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We investigate charm production in an equilibrated quark-gluon plasma produced in heavy-ion collisions at
RHIC and LHC. Effective quark and gluon masses are introduced from thermal QCD calculations. Assuming
a Bjorken-type longitudinal expansion and including the influence of temperature-dependent masses on the
expansion, we determine the total numbecEpairs produced in the quark-gluon plasma phase. We calculate
the charm production rate at leading order with massive gluons and quarks and compare our result to charm
production by massless partons. We consider two different scenarios for the initial conditions, a parton gas
with a rather long kinetic equilibration time and a minijet gas with a short equilibration time. In a parton gas,
assumingm,=1.2 GeV, we obtain a substantial enhancement over the thermal charm rate from massless
quarks and gluons, up to 4.9 secondary charm quark pairs #A&ucollisions at RHIC and 245 charm pairs
in Pb+Pb collisions at the LHC[S0556-281®7)01111-4

PACS numbes): 25.75.Dw, 12.38.Mh, 13.87.Ce, 24.8%

I. INTRODUCTION During the time evolution of the parton system, in parallel
with the thermalization, many collective phenomena can ap-
Two decades ago, studies of quantum chromodynamicgear. The massless color degrees of freedom, the quarks, and
(QCD) predicted that quarks and gluons can be liberatedjluons, are strongly interacting, as described in the frame-
from hadrons and, at appropriately high-energy densities, work of finite temperature QCD[8]. In this theory,
new state of the matter, the quark-gluon plasiQ&P will temperature-dependent thermal quark and gluon masses are
be formed 1]. Lattice-QCD calculations have shown that the introduced which can dramatically affect the phenomeno-
critical energy density of this phase transitioneig~2—3 logical description of the time evolution. Massive fermionic
GeV/fm®. The critical temperature i§,~260 MeV for a and bosonic excitations can be derived in many ways, e.g.,
pure gluon plasma whilél,~150 MeV when dynamical by considering leading order medium effects on the QCD
light quarks are includefl]. These conditions are expected self-energy[9]. Since the behavior of the QGP and its high-
to be produced in ultrarelativistic nucleus-nucleus collisionstemperature excitations are not well understood, it is chal-
Recent experiments have not unambiguously proved QGRenging to find measurable tests of this behavior in heavy ion
formation at the CERN SPS whets=17—20 GeV, butin  collisions.
heavy-ion collisions at RHIC \(s=200A GeV) and LHC In general, open charnil0-14, direct photons, and

(v/s=5.5A TeV) the required energy densities should be pro-dilepton productiorf15] can be used as direct probes of the
duced. early parton dynamics and the evolution of the QGP. Pri-

At ultrarelativistic energies, nucleus-nucleus collisionsMary charm production from the initial nucleon-nucleon col-

can be described by parton interactions in perturbative QCIﬂ?'OﬂS has been calculated and can be_ substdnial espe-
inspired model$3,4]. In this framework, hard and semihard cially when up-to-date parametrizations of the parton
scatterings among partons dominate the reaction dynamicg.enSItIeS which Incréease at_ I.OW are usec[ll,l?g.. In the
These collisions are able to drive the parton system towar ost recen.t palculatlon of initial charm Pr.OdUCt'DIB] in
thermal equilibrium very effectively5—7], but chemical “*UTAu collisions, extrapolated fromp collisions, a total of
equilibrium may not be establishefb,7]. Equilibration 9 (450 initial cc pairs were produced at RHICHC), pri-
strongly depends on the actual parton densities in the collignarily due to the behavior of the parton densities at kaw

ing nuclei and the microscopic processes on the parton levefis shown in Ref[13], shadowing can reduce the yield in the
The behavior of the parton densities at smals not fully  central region by up to a factor of 2, depending on the
established: newer parametrizations of the parton densitiggir mass and transverse momentum.

already greatly increase the energy density of the initial state The amount of secondary charm production in the QGP
[7] and the introduction of softer semihard scatteriigs phase is an open questipt?—14,18. If the parton system is
smallerp cutoff on the minijet cross sectipould yield a  dilute [6,14], secondary charm production would be sup-
parton system very close to equilibrium a short time after thepressed because of the low parton fugacities. Furthermore, at
primary collisions. RHIC the charm mass is 2—3 times larger than the expected
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temperature scalé~0.35-0.55 GeV and much greater than ) g°T?
the bare light quark masses. Thus in this case, even in a fully Mg w(T)= 3
equilibrated plasma charm production is not significantly en-
hanced. At the higher LHC energy, the predicted initial ttm-ye assume that the equilibrated QGP contains lightl,
peraturesT~0.7—1 GeV are close to the charm mass. Onegnq ¢ quarks and antiquarks so thaN;=3 and
can then expect a larger thermal charm production rate th
at lower energies, perhaps comparable to the initial yield.
Charm production in the plasma by massless quarks an
gluons is small because the massless partons must be very -
Ms= ms,0+ I’nq,thv

energetic to overcome thec_pair mass threshold. However,

the effective therma_l ql_’f”‘rk and gluon masses generated bzyndm o=150 MeV. We neglect the small current mass of
the plasma could significantly enhance the thermal char >

yield, perhaps even approaching the initial yield after sha jthe light quarks so thaty~mj ,. The effective mass of the

owing has been included. This additional charm productiorgluon is similarmg=mg ,. Charm quarks are assumed to be

is a possible probe of massive excitations in the QGP whictproduced with their bare mass and dressed later. The had-

could test the level of thermalization and the evolution of theronization of charm quarks does not influence the charm pro-

quark gluon plasma. Furthermore a large charm quark mulduction rate.

tiplicity would favor the production of exotic phenomena  The temperature-dependent running coupling constant is

such as multicharm hadron productifi7]. 5
The influence of massive gluons on strangeness produc- z(l) _ 24

tion has already been investigatgdB] and found to have a 9 T.) (33=2Np)In[(19T./Aw%e)(TIT) ]’

negligible influence on the total strangeness production rate.

However, that calculation considered massless light quark#here in SU3) gauge theory,T./Ays=1.78+0.03 [22].

and a temperature regiofi~=200—250 MeV only slightly ~ With this dependence, the thermal gluon and quark masses

aboveT,.. Here we perform a similar calculation but with increase approximately linearly —with temperature,

massive quarks as well as massive gluons and with they ~(130T/T.+36) MeV and mq,thwmg’th/\/i where

higher initial temperatures obtained from more recent estiT_ =150 MeV. Then afT~500 MeV, 519@470 MeV while

mates of the initial condition§7,19]. Under these circum- gt the lower temperature assumed eafli&d], T~300 MeV,

stances, the thermal quark and gluon masses can generatﬁ]%3oo MeV. In Refs[18,23 massive gluons were intro-

significant increase in secondary charm production. duced by reproducing lattice-QCD energy density and pres-

In this paper we investigate the thermal charm productiory .o resultg24]. The effective gluon mass, assumed con-
rate in a fully equilibrated QGP with massive quark andstant wasM .~450-500 MeV for 1.2 T/T.<2.4. 30—
il g . (o} LS ]

gluon degrees of freedom. We compare our re_sults Wit|110% larger than our value in the same region.
those from zero mass quarks and gluons. We will assume

both a pure gluon gas and a quark-gluon plasma. We also
distinguish between parton gas and minijet gas initial condi-
tions. We obtain the total number oft pairs produced dur- The processes relevant farc pair production in the
ing the lifetime of the plasma by assuming a Bjorken-typegyark-gluon plasma are the following:

longitudinal expansion for A#tAu collisions at RHIC and

Pb+Pb collisions at LHC. The influence of temperature- g+q—c+c, (5)

dependent masses on the expansion and the speed of sound is ’
also considered in detail.

N¢

1+

2

aH]g'chQT/\/E. Since the strange quark has a nonzero bare
nass, we consider an approximate effective nmassvhere

(€©)

4

Ill. CHARM QUARK PRODUCTION

s+s—c+c, (6)

Il. EFFECTIVE QUARK AND GLUON MASSES _
g+g—c+c. (7)

In a strongly interacting QGP, collective fermionic and
bosonic excitations appear, as also seen in QED. These quan analogy can be drawn between charm and strangeness
siparticles can be interpreted amssive quarkandmassive  production by the plasma. In early calculations of strange-
gluons The propagators are modified in the medium becausfiess production, processé@ and(7) were treated at leading
the color charges are dressed by the interaction with theisrder with bare quark and gluon mas$@s]. On the other
neighbors in the plasma phase. The effective masses are figand, effective quark masses were used as infrared cutoffs
lated to the properties of the QGP and can thus be charactesimultaneously removing electric and magnetic infrared sin-
ized by their temperature and density dependence. Using thfularities, see e.g., Ref5]. Effective gluon masses were
high-temperature approximatioj20] or, equivalently, the included in calculations of chemical equilibratig6] and
hard thermal loop approximatiofi2l] which ensures a strangeness productidii8] in the QGP, and in calculations
gauge-invariant treatment, one can obtain the following efof radiative energy loss in a parton gé@6]. In these cases
fective equilibrium masses at zero chemical poteniial0  the bare Green’s functions were used with the effective

for quarks and gluons masslessTat 0 [8]: gluon mass but the quarks were not dressed. Here we com-
bine these approximations, using the bare Green'’s functions
g°T? taining dressed quarks and gl d calculating th
m2  (T)= 1) containing dressed quarks and gluons and calculating the
a.th 6 production rates in perturbative QCD at leading order.
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In the calculation of strangeness production with massivyith four momentap,=(E;,p;) andp,=(E,,p,). Follow-
gluons[18] one additional process was included, the decayng Ref.[18] this integral can be rewritten as

of massive gluons. From the thermal gluon mass, 9.
and the temperature-dependent running coupling constant,

Eq. (4), we estimate that the threshold fag—>cc_,

rhg>2mc, will be reached only aff ~20T,. We therefore A(T)=
neglect this channel. We can also assume that the annihila- ! 3277 n;!

tion of produced:c_pairs is negligible. The total charm pro-

J dSO‘(S)S(S 4m)

g -2
i i ( kl)
duction rate is thus XE Z (+1) L) 1 (11)
=2 k=—1+2
dNgo
dr =[Ag(T)+2A4(T) +A(T)]-V(7), 8 \where the sum over indeis incremented by 2, with the

sign used for bosons and the sign for fermions. The modi-
where fied imaginary Bessel functiok,(a,;) has the argument

/ a4m?
ag = %\/lz_(l_%> k2. (12)

The use of a simple Boltzmann distribution instead of the
andn; is the number of identical particles in the initial state. gose and Fermi distributions is equivalent to reducing the
We calculateA, andAg separately smcmgr# mS The Bose sum to only thel=2, k=0 term with ag,= JsIT. At high
distribution is used for gluongy(E)=(e¥"~1)"%, and the temperatures and high effective quark and gluon masses, the
Fermi distribution is used for quarkk, 5(E) = (eE’T+ 1)L Boltzmann distribution is a good approximation. However,
We consider a symmetric QGP W|th zero baryon andhere we will use the full sum. Once the time evolution of the
strangeness chemical potentia|= us= 0. The total produc- volumeV(7) and the temperaturé(r) are determined, we
tion cross section for each chanmglis calculated at center- can calculate the appropriate quark and gluon masses and the
of-mass energy(s. total charm pair production rate.

The gluon-gluon fusion and quark-antiquark annihilation
rates can be written in the Lorentz-invariant form

(T)= ni,f dsf 20;(s) Vs(s—4m?)

fi(Ey) fi(Ey) d®py dp,
2E, 2E, (2m)%(2w)°

9

A. Elementrary cross sections

d* —
A(T)= f dSJ P1 —320 (s)vs(s—4m?) Here we explain the calculation of the totad subprocess
(2m production cross sections for massive quarks and gluons. As
X 8[s—(py+ p2)2]. 5(p1_mi )5(p2—mi ) discussed earlier, we neglext pair annihilation as well as
the decay of massive gluons.
X Fi(E1)fi(E2), (10) When the light quarks have an effective mass, the square

of the matrix element for processé€s) and(6) is

T y*(B—my) y"(d+m) 1T y,(P1 —Me) 7.(b2 + me)]

M;|?=2g* = -
IMi*=2q (s—m2+T2/4)2+T2m2

, (13

wherep* andg* are the four-momenta of the incoming quarks,u, d, ands, andpj andpj are the four-momenta of the

outgoingc andc_quarks. The propagator has been modified by the finite mass and width of the gluons ad ir8Réfter
evaluation of the traces, the square of the matrix element can be expressed as

64 (MZ+m2—t)2+ (m2+m?—u)?+ (2mZ+2m?)s
9 (s—m5+12/4)%+T?m?

IM;|2=d?m?ad , (14)
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whereg?=4mag andd; =6 for the spin and color degrees of where i=g,u,u, u,d,d,s,s. In the case of a symmetric
freedom for each fIavor Note that E(.3) does not include plasma,u,= ug= =0, and we havé®, =P Slncem, is

the usual average over the initial spin and color while eqemperature dependent, the energy densﬁde P/dT—P

(14) does include these fac_tors. . ) . has an additional term proportional to the mass gradient:
The total cross section is obtained from thategration

of [M;/?,
gi dkk?
1 . e=, —sz ———[expBVK2+m?)F1] !
N _
oi(S)= ———=5- f dt|M;|? (15) P2ml0 k2 m?
16ws(s—4m’) Ji_
dm
with the limits k24 mZ—m; To7 ) (22)
Vs—4m? s—am?|’ , N :
t+=—( L= c (16) We assume a simple longitudinal expansion and follow
- 2 ' the time evolution through the entropy
where the sum of the Mandelstam invariaafd, andu is s(7)=5s(19) (710! 7). (23
s+t+u=2r}1i2+ 2m§. (177  We also calculate the square of the sound speed, defined as
For gluon fusion, Eq(7), the total cross section can be , dP/dT
obtained from the integral Cs= GeldT’ (24)

dt{M+ M+ M2 (18 wheredP/dT=s=(e+ P)/T as a check on how closely the
| d* 18 evolution follows that of an ideal massless gas vaifk 1/3.
The temperature gradient of the energy density is

———[exp(BVKE+m3) 1]t

7als)= 167s(s— 4mg) f

with the integration limits

)

de 1 glf
(19 T27r VK2 +m?2

Detailed calculations of the invariant matrix elemeMsg,

M,, andM,, are given in Ref[18] for ss production by
transverse gluons of constant mass. The same expressions

.=

5 . dm
3ke—2mT—
dT

X [ (K2+m2)2+ (k?+m?)

can be used here with the change—m,. The sum of the )| - dm |’ , dm\? . d?m,
Mandelstam invariants is now T M= =k | =] tm
dT dT dT2
a2 2 N ~
s+t+u=2mg+2m;. (20 i, dim
. +2—— . (25)
We use two different values for the charm quark mass: T dT

m.=1.2 GeV andn.,=1.5 GeV. The lower value was found

to produce agreement between charm production calculategyia that the above expressions reduce2t9 1/3 whenml

to NLO [11] and pp total cross section data. This value has is constant.

also been used in recent estimates of the charm contribution 14 mass gradients can be expressed rather simply when

to the dilepton yield13]. The larger value is somewhat more -
standard10,12,14 and, at energies near the charm produc-™i = ¢9(T)T and the current quarks and gluons are massless.
In this case we have

tion threshold, allows an all-order resummation of soft and
virtual gluon corrections[27]. For smaller charm quark - -

~ 2
masses, the series cannot be resummed. am _m 1 (ﬂ) 26)
daT T 2\cT ’
B. Hydrodynamical model .
W i i - @m 1 m| 3(m)?
e now discuss our calculations of the equation of state s I N I sy s (27)
and the time evolution of the plasma. The pressure of an dT? 2 ¢4 2\cT

ideal gas of massive particles is

——[expBVK*+mH)F1] 4,

For the strange quarr&sz \/m52'0+ qu(T) the derivatives are

dmg_ 1 qu

P_E‘ ;J Vk2+m?

(28)



56 THERMAL CHARM PRODUCTION BY MASSIVE GLUONS . .. 2711

0.6 T | T I 0.6
] 0.4 (b) minijet gas —| 0.4 ]
B 1 )

0.2 — 0.2
& 108 —= 7 é o
& 3 1,1 &
~ 4 — 10 N
o E 3 g
- 3 T w

100 | i i . <100

033 LT T I T — o033
“, i 1 T E o —— = .,
S L b ] o
032 — (e) — — 0.32

E E- E 104
.-’,E E E E o
& - - Jio &
> E : ] N

] L ) , 1 | ] 102

0.0 2.5 5.0 7.5 10.0 (4] 1 2
T (fm) 7 (fm)

FIG. 1. The time evolution of the plasma produced intAu collisions at RHIC is examined for a parton gagan (c), (e), and(g) and
a minijet gas in(b), (d), (f), and(h). The temperature is shown {g) and(b), the energy density ifc) and(d), the square of the sound speed
in (e) and(f), and the plasma volume iig) and(h). The solid curve is for a massless gluon gas only while the dashed curve is for a gas of
massive gluons. The dot-dashed curve is calculated assuming massless gluons and light quayksl&0dvieV for the strange quark. The
dotted curve is the result when the quarks and gluons have effective masses.

d2m qu 1 d2m time, relatively long, is reached when the momentum distri-
25 =— ( T — 2q , (29 butions are locally isotropic due to elastic scatterings and the
dT ms dT expansion of the system,~0.5—0.7 fm. We useT,=550

MeV and 7,=0.7 fm at RHIC andl,=820 MeV, 7,=0.5
where dm,/dT=dm/dT as above. Including effective fm at LHC, as in the ideal case described in F&g]. With
quark and gluon masses tends to slow the evolution of thénis model we do not distinguish between a gluon gas and a
system as well as increase the rate. quark-gluon plasma in the estimate Tf.

We need to fix the space-time volume to calculate the The second set of initial conditions was determined from
absolute number of produced charm pairs. The particle numestimates of minijet productigfY]. In this case, the momen-
ber is obtained from tum scale of the minijet calculation sets the initial time

~1/py=<1/py, and the minijet yield determines the initial
_ P _ 2 [ 7 _ temperature. For a typical value of the momentum scale,

N_f n*do,=pmR TJl ”*dnCOShU—pV, 30 po~2 GeV, 7,~0.1 fm. Because the minijet yield depends
9 i . i i on the composition of the system, the initial temperature de-
whereV=27R"7sinfy;". To determine the maximum space- nends on the partonic degrees of freedom. Since minijets
time extent of the plasma in rapidity as a function®ofwe  5reqominantly produce gluons, if we consider only a gluon

use the total available energy as a rough estimate: gas, the highesT,, is obtainedT,=445 MeV at RHIC and
1140 MeV at LHC. When light quark production is included,
Ewot= 2AEpean= f Todo, the number density increases digtdecreases to 360 MeV at

RHIC and 900 MeV at LHC. The plasma resulting from the
7 early equilibration time and high temperature is referred to
= WRZTJ _dylecostfp+Psintfn].  (31)  hereafter as aninijet gas
o7 We compare and contrast the evolution of the plasma with
From a comparison of the calculat&g, with the available the parton gas and the minijet gas in -A&u collisions at
energy AEpe,m we can determine the value gf and cal- RHIC in Fig. 1 and in PB-Pb collisions at the LHC in Fig. 2.
culate the volume. With this volume, the charm vyield is cal-In each case, we show results for a pure gluon system and a

culated from Eq(8). quark-gluon system both with massless and massive partons.
The time evolution of the temperature, energy density,
IV. TIME EVOLUTION OF THE SYSTEM square of the sound speed in the medium, and the volume of

the plasma are given in each case.

We will consider the hydrodynamical evolution of a fully ~ The parton gas has a longer lifetime due to the longer
equilibrated plasma with two different sets of initial condi- equilibration time. The temperature evolution is shown in
tions Ty and 7y for RHIC and LHC collisions. The first pa- Figs. 1a) and 2a) for the parton gas and in Figs(k and
rameter set is based on tparton gasmodel derived from  2(b) for the minijets. The difference between the temperature
the HIJING Monte Carlo coddg3]. The kinetic equilibration evolution with gluons alone and for the quark-gluon gas is
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FIG. 2. The same as Fig. 1 for P#Pb collisions at LHC.
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seen to be small, independent of whether or not the partortsvo systems, shown in Figs(d, 1(d) and Zc), 2(d). Note
are massive. The evolution slows when the parton masses atteat in both cases at RHIC, the energy density of the massive

finite. We have cut off the evolution &t,=150 MeV. The
parton gas, with its slower evolution, remains abdvyefor

gluon gas is actually reduced relative to the massless gluon
gas. This is due to the temperature gradient of the gluon

7=<10 fm. At RHIC energies the temperature of the minijetmass. A similar effect is also observable in the minijet quark-
gas drops below at 7=~1.5 fm in the quark-gluon system. gluon gas. In all these cases, the temperature is not large

The pure gluon system, with its larg€p, remains abové .

compared to the effective masses, causing the reduction. At

for at least 2.5 fm at RHIC. For both the parton and minijetthe much higher temperatures of the LHC, although the ef-
gas, the higher initial temperatures at the LHC make thgective masses are increased, the energy density is increased
finite parton masses more effective in slowing the evolutlonby the inclusion of the finite parton masses. We note that at

in part because the effective parton masses are larger for thg,

higher temperature.

reflected in the difference between the energy densities of th

m, (GeV)

m, (GeV)

0.6

(a) parton gas RHIC

5.0
T (fm)

T (fm)

0.4

0.2

0.0

0.75

0.50

0.25

0.00

m,; (GeV)

m; (GeV)

IC, the energy density of the minijet gas actually drops

=
The increase in the number of degrees of freedom bet—)eloW 1 GeV/fnt for =>1 fm, even though the temperature

i remains abové . until 7=1.5 fm in the quark-gluon system
tween a pure gluon gas and a quark-gluon gas is clearl

nd until 7~ 2.5 fm in the gluon gas. This suggests that the

FIG. 3. Time dependence of the effective quark and gluon masses. The parton gas results ard@iwl@ and(b) LHC. The minijet
gas results are shown {8) RHIC and(d) LHC. The RHIC results are given for AuAu collisions, the LHC results for PbPb collisions.

The solid curve is the effective light quark mass, the dashed is the strange quark mass. The dot-dashed curve is the effective gluon mass.
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FIG. 4. The production ratén), (c) andc c pair yield (b), (d) are given for Aur-Au collisions at RHIC withm.=1.2 GeV. The parton
gas results are given i@ and(b) while the minijet gas results are shown(ir) and (d). The solid curve is for a massless gluon gas only
while the dashed curve is for a gas of massive gluons. The dot-dashed curve is calculated assuming massless gluons and light quarks anc
ms=150 MeV for the strange quark. The dotted curve is the result when the quarks and gluons have effective masses.

assumption of an equilibrated minijet gas at RHIC is perhapsighter massive quarks into the system tends to bring the
guestionable. sound speed closer to the ideal gas value. At the LHC, the
The speed of sound in the medium remains close to thatigher temperature keeps the system closer to the ideal gas
of an ideal gas, as shown in Figge), 1(f) and Ze), 2(f). As limit than at RHIC.
expected, in the massless gluon canﬁef, 1/3. The deviation The volume of the system, crucial to the determination of
of the dot-dashed curve from the ideal gas result is due to ththe charm yield, increases as shown in Figg),11(h) and
finite current strange quark mass even though the lighg(g), 2(h). Since the volume depends on the rapidity extent
guarks and gluons are massless. In this case, the systapfithe plasma, the relatively lower energy density and pres-
moves further from the ideal gas behavior at later times asure of the gluon gas require a larger spatial extent to ensure
the temperature becomes comparablento When the sys- that the energy of the system is equalEg,. Because we
tem is composed of massive gluons only, the deviation fronhave changed the initial conditions according to the compo-
an ideal gas is largest because the effective gluon mass $tion of the minijet gas, the volume changes less than the
larger than the effective quark masses. The addition of thgarton gas volume.
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FIG. 5. The same as in Fig. 4 for AtAu collisions at RHIC withm.=1.5 GeV.



2714 PETER LEVAI AND RAMONA VOGT 56

V. TOTAL CHARM YIELD TABLE I. The total thermat ¢ pair yield from a parton gas and

. ) — a minijet gas at RHIC. We consider both a massless and massive
In this section, we present our results on the produc-  pyre gluon gas and a quark-gluon system with massless and mas-

tion rates. The parton gas produces the largesyield be-  sive components.

cause of the slower time evolution demonstrated in the pre=

vious section. Since the time evolution of the quark and RHIC

gluon effective masses determines the relative enhancement m.=1.2 GeV m.=1.5 GeV

of charm production by the massive excitations, we show the - -

time dependence of the effective masses in a quark-gluon parton gas minijet gas parton gas _ minijet gas
system in Fig. 3. The finite current strange quark mass ah=0 g 3.2 0.053 0.93 0.0128
zero temperature results in a slightly higher effective strangey«o g 4.6 0.065 1.27 0.0154
quark mass compared to the effective light quark mass. It,—¢ g+q 37 0.014 1.07 0.0027
also reduces the time dependence of the strange quark effeg:. g+q 4.9 0.016 1.38 0.0030

tive mass. The larger slope of the gluon effective mass as a
function of temperature results in a faster decrease in gluon

mass as a function of time. We have shown the effectivg ¢ pairs as a function of time at RHIC are given in Fig. 4 for
masses for as long &> T, (the minijet gas at RHICis & m.=1.2 GeV and Fig. 5 fom.=1.5 GeV. The final charm
when 7~1.5 fm). At later times, the finite masses becomepair yield in both cases is given in Table I. The parton gas
less effective for producing charm. We remark that the runyesuits are given in Figs.(d, 4(b) and Fa), 5(b). Here,
ning coupling constang is also a function of time and itis ajthough the production rate is larger when both quarks and
increasing slightly, however, the decreasing in the temper jluons are included, the final numbercot_pairs produced

ture I-<r c%mrljensates thls_tha?d we get finally a decreasin uring the evolution of the system does not strongly depend
quark and giuon mass with time. on the composition of the plasma at RHIC because the larger

The initial rate is approximately_a factor of 2 larger V\_/he_n rate is compensated by a correspondingly smaller volume.
the quark degrees of freedom are included. At the beglnmngthe yield from a massless quark-gluon gas is about 15%

of the evolution, the rate is nearly independent of the initiaIIarger than that from a massless gluon gas. For massive ini-
parton mass. However, since the system cools more slowlgal quarks and gluons, the difference in the composition

with massive initial partons, the rate is larger at later times irl:hanges the yield by only 8%, as seen in Table I. When
the massive case. The numberca pairs produced during m_=1.2 GeV, the yield is increased 44% for a massive gluon
the lifetime of the plasma is found by multiplying the rate, gas relative to a massless gluon gas and 32% in the massive
Eg. (11), by the volume from Eq(30). In most cases, charm quark-gluon system. .= 1.5 GeV, the enhancement due
production only occurs during the early part of the evolution.ig the massive partons is reduced to 36% for the gluons alone
At RHIC, production by the parton gas is essentially overgng to 29% for the quark-gluon gas. The yield at the lower
after ~3 fm while production from the minijet gas is ended mass is about 3.5 times larger than whep=1.5 GeV.
by ~0.5 fm. Note, however, that c pairs continue to be Some of the enhancement can be accounted for by the slower
produced at much later times when the partons are massiveemperature evolution. After the system has evolved for 10
especially at the LHC. This is particularly true for the mas-fm, the temperature of the massive gluon gas is approxi-
sive gquark-gluon gas. mately 10% larger than the massless gas. The difference is
The charm production rates and the number of produce8% when the quarks are included. Note particularly that the
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FIG. 6. The same as in Fig. 4 for PIPb collisions at LHC withm.;=1.2 GeV.
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FIG. 7. The same as in Fig. 4 for PIPb collisions at LHC withm;=1.5 GeV.

five thermalc ¢ pairs produced wittm.=1.2 GeV is only a and 20% higher for massive quarks and gluons. The en-
factor of 2 less than that expected from the initial productionhancement of the yield is also larger: when=1.2 GeV,
at this energy13]. the yield is 94% larger in the gluon gas and 70% higher in
The yield is much smaller from a minijet gas due to thethe quark-gluon gas. Increasing the charm mass only reduces
shorter equilibration time and the lower initial temperature.the total yield by a factor of 2.5, thus the yield is less depen-
(In the minijet gas.T, is reduced 24% for gluons alone and dent on the charm mass at the higher temperature. Note that
53% for a quark-gluon system relative to the initial tempera-ere the charm yield from the massive quark-gluon system,
ture of the parton gasIn the minijet gas, the charm yield is 250 pairs after 10 fm, is similar to the initial nucleon-nucleon
reduced by a factor of 60—7@or gluong and 250—-30Qfor  rate[13].
quarks and gluonscompared to the parton gas. The thermal  The minijet gas is more effective at producing charm at
charm yield from the minijet gas is thus negligible compared HC than at RHIC. Although the initial time remains short,
to the initial charm rat¢13]. The influence of the massive T, is 40% larger in the minijet gluon gas and 10% larger in
partons is also reduced for the minijet gas. Figr=1.2 GeV,  the minijet quark-gluon gas than in the parton gas. Therefore
the yield is only increased over the massless case by 23% the minijet charm yield is only a factor of 2 to 6 smaller than
a gluon gas and 14% in a quark-gluon gas. The influence ahe parton gas yield and the minijet thermal charm yield also
the charm mass on the yield is also stronger for the minijebecomes a significant fraction of the initial production. Note
gas—the yield decreases by a factor of 4-5 with the largealso that the enhancement due to the massive partons is larg-
charm mass. est in the minijet gluon gas—a factor of 2.5 increase over
The enhancement due to the effective parton mass is morgat from a gas of massless gluons because the temperature
substantial at the LHC, as seen in Figs. 6 and 7 and in Tablef the massive gluon gas is 50% larger.
Il. The massive quarks and gluons have a more significant In Ref.[13], with an ideal, massless, quark-gluon plasma,
effect on the temperature evolution of the parton gas. Thene thermal charm pair was found at RHIC and 26 charm
temperature is 27% higher after 10 fm with massive gluonsgairs at LHC withm,=1.2 GeV. In that work, the initial
. temperature was nearly the same as the partoriTgased
TABLE II. The total thermalc c pair yield from a parton gas here but the initial time was closer to that of the minijet gas,
and a minijet gas at LHC. We consider both a massless and massivg~ (3T,) ~1. However, a larger constagf kept the yield
pure gluon gas and a quark-gluon system with massless and magom being reduced. When initial conditions identical to

sive components. those used here are chosen for the calculation of R&,
the results are quite similar. While the details of the expan-
LHC sion are somewhat different, we have checked that our mass-
m.=1.2 GeV m.=1.5 GeV less charm production cross sections are in exact agreement

with those in Ref[13].

t inijet t inijet
parton gas minyetgas parion gas minuetgas study the dependence of the enhancement on the

m=0g 102 39 43 21 charm pair mass, we also calculate the thermal charm pair
m=#0 g 198 101 76 47 mass distributions for RHIC in Fig. 8 and for the LHC in

m=0 g+q 145 22 60 9.7 Fig. 9. Generally, the thermal charm mass distributions are
m#0 g+q 245 38 94 15.6 steeper than those charm pairs produced in the initial

nucleon-nucleon interaction$See Ref.[13] for the initial
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FIG. 8. Thec c pair mass distribution from AtiAu collisions at RHIC withm.=1.2 GeV(a), (b) andm.=1.5 GeV(c), (d). The parton
gas results are given i@ and(c) while the minijet gas results are shown(i) and(d). The solid curve is for a massless gluon gas only
while the dashed curve is for a gas of massive gluons. The dot-dashed curve is calculated assuming massless gluons and light quarks anc
m,=150 MeV for the strange quark. The dotted curve is the result when the quarks and gluons have effective masses.

charm pair mass distributionsThe shapes of the mass dis- excitations in the plasma state. We chose two different sets
tributions for each of the four cases we have studied with ouof initial conditions, a parton gas and a minijet gas, and
two sets of initial conditions are quite similar, especially for calculated the thermal charm yield from each for both mass-
the parton gas wherg, is the same in all cases. The shapesless and massive quarks and gluons. In our calculation we
of the distributions from the minijet gas at RHIC are alsoassumed that the system stayed in thermal and chemical
similar although the initial yield is larger from the gluon gas equilibrium during the expansion. Therefore, our charm yield
because of its higher,. The enhancement is generally larg- is an upper bound on secondary charm production.
est for low mass charm pairs, not far above threshold. At The largest charm production was found when a parton
LHC, where the enhancement is greatest, the distributiongas was assumed because the characteristic thermalization
with the massive excitations included approach the mass disime wasT,=0.5—0.7 fm. Then the parton gas lifetime was
tributions for the massless case onlyMat-8—10 GeV. long, more than 10 fm. At RHIC we obtained a 30—40 %
enhancement with massive gluons and quarks while at the
LHC, a 50-100 % enhancement may be expected. With
We have investigated a new mechanism for enhancingn,=1.2 GeV, the charm mass used in recent calculations,
thermal charm production by a quark-gluon plasma: massiveve obtained 4.9 secondary charm quark pairs at RHIC and

VI. DISCUSSION
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FIG. 9. The same as in Fig. 8 for PIPb collisions at LHC.
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245 charm pairs at LHC. Note that these numbers, uppeenhance charm production by the plasma. Introducing ther-
limits on secondary charm production, are similar to the eximal gluon and quark masses slowed the expansion of the
pected initial charm productiopl3]. If we take m.=1.5  system. The longer lifetime of the plasma as well as the
GeV, secondary charm pair production is reduced to 1.3educed threshold for charm production with massive quarks
pairs at RHIC and 94 pairs at LHC. and gluons leads to an enhancement of charm production
The lifetime of the minijet gas was significantly shorter over the massless case. Thus charm enhancement in heavy
than the parton gas due to the short thermalization timéon collisions could be an excellent probe of the presence of
7~0.1 fm. This difference strongly reduced the charm yieldcollective excitations in the deconfined plasma. If such en-
from the minijet gas compared to the parton gas. The typicahanced charm production, beyond that predicted from the
lifetime of the minijet gas was of order 2.5 fm although at initial nucleon-nucleon collisions, is observed it could be ex-
RHIC the temperature of the quark-gluon gas dropped belowected that other exotic phenomena due to massive quark
T, after only 1.5 fm. The fast expansion reduces the influ-and gluon excitations may be found.
ence of the massive quasiparticles at RHIC where the initial
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