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Charmonium mass in nuclear matter

Su Houng Lee1,2 and Che Ming Ko1
1Cyclotron Institute and Physics Department, Texas A&M University, College Station, Texas 77843-3366

2Institute of Physics and Applied Physics and Department of Physics, Yonsei University, Seoul 120-749, Korea
~Received 2 August 2002; published 20 March 2003!

The mass shift of charmonium states in nuclear matter is studied in the perturbative QCD approach. The
leading-order effect due to the change of gluon condensate in nuclear matter is evaluated using the leading-
order QCD formula, while the higher-twist effect due to the partial restoration of chiral symmetry is estimated
using a hadronic model. We find that while the mass ofJ/c in nuclear matter decreases only slightly, those of
c(3686) andc(3770) states are reduced appreciably. Experimental study of the mass shift of charmonium
states in nuclear matter can thus provide valuable information on the changes of the QCD vacuum in nuclear
medium.

DOI: 10.1103/PhysRevC.67.038202 PACS number~s!: 25.75.2q, 14.40.Gx, 12.39.Hg, 12.40.Yx
iu
io
-
lts

di
igh
n-
ar

of
r

th

C
-
e

on

b
le
n
ve
rg

a
se

th

qu
t

tu

r

e

d at

ent
he
ese

ap-
tes
n-
-
re

t at
,
of

eavy

ing

art

ates
is

o

the
igher

uce
,
%

the
nic
f
ges

at

um
arm
Understanding hadron mass changes in nuclear med
and/or at finite temperature can provide valuable informat
about the QCD vacuum@1–3#. It is also relevant phenom
enologically to the interpretation of experimental resu
from relativistic heavy ion collisions@4#, in which a hot
dense matter is formed during the collisions. Previous stu
have been largely concerned with hadrons made of l
quarks @3#. Only recently were there studies of the i
medium masses of hadrons consisting of heavy ch
quarks. Using either QCD sum rules@5,6# or the quark-
meson coupling model@7#, it has been found that the mass
D meson, which is made of a charm quark and a light qua
is reduced significantly in nuclear medium as a result of
decrease of the light quark condensate. For theJ/c, which
consists of a charm and anticharm quark pair, both the Q
sum rules analysis@8# and the LO perturbative QCD calcu
lation @9,10# show that its mass is reduced slightly in th
nuclear matter mainly due to the reduction of the gluon c
densate in nuclear matter.

The change of hadron masses at finite temperature is
studied using the lattice gauge theory as its prediction is
model dependent. Recent lattice gauge calculations at fi
temperature with dynamical quarks have shown that e
below critical temperature the interquark potential at la
separation approaches an asymptotic valueV`(T) that de-
creases with increasing temperature@11#. This transition
from a linearly rising interquark potential in free space to
saturated one at finite temperature is due to the decrea
the string tension and the formation ofQ̄q and q̄Q pairs,
where q denotes a light quark, when the separation of
two heavy quarks (Q) becomes large. The decrease inV`(T)
can thus be interpreted as a decrease of the open heavy
meson (Q̄q or q̄Q) massmH , such as theD meson mass, a
finite temperature@12,13#. Furthermore, the decrease ofmH
seems to be a consequence of the reduction in the consti
mass of light quark as the temperature dependence ofV`(T)
is similar to that of the chiral condensate^q̄q& @14#. This
relation between the massmH and the chiral order paramete
also follows naturally from the heavy quark symmetry@15#.
With the finite temperature interquark potential, it has be
shown via the solution of corresponding Schro¨dinger equa-
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tion that the masses of charmonium states are reduce
finite temperature as well@16,17#.

At finite density, lattice gauge calculations are at pres
not feasible for studying the heavy quark potential or t
massmH of the open heavy quark meson. Masses of th
heavy quark systems are, however, expected to change
preciably in nuclear medium. Model independent estima
have shown@18,19# that condensates of the lowest dime
sional operatorŝ (as /p)G2& and ^q̄q& decrease, respec
tively, by 6 and 30 % at normal nuclear matter, which a
significant changes expected only near the critical poin
finite temperature@20#. As in the case of finite temperature
the reduction of gluon condensate leads to the softening
the confining part of interquark potential@21#, while the de-
crease of quark condensates implies a drop of the open h
quark meson mass orV` of the heavy quark potential. Both
are expected to lead to nontrivial changes in the bind
energies of the charmonium statesc(3686) andc(3770), as
their wave functions are sensitive to both the confining p
and the asymptotic value of the interquark potential.

In this paper, we evaluate the mass shift ofc(3686) and
c(3770) due to changes in the gluon and quark condens
in nuclear medium. The effect of the gluon condensate
determined using the leading-order~LO! QCD formula,
which was developed in Refs.@9,22# and has been used t
study theJ/c mass in medium@10#. The effect due to the
change in quark condensates is difficult to calculate using
quark and gluon degrees of freedom as they appear as h
twist effects in the operator product expansion@23,24#. How-
ever, its dominant effect to a heavy quark system is to red
V` as a result of the decrease ofD meson in-medium mass
about 50 MeV in normal nuclear matter due to the 30
reduction in the quark condensate@5–7,25#. Therefore, we
can study the effect of changing quark condensate on
charmonium states at finite density by using a hadro
model to calculate their mass shifts due to the change oD
meson in-medium mass. Combining the effects from chan
in the gluon condensate and inmD , we find that both
c(3686) andc(3770) masses are reduced appreciably
normal nuclear matter density.

The mass shift of charmonium states in nuclear medi
can be evaluated in the perturbative QCD when the ch
©2003 The American Physical Society02-1
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quark mass is large, i.e.,mc→`. In this limit, one can per-
form a systematic operator product expansion~OPE! of the
charm quark-antiquark current-current correlation funct
between the heavy bound states by taking the separa
scale (m) to be the binding energy of the charmoniu
@9,22,26#. The forward scattering matrix element of th
charm quark bound state with a nucleon then has the foll
ing form:

T~q25mc
2 !5(

n

Cn

~m!n
^On&N . ~1!

Here,Cn is the Wilson coefficient evaluated with the char
quark bound state wave function and^On&N is the nucleon
expectation value of local operators of dimensionn.

For heavy quark systems, there are only two independ
lowest dimension operators; the gluon condens
@^(as /p)G2&# and the condensate of twist-2 gluon opera
multiplied byas @^(as /p)GamGn

a&#. These operators can b
rewritten in terms of the color electric and magnetic fie
^(as /p)E2& and ^(as /p)B2&. Since the Wilson coefficien
for ^(as /p)B2& vanishes in the nonrelativistic limit, the onl
contribution is thus proportional tô(as /p)E2&, similar to
the usual second-order Stark effect. We shall thus calcu
the mass shift of charmonium states due to change of
gluon condensate in nuclear medium by the QCD seco
order Stark effect@10#.

The mass shift of charmonium states to leading orde
density is obtained by multiplying the leading term in Eq.~1!
by the nuclear densityrN . This gives

Dmc~e!52
1

9E dk2U]c~k!

]k U2 k

k2/mc1e K as

p
E2L

N

•

rN

2mN
.

~2!

In the above,mN and rN are the nucleon mass and th
nuclear density, respectively;^(as /p)E2&N;0.5 GeV2 is the
nucleon expectation value of the color electric field ande
52mc2mc . In Ref. @9#, the LO mass shift formula wa
derived in the large charm quark mass limit. As a result,
wave functionc(k) is Coulombic and the mass shift is e
pressed in terms of the Bohr radiusa0 and the binding en-
ergy e052mc2mJ/c . This might be a good approximatio
for J/c but is not realistic for the excited charmonium sta
as Eq. ~2! involves the derivative of the wave function
which measures the dipole size of the system. We have
rewritten in the above the LO formula for charmonium ma
shift in terms of the QCD parametersas50.84 andmc
51.95, which are fixed by the energy splitting betweenJ/c
and c(3686) in free space@9#. Furthermore, we take wav
functions of the charmonium state to be Gaussian with
oscillator constantb determined by their squared radii^r 2&
50.472, 0.962, and 1 fm2 for J/c, c(3686), andc(3770),
respectively, as obtained from the potential models@27#. This
gives b50.52,0.39, and 0.37 GeV if we assume that the
charmonium states are in the 1S, 2S, and 1D states, respec
tively. Using these parameters, we find that the mass shif
normal nuclear matter density obtained from the LO QC
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formula ~2! are 28, 2100, and 2140 MeV for
J/c, c(3686), andc(3770), respectively.

Although the higher twist effects on the charmoniu
masses are expected to be nontrivial, the result forJ/c is
consistent with those from other nonperturbative QCD st
ies, such as the QCD sum rules@8,24# and the effective po-
tential model@28,29#, which are all based on the dipole in
teractions between quarks in the charmonium and thos
the nuclear matter. To go beyond the leading order in
OPE, we need to calculate the contributions from higher
mensional operators in Eq.~1!, which include light quark
operators. Explicit calculations from QCD sum rules forJ/c
up to dimension 6 operators@24# show that the effect due to
change in the condensates of light quark operators at dim
sion 6, which includê q̄Gqq̄Gq& and ^q̄DGq& @23,24#, is
unimportant for the mass shift ofJ/c. However, such a cal-
culation cannot be easily generalized to the excited char
nium statesc(3686) andc(3770), where the sum rules d
not exist even in the vacuum. On the other hand, the hig
twist effects due to the light quark operators can be estima
by considering the coupling of the charmonium to theD̄D
states as in the potential model for charmonium states@27#.
Therefore, instead of summing up the nonconvergent con
butions from the change in the light quark condensates in
OPE of Eq.~1!, we estimate its contribution by evaluatin
the charmed meson one-loop effect on the mass of a c
monium with in-mediumD meson mass predicted from th
QCD sum rules@5,6# or the quark-meson coupling model@7#.

Following the studies in Ref.@30# on r-p interactions and
in Ref. @31# on f-K interactions, we use the following La
grangian for interacting charmoniumc andD meson:

L5
1

2
~ uDmDu22mD

2 uDu2!2
1

4
FmnFmn1

1

2
mc

2cmcm, ~3!

whereFmn5]mcn2]ncm is the charmonium field strength
Dm5]m2 i2gcDDcm , andD5(D0,D1).

The coupling constantgcDD can be determined using th
3P0 model@32#. In this model, the coupling constant is pro
portional to the overlap integral between the relative qu
wave functions of charmonium and the two outgoi
charmed mesons as well as to a coupling parameterg, which
characterizes the probability of producing a light qua
antiquark pair in the3P0 state. The result can be read o
from Refs.@33,34# and is given by

gcDD
2 ~q!5g2p3/2

mc
3

bD
3

f c~q2,r !e2q2/2bD
2 (112r 2), ~4!

whereq is the three-momentum ofD mesons in thec rest
frame andr 5b/bD with bD (b) being the oscillator con-
stant forD meson (c) wave function. For theb ’s, the same
values will be used as in the LO QCD calculation. The v
ues forg andbD are taken to be 0.35 and 0.31 GeV, respe
tively, to reproduce both the decay width ofc(3770) toDD̄
and the partial decay width ofc(4040) toDD, DD* , and
D* D* @33,35#. The functionf c(q2,r ) denotes
2-2



-

n

-

um
-

of

h
tio

t
i

e

tes

t
n
-
-
f

ver
es

the
er-
n-

ium
ith

ex-
thus

in

on-
s

r

mo-
we

BRIEF REPORTS PHYSICAL REVIEW C67, 038202 ~2003!
26r 3~11r 2!2

~112r 2!5

for J/c,

25~312r 2!2~123r 2!2

3~112r 2!7

3S 12
2r 2~11r 2!

~112r 2!~312r 2!~3r 221!

q2

bD
2 D 2

for c(3686), and

295r 7

3~112r 2!7 S 12
~11r 2!

5~112r 2!

q2

bD
2 D 2

for c(3770).
Because of its momentum dependence,gcDD(q) takes

into account the form factor at thecDD vertex and allows
also the coupling of the charmonium to off-shellD mesons.
For c(3770), it can decay toDD̄ in free space, and its on
shell coupling constant isgc(3770)DD@q5(mc

2/42mD
2 )1/2#

515.4. The coupling constants atq50 are 15.3, 18.7, and
16.8 for J/c, c(3686), and c(3770), respectively. The
value for J/c coupling toD mesons is slightly larger tha
that estimated by the vector meson dominance model@36,37#
and by the QCD sum rules@38#. As theD meson momentum
increases, its coupling constant toJ/c has a simple exponen
tial fall off due to the 1S quark wave function of theJ/c. In
contrast, the coupling constants of excited charmoni
statesc(3686) andc(3770) toD mesons fall off exponen
tially with the D meson momentum but vanish at certainq2

as a result of the nodes in the 2S or 1D wave functions of
the excited charmonium states@33,35#.

Similar to the method introduced in Ref.@31#, we have
used the above Lagrangian to evaluate the self-energy
charmonium due to theD meson loop. After performing the
energy integral in the rest frame of thec, i.e., k5(mc,0),
the invariant part of the polarizationP(k) then has the fol-
lowing form:

P~k!5
1

6p2
PE dq2gcDD

2 ~q2!F q

AmD*
21q2

3S 4q2

mc
224mD*

224q2
13D 2~mD* 5mD!G , ~5!

wheremD* is the in-mediumD meson mass andP denotes
that only the principle value of the integral is evaluated. T
subtracted term in the above equation is a renormaliza
constant which is determined by requiringP(k25mc

2)50
whenmD* 5mD . This ensures that theD meson loop does no
contribute to the real part of the charmonium self-energy
free space. The mass shift of the charmonium at finite d
sity is then given byDmc5P(k25mc

2).
03820
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In Fig. 1, we show the mass shifts of charmonium sta
as functions ofmD* . It is seen that the mass shift ofc(3770)
is negative for small negative shift ofD meson mass bu
becomes positive when theD meson mass drop is large. I
contrast, the mass shift ofc(3686) is negative for all nega
tive mass shifts of theD meson. This difference can be un
derstood from Eq.~5!, where the integral is a convolution o
the form factor gcDD

2 (q2) with the terms in the square
bracket, which are singular whenq25mc

2/42mD*
2 and q2

5mc
2/42mD

2 . The integrand thus changes signs whene
theD meson momentumq passes through these singulariti
and finally becomes negative whenq2 is larger than any of
the singularities, which correspond to the energies of
virtual intermediateD meson states. As in second-order p
turbation theory, the contribution is attractive when the e
ergy of the intermediate state is larger than the charmon
mass. However, the form factor decreases exponentially w
q2 and can even be zero, the large negative contribution
pected for a constant form factor is suppressed, leading
to an increase of thec(3770) mass whenmD2mD* >10
MeV. On the other hand, the singularity of the integrand
Eq. ~5! in the case ofc(3683) occurs only when 2mD* falls
below its mass and therefore has only a small positive c
tribution whenq2 is very small, leading to a reduction of it
mass for anyD meson mass shift. ForJ/c, we find that its
mass only increases slightly with droppingD meson mass
and depends weakly onmD* . For mD2mD* 550 MeV, which
is the expected mass shift ofD meson at normal nuclea
matter density, the mass shift ofJ/c is about 3 MeV. This
result is consistent with that from the QCD sum rules@24#
and is also expected from the potential model@27#, where the
J/c wave function has only a smallDD̄ component. We note
that the density dependence of the mass shifts of char
nium states, particularly the excited ones, is nonlinear if
use a linearly density-dependentD in-medium mesonmD*
5mD250 r/r0 MeV in the denominator of Eq.~5!. On the

1.79 1.81 1.83 1.85 1.87 1.89
mD

* (GeV)
40

20

0

20

40

∆m
Ψ
 (

M
eV

)

J/Ψ
Ψ(3686)
Ψ(3770)

-

-

FIG. 1. Mass shifts of charmonium statesJ/c ~solid curve!,
c(3686) ~long dashed curve!, andc(3770) ~short dashed curve! as
functions ofD meson in-medium massmD* . The circle indicates the
expected mass shifts at normal nuclear matter density.
2-3
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other hand, the mass shift obtained from the LO QCD f
mula in Eq.~2! depends linearly on the nuclear density.

Adding the mass shift from theD meson loop effect to the
result from the LO QCD calculation, we find that masses
charmonium states are changed by the following amoun
normal nuclear matter density:

DmJ/c52813 MeV,

Dmc(3686)52100230 MeV,

Dmc(3770)52140115 MeV, ~6!

where the first number represents the shift from the LO Q
while the second number is from theD meson loop. The
above results thus show that masses of excited charmon
states are reduced significantly in nuclear matter, largely
to the nontrivial decrease of the in-medium gluon condens
in the LO QCD formula for their masses.

The mass shifts of bothc(3686) andc(3770) in nuclear
medium are large enough to be observed in experiments
volving p̄2A annihilation as proposed in the future accele
D
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tor facility at the German Heavy Ion Accelerator Cent
~GSI! @39#. In these experiments,c(3770) andc(3686) pro-
duced inside a heavy nucleus will be studied via the dilep
spectrum emitted from their decays. While the lifetime
J/c has been shown to remain constant in nuclear ma
those of c(3686) andc(3770) are reduced to less tha
5 fm/c due to increases in their width in nuclear matter@33#.
Therefore, an appereciable fraction of produced excited c
monium states in these experiments are expected to d
inside the nucleus@40#, leading to an observable shift of th
peak positions in the dilepton spectrum. The observation
such shifts in the masses of excited charmonium state
these experiments would give us valuable information on
nontrivial changes of the QCD vacuum in nuclear mediu
and on the origin of masses in QCD.
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