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Masses ofJyyyc and hc in the Nuclear Medium: QCD Sum Rule Approach

Frank Klingl,1 Sungsik Kim,3 Su Houng Lee,1,2,3 Philippe Morath,1 and Wolfram Weise1
1Physik-Department, Technische Universität München, D-85747 Garching, Germany

2GSI, D-64291 Darmstadt, Germany
3Department of Physics, Yonsei University, Seoul 120-749, Korea

(Received 20 November 1998)

We investigate the masses of the lowestcc̄ states, theJyc and hc, in nuclear matter using QCD
sum rules. Up to dimension four, the differences between the operator product expansions in vac
and in medium arise from the density-dependent change in the gluon condensate and from a
contribution proportional to the nucleon expectation value of the twist-2 gluon operator. Both ter
together give an attractive shift of about 5–10 MeV to theJyc and hc masses in nuclear matter.
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Investigating the behavior of heavy quark systems in
nuclear medium is of great interest, for several reason
First, the ongoing discussion ofJyc suppression in
ultrarelativisitic heavy-ion collisions as a possible quark
gluon plasma signal requires detailed knowledge abo
the in-medium interactions of theJyc under “normal,”
nonplasma conditions. Furthermore, as Brodskyet al. [1]
pointed out, multigluon exchange can lead to an attracti
potential between acc̄ meson and a nucleon, such tha
for example, thehc could form bound states even with
light nuclei. In more recent calculations the estimate
charmonium binding energy in nuclear systems was fou
to be of the order of 10 MeV [2–5].

In the present paper we study the in-medium behavi
of the Jyc andhc using QCD sum rules [6]. The QCD
sum rule approach connects the spectral density of
given current correlation function via a dispersion relatio
with the QCD operator product expansion (OPE). In
medium QCD sum rules have so far been applied on
for light quark systems, in order to study possible shif
of the in-medium masses of nucleons [7–9] and vect
mesons [10]. Such calculations suffer from uncertaintie
e.g., due to assumptions about factorization of fou
quark condensates which may not be justified. As w
shall see, in-medium QCD sum rules applied to hea
quark systems are expected to be more reliable. U
to dimension four, the order to which the vacuum su
rules for hadrons involving heavy quarks are common
expanded, all condensate parameters are quite well kno
and there are no ambiguities in the OPE. We also fin
that uncertainties caused by possibly large hadronic
medium decay widths are much smaller than for ligh
quark systems.

Our starting point is the time ordered current-curren
correlation function of two heavy quark currents in
nuclear matter (n.m.),

Psv, $qd ­ i
Z

d4x eiq?xkjT f jsxdjs0dgjln.m. . (1)
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Hereq ­ sv, $qd, andjln.m. is the ground state of nuclear
matter which we take to be at rest. For theJyc we
take the vector currentjV

m ­ c̄gmc and for thehc, we
use the pseudoscalar currentjP ­ ic̄g5c. In the region
of large and positiveQ2 ­ $q2 2 v2 we can express
the correlation function through an operator produc
expansion (short distance expansion) [11] and write th
left hand side of Eq. (1) as

Psv, $qd ­
X
n

CnkOnl . (2)

Here theOn are operators of (mass) dimensionn, renor-
malized at a scalem2, andCn are the perturbative Wilson
coefficients which, in the medium at rest, generally de
pend on$q2yQ2.

At baryon densitiesrN for which the chemical potential
is small compared to the scalem separating short and long
distance phenomena, all density effects can be put in
the rN dependence of the condensateskO2nl, and we can
use the perturbative Wilson coefficients calculated in th
vacuum [10,12]. In heavy quark systems the expansi
of quark operators in terms of inverse powers of th
large quark mass permits one to express them entire
in terms of gluonic operators [6,13,14]. In the vacuum
only the scalar gluon condensatek as

p GmnGmnl contributes
up to dimension four. In nuclear matter, an additiona
contribution involving in-medium expectation values o
the twist-2 tensorial gluon operatork as

p GasGs
b l enters.

We discuss this new term in some detail.
We will use the linear, low-density approximation [15]

for the in-medium condensates:

kOln.m. ­ kOl0 1
rN

2mN
kNjOjNl , (3)

where k l0 represents the vacuum expectation value, an
the nucleon state [taken at rest in Eq. (3)] is normalized
kNsp0d j Nspdl ­ 2p0s2pd3d3s $p 2 $p0d. The in-medium
changes of the condensates can then be related to the
cleon expectation values of the corresponding operato
© 1999 The American Physical Society
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For the traceless and symmetric gluonic twist-2 tensor o
erator we write

kNspdj
as

p
GasGb

s jNspdl

­ 2

√
papb 2

1
4

gabp2

!
as

p
AG , (4)

wheremN is the nucleon mass andAG is related to the
following moment of the gluon distribution functionG:

AGsm2d ­ 2
Z 1

0
dx xGsx, m2d . (5)

It represents twice the momentum fraction carried b
gluons in the nucleon. We takeAGs8m2

cd . 0.9 [16] at
p-

y

the scalem used previously by Reinderset al. [13,14].
The scalar gluon condensatek as

p G2l changes with density
according to*

as

p
GmnGmn

+
n.m.

­

*
as

p
GmnGmn

+
0

2
8
9

m0
NrN ,

(6)

wherem0
N . 750 MeV is the nucleon mass in the chiral

limit [17].
For theJyc current, using the background field tech

nique [18], we find that the additional contribution arising
from the twist-2 operator looks as follows:
DPV
mnsqd ­

*
as

p
GasGb

s

+
1

Q4

(
s2gmnqaqb 1 gmaqnqb 1 qmqagnb

1 gmagnbQ2d

"
1
2

1

√
1 2

Q2

3m2
c

!
J1 2

3
2

J2

#

1 sgmn 2 qmqnyq2dqaqb

√
2

2
3

1 2J1 2 2J2 1
2
3

J3

!)
, (7)
n

2

where JN ­
R1

0 dxf1 1 xs1 2 xdQ2ym2
cg2N . In the

present work we study thecc̄ system at rest (relative
to the surrounding nuclear matter) and set$q ­ 0, so
that Eqs. (1)–(2) refer to the Euclidean regionv2 ­
2Q2 , 0. Then there is only one invariant function,
P̃V s2Q2 ­ v2d ­ 2
1

3v2 gmnPV
mnsv, $q ­ 0d , (8)

which reduces to the usual vacuum polarization functio
when the nuclear density goes to zero.

Similarly, for the pseudoscalar case, the gluonic twist-
correction in the OPE has the following form:
DPPsqd ­

*
as

p
GasGb

s

+
qaqb

Q4

"
1
2

1
1
3

√
1 2

Q2

m2
c

!
J1 2

1
6

J2 2
2
3

J3

#
. (9)

Here we introduce the (dimensionless) polarization function

P̃Ps2Q2 ­ v2d ­
PPsv, $q ­ 0d

v2 , (10)

which reduces in the limitrN ! 0 to the usual vacuum polarization function.
Our analysis is based on the moments of the polarization functionP̃J with J ­ V , P referring to the vector or

pseudoscalar channels. Thenth moment is connected, on the other side, with a dispersion integral involving ImP̃J ,

MJ
n ;

1
n!

√
d

dv2

!n

P̃Jsv2d

É
v2­2Q2

0

­
1
p

Z `

4m2
c

ImP̃Jssd
ss 1 Q2

0dn11
ds , (11)
r

at a fixedQ2
0 ­ 4m2

cj. Direct evaluation of these mo-
ments using the OPE gives

MJ
n sjd ­ AJ

nsjd f1 1 aJ
nsjdas 1 bJ

n sjdfb 1 cJ
nsjdfcg .

(12)

The common factorAJ
n results from the bare loop dia-

gram. The coefficientaJ
n takes into account perturbative

radiative corrections, whilebJ
n is associated with the gluon

condensate term,
fb ­
4p2

9

k as

p G2l
s4m2

cd2 , (13)

The coefficientsAJ
n, aJ

n , and bJ
n are listed in Ref. [13].

The new contribution from the twist-2 gluon operato
involves

fc ­ 2
2p2

3

as

p AG

s4m2
cd2 mN rN . (14)

For the additional Wilson coefficientcn in the vector
channel we find
cV
n sjd ­ bV

n sjd 2
4nsn 1 1d

3s2n 1 5d s1 1 jd2

Fsn 1 2, 3
2 ; n 1

7
2 ; j

11j d

Fsn, 1
2 ; n 1

5
2 ; j

11j d
(15)
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ively
and in the pseudoscalar channel we obtain

cP
n sjd ­ bP

n sjd 2
4nsn 1 1d

s1 1 jd
Fsn 1 1, 2

1
2 ; n 1

3
2 ; j

11j d

Fsn, 1
2 ; n 1

3
2 ; j

11j d
(16)

with hypergeometric functionsFsa, b; c; zd. By comparison with Ref. [13] we see that thecn’s differ very little from
the bn’s. From the resulting termbJ

n sfb 1 fcd in Eq. (12) one then observes that the gluon condensate effect
changes by the following density dependent correction:*

as

p
G2

+
0

!

*
as

p
G2

+
0

2

√
8
9

m0
N 1

3
2

mN
as

p
AG

!
rN .

*
as

p
G2

+
0

s1 2 0.06rNyr0d , (17)
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using k as

p G2l0 ­ s0.35 GeVd4 and r0 ­ 0.17 fm23,
where the contribution from the twist-2 gluon operato
comprises only 10% of the total change.

The spectral function under the integral on the righ
hand side of Eq. (11) is parametrized as

ImP̃ssd ­ f0dss 2 m2d 1 corrections, (18)

wherem is the mass of the lowest state and the correctio
include contributions from the higher resonances an
the continuum. As in the vacuum, the delta functio
approximation for the lowest state is valid even in nucle
matter, because for aJyc at rest, inelastic interactions
with nucleons such asJyc 1 N ! D̄ 1 Lc do not
occur. In the vector channel, the couplingf0 of the
c̄gmc current to theJyc resonances is determined by thei
measured decay widths intoe1e2. Inserting Eq. (18) into
Eq. (11), it is convenient to write

MJ
n sjd ­

f0

psm2 1 Q2
0dn11

f1 1 dJ
n sjdg . (19)

The contributions from the corrections in Eq. (18) ar
absorbed indJ

n . Clearly, the relative importance of
these higher energy parts of the spectrum decreases w
increasingn. It is common practice to take the ratio o
two neighboring moments,Mn21yMn ­ sm2 1 Q2

0d s1 1

dn21dys1 1 dnd, so thatf0 drops out and one can focus on
the massm. Forn $ 5 it turns out thats1 1 dn21dys1 1

dnd is close to one. Then the moment ratio does n
depend on details of the higher resonances and continu
parts of the spectrum, and we have

m2 .
Mn21sjd
Mnsjd

2 4m2
cj . (20)

The actual mass determination is done using mome
in the range7 # n # 11 and choosingj ­ 1, just as
in the vacuum case studied previously [13,14]. Th
range minimizes the sensitivity to details of the high
energy spectrum. Going to largern would not be justified
without introducing additional, unknown condensates
higher dimension in the OPE.

In Fig. 1 we show the results for in-medium masse
(solid lines) of theJyc andhc at normal nuclear matter
densitysrN ­ r0 ­ 0.17 fm23d in comparison with their
vacuum values (dashed lines). Usingass8m2

cd ­ 0.21,
mc ­ 1.24 GeV , fb ­ 1.8 3 1023 in the vacuum and
fb ­ 1.7 3 1023, fc ­ 21.25 3 1025 in nuclear mat-
3398
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ter, we find the following mass shifts taken at the minim
values of Eq. (20)):

DmJyc . 27 MeV , (21)

Dmhc . 25 MeV . (22)

These shifts depend only very weakly on our choic
of parameters. Taking higher resonances explicitly in
account using their vacuum parameters would lead
somewhat smaller mass shifts (by about 20%).

The sensitivity to possible enlarged in-medium width
of the Jyc or hc turns out to be marginal and would
not affect the mass shift analysis unless those widt
would reach magnitudes of 100 MeV or larger. This is
qualitative contrast to light quark systems, such as ther

meson, for which the in-medium width becomes so lar
that the QCD sum rule analysis of a possible mass shif
ambiguous and inconclusive [19,20].

The uncertainties coming from the OPE are expect
to be small at nuclear matter density for the followin
reasons. First, as can be seen in Eq. (17), the cha
in the OPE is dominated by the change in the sca
gluon condensate. For the scalar gluon condensa
the correction to the linear density approximation
proportional to the ratio of the nuclear binding energy
the nucleon mass [15], which is less than 1%. Secon
the corrections from higher dimensional operators a
expected to be small. The combined contributions fro
dimension six and eight operators are less than 5% of
contribution from the dimension-4 operator inMV

n sj ­ 1d
for n , 10 [14], relevant for ourJyc analysis. Hence
their corresponding changes in medium would similar
be suppressed. Overall, we estimate the uncertainty
the OPE to be less than 10%.

In summary our in-medium QCD sum rule analysis
with the operator product expansion calculated up
dimension four, predicts attractive mass shifts of abo
5-10 MeV for Jyc and hc in nuclear matter. This
corresponds to smallJyc- and hc-nucleon scattering
lengthsa ­ 2mrDmy2prN . s0.1 0.2d fm (mr is the
meson-nucleon reduced mass). Our results for the m
shifts of the lowestc̄c states are surprisingly close to
those reported in Refs. [3–5]. Most of the calculate
mass shift comes from the density dependence of
gluon condensate. The new term related to the fraction



VOLUME 82, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 26 APRIL 1999
FIG. 1. Thehc and Jyc masses calculated according to Eq. (20) for differentn at j ­ 1. We show the result in medium at
rN ­ 0.17 fm23 (solid line) in comparison with the vacuum result (dashed line).
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momentum carried by gluons in the nucleon contribute
less than 10% to the total effect. The influence of th
decay widths is expected to be very small, at least forJyc

and hc at rest [4]. Of course, for charmonium system
traversing nuclear matter at high energy, the scatteri
amplitudes can develop substantial imaginary parts fro
reactions with nucleons producing open charm [21].

From the point of view of experimental observability
our predicted mass shifts are certainly small. The e
ergy resolution in experiments of the type discussed
Refs. [1,4,5] would be sufficient to detect such effect
but the production rates for charmonia attached to nuc
are expected to be small [22].

We emphasize in closing that the present results p
reliable constraints on charmonium mass shifts whic
should be met by further studies of heavy quark system
in dense matter.

This work was supported in part by BMBF and
GSI. The work of S. K. and S. H. L. was supporte
in part by KOSEF through Grants No. 971-0204-017
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Note added.—After submission of this paper a similar
result for theJyc has been reported in Ref. [23], where
the calculations were also performed at differentj values
between 0 and 3. For all thesej values, the results were
found to differ by less than 20%.
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