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Abstract

Charmonia produced in initial hard parton scatterings during heavy ion collisions move with
respect to the medium rather than flow with the medium. Lattice studies suggest that charmo-
nium bound states at the rest are dissociated atT & 1.5 Tc. We present results on momentum
dependences of charmonium properties in a hot medium from lattice QCD Monte Carlo simula-
tions. The dispersion relation of the screening mass and thechange of correlation and spectral
functions at various temperatures and momenta are discussed.

1. Introduction

In-medium hadron properties can provide useful information about the hot medium formed
during heavy ion collisions [1], in particular heavy quarkonium can probe the deconfinement
aspect of QGP and serve as a QGP thermometer [2]. In recent years there have been great
progress in understanding the properties of heavy quarkonium at rest in the medium from lattice
QCD Monte Carlo simulations and heavy quark effective theories [3]. However, quarkonia that
are produced from initial hard parton collisions are movingwith respect to medium sinceJ/ψ
almost does not flow with the medium up top⊥ ∼ 8 GeV/c [4]. Properties of moving heavy
quarkonia have been investigated by modelingJ/ψ traveling in a finite temperature gas of mesons
[5] and also in the weak coupling regime using effective theories [6] as well as in the strong
coupling regime using the AdS/CFT analogy [7]. These studies all suggest that the bound state
peaks get attenuated [5, 6, 7] rather than unmodified [8] or enhanced [9] at large momenta.

The movingJ/ψ with respect to a thermal heat bath can be treated as an external particle in
an equilibrium background and its properties are thus suitable to be investigated on the lattice.
From lattice QCD Monte Carlo simulations one can calculate various correlation functions, i.e.
spatial correlation functionsGH(z, p⊥, ωn) and temporal correlation functionsGH(τ, p). They are
related with the spectral functionρH(ω, p, T ) in the following

GH(τ, p) =
∑

x,y,z

exp(−ip · x)
〈

JH(0, 0)J†H(τ, x)
〉

=

∫ ∞

0

dω
2π

cosh(ω(τ − 1/2T ))
sinh(ω/2T )

ρH(ω,p,T ), (1)

GH(z,p⊥, ωn) =
∑

x,y,τ

exp(−ip̃ · x̃)
〈

JH(0, 0)J†H(τ, x)
〉

=

∫ ∞

−∞

dpz

2π
exp(ipz z)

∫ ∞

0

dω
π

ωρH(ω,p,T )
ω2 + ω2

n

,(2)

whereJH is a local meson operator and has a form of ¯qΓHq. ΓH = γ5 stands for the pseudo
scalar channel (ηc) andΓH = γµ stands for the vector channel (J/ψ) . τ is the Euclidean time and
restricted by the inverse temperature, i.e.τT ≤ 1, z is the spatial distance and is not limited by
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the temperature,p⊥ = (px, py) is the transverse momentum,p̃ = (p⊥, ωn), ωn = 2πnT are the
Matsubara frequencies andx̃ = (x, y, τ).

All information on quarkonium properties are enclosed in the spectral function and thus the
task in principle is straightforward, i.e. to extract the spectral function from temporal or spatial
correlation functions. Normally one extracts spectral functions from the temporal correlation
functions as obviously the spatial correlation function has a more intricate relation with the spec-
tral function than the temporal one.

2. Lattice QCD results

The charmonium properties at vanishing momentum has been recently investigated on large
and fine quenched lattices in Ref. [10], in which both P wave states (ηc and J/ψ) and S wave
states (χc0 andχc1) are found to dissolve atT & 1.5 Tc. In this proceeding we report results
on the momentum dependences of charmonium properties measured on the finest lattice used in
Ref. [10].

At nonzero “momentum” (p⊥ , 0 orωn , 0), the exponential decay at large distance of the
spatial correlator may be described by an energyEsc

G(z, p⊥, ωn) ∼ exp(−Escz), E2
sc = p2

⊥ +
ω2

n

A2
+ m2

sc, (3)

wheremsc is the screening mass which can differ from the pole mass ifA(T ) , 1. It is worth
noting that the above ansatz is based on the dispersion relation in the continuum limit.
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Figure 1: Left: the dispersion relation of the screening mass in the pseudo scalar channel. The solid lines are linear fits
to the data. Right: ratio ofEsc at T > Tc to those atT = 0.73Tc with same momenta. The solid lines are results from
free field theory with charm quark massmc = 1.1 GeV.

We show the dispersion relation of the screening mass in the pseudo scalar channel in the left
plot of Fig. 1. The results are obtained from calculations performed on 1283×Nτ lattices at 0.73,
1.46, 2.20 and 2.93Tc. The solid lines denote the dispersion relation obtained byfitting with
a linear ansatz. We found that the slope of the dispersion relation almost does not change with
temperature and only the intercept, i.e. screening mass at rest, changes withT . In the right plot
of Fig. 1 we show the ratio ofEsc at T > Tc to those atT = 0.73Tc with same momenta. The
solid lines denote the results from free field theory using a charm quark mass of 1.1 GeV [10]. At
vanishing momentum, the deviations from unity are around 10% at the lowest temperature and
more at higher temperature. This magnitude of deviation is comparable with those obtained from
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full lattice QCD simulations [11]. The ratio becomes closerto unity with increasing momentum
as in the infinite momentum limit the ratio approaches unity.It is also intuitively expected that
the ratio gets closer to the value obtained from free field theory at higher temperatures.
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Figure 2: The top left panel of the figure show ratios of longitudinalGL(τ, T, p) and transverseGT (τ, T, p) components
of the vector correlation functionsGV ii (τ, T, p) to to the averaged correlatorGAVE (τ, T, p) at 1.46Tc. GV ii (τ, T, p) are
obtained usingJH = q̄γiq andGAVE (τ, T, p) = GV ii (τ, T, p)/3 = (GL(τ, T, p)+2GT (τ, T, p))/3. Longitudinal or transverse
components are defined such that the momentum are parallel orperpendicular to theγi, e.g. with p=(0.93,0,0) GeV, the
longitudinal component isGV1 and the transverse components areGV2 andGV3 . The six sets of data points from top to
bottom correspond toGL/GAVE at p=0.93, 1.86 and 2.97 GeV andGT /GAVE at p=2.97, 1.86 and 0.93 GeV. The solid
lines correspond to results obtained from free field theory with charm quark massmc = 1.1 GeV. The rest of plots show
the ratio of the measured correlator to the reconstructed correlator in the longitudinal (top right) and transverse (bottom
left) components in the vector channel and in the pseudo scalar channel (bottom right) at finite momenta.

We show the ratios of the transverse and longitudinal components to the full vector correlator
at 1.46Tc in the top left panel of Fig. 2. The longitudinal components are always larger than the
transverse components at a certainp. The ratios can be reproduced by the free field theory with
mc = 1.1 GeV at short distances [12]. In the rest plots of Fig. 2 we show the ratio of measured
correlation function to the reconstructed correlation function, which is defined as

G(τ, T, p)
Grec(τ, T, p)

=

∫

dω cosh(ω(τ−1/2T ))
sinh(ω/2/T ) ρ(ω, T, p)

∫

dω cosh(ω(τ−1/2T ))
sinh(ω/2/T ) ρ(ω, T = 0.73Tc, p)

. (4)

In practice one does not necessarily need to evaluateρ(ω, T = 0.73Tc, p) to getGrec(τ, T, p)
and rather can use Eq.(27) in Ref. [10] to obtainGrec(τ, T, p) directly from the measured corre-
latorG(τ, T = 0.73Tc, p). One interesting thing to see is that the ratioGL/GL,rec almost does not
change with momentum at each temperature while in the transverse components of the vector
channel and in the pseudo scalar channel the momentum effects bring ratios up. This may be
an indication of different non-trivial small frequency behavior as suggested inRef. [13]. Note
that calculations in Ref. [13] are done for the light quark modes thus it would be more suitable
to have a follow up study on the momentum dependences of the light correlation functions after
Ref. [14].
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Figure 3: Momentum dependences of spectral functions in thevector (left) and pseudo scalar (right) channels atT =
0.73Tc and 1.46Tc.

In Fig. 3 the spectral functions extracted using the MaximumEntropy Method [15] in the
transverse components of the vector channel and in the pseudo scalar channel are shown. The
bands correspond to the statistical uncertainties and the horizontal error bars give the uncertain-
ties of the peak locations at 0.73Tc. The change of the peak locations atT < Tc in both channels
are well aligned with the study on the dispersion relation ofscreening masses. At 1.46Tc spectral
functions in both channels get attenuated in the smallω region and the threshold moves to the
largeω region.

3. Summary

We have studied the momentum dependences of charmonium properties by investigating on
the temporal and spatial correlation functions. As the static ηc and J/ψ are found to dissolve
already atT & 1.5 Tc [10], to study the properties of charmonium moving respect to the heat
thermal bath, Monte Carlo simulations at temperature values below 1.5Tc are crucially needed
to examine the sequential dissociation picture of charmonia system as well as the possible mod-
ifications of charmonium bound states at finite momentum [16].
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