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1. Introduction

The interaction between heavy quarks in a hot QCD medium is one of the most important
guantities to characterize the properties of the quark-gluon plasma (QGP). Experimentally, it is
related to the fate of the charmoniums and bottomoniums in the QGP created in relativistic heavy
ion collisions. In this report, we present our recent studies on the heavy-quark free energy in
dynamical simulations of two-flavor QCD with the Wilson fermion. We study the free energy of
a quark Q) and an antiquark@) separated by the spatial distancia the color singlet and octet
channels, and also study the free energ@aindQ in the color anti-triplet and sextet channels. We
adopt the Coulomb gauge fixing for the gauge-non-singlet free energies. By fitting the numerical
results with the screened Coulomb form, we extract an effective running coupling and the Debye
screening mass in each channel as a function of temperature.

We find that (i) the free energies in the different channels at high temperatue{lc) can
be well described by the channel-dependent Casimir factor together with the channel-independent
running couplingge(T) and the Debye massp(T), (i) the next-to-leading order result of the
Debye mass in thermal perturbation gives better agreementmg{fi) on the lattice than that
of the leading order, (iiiges(T) andmp(T) may be related through the leading order formula,
Mp(T) = 1/1+N¢ /6 gert(T) T, S0 that most of the higher order and non-perturbative effects on the
Debye mass may be absorbedyig(T) for T > 1.5T, and (iv) there is a quantitative discrepancy
of mp(T) between our results using the Wilson quark and those using the staggered quark even at
T ~4T,.

2. Lattice action and simulation parameters

We employ the renormalization group improved gluon action and clover improved Wilson
quark action with two-flavors. The line of constant physics, on which the quark mass (or the ratio
of pseudo-scalar and vector meson masses) is kept fixed in the space of the cBupfidghe
hopping paramete, has been studied in refd][using the same action and is discussed further
in ref. [2]. We perform the simulations on the lines of constant physics for the quark masses
corresponding tan;/m, = 0.65 and 0.80. Ten (seven) different temperatures are taken in the
interval T = 1.00T; ~ 4.02T for my/m, = 0.65 (T = 1.07T¢ ~ 3.01T; for m;/m, = 0.80) on a
Ns x Ny = 16° x 4 lattice. The hybrid Monte Carlo algorithm is employed to generate full QCD
configurations, and the free energy in each color channel is measured using 500 configurations
at every ten trajectories after thermalization of 400-1000 trajectories. The statistical errors are
determined by a jackknife method with the bin-size of 10 configurations.

3. Heavy quark free energies

The free energy of static quarks on a lattice may be described by the correlations of the
Polyakov loop: Q(x) = |_|$;1U4(T,X) whereN; is a lattice size in the temporal direction, and
theU, (7,x) € SU(3) is the link variable. By appropriate gauge fixing (such as the Coulomb gauge
fixing), one can define the free energy in various color channels sepa@@jtetlyg color singleQQ
channel ), the color octeQQ channel 8), the color anti-tripletQQ channel 8%), and the color
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Figure 1: Simulation results of the normalized free energies scaled,tgr color singlet and octeDQ
channels (left) and color anti-triplet and sex@® channels (right) atn;/m, = 0.65 and several tempera-
tures.

sextetQQ channel 6) :

e RO = JTrat (a(y)), (3.1
e R/ — %(TrQT (X)TrQ(y)) — 2—14<TrQT(X)Q(y)>, (3-2)
e R T)/T _ %2 (TrQ(X)TrQ(y)) +1i2<TrQ(X)Q(y)>, (33)
e FrrT/T %(TrQ(x)TrQ(y» - é<TrQ(X)Q(y)>, (3.4)

wherer = X —y].

We introduce normalized free energigg, Vs, Vs, V3-) which are expected to approach zero at
large distances abovig. This is equivalent to defining the free energies by dividing the right-hand
sides of Eq.8.1) — (3.4) by (TrQ)>2.

The normalized free energies are shown in Higor color singlet and octeQQ channels
(left) and color anti-triplet and sext@Q channels (right) fom;/m, = 0.65andT > T.. They
are “attractive” in the color singlet and anti-triplet channels and “repulsive” in the color octet and
sextet channels. Also they become weak at long distancEsreseases due to the effect of Debye
screening. These behaviors are qualitatively similar to the case in the quenched simulations with
the Lorenz gauge reported in red] [

To study the screening effects in each color channel more closely, we fit the free energies by
the screened Coulomb form:

Via(r.T) = () EM L g ot (35)

wherede(T) andmp(T) are the effective running coupling and Debye screening mass, respec-
tively. TheC(M) = (38_,t2-t3)y is the Casimir factor for each color channi)(defined as
4 2 1 1

C)=-3 C@)=-5 CO =% CO=3 (3.6)
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Figure 2: The effective running couplinges(T) (left) and Debye screening mass (T) (right) for each
color channel as a function of temperature from the large distance behavior of the potentig)srgt=
0.65.

Here, it is worth stressing that, with the improved actions we adopt, the rotational symmetry is
well restored in the heavy quark free energigls [Therefore we do not need to introduce terms
correcting lattice artifacts at short distances in &¥)(to fit the data shown in Fig.1.

The Debye screening effect is defined through the long distance behaw&r(ofl). In
order to determine the appropriate fit range, we estimate the effective Debye mass from a ratio of
normalized free energies:

mD(T;r):Alrlog\/,\,l\?;Air)Ar)_Alrlog [1+ Arr] (3.7)
Investigating the plateau ofip(T;r), we choose the fit range to kél1/4 < rT < 1.5. Systematic
errors due to the difference of the fit range are about 10% 8r2T..

The results of therer(T) andmp (T) are shown in Fig2 for m;/m, = 0.65. Similar behavior
in both results are obtained far;/m, = 0.80. We find that there is no significant channel depen-
dence ofoe(T) andmp(T) at sufficiently high temperatu@ 2 2T;). In other words, the channel
dependence of the free energy at high temperature may be well absorbed in the kinematical Casimir
factor as first indicated in a quenched studly [

4. Debye mass on the lattice and that in perturbative theory

Let us first compare the Debye mass on the lattice with that calculated in thermal perturbation
theory. First of all, the 2-loop running coupling is given by

2 2
YN H B H
gzlz(P‘) =Boln </\MS> + %m'n </\MS> ) (4.1)

where the argument in the logarithms may be writtem@8y;s = (1/T)(T /Te)(Te/Nys) Where
we adoptTc//\r,\‘/lLS:2 ~ 0.656for the last factord,'6]. The renormalization point is assume to be
in a rangeu = iiT — 3nT. By usinggy as a function ofT /T, the Debye screening mass in the
leading-order (LO) thermal perturbation is givenres®(T)/T = \/1+N¢/6 ga(T), where the
effect of the quark mass is neglected.
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Figure 3: The Debye screening masses(T) at m;/m, = 0.65 and 0.80 in the color singlet channel
together with that calculated in the leading-order (left) and next-to-leading-order (right) thermal perturbation
theory shown by the dashed lingsis the renormalization point chosenat= riT, 2nT, 37T.

Figure3(left) shows themp(T) in the color singlet channel compared witi° (T)/T for
p = niT, 2T and37nT. We find that the screening mass® (T) in the leading order perturbation
theory does not reproduce the lattice data, which has been known in the quenche@]@@®dip
the full QCD with the staggered quar®]|.

To study higher-order contributions in the thermal perturbation theory, we consider the Debye
mass in the next-to-leading-order calculated by the hard thermal resummation given ref.

NLO O
m‘?l_ = m Gi(T) 1+92|(T)23;T\/1+7;f/6 (In ﬁg - ;) +0(92)] - (42

Heremmag denotes the magnetic screening mass assumed to be of thenfgT) = Cmng?(T)T.

Since the factoC, cannot be determined in the perturbation theory due to the infrared problem,
we adopC, ~ 0.482calculated in quenched lattice simulatioikds a typical value. ( If we i€,

from our lattice datanp (T = 4.02T;) with p = 27T, we obtainCy, ~ 0.40). myLO(T) for different

choice of the renormalization point is shown in F&fright) by the dashed lines together with the
lattice data. They have approximately 50 % enhancement from the leading order results and lead
to a better agreement with the lattice data.

5. Phenomenological relation betweengs and mp

So far, we have fitted the free energies on the lattice withandmp as independent parame-
ters. Here let us introduce an “effective” running couplin@agT) = /4mdew(T). Suppose that
mp(T) is expressed byges(T) according to the leading-order perturbation,

mDT(T) _ ,/1+% Gert(T). (5.1)

This relation means that the following rativevaluated from our lattice data should be close to

unity, i.e.R(T) = (14N /6) Y2 (mp(T)/T)/\/4m0eq(T) ~ 1.
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Figure 4: The ratioR(T) in the text which is supposed to be close to unityif(T) = /1 + N¢ /6 et (T) T
holds. The data are for the color singlet channel.

In Fig. 4, the lattice data oR(T) for the singlet channel are shown as a functiorT ofWe
find thatR(T) is consistent with unity even & 2 1.5T; with 10% accuracy. This is a non-trivial
observation particularly nedl, and suggests that the major part of the higher-order effects and
non-perturbative effects afp (T) can be expressed by the effective running couptigdT ). We
note that a similar effective coupling defined through the lattice potential was discussed to improve
the lattice perturbation theory @t= 0 [10].

6. Comparison with the staggered quark

Finally, we compare the results a#(T) andmp(T ) obtained with the Wilson quark action
(present work) with those with an improved staggered quark action. The latter simulation was
done on al6® x 4 and with a quark mass correspondingng/m, ~ 0.70 [8]. The comparison
is shown in Fig.5 for ae(T) (left panel) andmp(T)(right panel). Althoughaew(T) does not
show significant difference between the two actiong(T) in the Wilson action is systematically
higher than that of the staggered action by about 20% ewh at his difference should be further
investigated by increasing the temporal lattice size.

7. Summary

We have studied the free energy®@® andQQ systems in 2-flavor QCD at finite temperature
using the lattice simulation with the renormalization group improved gluon action and the clover
improved Wilson quark action on¥6° x 4 lattice. The free energy normalized to be zero at large
separation show attraction (repulsion) in the color singlet and anti-triplet channels (color octet and
sextet channels).

The screened Coulomb form with the Casimir factor and with the effective couglif@ )
and the Debye screening mass (T) as free parameters is used to fit the free energy in each
channel.ae(T) andmp(T) become universal and all the channel dependence is absorbed in the
Casimir factor forT 2 2T.. The magnitude and th€-dependence of the Debye mass(T)
is consistent with the next-to-leading order calculation in the perturbation theory as well as the
leading order perturbation with the “effective” running coupling.



Static quark free energies at finite temperature with two flavors of improved Wilson quarksMaezawa

Staggered, my /m, = 0.70 Staggered, my/m, = 0.70
Wilson, mn/mp=0.65 e Wilson, rnn/mp:0.65 —e—
Wilson, m,.[/mpz().SO A 5| + Wilson, mn/mp=0.80 —A— |
| ¢
»
= — 4 % %*
i E ¢ ¢ @
5 4 3 s
o] £ 3 -+ 2 ®
+ .
| + B
a 2
S R e .
1 1.5 2 25 3 35 4 T/Te 1 1.5 2 25 3 35 4 T/Tc

Figure 5: Comparison of there (T )(left) andmp (T)(right) between the results of the Wilson quark action
and staggered quark action.

The results from an improved Wilson quark action are compared with these from an improved
staggered quark action with the same lattice size and similar quark masse[fig¢ does not show
appreciable difference between the two actions, whereasi$i€) of the Wilson quark action is
systematically higher than that of the staggered quark action by 20%. The simulations with larger,
lattice sizes especially in the temporal direction (suchias 6 and larger) should be carried out
as well as those at small quark masses.
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