summarized as follows.

(i) Vehement entropy production by initially produced
energetic gluons leads to very large abundances of 8, c,
and 6 quarks. In Au+Au collisions this particle produc-
tion from the preequilibrium stage is generally more than
an order of magnitude bigger than would be expected on
the basis of purely hadronic interactions. The dominant
contribution comes from flavor creation processes in the
central rapidity unit, especially from decays of virtually
excited gluons. The yields show a logarithmic increase
with ~s and the A dependence scales as A ~l'l from pp
to AA, with an energy dependent o.~ ranging from 0.8
to 1 for P = s, c, b.

(ii) The ratio of the production rates of strange to light
quark-antiquark pairs is already 0.7 at RHIC energy
and approaches 1 at LHC. The analogous ratios of the
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charm and bottom pair production in this energy range
grow from 0.1 to 0.5, and from 10 to 0.1, re-
spectively. The copious production of these quarks in the
central rapidity region adds on top of a significant sup-
pression of partons in the initial nuclear wave functions
due to nuclear shadowing, and due to medium effects that
the partons encounter during their evolution in the dense
plasma environment.

(iii) The sizable production of charm quarks, as well
as with ~s increasingly significant bottom yield, from
gluons during the preequilibrium stage may serve as a
thermometer of the initial temperature of a gluon domi-
nated plasma upon formation time, simply by measuring
the ratios of the numbers of resulting charmed mesons
D, J/Q, g' (at LHC also the bottom mesons B,T) to
light hadrons. The initial plasma temperatures estimated
from the calculated quark yields in Au+Au collisions
range from To(s): 685—970 MeV for ~s/A = 200—6300
GeV.

(iv) The vector meson resonance production of &P, J/g,
g', and T that results from coalescing quarks and anti-
quarks produced in close proximity of momentum and
coordinate space, show a steep increase with v s and as-
sociated initial plasma temperatures. In Au+Au colli-
sions at RHIC, the resonance yields from preequilibrium
and early plasma are still comparable in magnitude with
those expected from a simple scaling extrapolation of
hadron collisions, but at LHC an enhancement of more
than 2 orders of magnitude might show up. The esti-
mated count rates for P and J/g would be large enough
already at RHIC energy to be measurable with sufFicient
statistics in the spectra of dileptons produced by the me-
son decays. At LHC even the T should be produced
in several thousands over the time of an "experimental
year" .

I emphasize once more that the results presented in this
paper are to be understood as qualitative features asso-
ciated with ultradense, high temperature parton matter
produced in the central collision region of heavy ion col-
lisions at collider energies. As stressed repeatedly, the
calculations and results presented in this paper must be
viewed as an optimistic upper limit of the possible flavor
yield that is subject to considerable uncertainties. Espe-
cially, more experimental and theoretical information is
necessary regarding the heavy fIavor sea excitation and
glue decay production at RHIC and LHC energies in or-
der to draw robust conclusions for the experimentally
observable heavy fIavor yield. However, if the underlying
description of the partons' kinetics in these reactions is
tendentially correct, then the results should nevertheless
have predictive power. Nevertheless, accurate quantita-
tive predictions for experimental signatures require fur-
ther understanding of a number of issues on both the
perturbative evolution of partons and the nonperturba-

tive mechanisms of hadron formation. Most urgent on
the perturbative sector is the medium modification of
the parton interaction amplitudes. This open problem
is intimately connected to the choice of the model pa-
rameters p~, „q and p,,„t, used. to regularize the divergent
perturbative @CD parton-parton cross sections and the
parton emission probabilities, respectively. The energy
dependent values of these parameters, fixed from exper-
imental data on e+e annihilation and hadron-hadron
collisions, are so far taken to be universal, that is, inde-
pendent of the reaction. The rather low values of p~,„t
and p,„t in the model reproduce well a wide range of pp
(pp) collider data, but lead to a huge multiplicity growth
of partons when proceeding to heavy ion reactions. Since
the parton-parton cross sections and emission probabil-
ities depend sensitively on p~,„t and p,„t, an increase
of these cutofF parameters due to dense medium effects
would lead to significantly more moderate particle pro-
duction. Therefore it is important to investigate the
color screening length as well as effective medium induced
masses of collective gluon and quark modes as a function
of space and time. These quantities could then be used
as input parameters for the determinations of medium
dependent scattering cross sections and parton branch-
ing probabilities. This would provide a natural cutoff of
long-range interactions in a deconfined @CD plasma, so
that no artificial parameters are required to obtain Finite
interaction amplitud. es in a dense medium. One possible
way of approach could be to relate the average impact
parameter in parton-parton collisions via Fourier trans-
formation to the minimum encountered transverse mo-
mentum involved in the scatterings. Since with increas-
ing particle density the mean impact parameter would
decrease, the corresponding p~,„t values would increase
and provide a self-consistent regularization of infrared di-
vergences. Accordingly, the maximum occurring value of
the @CD coupling n, " = n, (p&,„t) would be a space-
time dependent function of the particle density, with its
decrease dictating the efFect of color screening. Thus, a
natural cutofF would be determined by the parton dy-
namics itself [61].
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