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We investigate the masses of the loweststates, the/ /¢ and 7., in nuclear matter using QCD
sum rules. Up to dimension four, the differences between the operator product expansions in vacuum
and in medium arise from the density-dependent change in the gluon condensate and from a new
contribution proportional to the nucleon expectation value of the twist-2 gluon operator. Both terms
together give an attractive shift of about 5—10 MeV to théy and n. masses in nuclear matter.
[S0031-9007(99)09014-6]
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Investigating the behavior of heavy quark systems in adereq = (w, ¢), and|),... is the ground state of nuclear
nuclear medium is of great interest, for several reasonsnatter which we take to be at rest. For thi¢y we
First, the ongoing discussion af /¢ suppression in take the vector current, = ¢y,c and for then., we
ultrarelativisitic heavy-ion collisions as a possible quark-use the pseudoscalar currgift = i¢ysc. In the region
gluon plasma signal requires detailed knowledge aboudf large and positiveQ? = g> — w?> we can express
the in-medium interactions of thé/4 under “normal,” the correlation function through an operator product
nonplasma conditions. Furthermore, as Brodekgl. [1]  expansion (short distance expansion) [11] and write the
pointed out, multigluon exchange can lead to an attractivéeft hand side of Eq. (1) as
potential between ac meson and a nucleon, such that,
for example, theyn,. could form bound states even with M(w,q) = ZC,,(O,,}. 2
light nuclei. In more recent calculations the estimated n
charmonium binding energy in nuclear systems was founéiere theO, are operators of (mass) dimensienrenor-
to be of the order of 10 MeV [2-5]. malized at a scal@?, andC, are the perturbative Wilson

In the present paper we study the in-medium behaviocoefficients which, in the medium at rest, generally de-
of the J/¢ and 7. using QCD sum rules [6]. The QCD pend ong?/Q>.
sum rule approach connects the spectral density of a At baryon densitiepy for which the chemical potential
given current correlation function via a dispersion relationis small compared to the scgleseparating short and long
with the QCD operator product expansion (OPE). In-distance phenomena, all density effects can be put into
medium QCD sum rules have so far been applied onlyhe p) dependence of the condensatfs, ), and we can
for light quark systems, in order to study possible shiftsuse the perturbative Wilson coefficients calculated in the
of the in-medium masses of nucleons [7—9] and vectovacuum [10,12]. In heavy quark systems the expansion
mesons [10]. Such calculations suffer from uncertaintiespf quark operators in terms of inverse powers of the
e.g., due to assumptions about factorization of fourdarge quark mass permits one to express them entirely
guark condensates which may not be justified. As wen terms of gluonic operators [6,13,14]. In the vacuum
shall see, in-medium QCD sum rules applied to heavionly the scalar gluon condensat G, G**) contributes
guark systems are expected to be more reliable. Upp to dimension four. In nuclear matter, an additional
to dimension four, the order to which the vacuum sumcontribution involving in-medium expectation values of
rules for hadrons involving heavy quarks are commonlythe twist-2 tensorial gluon operath%GMGg) enters.
expanded, all condensate parameters are quite well knoviWe discuss this new term in some detail.
and there are no ambiguities in the OPE. We also find We will use the linear, low-density approximation [15]
that uncertainties caused by possibly large hadronic infor the in-medium condensates:
medium decay widths are much smaller than for light-
quark systems. (Odam. =(0) + Zp—N(N|0|N>, 3)

Our starting point is the time ordered current-current MmN

correlation function of two heavy quark currents inWhere(), represents the vacuum expectation value, and
nuclear matter (n.m.), the nucleon state [taken at rest in Eqg. (3)] is normalized as

(N(p)IN(p)) = 2po(2m)383(p — p’). The in-medium
. ) b g o changes of the condensates can then be related to the nu-
Mw,q) =i [ dxe"T[j)jOam - (1) cleon expectation values of the corresponding operators.
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For the traceless and symmetric gluonic twist-2 tensor opthe scaleu used previously by Reinderst al.[13,14].

erator we write The scalar gluon condensat& G?) changes with density
s oo according to
(N(p)l > G GEIN(p)) ?
@ a 8
o 1, a =G ,,G'“"> = <—SG ,,G"”’> — —mYpn,
= —<p PP = s ﬁpz)?Ac, 4) <7T g om, AT o 97
where my is the nucleon mass amtl; is related to the 6)

following moment of the gluon distribution functia®: wherem$ = 750 MeV is the nucleon mass in the chiral

1 L
Ac(p?) = 2[ dx xG (x, u?). 5 limit [17].
o(w) 0 (e 7) ®) For theJ /¢ current, using the background field tech-
It represents twice the momentum fraction carried bynique [18], we find that the additional contribution arising
gluons in the nucleon. We takés(8m?2) = 0.9 [16] at | from the twist-2 operator looks as follows:

«a 1
AH,‘iy(Q) = <;§ GaaG£> 5{(—gwqa% t 8uaqvdp t quqa8vp

1 0? 3
+ 8;mgv,6Q2)|:5 + (1 - W)J] - 312j|

2 2
+ (gur — qﬂqv/qz)qatna'(—g T2 - 2h S ] (7)
_ I N
where Jy = f(l)dx[l + x(1 — x)Q%/m2]™M. In the MV (—0% = w?) = _ngfwnxy(w’g =0), (8
present work we study thec¢ system at rest (relative 3w

to the surrounding nuclear matter) and set= 0, so
that Egs. (1)—(2) refer to the Euclidean regian =
—Q? < 0. Then there is only one invariant function,

which reduces to the usual vacuum polarization function
when the nuclear density goes to zero.
Similarly, for the pseudoscalar case, the gluonic twist-2
| correction in the OPE has the following form:

" 1 1 02 1 2
AT (o) = (% garge\deds | L L 0\, 1 2, | 9
(9) <ﬂ_ GG, ot |27 3 = Ji— =3 ©)
Here we introduce the (dimensionless) polarization function
P >
fP(—Q? = w?) = H(w—cg()) (10)
w

which reduces in the limipy — 0 to the usual vacuum polarization function.
Our analysis is based on the moments of the polarization fundtiérwith J = V, P referring to the vector or
pseudoscalar channels. Thih moment is connected, on the other side, with a dispersion integral involvibig |m

1( d \'= 1 (7 ImIl/
Ml = —(—2) 1 (w?) — —[ IS _ s (11)
n'\do wim—gz T Jamz (s + Qo)
at a fixedQj = 4m2¢. Direct evaluation of these mo- by — 42 (FG?) (13)
ments using the OPE gives 9 4m22”

MI(&) = A& + al(&)as + bl &)y + c(6)p.].  The coefficientsA?, a!, and b} are listed in Ref. [13].
The new contribution from the twist-2 gluon operator

(12) " involves
The common factor? results from the bare loop dia- b = 27’ FAc m (14)
gram. The coefficient;] takes into account perturbative ¢ 3 (@m2)2 NP
radiative corrections, whilg; is associated with the gluon . ) . )
condensate term For the additional Wilson coefficient, in the vector

| channel we find
3 7
4nn + 1) F(n+2,§;n+§;%)

+
32n +5)(1 + €2 F(n,y:n + %,%)

en (€)= by (&) - (15)
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and in the pseudoscalar channel we obtain

. . dn(n + 1) Fln + L—5n + 3:155)

Cn(f):bn(‘f) - (1 + ) 1 3 3
3 F(n,33n + 35 15¢)

with hypergeometric functiong'(a, b; ¢;z). By comparison with Ref. [13] we see that thgs differ very little from

the b,’s. From the resulting termd; (¢, + ¢.) in Eq. (12) one then observes that the gluon condensate effectively

changes by the following density dependent correction:

o ag 8 3 a; o
<_G2> - <—G2> - (_ my + = my _AG)PN = <—G2> (1 = 0.06py/po), (17)
T 0 T 0 9 2 T T 0

using (£G?) = (0.35 GeV)* and po = 0.17 fm~3, | ter, we find the following mass shifts taken at the minimal
where the contribution from the twist-2 gluon operatorvalues of Eq. (20)):
comprises only 10% of the total change.

(16)

The spectral function under the integral on the right Amypy = =7 MeV, (21)
hand side of Eqg. (11) is parametrized as
ImII(s) = fo6(s — m?) + corrections  (18) Am,, = —5 MeV. (22)

wherem is the mass of the lowest state and the correction¥hese shifts depend only very weakly on our choice
include contributions from the higher resonances andf parameters. Taking higher resonances explicitly into
the continuum. As in the vacuum, the delta functionaccount using their vacuum parameters would lead to
approximation for the lowest state is valid even in nucleasomewhat smaller mass shifts (by about 20%).

matter, because for @/¢ at rest, inelastic interactions  The sensitivity to possible enlarged in-medium widths
with nucleons such ag /¢ + N — D + A. do not of the J/¢ or 5. turns out to be marginal and would
occur. In the vector channel, the couplinfg of the not affect the mass shift analysis unless those widths
cyuc current to the/ /¢ resonances is determined by their would reach magnitudes of 100 MeV or larger. This is in
measured decay widths inéd e . Inserting Eq. (18) into  qualitative contrast to light quark systems, such asghe

Eq. (11), it is convenient to write meson, for which the in-medium width becomes so large
fo that the QCD sum rule analysis of a possible mass shift is
M;(§) = [1+ 8](&)]. (19)  ambiguous and inconclusive [19,20].

m(m? + Q5)*! The uncertainties coming from the OPE are expected
The contributions from the corrections in Eq. (18) areto be small at nuclear matter density for the following
absorbed ins/. Clearly, the relative importance of reasons. First, as can be seen in Eqg. (17), the change
these higher energy parts of the spectrum decreases with the OPE is dominated by the change in the scalar
increasingn. It is common practice to take the ratio of gluon condensate. For the scalar gluon condensate,
two neighboring moments¢, /M, = (m®> + 0})(1 + the correction to the linear density approximation is
8,-1)/(1 + &,), so thatf, drops out and one can focus on proportional to the ratio of the nuclear binding energy to
the massn. Forn = 5it turns out thafl + &,—;)/(1 + the nucleon mass [15], which is less than 1%. Second,
8,) is close to one. Then the moment ratio does nothe corrections from higher dimensional operators are
depend on details of the higher resonances and continuuaexpected to be small. The combined contributions from

parts of the spectrum, and we have dimension six and eight operators are less than 5% of the
M,_ (&) contribution from the dimension-4 operatory (¢ = 1)
2 ST g2 (20)  for n < 10 [14], relevant for ourJ/ analysis. Hence
Ma(£) their corresponding changes in medium would similarly

The actual mass determination is done using momentse suppressed. Overall, we estimate the uncertainty in
in the range7 = n = 11 and choosingé = 1, just as the OPE to be less than 10%.
in the vacuum case studied previously [13,14]. This In summary our in-medium QCD sum rule analysis,
range minimizes the sensitivity to details of the high-with the operator product expansion calculated up to
energy spectrum. Going to largemwould not be justified dimension four, predicts attractive mass shifts of about
without introducing additional, unknown condensates of5-10 MeV for J/ and n. in nuclear matter. This
higher dimension in the OPE. corresponds to small /- and 7.-nucleon scattering

In Fig. 1 we show the results for in-medium massedengthsa = —u,Am/27py = (0.1-0.2) fm (u, is the
(solid lines) of theJ /¢ and n. at normal nuclear matter meson-nucleon reduced mass). Our results for the mass
density(py = po = 0.17 fm~3) in comparison with their  shifts of the lowestcc states are surprisingly close to
vacuum values (dashed lines). Usiag(8m2) = 0.21,  those reported in Refs. [3—5]. Most of the calculated
me = 1.24 GeV , ¢, = 1.8 X 1073 in the vacuum and mass shift comes from the density dependence of the
é, = 1.7 X 1073, ¢. = —1.25 X 1073 in nuclear mat- gluon condensate. The new term related to the fraction of
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FIG. 1. Then. andJ/¢ masses calculated according to Eq. (20) for differerdt £ = 1. We show the result in medium at
py = 0.17 fm~3 (solid line) in comparison with the vacuum result (dashed line).

momentum carried by gluons in the nucleon contributes[3] M. Luke, A.V. Manohar, and M. J. Savage, Phys. Lett. B
less than 10% to the total effect. The influence of the = 288 355 (1992).

decay widths is expected to be very small, at least faf [4] S.J. Brodsky and G.A. Miller, Phys. Lett. B12 125
and 7. at rest [4]. Of course, for charmonium systems __ (1997). .

traversing nuclear matter at high energy, the scatteringl®l G:F. de Teramond, R. Espinoza, and M. Ortega-

. o) . Rodriguez, Phys. Rev. B8, 034012 (1998).
amplitudes can develop substantial imaginary parts from[6] M. A. Shifman, A.l. Vainshtein, and V.|. Zakharov, Nucl.

reactions with r_1uc|eon_s producing open charm [21]. B Phys.B147, 385 (1979)B147, 448 (1979).

From t_he point of view of experlm_ental observability, [7] E.G. Drukarev and E. M. Levin, Prog. Part. Nucl. Phys.
our predicted mass shifts are certainly small. The en-" " 7 77 (1901).
ergy resolution in experiments of the type discussed in[g] T. Hatsuda, H. Hogaasen, and M. Prakash, Phys. Rev.
Refs. [1,4,5] would be sufficient to detect such effects, Lett. 66, 2851 (1991).
but the production rates for charmonia attached to nuclei[9] T.D. Cohen, R.J. Furnstahl, and D. K. Griegel, Phys. Rev.
are expected to be small [22]. Lett. 67, 961 (1991).

We emphasize in closing that the present results pufl0] T. Hatsuda and S.H. Lee, Phys. Rev4g R34 (1992).
reliable constraints on charmonium mass shifts whicH1l] K.G. Wilson, Phys. Rev179, 1499 (1969).

should be met by further studies of heavy quark systemt2] T-D. Cohen, R.J. Fumnstahl, D.K. Griegel, and X.-M. Jin,
in dense matter. Prog. Part. Nucl. Phys35, 221 (1995).

. . [13] L.J. Reinders, H.R. Rubinstein, and S. Yazaki, Nucl.
This work was supported in part by BMBF and Phys.B186, 109 (1981).

,GSI' The work of S.K. and S.H.L. was supported [14] L.J. Reinders, H.R. Rubinstein, and S. Yazaki, Phys. Rep.
in part by KOSEF through Grants No. 971-0204-017- 127, 1 (1985).
2 and No. 976-0200-002-2 and the Korean Ministry of[15] T.D. Cohen, R.J. Furnstahl, and D.K. Griegel, Phys. Rev.
Education through Grant No. 98-015-D00061. C 45, 1881 (1992).

Note added—After submission of this paper a similar [16] M. Gluck, E. Reya, and A. Vogt, Z. Phys. 63, 127
result for theJ/ has been reported in Ref. [23], where (1992).
the calculations were also performed at differéntalues  [17] B. Borasoy and U.-G. Meissner, Phys. LeB65 285

between 0 and 3. For all thegevalues, the results were (1996). , , ,
found to differ by less than 20%. [18] V.A. Novikov, M. A. Shifman, A.l. Vainshtein, and V. .

Zakharov, Fortschr. Phy®2, 585 (1984); A.V. Smilga,
Sov. J. Nucl. Phys35, 271 (1982).
[19] F. Klingl, N. Kaiser, and W. Weise, Nucl. Phy$624,

527 (1997).
[20] S. Leupold, W. Peters, and U. Mosel, Nucl. Ph#§28,
311 (1998).
[1] S.J. Brodsky, I. Schmidt, and G.F. de Teramond, Phys[21] D. Kharzeev and H. Satz, Phys. Lett.384, 155 (1994).
Rev. Lett.64, 1011 (1990). [22] P. Kienle (private communication).
[2] D.A. Wasson, Phys. Rev. Let67, 2237 (1991). [23] A. Hayashigaki, nucl-th/9811092.

3399



