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We update the calculation of c − c production in the initial stage of nucleus - nucleus collisions and within
quark gluon plasma, using the most recent and most accepted values for the ingredients, such as nuclear parton
distributions, quark masses, couplings and fireball parameters. We find a large discrepancy in the charm yields,
depending on the input choices. A global analysis of all the different cases suggests that the “in-plasma”
production is a significant fraction of the total yield.

Open charm production in proton-proton collisions
seems to be well understood in terms of perturbative QCD
(pQCD)[1]. In nucleus-nucleus collisions, the presence of
nuclear effects in the initial parton distributions introduces
some uncertainties[2]. In view of the forthcoming PHENIX
data on charm production in Au + Au collisions at RHIC,
it is necessary to clarify all the aspects of charm production.
In this work we perform again some well known calculations and concentrate on cc̄ production within the plasma.
This is usually neglected because the number of cc̄ pairs produced in the plasma is believed to be small. However, as it
will be discussed, a closer look into the existing estimates
shows discrepancies of two orders of magnitude. In [3], for
example, it was estimated to be of the order of 1% of the
total number of charm quark pairs. In [4], with the inclusion of thermal parton masses this fraction was estimated to
reach 20 − 30%. Finally, in [5] this number could, in some
cases, be equal to the number of directly produced pairs. No
systematic effort was made to reconcile these different estimates.
In leading order (LO) the cross section is computed with
the use of perturbative QCD for the diagrams of the elementary processes q q̄ → cc̄ and gg → cc̄ convoluted with the
parton densities in the projectile and in the target. Calling
xF the fractional momentum of the produced pair (with respect√to the momentum of a projectile nucleon in cm frame)
and s, the cm energy of a nucleon-nucleon collision, the
cross section for inclusive c − c production is given by:
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In the above expression σ̂gg and σ̂qq̄ are the elementary LO
cross sections for the processes gg → cc and qq → cc
respectively, a sum over the flavor label q is understood
f A (x,m2 )
(q = u, d, s) and RiA (x, m2 ) = fii (x,m2 ) , with fiA (x, m2 )
(fi (x, m2 )) being the i parton momentum distribution in a
nucleon inside the nucleus A (free space). A factor κ was
introduced in (1) to account for higher order corrections.
We write the above cross section in a differential form as
a function of the variable xF in order to have a better control over the validity domain of our calculations. It is known
that pQCD should not hold for large values of xF [6].
In a central A + A collision the number of c − c pairs
initially produced is related to the cross section by [7]:
Z 1
1
dσ AA→cc̄
cc̄
NQCD =
dx
(3)
F
2
π RA
dxF
0
where RA is the radius of nucleus A, given by RA =
(1.18 A1/3 − 0.45) fm.
In Table I we present our results for the total number
of initially produced charm quark pairs for different charm
quark masses, with and without shadowing effects. The nuclear parton distribution functions are taken from Eskola et
al. [8] and from Hirai et al. [9].
These numbers suggest that the commonly used value
cc̄
NQCD
= 10 is probably too large.
The computation of the in-plasma cc̄ pair production rate
goes back to the late eighties [10], was discussed in short
papers (for example [3]), included in comprehensive review
articles [11] during the nineties and experienced improvements due to advances in thermal field theory [4].
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Assuming that QGP is formed, we then have a gas
of quarks and gluons with momenta obeying respectively
Fermi-Dirac and Bose-Einstein distributions that can collide
producing cc̄ pairs.
The charm production rate in the reaction gg → cc̄, at
temperature T is given by [12]:
gg→cc̄

gg2
=
κ
2(2π)6

dN
dtd3 x
Z
LO
×
d3 p1 d3 p2 fg (E1 ) fg (E2 ) σ̂gg
v12

(4)

1
eEi /T − 1

(5)

A similar expression can be written for the process qq → cc.
In order to account for expansion effects we shall assume that the system cools down following Bjorken hydrodynamics, in which the volume of the system evolves in time
according to:
τ
V (τ ) = V0
τ0

µ
=⇒

V (T ) = V0

T0
T

¶3
(6)

2
where V0 = π RA
τ0 , T0 is the initial temperature and τ0 is
the thermalization time, which marks the beginning of the
hydrodynamical expansion (τ0 = 0.7 fm).
Expression (4) can thus be rewritten as:
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where E = m2 + p2T + p2z is the energy of the cc̄ pair of
mass m and:
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There are some known papers on the subject [3, 4, 5,
11, 13]. From the reading of these papers, we conclude that
there are large discrepancies in the numbers and in the way
to obtain them. The sources of these discrepancies are: a)
initial temperature of the plasma, T0 (ranging from 300 MeV
to 550 MeV); b) degree of parton equilibration (described by
the fugacity factors); c) initial volume and/or thermalization
time, V0 and τ0 ; d) total energy contained in the fireball;
e) use or not of a κ factor (=2) in computing thermal rates;
f) use or not of temperature dependent αs ; g) mass of the
charm quark mc (going from 1.2 to 1.5 GeV); h) use or
not of thermal masses for gluons and quarks in the reactions
g + g → c + c and q + q → c + c.
Depending on the choices that one has to make in dealing with a) → h) the final value of in-plasma produced cc̄
pairs can change by orders of magnitude, going roughly
cc̄
from NQGP
= 0.02 in [3] to up 15 in [11]. In a comprehensive analysis this same variation was found in [5]. In [4],
the authors arrive to the conclusion that in-plasma production was only a factor two smaller than the initial production.
However in that paper the factor κ = 2 was not included in
cc̄
cc̄
calculation. If it were, then NQGP
' NQCD
.
We have explicitly investigated the effect of changing
the mass of the quark c and the differences which arise when
we use the coupling constant running with m2 or with T [4]:
αs (m2 ) =

12π
2
(33 − 2NF ) ln Λ2m

(8)

6π
(33 − 2NF ) ln Λ19T

(9)

QCD

∞

(T )dT
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× σ̂gg
(m2 )

2

Including the differential rate due to the process q q̄ → cc̄
and integrating over xF , we arrive at the total number of
thermal cc̄ pairs:
cc̄
NQGP

where gg is the gluon statistical factor (number of colors ×
number polarization states) v12 is the relative velocity between colliding gluons with energies E1 and E2 and three
LO
momenta p~1 and p~2 , σ̂gg
is the elementary gluon-gluon
cross section and fg (Ei ) the usual thermal distribution function:
fg (Ei ) =

× [4E12 (p2T

αs (T ) =

MS

where NF = 3, ΛQCD = 230 MeV and ΛM S = 80 MeV.
In Table II we present our results for the number of “inplasma born” cc̄ pairs for different values of couplings and
charm quark masses. All the calculations were done with an
initial plasma temperature of T0 = 550 MeV, αs (M 2 ) and
αs (T ) given by (8) and (9) respectively. The numbers inside
parenthesis correspond to the choice κ = 1. Otherwise the
numbers were obtained with κ = 2.
The fourth line of Table II shows that our results may
change by a factor 30 depending on the inputs used. In some
cases a direct comparison with other works is possible. For
example, in the second column of Table II, comparing the
numbers in parenthesis, we notice that we obtain nearly five
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TABLE 1. Number of cc̄ pairs produced in Au − Au collisions at RHIC from QCD calculations for different values of couplings and charm
quark masses. The nuclear parton distribution functions are taken from Eskola et al. (EKS) [8] and from Hirai et al. (HKM) [9].

cc̄
NQCD
(without shadowing)
(with shadowing)

mc = 1.2 GeV
EKS
HKM
6.52
4.65
6.32
4.36

mc = 1.5 GeV
EKS
HKM
2.65
2.07
2.61
1.97

TABLE 2. Number of “in-plasma” produced cc̄ pairs in RHIC collisions. Numbers inside parenthesis are obtained with κ = 1 and the
others with κ = 2. The initial temperature is 550 MeV in all cases.
QGP

cc̄
NQGP

Levai el al. [4]
Rafelski el al. [11]
Müller el al. [5]
This work

mc = 1.2 GeV
αs (M 2 )
αs (T )
− −
− (3.7)
− −
− −
− −
− −
120 (60) 39 (19.5)

times more pairs than in [4]. A similar excess is observed comparing the numbers in parenthesis in the fourth column. Comparing
our work with Ref. [4] we can see that the pair production mechanism is quite similar but the treatment given to the plasma expansion is different. Whereas we have used the standard Bjorken
hydrodynamics, in Ref. [4] a new hydrodynamical model was introduced. Comparing the details of both approaches we concluded
that in Ref. [4] the expansion and cooling of the system is much
faster than in Bjorken hydrodynamics. Consequently the system
stops much earlier to create cc̄ pairs and the final yield will be
smaller. In order to remove this discrepancy, the use of a state-ofthe-art hydrodynamical code is required. This is hard work still to
be done.
The comparison of the other results in Table II with other
works shows that for similar inputs we obtain numbers which are
compatible with those presented in Refs. [5] and [11]. The results
cc̄
cc̄
both for NQCD
and for NQGP
do not include final state interactions or hadronization effects, which might change them slightly
[14].
Finally, it should be mentioned that in some previous works
(see, for example, [5]) small parton fugacity factors have been used
and this reduced considerably the final number of thermal cc̄ pairs.
In view of the recent measurements of anisotropic flow in Au+Au
collisions at RHIC, which point to very rapid formation of equilibrated hot matter [15], the use of such small factors seems unjustified.

mc = 1.5 GeV
αs (M 2 )
αs (T )
− −
− (1.1)
− (15)
− −
17 −
− −
22 (11) 7.6 (3.8)
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