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Strangeness and charm degrees of freedom are considered om the
partonic level. First we present a model of the fully equilibrated quark-
gluon plasma with thermal parton masses and find a considerable con-
tribntion of strangeness and also some charm. Then the kinetics of
chemical equilibration processes of in an early hot ghie system is mod-
elled, i.e., the cooking of light and strange quarks in an expanding
gluon gas is followed. The degree of equilibzation depends on uncer-
tainly known rates, however, we find that such peneirating probes as
hard photons are less semsitive to details of the equilibration. Finally,
we estimate the very ealy charm production in not yet thermalized
parton matter and find indications for a clear dominance of the giue
fusion processes, lLe., charm probes likely the early glue distribution.

INTRODUCTION

In ultrarelativistic heavy-on collisions (say at RHIC or LHC energies) the
subnuclear degrees of freedom, i.e., quarks and gluons or partons, are expected
to dominate the early dynarmics. After Ioosing the coherence of partons, which
are initially described by the nuclear structure functions, the very early stage
of the collision dynamics is characterized by entropy production and secondary
particle production. Due to the larger gluon-gluon cross sections the gluons
are estimated to exceed the quark and anti-quark numbers in the charge-
symmetric midrapidity region (1). Therefore, the thermalization processes in
the hot glue, with a few quarks and anti-quarks immersed, should proceed on
rather short time scales. Later on also the guark component can thermalize.
But even if thermalization is achieved to some degree, chemical equilibration
processes usually need longer time scales. Kinetic models, such as the parton
cascade model {2} or the HIING code {3), predict indeed approximate early
thermalization but chemical off-equilibrium. Supposed the chemical equilibra-
tion is fast enough, the parton system evolves towards a quark-gluon plasma
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(QGP), which hadronizes afterwards.
Tn the present paper we focus on three of the mentioned stages of parton
matter evolution. We consider, going backwards in time,

(i) the QGP within a model with thermal parton masses and analyze the
réle of sirange and charm quarks; this stage relies on the assumption of
thermal and chemical equilibrinm,

{ii) the chemical equilibration processes in an initially undersaturated gluon
gas and follow in particular the cooking of strangeness in the hot glue;
for such considerations the thermal equilibrium is supposed,

(ii1) the thermalization process and address the question whether early
charm production can probe this stage.

The aim of such investigations is to understand on a qualitative level relevant
subprocesses in the rather involved evolution of partonic degrees of freedom.
We also calculate penetrating probes {dileptons in items {i, iii), photons in
item {ii)} in order to elucidate how these ones are affected by peculiarities of
the parton evolution.

THERMAL PARTON MASSES IN A STRANGE QGP

Recently the observation has been made (4,5) that the pure SU(3) gauge
theory lattice data (6,7) can rather perfectly be fitted by a non-interacting
quasi-particle model with effective thermal gluon mass

162
(16 — 2;) log (T3Z=)”

(1) = P, D)= m

The tunning coupling g is phenomendclogically regularized by the shify param-
eter Ty == 0.8237,. I'y = 3.3 is astonishing near the high-temperature QCD
prediction 3/(1 4 INy) (8,9). Only the physical transversal gluon modes
{d, = 16) are to be included in the primary thermodynamical potential

4 w :
pT) = gfg f dkw(; e U;’,T)}——l}“i,w(k,T) = /mE(T) + k2. (2)

The energy density and entropy are self consistently calculated from the pres-
sure p{T") and look not as the usual ideal gas formulae. Using the somewhat
involved dispersion relation for the transversal in-medium gluon modes in one-
loop order (8,9), instead of the free one Eq. (2), one does not find a noticeable
change of the thermodynamical quantities.

Lacking precise lattice data with fermions we extend our thermal mass
model to the QGP as follows: the Fermi statistics is properly accounted for;
the known flavor and color degeneracies are included; the thermal masses are
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FIG. 1. The partiel pressures (left apper panel, in units of T*-};}, the partial

energy densities (fight upper panel, in units of T* %;), the partial particie densities
{left lower panel, in units of the Stepkan Boltzmann values}, and the total energy
density and pressure {right lower panel, full/dotted lines - 2/3 flavor plasma with
the same p(1.)).

as in high-temperature QCD, .e., I'p = 6; finite quark rest masses m,, give rise
to expressions like m = /mf + m?(T) for the effective mass. The resuiting
equation of siate is dispiayed in Pig. 1. One observes that the strange quarks
behave in this model very much as the u,d quarks. This is to be contrasted
with the bag model parametrizakion, where strangeness is suppressed, and
the u,d quarks are taken as in the Stephan Boltzmann limit, and /T is an
overall decreasing function. The local maximum of our quark energy density
resembles recent two-flavor lattice results (10},

When including also charm (but leaving Ny = 3 in the above quoted equa-
tions) we find at least a 10% contribution to the thermodynamical quantities
shown in Fig. 1. Therefore, if our model equation of state is correct and the
nurnerical values of the decisive values of T'y ¢ are near the high-temperature
one-loop QCD calculations also charm contributes fo a {ully equilibrated QGP
and should be included properly in precision lattice calculations.

‘There are distinct observable effects of finite thermal masses. For example,
the M, scaling property of the dilepton specirum is violated (11). A detailed
analysis {3} shows the appearance of a threshold effect in the transverse-mass
spectrum at transverse dilepton momentum gy = M7 + m*{T) — My, In
this region the dilepton production is strongly suppressed (8}, Also the cooling
behavior of the QGP is changed; this stems from the fact that the latent
heat in the present model is much smaller than in the bag model. Another
consequence is the higher temperature at given entropy density. This in turn
affects estimates of rates at given particle rapidity densities.



CHEMICAL EQUILIBRATION PROCESSES IN AN EXPANDING
QGP

Qualitative estimates and parton cascade simulations indicate substantial
quark undersaturation (1-3,12,13) at eazly times in the course of an ultra-
relativistic heavy-ion collision; in the same moment the gluon distribution
looks isotropically and can be considered as thermalized. To follow the chem-
ical equilibration processes in the hot glue one can formulate rate equations
{14). Here we utilize rate equations similar to those used in Refs. (12,15).
The change of densities of different particle species obeys the master type

equations
frg = % Tgg—ggg '”'3 (1= Ag) — Fggmeqz (ﬂ§ - n? b) = Ggenss (n§ - 5)’ ()
g = é&yywqq‘ (”3 - nﬁ b) — %&qé—ﬂ? (”3 - ”f ¢} {4)
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ig the comoving derivative of particle density which includes boost invariant
longitudinal and transversal expansion (v is the transverse Lorentz factor,
cf. Ref. (15); "= d/dr, and 7 is the proper time). The thermally velocity-
averaged cross sections &... account for inelastic glue production, glue flows
into u,d channel, glue flows into s channel, u,d production from glue, u,d
flow into s channel, glue flows into s channel, u,d transmutates into s and
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the corresponding back reactions. The remaining quantities b =
-2 .
:.1—’—%, c = %:'1 are so defined that in equilibrium the reactions cease. A tilde
indicates the corresponding saturation density, e.g., Ay = ny/fiy is the gluon
fugacity. These coupled three equations are supplemanted by one equation for
energy conservation, and two equations for transverse expansion (for details of.
Ref. {15)}. We solve this system with the following simplifications: neglecting
the g§ — 55 channel (14}, and using o4..q7 = 20,,.,5 (this neglects the
mass difference of u,d and s quarks, see previous section, as also done in
fiy, energy density, and pressure). These simplifications seemn to be harmless
compared to uncertainties in the thermally averaged cross sections and higher
order processes {16). We use here the cross sections of Ref. (12) in one set
of calculations {set I}, and in a second set we multiply these cross sections
by a factor 18 (set II). The initial conditions are also matter of debate (cf.
refs. (1,12,13,15,16) for widely differing estimates).

In Fig. 2 two representative examples are displayed. In both ones the u,d
quarks are inifially undersaturated, while the gluons are either undersaturated
too {12,13,18) or even oversaturated {17}. We assume that there is initially no
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FIG. 2. Time evolution of the temperature and the various fugacities for two
different imitial conditions (heavy/thin curves - set [/II calculations). The initial
{ransverse expansion velocity is zero, and the iransverse radins is 5 fin. Transverse
expansion is dealt with by exploiting the global relativistic hydrodynamics Ref. (13).

strangeness. One observes that in the set I caleulation the system remains far
from chemical equilibrium. If gluons are initially rare the glue production is
not efficient enough to overcompensate the gluon loss in the gg — ¢4, 55 reac-
tions. The strange channel, which is not included in the previous calculations
{12,15), mainly reduces the gluon fugacity, while for the termperature and light
guark fugacities it is not so important. Our set IT caleulation displays fast
approach to equilibrium even in the strangeness channel.

‘We mention that we do not include the g — 44, 88 reaction channel. When
utilizing the thermal masses of the previous sections, this channel ig closed.
Giving the particles, however, a widih then via the tails of the distributions
such reactions can proceed, of. Ref. (18). Our thermal masses bave some sup-
port from the lattice caleulations; the estimates of the particle decay widths
rely completely on the extrapolation from the high-temperature evaluations.

While the drastically different flavor evolution scenasios I and I demon-
strate the need to constrain the reaction cross sections, as also the initial
conditions, one may investigate whether penetrating probes are sensitive to
such differences. In Ref, (15) we have calculated the photon spectra for p] >
1 GeV. We found that the slopes are rather insensitive to the different flavor
evolutions. The decisive quaniities, which nearly completely determine the
photon spectra, are the poorly known initial temperature and fugacities.

One might also include the charm evolution in the above master equations.
Recent estimates (13), however, indicate that the pre-equilibrium contribution
is much larger than the thermal rate.

The proper inclusion of in-medium effects in the kinetic treatment of flavor
evolution needs obviously more Investigations too.



PARTON KINETICS FOR CHARM PRODUCTION

Hard probes come from sarly stages of the parton evolution (19,20). There-
fore, one has to look at heavy particles to learn about early parton distribution
evolution. Here we are going to present an analytical model for the early off-
equilibrium parton kinetics and estimate the chorm production. Previous
estimates (13,21) rely on parametrizations of HIJING results. We adopt the
Boltzmann equation in relaxation time approxiration for the one-dimensional
boost invariant evolution of the parton distribution function f

(0 25 0) 1 = 72} (wa) (F = o), M

where T and £ are proper time and rapidity, and 7..; denotes the relaxation
time. The fiducial distribution f., is the usual Jiittner function needed for lin-
earizing the collision operator. The four-velocity flow pattern u, is prescribed
by the symmetry of the system. p* is the parton four momentum. The re-
maining temperature parameter in f., is determined by an integral equation
{cf. Ref. (19) for technical details) and depends on the initial distribution
Jo = f(m). The exact solution

)= por) exp { B2 b4 gl e { BTy ®)
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might be used, e.g., for the charined pair production rate

d;:f:- = / dm* %%f@l)ﬂpz)ﬂ(ﬂﬂ) vret 8([p1 + pal® ~ M7) (9

with standard cross sections (14) 0 = o 50z + Oggence.
As an aside we mention that such an approach has been exercised for dilep-
tons with o = ¢gz,+,-. Also in this case there are three terms in the rate

AN 4,
"'“"“”j:’{"a":p_"cx f§+2fnfeg+ffq, (19)

and we found {22) that, unless the relaxation time is extremely short, the term
x fg dominates, L.e., hard probes measure indeed the initial distributions.

An analog calculation for charm is not yet performed. Instead we utilize a
simplified 2-component model, where the gluons are thermalized, f; = f29,
while the quarks are not thermalized, f, = f°. In case of f = f,, one recovers
the thermal rate (cf. Refs. (22,23} for further explanations)

M
Ty
where the " 2" means g. Yo compare this thermal rate with a non-thermal one,
we use the evolution equation Eq. (8) but neglect the f., component (see the
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FIG. 3. The charm pair spectrum (in units of x{a, Rnem)%; v = hefpl; R is the
transverse area {22)) as function of lavariant miass M.
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above remark on dileptons). The quarks obey initially a mini-jet produced
parton distribution

folp,wmo) = N O(py —p1)8(w)ps’, ImT, pi=2GeV. (12)
The corresponding rate Eq. (9) for quarks ("x” stands for ¢ or §)
dNpoce 242 j 2.
M X TpprcE M Ax drr [fﬂ(l ) ] (13)

can be stmplified somewhat, <f. Ref. {22). To compare the charm yields from
thermalized gluons and not yet thermalized quarks we normalize the corre-
sponding distribution functions f,, and fo on the same energy densities and
particle densities, 1.0, esy = &g and ne; = ng. This relates the parameters
in both distributions, in particular it causes a rather high initial temperature
Tp of the hot glue {22). Interestingly, the spectra for gg -~ cf and q§ -~ ¢
took very similar, see fig. 3. However, due to the low quark fugacities (here
we assume A, ~ £, in line with Refs. (1,12,13,16)) the rates behave as

2
Yoge (1‘”) , (14)
Nygoes z
where z = 1 — ;}:ﬁi&- (which means in full chemical equilibrium z., = 0.4).

The present fugacities imply a strong quark undersaturation, ie., r ~ (.8,
which results in a suppression factor g for light quark-created charm. We
mention that roughly the same results are obtained if quarks would be ther-
malized too, or if the gluons also obey the mini-jet initial distribution). That
means, charm measures the gluon initial distribution.

While the model needs improvements for handling thermalization and chem-
ical eguilibration together, it might be sufficient for qualitative estimates and
for comparison with initial ghuon fusion (13,21).



SUMMARY

Our results may be summarized as follows:

(i) If the thermal mass model is correct then s quarks behave nearly as
u,d guarks; there is no need of 2 bag constant; the latent heat is much
smaller than in the bag model.

(ii} The chemical flavor evolution depends sensitively on the cross sections

for gluon multiplication gg — ggg, quarkization gg ~+ qf and gg — 5§,
and quark transmutation g§ — s3; either strangeness remains, as u,d
quarks, undersaturated, or s gets similar to u,d saturated. Penetrating
probes, e.g., photons do not depend on these differences,

(i) If quarks are really strongly suppressed in the early stages then charm
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probes the initial {pre-equilibrium} gluon distribution f; {from other
studies ones knows that photons probe f; f;, and dileptons fqz).
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