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Charmonium mass in nuclear matter
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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/af in nuclear matter decreases only slightly, those of
#(3686) andy(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.
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Understanding hadron mass changes in nuclear mediution that the masses of charmonium states are reduced at
and/or at finite temperature can provide valuable informatiorfinite temperature as wefllL6,17.
about the QCD vacuurfil—3]. It is also relevant phenom- At finite density, lattice gauge calculations are at present
enologically to the interpretation of experimental resultsnot feasible for studying the heavy quark potential or the
from relativistic heavy ion collisiong4], in which a hot ~massmy of the open heavy quark meson. Masses of these
dense matter is formed during the collisions. Previous studie@€avy quark systems are, however, expected to change ap-

have been largely concerned with hadrons made of ”ghpreciably in nuclear medium. Model independent est_imates
quarks [3]. Only recently were there studies of the in- have showrn 18,19 that condensates of the lowest dimen-

medium masses of hadrons consisting of heavy charrfiional operators((a/m)G? and (qq) decrease, respec-
quarks. Using either QCD sum rulds,6] or the quark- tively, by 6 and 30 % at normal nuclear matter, which are
meson coupling modéF], it has been found that the mass of s_ig_nificant changes expepted only near _th_e critical point at
D meson, which is made of a charm quark and a light quarkf'n'te temp_eraturQZO]. As in the case of finite temperatl_Jre,

is reduced significantly in nuclear medium as a result of thdn€ reduction of gluon condensate leads to the softening of
decrease of the light quark condensate. ForXhg which  the confining part of interquark potentigd1], while the de-
consists of a charm and anticharm quark pair, both the QC[§"€ase of quark condensates implies a drop of the open heavy
sum rules analysig8] and the LO perturbative QCD calcu- duark meson mass &, of the heavy quark potential. Both
lation [9,10] show that its mass is reduced slightly in the are expected to lead to nontrivial changes in the binding

nuclear matter mainly due to the reduction of the giuon con€nerdies of the charmonium staig(3686) andy(3770), as
densate in nuclear matter. their wave functions are sensitive to both the confining part

The change of hadron masses at finite temperature is bedpd the asymptotic value of the interquark potential.
studied using the lattice gauge theory as its prediction is less [N this paper, we evaluate the mass shift/¢B686) and
model dependent. Recent lattice gauge calculations at finité(3770) due to changes in the gluon and quark condensates
temperature with dynamical quarks have shown that eveffl nuclear medium. The effect of the gluon condensate is
below critical temperature the interquark potential at largedetermined using the leading-ordékO) QCD formula,
separation approaches an asymptotic valu¢T) that de-  Which was developed in Ref§9,22] and has been used to
creases with increasing temperatil]. This transition Study thed/y mass in mediuni10]. The effect due to the
from a linearly rising interquark potential in free space to achange in quark condensates is difficult to calculate using the
saturated one at finite temperature is due to the decrease fy@rk and gluon degrees of freedom as they appear as higher
. . N — . twist effects in the operator product expansjaf,24. How-
the string tension and the formation Qq and qQ pairs, its domi p h K : q
whereq denotes a light quark, when the separation of thet"e" itS dominant effect to a heavy quark system is to reduce

two heavy quarks®) becomes large. The decreas&/is(T) e\/m as a result of the decrease @fmeson in-medium mass,
; about 50 MeV in normal nuclear matter due to the 30%

can thus be interpreted as a decrease of the open heavy quar S

= reduction in the quark condensdte-7,25. Therefore, we
meson Qg or qQ) massmy, such as th® meson mass, at ¢an study the effect of changing quark condensate on the
finite temperatur¢12,13. Furthermore, the decreasemf;  charmonium states at finite density by using a hadronic
seems to be a consequence of the reduction in the constitugiipdel to calculate their mass shifts due to the chang of
mass of light quark as the temperature dependent&.6f)  meson in-medium mass. Combining the effects from changes
is similar to that of the chiral condensatgq) [14]. This in the gluon condensate and imy, we find that both
relation between the massy, and the chiral order parameter (3686) andy(3770) masses are reduced appreciably at
also follows naturally from the heavy quark symmefthp]. normal nuclear matter density.
With the finite temperature interquark potential, it has been The mass shift of charmonium states in nuclear medium

shown via the solution of corresponding Safirger equa- can be evaluated in the perturbative QCD when the charm
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quark mass is large, i.em.—. In this limit, one can per- formula (2) are —8,—-100, and —140 MeV for
form a systematig: operator product expans@ﬁ}Pl_E) of the ~JIy, ¥(3686), andy(3770), respectively.
charm quark-antiquark current-current correlation function Although the higher twist effects on the charmonium
between the heavy bound states by taking the separatiQjasses are expected to be nontrivial, the resultifar is
scale ) to be the binding energy of the charmonium consistent with those from other nonperturbative QCD stud-
[9,22,26. The forward scgtterlng matrix element of the jog sych as the QCD sum rulfg24] and the effective po-
_charm quark bound state with a nucleon then has the followggntial model[28,29, which are all based on the dipole in-
ing form: teractions between quarks in the charmonium and those in
c the nuclear matter. To go beyond the leading order in the
2 n OPE, we need to calculate the contributions from higher di-
T(q2=m¢)=2 W«l)“%\" @ mensional operators in Eql), which include light quark
operators. Explicit calculations from QCD sum rules 3oy
Here, C,, is the Wilson coefficient evaluated with the charm UP to dimension 6 operatof&4] show that the effect due to
quark bound state wave function af@,)y is the nucleon ~change in the condensates of light quark operators at dimen-
expectation value of local operators of dimension sion 6, which includg(ql'qql’'g) and(qDGq) [23,24, is
For heavy quark systems, there are only two independertnimportant for the mass shift df ». However, such a cal-
lowest dimension operators; the gluon condensatgulation cannot be easily generalized to the excited charmo-
[{(as/m)G?)] and the condensate of twist-2 gluon operatornium states/(3686) andy(3770), where the sum rules do
multiplied by e [{(as/m)G,,G$)]. These operators can be not exist even in the vacuum. On the other hand, the _higher
rewritten in terms of the color electric and magnetic fieldstwist effects due to the light quark operators can be estimated
{(as/m)E?) and((as/m)B?). Since the Wilson coefficient by considering the coupling of the charmonium to DB
for {(as/m)B?) vanishes in the nonrelativistic limit, the only states as in the potential model for charmonium stE2&$
contribution is thus proportional t&(as/7)E?), similar to ~ Therefore, instead of summing up the nonconvergent contri-
the usual second-order Stark effect. We shall thus calculateutions from the change in the light quark condensates in the
the mass shift of charmonium states due to change of th©PE of Eq.(1), we estimate its contribution by evaluating
gluon condensate in nuclear medium by the QCD secondhe charmed meson one-loop effect on the mass of a char-

order Stark effecf10]. monium with in-mediumD meson mass predicted from the
The mass shift of charmonium states to leading order ifQCD sum rule$5,6] or the quark-meson coupling modél.

density is obtained by multiplying the leading term in Eb). Following the studies in Ref30] on p- interactions and

by the nuclear densitpy . This gives in Ref. [31] on ¢-K interactions, we use the following La-

grangian for interacting charmoniugh andD meson:

ko

apk|*  k [as o) ew
ok | Kimg+e N 2my

)

In the above,my and py are the nucleon mass and the whereF,,=d,#,—4d,¢, is the charmonium field strength,
nuclear density, respectivelf e/ m)E?)y~0.5 GeVisthe D,=d,—i29,0p¥,, andD=(D° D).
nucleon expectation value of the color electric field and The coupling constarg,pp can be determined using the
=2m,—m,. In Ref. [9], the LO mass shift formula was 3P0 model[32]. In this model, the coupling constant is pro-
derived in the large charm quark mass limit. As a result, theportional to the overlap integral between the relative quark
wave functiony(k) is Coulombic and the mass shift is ex- wave functions of charmonium and the two outgoing
pressed in terms of the Bohr radiag and the binding en- charmed mesons as well as to a coupling parameterhich
ergy eo=2m,—my,,. This might be a good approximation characterizes the probability of producing a light quark-
for J/4 but is not realistic for the excited charmonium statesantiquark pair in theP, state. The result can be read off
as Eg.(2) involves the derivative of the wave function, from Refs.[33,34 and is given by
which measures the dipole size of the system. We have thus
rewritten in the above the LO formula for charmonium mass m3

[ - 2 _ .2 32 2 o\ a— G228 (1+2r2)
shift in terms of the QCD parameterg,=0.84 andm, 9yop(Q) =y 7 *—f,(q%r)e a°/12Bp , (4)
=1.95, which are fixed by the energy splitting betweén D
and (3686) in free spac€9]. Furthermore, we take wave ) )
functions of the charmonium state to be Gaussian with th&vhereq is the three-momentum dd mesons in thej rest
oscillator constan determined by their squared radiiy ~ frame andr=p/Bp with By (B) being the oscillator con-
=0.47, 0.96, and 1 fnf for J/y, (3686), andy(3770), Stant forI_D meson (/) wave function. For thqB’s,_the same
respectively, as obtained from the potential mod2®. This values will be used as in the LO QCD calculation. The val-
gives =0.52,0.39, and 0.37 GeV if we assume that thesd!€S fory and gy are taken to be 0.35 and 0.31 GeV, respec-
charmonium states are in th&12S, and 1D states, respec- tively, to reproduce both the decay width ${3770) toDD
tively. Using these parameters, we find that the mass shifts @nd the partial decay width af(4040) toDD, DD*, and
normal nuclear matter density obtained from the LO QCDD*D* [33,35. The functionf ,(g?r) denotes

1
amy(9=-5| ak ! L
C=§(|DMD| —mp|D| )—ZFMVF“”+ > My’ (3
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for (3770). FIG. 1. Mass shifts of charmonium staté&/ (solid curve,

Because of its momentum dependenggpp(q) takes — #(3686) (long dashed curyeandy(3770) (short dashed curyes
also the coupling of the charmonium to off-shBlimesons. expected mass shifts at normal nuclear matter density.

For (3770), it can decay t®D in free space, and its on-  In Fig. 1, we show the mass shifts of charmonium states
shell coupling constant igy,770ppld=(M3/4—m3)*?]  as functions o . It is seen that the mass shift ¢{3770)
=15.4. The coupling constants q=0 are 15.3, 18.7, and is negative for small negative shift @ meson mass but
16.8 for J/y, (3686), and y(3770), respectively. The becomes positive when tH2 meson mass drop is large. In
value for J/¢ coupling toD mesons is slightly larger than contrast, the mass shift @f(3686) is negative for all nega-
that estimated by the vector meson dominance mi@&B7) tive mass shifts of th® meson. This difference can be un-
and by the QCD sum ruld88]. As theD meson momentum derstood from Eq(5) where the integral is a convolution of
increases, its coupling constantby has a simple exponen- the form factor g75(q%) with the terms in the square
tial fall off due to the 1S quark wave function of thd/. In  bracket, Wthh are singular wheyf=mj/4—mp4? and g?
contrast, the coupling constants of excited charmoniunFm3/4—m3. The integrand thus changes signs whenever
statesy/(3686) andy(3770) toD mesons fall off exponen- the D meson momenturg passes through these singularities
tially with the D meson momentum but vanish at certgfr ~ and finally becomes negative whef is larger than any of

as a result of the nodes in th&dr 1D wave functions of the singularities, which correspond to the energies of the
the excited charmonium statf33,35. virtual intermediateD meson states. As in second-order per-

Similar to the method introduced in R4B1], we have turbation theory, the contribution is attractive when the en-
used the above Lagrangian to evaluate the self-energy of &9y of the intermediate state is larger than the charmonium
charmonium due to thB meson loop. After performing the mass However, the form factor decreases exponentially with
energy integral in the rest frame of the i.e., k=(m,,0), g? and can even be zero, the large negative contribution ex-
the invariant part of the polarizatiod (k) then has the fol- pected for a constant form factor is suppressed, leading thus
lowing form: to an increase of they(3770) mass whemp—mj=10

MeV. On the other hand, the singularity of the integrand in
Eq. (5) in the case of)(3683) occurs only whenry falls
> below its mass and therefore has only a small positive con-
p +d tribution wheng? is very small, leading to a reduction of its
mass for anyD meson mass shift. Fal/ ¢, we find that its
(5) mass only increases slightly with droppifly meson mass
and depends weakly amy . For mp—mg=50 MeV, which
is the expected mass shift @ meson at normal nuclear
wheremy is the in-mediumD meson mass an® denotes matter density, the mass shift df is about 3 MeV. This
that only the principle value of the integral is evaluated. Theresult is consistent with that from the QCD sum rufd]
subtracted term in the above equation is a renormalizatioand is also expected from the potential mdd@f], where the
constant which is determined by requiri§(k?=m3)=0  J/y wave function has only a smallD component. We note
whenm{ =mp . This ensures that tH2 meson loop does not that the density dependence of the mass shifts of charmo-
contribute to the real part of the charmonium self-energy imium states, particularly the excited ones, is nonlinear if we
free space. The mass shift of the charmonium at finite denase a linearly density-dependeBt in-medium mesomp
sity is then given b;Amw—H(kZ— w) =mp—50 p/pg MeV in the denominator of Eq5). On the

1
H<k>=@7> f dngiDD(q%{

4 2
x(++3

m? — 4m%2— 492 ~(mp=mp) ,
4
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other hand, the mass shift obtained from the LO QCD for-tor facility at the German Heavy lon Accelerator Center

mula in Eq.(2) depends linearly on the nuclear density.

(GSI) [39]. In these experimentg;(3770) andy(3686) pro-

Adding the mass shift from thB meson loop effect to the duced inside a heavy nucleus will be studied via the dilepton
result from the LO QCD calculation, we find that masses ofspectrum emitted from their decays. While the lifetime of
charmonium states are changed by the following amount at/¢ has been shown to remain constant in nuclear matter,

normal nuclear matter density:

Amy,=—8+3 MeV,
Am¢(3686):_100_30 MeV,

A ml//(377o)= —140+15 MeV, (6)

where the first number represents the shift from the LO QC
while the second number is from tH2 meson loop. The
above results thus show that masses of excited charmoniu

those of (3686) and(3770) are reduced to less than

5 fm/c due to increases in their width in nuclear maft&3].
Therefore, an appereciable fraction of produced excited char-
monium states in these experiments are expected to decay
inside the nucleuf40], leading to an observable shift of the
peak positions in the dilepton spectrum. The observation of
such shifts in the masses of excited charmonium states in
dhese experiments would give us valuable information on the
nontrivial changes of the QCD vacuum in nuclear medium
%pd on the origin of masses in QCD.

states are reduced significantly in nuclear matter, largely due This paper is based on work supported by the National
to the nontrivial decrease of the in-medium gluon condensat8cience Foundation under Grant No. PHY-0098805 and the

in the LO QCD formula for their masses.

The mass shifts of botl#(3686) andy(3770) in nuclear

Welch Foundation under Grant No. A-1358. S.H.L was also
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medium are large enough to be observed in experiments iref Education and by KOSEF under Grant No. 1999-2-111-
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