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Propagation of charm quarks in equilibrating quark-gluon plasma
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We study the propagation of charm quarks, produced from the initial fusion of partons, in an equilibrating
guark-gluon plasma which may be formed in the wake of relativistic collisions of gold nuclei. Initial conditions
are taken from a self-screened parton cascade model and the chemical equilibration is assumed to proceed via
gluon multiplication and quark production. The energy loss suffered by the charm quarks is obtained by
evaluating the drag force generated by the scattering with quarks and gluons in the medium. We find that the
charm quarks may lose only about 10% of their initial energy in conditions likely to be attained at the
Relativistic Heavy lon Collider, while they may lose up to 40% of their energy while propagating in the plasma
created at the Large Hadron Collider. We discuss the implications for signals of the quark-gluon plasma.
[S0556-28188)01702-§

PACS numbgs): 25.75—-q, 12.38.Mh, 14.65.Dw, 24.85p

[. INTRODUCTION ever, this time is also large enough to enable a rarefaction
wave from the surface of the plasma to propagate to the
Relativistic heavy ion collisions are being studied with thecenter ¢s~Ry/cs; Ry is the transverse nuclear dimension
intention of investigating the properties of ultradense,andc, is the speed of soundthus introducing large trans-
strongly interacting matter—quark-gluon plasit@GP [1].  verse velocity(gradient$ into the system. The large trans-
The last several years have witnessed extensive theoretiogérse velocities may impede the chemical equilibration by
efforts towards modeling these collisions. These studies sugntroducing a faster cooling. The large velocity gradients
gest that at collider energies, one may visualize the nuclei agay drive the system away from chemical equilibration by
two clouds of valence and sea partons which pass througitroducing an additional source of depletion of the number
each other and intera¢2]. The resulting partonic interac- of partons[9] in a given fluid element.
tions may then produce a dense plasma of quarks and gluons. Can we identify a probe for these rich details of the evo-
This plasma will expand and become cooler and more dilutelytion? Dileptons and single photons have long been consid-
If quantum chromodynamics admits a first-order deconfineered as useful probes of the various stages of the plasma as
ment or chiral phase transition, this plasma will pass througlynce produced they hardly ever interact and thus carry the
a mixed phase of quarks, gluons, and hadrons, before thgetails of the circumstances of their production. They are,
hadrons lose thermal contact and stream freely towards thgowever, produced at every stage of the collision and in an
detectors. expanding system their number is obtained by an integration
One would like to understand several aspects of this evogver the four-volume of the interaction zone. This moderates
lution; viz., how does the initial partonic system evolve andour estimate of the efficacy of these signals in several com-
how quickly does it attain kinetic equilibrium? How quickly, peting ways, as the space-time occupied by the hot plasma is
if at all, does it attain chemical equilibrium? And finally, small.
how can we uncover the history of this evolution by studying Consider the case of single photons. At very early times
the spectra of the produced particles, many of which mayhe temperature is rather high and we have a copious produc-
decouple from the interacting system only towards the end#on of photons having a large transverse momentum. This
These and related questions have been actively debated dhould give us reliable information about the initial condi-
recent times. Thus, it is believed by now that the large initiakions of the plasma. However, the transverse flow of the sys-
parton density may force many collisions among the partongem is very moderate at early times. By the time the flow and
in a very short time and lead to a kinetic equilibrii8]. The  other aspects of the QGP develop, the temperature would
question of chemical equilibration is more involved, as ithave dropped considerably and we have a large production
depends on the time available to the system. If the timef photons having smaller transverse momenta. However, the
available is too shorf3-5 fm/c), as at the energies/6 photons having a small transverse momentum will also be
=200 GeV/nucleohaccessible at the Relativistic Heavy lon produced, and in much larger numbers, from the hadronic
Collider (RHIC), the QGP will end its journey far away from reactions and decays of vector mesons in the hadronic mat-
chemical equilibrium. At the energies J§=5.5 ter. Thus disentangling the development of the later stages of
TeV/nucleon that will be achieved at the CERN Large Had- the evolution in the QGP would entail a very detailed under-
ron Collider (LHC) this time could be largémore than 10 standing of the contributions of the hadronic matter. This is
fm/c), driving the system very close to chemical equilibra-not trivial.
tion [4-8§], if there is only a longitudinal expansion. How- Next consider dileptons. Again, high-mass dileptons, hav-
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ing their origin in early times, will be only marginally af- quarks will similarly be produced over a time 6f0.02
fected by these developments, e.g., the flow. The low-masin/c. Thus, immediately upon production, these quarks will
dileptons produced at later times will be affected strongly byfind themselves in a deconfined matter which is rapidly
the flow. However, they will have, in addition to the contri- evolving, first towards kinetic equilibration and then towards
butions from the plasma, a large contribution from hadronicchemical equilibration. The heavy quarks, as well as the light
reactions. We shall be required to understand them in detaijuarks and gluons, will undergo scattering, with an interest-
before we can confidently embark upon the task of deciphering difference. The heavy quarks are not very likely to have
ing the, more involved, development of the QGP, as it geta frequent and drastic change in their direction upon bom-
cool (see, e.g., Ref.9]). At the same time, there have been bardment by massless quarks and gluons. These collisions
suggestions that correlated charm or bottom decay may giweill amount to a drag force. Svetitskyi2] has argued that
a large background to the dileptons from the QGP. We shalihis drag force is rather large and it will bring down the
come back to this aspect later. velocity of charm quarks down to the thermal velocity very
Why should we be so concerned about these late deveuickly.
opments in the plasma? First, it is not difficult to imagine In the present work we show that when we account for the
that the detailed constitution of the hadronic matter shoulchonequilibrium nature of the plasma, this drag force reduces
somehow reflect the state of chemical equilibration of theconsiderably. In particular, we find that the charm quarks
QGP at the time of the phase transition. Second, the trangroduced at the RHIC may lose only up to 10% of their
verse velocities, which may develop during the QGP phaseinitial momentum though at the LHC they may lose up to
will remain unaltered during the mixed phase, if such a phas@0% of their initial momentum during their passage through
is attained. The development of the transverse velocitiethe QGP phase of the matter.
should also be affected by the speed of sound, which may The momenta of these quarks are likely to be reflected in
change rapidly as we approach the transition temperature. e corresponding quantities & mesons as the quarks
the absence of transverse velocities, the mixed phase will lagf, 5,19 pick up a light quark, which are in great abundance

for a very long period of tim¢10]. And last, itis not at all g hadronize(One may add an interesting scenario, where
clear that a nonequilibrated plasma will be adiabatically cons

o . he D mesons travel through a string of QGP droplets and
verted to hadronic matter, a scheme which is often mvoke(iti 9 g of Q b

. . o ose further energy13].) Finally, they would scatter with
in hydrodynamic descriptions of the system. If heavy quark . . o
thermalize quickly and stay in thermal equilibrium during%adronlc matter before decoupling. Considering that,

this development, they can become a very good probe for it< O €.0., ILIS oSt likely that the heavy mesons would

- g ecouple quickly from the hadronic phase. We can under-
gﬁg etlrrl]gsh?ﬁ\e/yd?\?glgsggr?tsa i\'/qetrzeggloatjsﬁgmators of the ﬂo\&s)tand this as follow$13]. The pp cross section at high en-

In the present work we report on an investigation of theergies is of the order of 40 mb. Using an additive quark

energy loss suffered by charm quarks in a chemically equiIiWOdeIZW;goggu;ﬁﬁlsq;:iPé?;fnt;ni'(r':;w_rvr\]/ﬁsmxs tg;]eit

brating plasma. This study has several interesting feature§.¥N~—

First, heavy quarks are mostly produced from the initial fu-70==2%qqT20cq=9 mb. Recall that pions would mostly
sion of partons in the colliding nucleons. If the initial tem- interact with each other via resonance formation which will

perature is high, at least charm quarks may also be producéﬁ . ;
the interaction betwee® and = mesons at such tempera-

at very early t|m§s(mostly frorTl gg—cc, but also from tures will not proceed via the formation of the resonabce
qg—cc). There is no production of charm quarks at later a5 it requires a relative momentum of about 40 MeV between
times and none in the hadronic matter. This makes them ge two)

gOOd candidate for a pI’Obe of the QGP Again, as their num- There has been an atten{pﬂ_,lﬂ to estimate the Change
ber is not large, one can confidently ignore the reverse prop, the distribution ofD mesongopen charmby introducing
cess ¢c—gg or qq), whereq denotes one of the lighter a rate of energy lossjE/dx~—2 GeV/fm, for the charm
quarks.(Of course the associated production or suppressioand bottom quarks. We recall that this value was originally
of J/'¥ andY is a subject by itself.The number of initially  obtained[16] for very energetic quarks. For this reason, this
produced charm quarkfrom fusion of primary partonscan estimate also derives a considerable contribution from the
be evaluated with a great degree of confidence using theadiation of gluons. Charm quarks are vemassiveand thus
perturbative QCD[11]. The thermally produced heavy the radiation mechanism is abs¢h¥] unless their energy is
quarks can also be estimated in terms of the temperatures agdceptionally high. We shall be concerned with charm
the fugacities during the early stage of evolution, when theyjuarks having @+ of a few GeVk, in our study. For these
are produced. Thus, the total numbercobr b quarks gets energies, the drag force will come mostly from scatterings
frozen very early in the history of the collision. This can be with light quarks and gluongl2] in a formulation which is

of great help, as we are then left with the task of determiningzquivalent to the treatment of Braaten and Thdrb@] for
their py distribution, whose details may reflect the develop-this purpose. We show in the present work that this energy
ments in the plasma, but which is normalized to a givenloss can be very low for a chemically nonequilibrated
number ofc (or b) quarks. plasma.

Now consider the central slicg€0) of a collision which In the next section, we briefly recall the initial conditions,
leads to the production of a charm quark pair from initialand hydrodynamic and chemical evolution of the plasma in a
fusion and QGP. The charm quarks will be produced on thé1+1)-dimensional expansion. In Sec. Il we give the formu-
order of a time scale 1/2.=0.07 fm/c, while the bottom lation for drag force operating on the charm quarks in such
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an equilibrating plasma. We discuss our results in Sec. IVwherea,=87?/15, b,=772N;/40, andN;~2.5 is the num-
Finally, in Sec. V we give a brief summary. ber of dynamical quark flavors. Now, the density of an
equilibrating partonic system can be written as

II. INITIAL CONDITIONS, HYDRODYNAMIC

EXPANSION, AND CHEMICAL EQUILIBRATION Ng=X\qNg, (4)

Ng=AgNg,

It is quite clear that the fate of the heavy quarks will wheren, is the equilibrium density for the parton species
depend on the initial conditions and the history of evolution
of the plasma. Fortunately, by now, considerable progress ~ 16 3 3
has been achieved in our understanding of the parton cas- ng:?ﬁ@T =ap T, ®)
cades which develop in the wake of the collisions. Thus, in
the recently formulated self-screened parton casdd@é
model early hard scatterings produce a medium which ﬁq=i§(3)NfT3=blT3_ 6)
screens the longer-ranged color fields associated with softer 2
interactions. When two heavy nuclei collide at sufficiently
high energy, the screening occurs on a length scale wheM/e further assume that,=\73". The equation of staté3)
perturbative QCD still applies. This approach yields predicimplies the speed of sourm = 1/43.
tions for the initial conditions of the forming QGP without ~ The master equatiorig] for the dominant chemical reac-
the need for anyad hoc mom_entum and virtuality cutoff tionsgg—ggg andgg<—>qq_are
parameterg2]. These calculations also show that the QGP
likely to be formed in such collisions could be very hot and  d,(nNgu*) =Nng(Ry_.3—R3_,5) = (NgRy_.q—N4Ry—¢),
initially far from chemical equilibrium.

We assume that kinetic equilibrium has been achieved 3, (NquH)=4d,(Nqu*) =ngRy_.q—NgRq_ g, (0
when the momenta of partons become locally isotropic. At ] )
the collider energies it has been estimated that0.2—0.3  In @n obvious notation. o
fm/c [3]. Beyond this point, the further expansion is de- |f we assume the system to undergo a purely longitudinal
scribed by hydrodynamic equations and the chemical equiliPoost-invariant expansion, E€f) reduces to the well-known
bration is governed by a set of master equations which arélation[21]

driven by the two-body reactiong ¢« qq) and gluon mul- de e+P

tiplication and its inverse process, gluon fusi@géggg). d—+ =0, (8
The other(elastig scatterings help maintain thermal equilib- T T

rium. The hot matter continues to expand and cools due tQhere 7 is the proper time. This equation implies
expansion and chemical equilibration. We shall somewhat

arbitrarily terminate the evolution once the energy density er*B=const, 9)
reaches some critical valifbere taken as;=1.45 GeV/fn?
[20)). and the chemical master equations reducgtfo

The expansion of the system is described by the equation
for the conservation of energy and momentum of an ideal 1 d\g 3dT 1

N\
fluid: )\_QF+TE+;:R3(1_)\9)_2R2 1- )\S ,
9,TH'=0, TH'=(e+P)uu"+Pg", @ 1dyg 3dT 1 ag/hg Ag
— 2t ToR -2, (10
Nq d7 Td7r 7 bi\Ng Ag

wheree is the energy density arfédl is the pressure measured

in the frame comoving with the fluid. The four-velocity vec- which are then solved numerically for the fugacities with the
tor u* of the fluid satisfies the cor_15tr_a|m1_2=—1. For a initial conditions obtained from a self-screened parton cas-
partially equilibrating plasma the distribution functions for cade mode[19]. We quote the rate constan®, and R,

gluons and quarks can be scaled thI’OUgh equilibrium diStriappearing in Eq(?) for the sake of Comp|etene§4]:
butions as

Ry~0.24N; @i\ 4 TIN(1.65kx\ o),
gi(a, .M )=Nigr{a,T), 2 , ,

Ry=1.205T(20g— )2, (11
whereg®{q,T)=(e#" 9% 1)~ ! is the Bose-EinsteitFermi-
Dirac) distributions for gluongquarks, and\; is the fugac-
ity for parton species, which describes the deviation from
chemical equilibrium. This fugacity factor takes into account
the undersaturation of the parton phase space density, i.e.,
0=<\;=1. The equation of state for a partially equilibrated
plasma of massless particles can be writtefdds

where the color Debye screening and the Landau-
Pomeranchuk-Migdal effect suppressing the induced gluon
radiation have been taken into account, explicitly.

Ill. DIFFUSION OF HEAVY QUARKS
IN THE QUARK-GLUON PLASMA

The early results of the parton cascade mddgbo indi-
e=3P=[ay\g+by(\g+ )\qﬁ]T“, (3) cate that the charm quarks which are produced from initial
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— ] cascading until the temperatures have droppeitor the
“a, 0.15 B energy density has become too low. The parton cascade
~3 1 model also includes all the effects like scatterings and radia-
Qlc‘ 0.10 - E tion, if any, on the heavy quark. We shall report on such an
o 1 effort in a future publicatiori22].
£ 0051 3 In the present work, we adopt the procedure developed by
oy _ | | | ] Svetitsky [12], where one visualizes the effect of partonic
0~000 ' ] — = —— 3 E— " — 5 collisions as leading to a drag force. We first generalize the
CeV treatment of Svetitsky to a nonequilibrated plasma and then
p (GeV) evaluate the time variation of the so-called drag and the dif-
g
fusion coefficients, to see whether heavy quarks will actually
I stop and diffuse at RHIC and LHC energies.
FIG. 1. The drag A) and the diffusion By andB;—B,) coef- b 9

ficients for charm quarks in a fully equilibrated quark gluon plasma
at a temperature of 500 MeV. The solid curves give the results with
the proper quantum statistics while the dashed curves give the re-
sults with the Boltzmann distribution.

fusion in heavy ion collisions may have a transverse momen-
tum distribution given by a power law, initially. With the

passage of time, these distributions start evolving into an
exponential shape, due to scattering with other partons,

We write the Boltzmann equation for the densfifp,t)

J _ of
Ef(P,t)— r

for a heavy quark in phase space:

(12

collisions

It is assumed that there is no external force acting on the
which is characteristic of a thermalized system of particlesheavy quark and that the phase space distributidnes not
Will these heavy quarks stay in thermal equilibrium, until thedepend on the position of the quark. The right-hand side of
end of the QGP phase? For this we have to continue th&q. (12) represents a collision integral given by



= J d*k[w(p+k,k)f(p+k)

collisions

of
R(pi):[gﬁ}

—w(p,k)f(p)],

wherew(p,k) is the rate of collisions which change the mo-
mentum of the charmed quark fropnto p— k. Equation(13)
can be written explicithyf12] as

J

X2 IMA2m)*s4(p+a-p'—q')

13

1

2EpJ (2m)32E,

d3q/
(2m)32E,

d’p’ 1
(2m)32E, Yo

R(p.t)=

X[f(p")g(a)g(a)—f(pg(ayg(a)], (14
wherep’'=p—k, 9'=q+k, and v, is the spin and color
degeneracy of the charm quarks. In the abayeepresents
the distribution for quarks or gluons approximated as(Ey.

earlier. We have also introduced the Bose enhancemer

(Pauli suppression factors g(q)=1*g(q) for gluons
(quarks [23]. The matrix elementgM|? for elastic pro-
cesses can be obtained fr¢gaw,12.

We may further simplify the above by assuming soft scat-

terings according to Landd5] to obtain

R~ f d3k

Now Eg. (12) reduces to the well-known Fokker-Planck
form

2

1
Skik (wf). (15)

J
k.- —+ [
ap L opiap;

of _ J Jd
g—a—mAi(p)fJF&—m[Bij(P)f] , (16)
where the kernels
Ai=f d3kw(p,k)k; (17
1

can be identified with the drag and diffusion coefficients,

respectively, using the Langevin formaligi?)]. In particu-
lar, A; andB;; are given by

J

1 _
x;E |IM|2(2m)*6*(p+q—p'—q')g(a)g(q’)

1

)

d3q
(2m)32E,

d3q/
(2m)32Ey

d3p/
(2m)32E,,

' 2E

X[(p=p")i]

={(p=p"))), 19

1
Bij:§<<(p,_p)i(p,_p)j>>' (20
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We note that the Eqg19) and (20) depend only orp, and
thus we may writ12]

Ai=piA(p?), (21
PiP; Pip;

i=| 8= —5|Bo(P)+ —1Ba(pd), (22
p p

where
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A={1))={p-p' P2 (23)  is afunction ofp, g, and 6. ,, . Note that in addition to other
differences due to the introduction of the mass of quarks and
1 I later and the quantum statistics, this expression
_- P2\ 12\ /2 gluons(see later q ; p
BO_4[<<p N=UP-P NP, (24 differs[26] by a factor of 2 from the corresponding Eg.6)
of Ref.[12]. The quantum statistical correction for gluons
1 employed here introduces a divergencegas0 which is
— ’ 2 2 ’ 2
Bl_§[<<(p PP =2((p’-p)) +PH(L)]. (29 absent if we use a Boltzmann distribution for them. We have
avoided this divergencg23] by using the thermal gluon
The integrals appearing in the equations given above can h@ass
further simplified, by solving the kinematics in the center-of-
mass frame of the colliding particles, so that we can write

N;\g°T?
F(p") :——J d J d(cosy)
(F(IN 5127, EpJo 090, d(C0X
Y whereg is a QCD coupling constant,=g?/4). In order
% \/(S+ Me~ My(q) 4sm§ to retain a certain degree of self-consistency, we have also
S used the thermal quark mass
1
XQg(Ey) | dcoshem> | M|? 272
1 > Ag\OT
mq— )\g‘f'? 9 (28

2 ,
X JO dopeme’Fag(Eq)F(p'),  (26)
We thus correct these masses for the absence of chemical
wheres=(E,+Ey)?—(p+0)? Eq=Eq+E,—E,, andp’  equilibrium.
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We have also evaluated the integrals appearing in Eqshat the results scale with§ .) This will have an important
(19), etc., by a direct Monte Carlo procedure, and the resultgonsequence as we shall see later.
were found to agree with the simplified expressions given The momentum dependence of the diffusion coefficients

above. By, andB;— B are shown in Figs. (b) and Xc). While the
general behavior remains similar to the results of Svetitsky,
IV. RESULTS our values are smaller, due to the reasons given earlier.
The energy losslE/dx is related to the drag coefficient
A. Chemically equilibrated plasma A:
As a first step we show in Fig.(4) the variation of the dE
drag coefficientA with the momentum of the charm quapk —=—A(pd)p. (29)
for a chemically equilibratedQGP at a temperature of 500 dx

MeV. First of all, we note that the consequences of introduc-

ing the quantum statistics are quite small. We must commerih Fig. 2 we have compared our results for the collisional

on the difference between our results and those of Svetitskgnergy loss suffered by charm and bottom quarks with the

[12] before proceeding. First, we have useg=0.3, instead results of Braaten and Thom#8] and Bjorkern{27] (adopted

of 0.6 used by Svetitsky. Second, we have udgd the to the case of heavy qualk®Our results agree with those of

number of flavors, as 2.5 instead of 2. Finally, we have hav@raaten and Thoma within 10%. We note that even in a fully

used the Debye screening mass- up=yV4maghgT in the  equilibrated plasma, whose temperature is kept fixed at 500

internal gluon propagator in thechannel exchange diagram, MeV, a charm quark having a momentum of 1-5 GeV will

to remain consistent with the description used while evaluattravel for almost 8—10 fm before coming to rest. The results

ing the chemical evolution of the QGP. This is in addition towould be completely different for dE/dx of ~—2 GeV/fm

the numerical factor of 2 mentioned above. We have verifiedassumed in the studies reported in Ré¢fis,15. We feel,

that by reverting to the values used by Svetitsky, we reprohowever, that at exceptionally high energies, the additional

duce the results of Ref12], but for the numerical factor of mechanism of gluon radiation may enhance the energy loss.

2. That should be of interest if we wish to study the propagation
We find that our result for the drag coefficieAtis a  of a heavy quark jet in the QGP.

factor of about 3 smaller than obtained by Svetitsiyote As far as we know there is no estimate of radiative energy
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the temperature and fugacities for the plasma likely to be
created at the RHIC, using the procedure disussed earlier.
The appropriate drag and diffusion coefficients at any time
operating on the heavy quark are obtained by accounting for
the current fugacities and the temperature. In order to avoid
confusion, we define

a(p?, 1) =A% T(7), N g(7) A g(7)), (31

p (GeV)

and similarly 8o=B,, 81=B;. The time dependence of the
drag and the diffusion coefficients for some typical values of
the momenta are given in Figs(b}—4(d). We see that the
Fo _RlHIC | [ [ | drag and the diffusion coefficients are large only at the very
O T s 4 e s 1o 12 early times(due to the high temperatures theand drop
r (fm) rapidly as the plasma cools.
The corresponding results for the plasma created at LHC

FIG. 6. The evolution of the charm quark momentum as a funcENergies are given in Figs(&-5(d). We now see that the
tion of time in a partially equilibrated plasma at the RHIC and drag and the diffusion coefficients are a factor~e8 larger

LHC. The charm quarks are assumed to be produced with momen@{ @ny given time for the same momentum compared to the
of 1, 2, and 3 GeV at time,,. case at the RHIC. Thus we see that the rapid cooling of the
plasma and the small values of the fugacities ensure that the

loss for heavy quarks in the literature. We can estimate théharm quarks will experience a strong drag force only very
radiative energy loss per unit length for heavy quarks byearly in their life both at the RHIC and the LHC. The force is

multiplying the interaction rate and the average energy los@!so unlikely to cause a complete stopping and diffusion of
per collision, which is given by the average of the probabilitythe charm quarks.

of radiating a gluon times the energy of the gluon. One can The final momentum of the charm quark is likely to carry

further correct for the Landau-Pomeranchuk effect by includthe effects of energy loss which in turn is affected by the
ing a formation time restriction while evaluating the abovecooling as well as the chemical evolution of the plasma.
[28]. In a separate publicatidi29] we discuss these aspects Thus for exampleif we had a fully equilibrated QGP at the

in detail. Here we only give the approximate result, whichsame initial temperatures as used here, then the drag at the
nonetheless accurately describes the full result, RHIC would be larger by more than a factor of 3, while at
LHC energies, it would be large by a factor of more than 2.

—LHC

dE 3a ,uz[ 4ET—M? AET—M? Such large values for the drag force would ensure that at
== ~=fP 2 least the slower charm quarks produced at the LHC energies

dx T | AET-M?— 442 apd | q P - : o
rad Mp Mp would come to rest soon after the creation and diffuse later in

(B0 amanner discussed by Svetitsky. The final momenta of such

, . charm quark(or D meson would then be decided by the
where M is the mass of the heavy quark. We can easily,44ronization temperature.

verify that this leads to an energy loss per unit length of
about 1-2 GeV/fm for light quarks at high energies. At MO- harm quarks produced at the RHIC and LHC, we have

menta of ~1-3 GeV for heavy quarks which are of rel- o5 ated their final momentum after they travel through the
evance in the presen.t work, the_ above gzxpreszsmn is markﬁﬂasma for the duration of the QGP phase.
by a th_re_shold behavior so that iIEA<M JT4I—LD , there is Thus we write
no radiative energy loss. The result of this study for heavy
quarks is displayed in Figs.(@ and 2b). We see that for dp
low-momenta heavy quarks the radiative energy loss is quite = a(p?,7)p (32
small.

The temperature dependence of the drag and the diffusion
coefficients for a fully equilibrated QGP is shown in Figs. and solve fop as a function ofr. The results shown in Fig.
3(a)—3(c). We see that the drag coefficient drops rapidly with6 are very revealing. We find that by the time the QGP phase
decline in temperature, so that a low-temperature QGHs over, the charm quark which was produced at the begin-
hardly offers any resistance to the motion of massive quarkg}ing of the collision would have lost up to 40% of its initial
whose final momentum will thus be decided by the time itmomentum at LHC energies, while at the RHIC, the energy
spends in the very hot plasma. loss may not exceed 10-12 %.

In order to get an idea of the energy loss suffered by the

B. Results for a chemically equilibrating plasma C. Distribution of charm quarks at the RHIC and LHC

at RHIC and LHC energies This has very interesting consequences. At RHIC ener-

The results given so far are for a fully equilibrated gies, one may thus treat charm quarks almost as penetrating
plasma. We have already discussed that the plasma likely farobes, which will provide information about the momentum
be created in relativistic heavy ion collisions is far from distribution of the initially produced charm quark pairs. One
chemical equilibrium. In Fig. @) we give the evolution of can estimate the momentum distribution of initially produced
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FIG. 7. The momentum distribution of charm quarks for RHIC
energies. The dashed line corresponds topthéistribution of en-
ergy degraded charm quarks which were initially produced with 1

pr (GeV)

FIG. 8. Same as Fig. 7 for LHC energies.

<pr<7 GeV. which includes collisions and even radiations from the charm
quark. This work is under progress.
charm pairs in a central AuAu collisions by scaling the All the same it is notgiff!cul'g to imagine that the decrer?lse
heavy quark pair production cross sectiorpip collisions as 1N the slope of thep; distribution of the charm quarks is
[30] offset to a Iarge extent by the flqw velocity likely to develop_
at LHC energies, and thus the dileptons from the plasma will
dN 1 do perhaps remain buried under open charm decay, at these en-
e dy: ;TAB(bZO)—d dy’ (33)  ergies as well, unless we look at too large masses.
T T
where T g is the nuclear thickness factor. For central Au V. DISCUSSION AND SUMMARY

+Au collisions its value is 293.2 fi? [31]. One may further Before summarizing let us have a look at some of the
approximate the thermal production of the charm quark pairgssumptions which we have made during the course of this
from Eq.(25) of Ref.[32]. The result of this study is shown york. We have seen that our results for the energy loss scale
in Fig. 7. One may obtain the “energy-loss-corrected” dis-yith the square of the strong coupling constagt and thus
tribution by decreasing the momenta by about 10%. Thigyn jncrease by a factor of 2 in its value will increase the
also implies that the dileptons from the annihilation of energy loss by a factor of 4. We have chosen a vah@e3
quarks would continue to remain buried under the leptonsy, this for two reasons. First, one can argue that dhe
originating from the open charm decay, as originally inferredsyoy1d be taken at an effective momentum scale of the order
by the authors of Refl11]. We may also add that as the o 2T (the Matsubara frequencyvhich provides thai,
charm quarks do not stop or diffuse at the RHIC, they will _q 3 4t the critical temperatufd]. Again, a number of ear-
not be aﬁ_‘ected by the transverse velocities which may defier works for the treatment of chemical equibratiphg],
velop during the QGP phase. which we closely follow, have used this value.

The situation is more complex at LHC energies. Now the  p simplifying assumption made in these worlk9], ap-
charm quarks cannot be treated as penetrating probes. The ’

results given in Fig. 8 correspond to situation when we treaprommgt@g the no.r.lec.]umbnum. parton density asny
them as penetrating probes, as in early studies in this fieldvhereny is the equilibrium density of the parton, has been
As most of the heavy quarks are produced very early in thé€tained in the present work. A major advantage of this as-
collision, we can still get an idea of the final momentum Sumption is the S|mp!|C|ty of the resulting master equations
distribution by decreasing the momenta in this figure bylEQ. (7)]. Of course, it should be remembered that this ap-
about 40%. One can get an idea of the distribution of ~ Proximation will break down.n‘)\ is far from unity. On the
energy-degraded charm quarks by a simulation where wather hand, when the fugacities are very small, as in the early
first generate charm quarks according to the initial producStages of the plasma, one may again use a factorized expres-
tion and normalizing the distribution of the energy-degradedion for the densities asexp(~-Bu-k) and get simple expres-
quarks. The result of this study fordp;<7 GeV is shown SiONs like the above. For moderate values\ahis approxi-

in Figs. 7 and 8 by dashed lines. mation made here may not be very accurate.

We may add that at LHC energies, the charm quarks The entire discussion in the present work relies on the
which have lost a large fraction of their initial momentum Parton cascade model which provides a hot and gluon-rich
due to the drag force will start getting affected by the transPut very unsaturated plasma. One may argue that the long-
verse flow of the QGP which can grow to large val{@k It range color field formed between the two receding nudei
is not clear that this situation can be accurately handledemains of them after they have passed through each)other
within a hydrodynamic description of the expansion. A morecan lead to a copius production @fj pairs, e.g., and quickly
appropriate description could be the parton cascade moddeposit a large amount of energy in the central region. If this
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happens and one gets a fully saturated plasma at times ev&unrther work, preferably within a parton cascade model, is
earlier thar~0.25 fm considered heigor thermal equilibra- needed to settle some of these questions in a more definite
tion) and also such high temperatures, then many of the comnanner, though we feel that even at LHC energies the dilep-
siderations of the present work will have to be revised. How-ton signal may remain buried under the background from
ever, in that case, almost all the considerations ragarding th@pen charm decay. We may add that some recent works in
qguark-gluon plasma prevalent at the moment will have to behis direction have used too large values for the energy loss,
revised. A considerable amount of work is needed to settland arrived at results differing from our observations.
this issue effectively, though one may recall some early The small energy loss seen for heavy quarks in an equili-
works [33] where it was argued that the space-time correlabrating plasma could lead to a difference in the “quenching”
tions among the initial patons can randomize very quicklyof a heavy quark jet as compared to that of a gluonic jet.
and eliminate the color field. (Radiative loss of gluonic jets will presumably not be re-
Finally, in brief, we have obtained the drag and diffusionduced, considerably, in an unequilibrated plagriis can
coefficients for charm quarks in a chemically equilibratingbe of great intereqt34].
quark gluon plasma which may be produced at RHIC and
LHC energies. Using a set of reasonable initial conditions,
we find that a charm quark produced at the early stage of the
collision may lose up to 10% of its momentum during the We are most grateful to Benjamin Svetitsky for a very
lifetime of the QGP phase at RHIC energies. This suggestaseful correspondence. We acknowledge helpful discussions
that at RHIC energies, dileptons originating from annihila-with Rudolf Baier, Berndt Mlier, and Bikash Sinha. We are
tion of quarks may remain buried under the background fronespecially grateful to Markus Thoma for sending his unpub-
open charm decay. The situation at the LHC is more comfished noteq28] on radiative energy loss for light quarks.
plex, as the charm quarks may lose up to 40% of the initiaM.G.M. is grateful to the hospitality of the Variable Energy
momentum. This could, however, be somewhat offset by th€yclotron Centre, where most of this work was conceived
transverse flow of the QGP fluid, which could be large thereand carried out.
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