
Charmonium and D mesons in hadronic matter
G. Krein

Instituto de Física Teórica, Universidade Estadual Paulista
Rua Dr. Bento Teobaldo Ferraz, 271 - Bloco II, 01140-070 São Paulo, SP - Brazil

Abstract. We discuss two aspects of charmonium in medium. First, we present results of a recent
study that compares the phenomenology of charmonium spectroscopy using smooth and sudden
string breaking potentials. Next, we present results of a study that explores the possibility thatJ/Ψ
might be bound in a large nucleus through the excitation of a color singlet intermediate states ofD
andD∗ mesons with density masses.
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INTRODUCTION

The study of temperature (T) and baryon density (ρ) dependence of properties of
charmed mesons in hadronic matter is of interest in different contexts. One example
is the conjectured suppression ofJ/Ψ production in relativistic heavy ions collisions,
where screening of the long range confining potential due to deconfined light quarks of
the hot and dense medium would make impossible the formationof the charmonium
state. However, aJ/Ψ suppression can also occur via dissociation due to collisions of
these mesons with hadrons in the medium and therefore the initial hope [1] to useJ/Ψ
suppression as a diagnosis tool for the formation of a quark-gluon plasma is undermined.
Another focus of interest is the possibility of the existence of an exotic nuclear bound
state in which a charmonium state (cc̄) produced close to threshold is captured in
matter [2]. Such a bound state would reveal the importance ofmultiple-gluon mediated
processes, like color van der Waals forces, since charmonium and ordinary hadrons
(formed byu andd quarks) have no quarks in common. Still another area of interest
refers to studies of chiral symmetry restoration at finiteT andρ in D mesons, which are
composed of one light quark (u or d) and one heavyc quark. The chiral properties ofu
andd quarks are much more sensitive toT andρ thanc quarks and there is hope one
can learn about chiral restoration studying the interactions of D mesons in matter.

In the present communication we will discuss two aspects of charmonium in medium.
In the next Section we use a potential model to present results of a study [3] that
compares the phenomenology of charmonium spectroscopy at finite temperature using
smooth and sudden string breaking potentials. In the following Section, we present
results of an ongoing study [4] of the possibility thatJ/Ψ is bound in a large nucleus
through the excitation of a color singlet intermediate states ofD andD∗ mesons with
density dependent masses.
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SMOOTH VERSUS SUDDEN STRING BREAKING

As mentioned above, color screening of the interquark potential by deconfined light
quarks in a hot and dense medium was thought to prevent the formation ofcc̄ bound
states. In vacuum, color screening occurs as the interquarkdistance in acc̄ bound state is
increased and leads to the breaking of the color string when the string is stretched beyond
a certain limit. Such a string breaking phenomenon has been confirmed in lattice QCD
simulations [5]. The simulations have shown in addition that the breaking of the string
is quite sudden. For a boundcc̄ pair in a medium, one would expect that such a sudden
breaking would be even more dramatic, because of the existence of additional uncon-
fined quarks in the medium. However, recent lattice results for cc̄ correlation functions at
finite temperature have shown [6, 7, 8], somewhat surprisingly, that for temperaturesT
well above the deconfinement temperatureTc there remains strong correlations between
the cc̄ pairs. Such remaining correlations might indicate thatcc̄ bound states survive
above the deconfinement temperature. The results motivatedmany studies ofcc̄ bound
states in the context of potential models using some prescribed temperature dependence
for the confining potential - for a recent review and a list of references, see Ref. [9]. In
these studies, as a rule, the prescribed temperature dependence for the potential is mo-
tivated from lattice results for the finite temperature freeenergy. A problem with such
an approach is that free-energy is not potential energy, free-energy contains an entropy
contribution. Entropy much probably smooths out any suddenbreaking of the string and
as a consequence, calculations with such temperature-dependent potentials will predict
a smooth temperature dependence for quarkonia properties close to the critical temper-
ature .

Here we present results of a recent study [3] ofcc̄ bound state properties as calculated
with smooth and sudden string breaking potentials – Ref. [3]calculated alsobb̄ prop-
erties. Qualitatively different results are obtained whenusing smooth or sudden string-
breaking potentials. Specifically, for a smooth string-breaking potential the following
expression is used

Vsmooth(r) =
σ
µ

(

1−e−µr)+VOGE(r), (1)

with

VOGE(r) = −
α
r

+
h̄2

mqmq̄

α
r

e−r2/r2
0

r2
0

(~σ1 ·~σ2) , (2)

where the phenomenological parametersσ , α andr0 are fixed by fitting the quarkonium
spectrum. Sudden string-breaking is implemented as

Vsudden(r) =

{

σ r +VOGE(r), r < rb

σ rb+VOGE(rb), r ≥ rb,
(3)

whererb is the inter-quark distance for which the string breaks. Thevalues of the param-
eters of the potentials, shown in Table 1, were adjusted to obtain a reasonable description
of the lowest-lying states. Given the parameters, the Schrödinger equation is solved nu-
merically to obtain wave functions and masses. No specific model for the temperature
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dependence of the potentials is used, temperature dependence is mimicked by varying
the screening parametersµ and 1/rb, while all other parameters are maintained fixed.

TABLE 1. Parameters of the poten-
tials in Eqs. (1)-(3).

smooth sudden

σ (MeV fm−1) 1470 800
α (MeV fm) 96 106
r0 (fm) 0.38 0.36
µ (fm−1) 0.71 −

1/rb (fm−1) − 0.44
r0 (fm) 0.38 0.36
mc (MeV) 1264 1385

A large set of results for masses, radii and wave functions atthe origin for ground
states and excited states are presented in Ref. [3], for bothcharmonium (cc̄) and bot-
tomonium (bb̄). Here we show results only for the r.m.s. radii for the charmonium states
ηc (solid),J/Ψ (dashed) andχcJ. They are shown in Fig. 1, as a function of the screening
parametersµ and 1/rb. Clearly seen in this figure is the striking difference between the
two situations. While for the smooth string-breaking potential the radii change smoothly
and continuously, for the sudden string-breaking breakingthey remain almost constant
as the screening radius changes (temperature changes), butat a certain value of the
screening radius (the critical temperature), the radii increase abruptly. It is interesting to
mention that a similar behavior has been obtained for heavy-light mesons using a ther-
mal Hilbert moment QCD sum rules [10, 11], a completely different approach from the
one used here.
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FIGURE 1. Screening mass dependence of the r.m.s. radii ofηc (solid),J/Ψ (dashed) andχcJ (dashed-
dotted)cc̄ bound states [3]. Left (right) panel is for the smooth (sudden) string-breaking potential.
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The dramatic, fast increase of the size of a bound state resembles a critical phe-
nomenon and has impact in the phenomenology of quarkonia interactions in medium,
in particular for scattering dissociation processes [12, 13, 14, 15] which proceed via
constituent interchange. For short-range interactions, dissociation cross sections depend
essentially on the degree of overlap of the wave functions ofthe scattering hadrons.
Since the wave functions are normalized, an increase in the r.m.s radius has the effect
of flattening out the wave functions and so the overlap of the wave functions of the
colliding hadrons becomes less important and the probability of constituent interchange
decreases. Such effects might have significant impact in thephenomenology of charmo-
nium dissociation in medium and certainly deserves furtherstudy.

J/Ψ BINDING TO NUCLEAR MATTER

In generic terms, the multiple-gluon mediated interactions of charmonium with ordinary
matter can proceed via two mechanisms. One is via the excitation of a color-octet
intermediatecc̄ state [16]. The change in the mass of a charmonium state due tosuch
an excitation can be calculated in a similar way the second order Stark effect in atomic
physics is calculated. One of the most recent calculations of this kind was carried out
in Ref. [17], with the result of 8 MeV for the binding energy ofJ/Ψ in nuclear matter.
The other mechanism is via the excitation of an intermediatestate where thec andc̄ are
in color-singletD-mesons, as in the loop shown in Fig. 2. The effects of the medium
on the self-energy ofJ/Ψ can be incorporated using medium-modified masses for the
intermediateD-mesons. Using a gaugedJ/ΨDD̄ effective Lagrangian, the authors of
Ref. [17] found thatJ/Ψ self-energy is positive (i.e. the mass ofJ/Ψ is medium is
larger than in free space) and thereforeJ/Ψ would not be bound to nuclear matter.

D̄

D

J/Ψ J/Ψ

FIGURE 2. DD-loop contribution to theJ/Ψ self-energy. There are alsoDD∗ andD∗D∗ contributions.

We [4] believe that the repulsive result for the self-energyis due to the use of a gauged
Lagrangian. In the present communication we show this explicitly by using a different,
non-gauged Lagrangian. Specifically, we use an SU(4) extension of aρππ Lagrangian
that was used previously to calculate theρ self-energy via aππ loop [18]. Our study is an
ongoing project [19] where in addition toDD, there are alsoDD∗ andD∗D∗ intermediate
states – explicit expressions and a complete discussion including the algebraically more
complicatedD∗D∗ loop contribution will be reported elsewhere [4].
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The Lagrangian densities forΨDD andΨDD∗ (we denoteJ/Ψ by Ψ) vertices are
given respectively by

LψDD̄ = igψDD̄ψµ [

D̄
(

∂µD
)

−
(

∂µD̄
)

D
]

, (4)

and
LψDD∗ =

gψDD∗

mψ
εαβ µν

(

∂ αψβ
)

[(

∂µ D̄∗ν)

D+ D̄
(

∂µD∗ν)]

. (5)

Taking for simplicity equal masses the charged and neutralD states (and the same for
D∗ states) andgψDD̄ = gψDD∗ ≡ g, calculation of the loop diagram in Fig. 2 leads for the
Ψ self-energy the expression

iΣΨ(k) = −
8
3

g2
∫

d4q
(2π)4 q2 [∆D(q)+∆D∗(q)]∆D(q−k)F(q2), (6)

where∆D(q) = 1/(q2−m2
D + iε), andF(q2) is a form factor.

Medium effects on the intermediateD andD∗ mesons are calculated in the context
of the quark-meson-coupling (QMC) model [20]. This is a relativistic mean field model
of nuclear matter, in which effective meson degrees of freedom are coupled directly
to quarks confined in a bag (or confined by a potential [21]). Using scalar-isoscalar
σ , vector-isoscalarω, and vector-isovectorρ mean fields that couple(with adjustable
coupling constants) to the lightu and d quarks is sufficient to achieve a reasonable
description of saturation properties of nuclear matter as well as energy levels of finite
nuclei – a review on the model and a large collection of results can be found in Ref. [22].

TheJ/Ψ mass is determined from the relation

m2
Ψ = (m0

Ψ)2+Σ(q2 = m2
ψ), (7)

wherem0
Ψ is the bare mass. For the form factor needed in Eq. (6) we use a dipole at

each vertex parametrized by a cutoffΛ. We fix the vacuum values of the masses to
mΨ = 3096.9 MeV andmD = 1867.2 MeV, mD∗ = 2008.6 MeV, and determinem0

Ψ for
differentΛ. UsinggJ/ΨDD = gJ/ΨDD∗ = 7.7, we obtain that the difference between the
in-medium and vacuum masses ofJ/Ψ, ∆mΨ = mΨ∗ −mΨ, can be parameterized in
terms of the nuclear density as

∆mΨ = −mΨ (1−αΛ ρ/ρ0) , (8)

whereρ0 is the normal nuclear matter density, andαΛ is a number that depends on the
cutoff value. This parameterization is approximately valid up toρ ≃ ρ0. We believe that
reasonable values forΛ are between the range of 1000 MeV and 2000 MeV and have
obtained, for example,α1000= 0.9984,α1500= 0.9976,α2000= 0.9968. This translates
to a∆mΨ ≃−7.5 MeV for Λ = 1500 MeV.

If one considers∆mΨ as a potential, one natural question is that whether a mass shift
of 7.5 MeV would be enough to bindJ/Ψ to a nucleus. From elementary quantum
mechanics, one knows that for an attractive spherical well of radius a and depthV0,
the condition for the existence of ans-wave bound state of a particle of massm is
V0 > π2h̄2/8ma2. Using form= mψ anda = 5 fm, one obtainsV0 > 1 MeV.
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CONCLUSIONS

Initially we have shown that properties of charmonia at finite temperature calculated
within potential models depend crucially on how string breaking is implemented. In
particular, we have shown that when a sudden string breakingpotential is used, charmo-
nium radii are unaffected by temperature up to the vicinity of a critical temperatureTc
when the string breaks, but as this temperature is exceeded the radii increase suddenly.
This is in opposition to the most commonly used smooth screening potentials. Implica-
tions of the results for the phenomenology of charmonium interactions in medium, in
particular for scattering dissociation processes, were discussed.

Next, we explored the possibility of the existence of an exotic nuclear bound state in
which a charmonium state produced close to threshold is captured in matter. Attraction
of J/Ψ to nuclear matter is achieved via the excitation of an intermediate state ofD
andD∗ mesons. Sufficient attraction for the formation of aJ/Ψ-nucleus bound state
is achieved when the masses of theD and D∗ mesons are made density dependent
according to the QMC model. Our study was based on a non-gauged Lagrangian for
theJ/ΨDD̄ vertice.
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