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Hadronic interactions of the JÕc
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We calculate the cross sections for reactions of theJ/c with light mesons. We also evaluate its finite
temperature spectral function. We investigate separately the role of elastic and inelastic channels and we
compare their respective importance. We describeJ/c absorption channels that have not been considered
previously to our knowledge. The relevance of our study to heavy ion collisions is discussed.

DOI: 10.1103/PhysRevC.63.065201 PACS number~s!: 25.75.2q, 12.39.Fe, 13.25.Gv, 14.40.Lb
e
a

s
e
ro
f

e
on
itio

o
ic
a
of

o-
h

a

o
e

tin
t

c

re
e

-
he
os
d

o
e

(
he
ht
not

n
g of
nic
di-

we
ring
tes
that
mi-
are
own.

the
en
-
rize

ts in
do-
n of
son
llest
el-

his
n the
red
-

and
ing
li-

ely
i-
ey
I. INTRODUCTION

The study of relativistic heavy ion collisions offers th
tantalizing possibility of observing many-body effects in
strongly interacting system at densities and temperature
removed from equilibrium. At ultrarelativistic energies, th
main focus of the active experimental and theoretical p
grams is the creation, observation, and interpretation o
new form of matter: the quark-gluon plasma. Its existenc
a prediction of QCD, even though some ambiguities c
cerning the specific nature of an eventual phase trans
and its experimental signatures@1# still remain. It is fair to
say that the activity generated by this field makes it one
the most exciting areas of contemporary subatomic phys

The J/c meson has been singled out as a promising c
didate to signal deconfinement. Indeed, the presence

high temperature quark-gluon plasma would screen thecc̄
interaction@2# or ionize the quarkonium state@3#, leading to
a suppression of theJ/c in events where the plasma is pr
duced in comparison with events where it is not. While t
suppression ofJ/c ~andc8) in p-A and in heavy ion colli-
sions involving medium-mass projectiles at 200A GeV @4#
can be explained by absorption models without plasma
sumptions@5,6#, the subsequent Pb1 Pb data has led to
analyses involving plasma formation@7#. However, the
plasma interpretation of this ‘‘anomalous’’J/c absorption
observed with the Pb projectile needs the introduction
model-dependent assumptions. Furthermore, alternative
planations which rest purely on hadronic grounds are star
to appear@8,9#. Any model of J/c suppression, whether i
includes hadronic ‘‘comovers’’@5# or not, relies on simple
assumptions about the size of the cross sections with nu
ons and light hadrons. Unfortunately, up to recently only
few calculations of the interaction cross section ofJ/c with
light hadrons could be found in the published literatu
@10,11#, and the results of those calculations are not in agr
ment with each other@12#.

Our aim in this work is the following. We plan to system
atically explore the different channels of interaction of t
J/c with light hadrons and calculate the corresponding cr
sections, in light of recent calculations with an effective ha
ronic Lagrangian@13–15#. We shall perform no attempts t
find heavy ion data here. However, we will try to bring th
study of the hadronic interactions of theJ/c meson closer to
0556-2813/2001/63~6!/065201~11!/$20.00 63 0652
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the level of sophistication that the lighter vector mesonsr,
v, and f) currently enjoy. Consequently, we calculate t
spectral function for the charmonium state, in a gas of lig
mesons at finite temperature. Bear in mind that this does
imply that theJ/c is thermalized. We view this calculatio
as a necessary prelude to a more complete understandin
the behavior of the charmonium bound states in hadro
matter at finite temperature and density. Because of the
rect decay into muon pairs, theJ/c spectral function is di-
rectly accessible experimentally.

Our paper is organized as follows. In the next section
discuss details of a heavy meson chiral Lagrangian bea
hadronic interactions upon which our quantitative estima
are based. We also describe a slight variant of this model
has been used in phenomenological applications. The do
nant channels in this study, both elastic and inelastic,
then considered and the associated cross sections are sh
We introduce new channels, to our knowledge, forJ/c ab-
sorption on mesons. We then proceed to a discussion of
scattering widths induced by the interactions. We will th
show the resultingJ/c spectral function, and explore its tem
perature and momentum dependence. Finally, we summa
and conclude.

II. CHIRAL LAGRANGIAN FOR LIGHT AND HEAVY
MESONS

We discuss here the basic assumptions and ingredien
our chiral Lagrangian approach for light and heavy pseu
scalar and vector mesons. We shall model the interactio
the charmonium state with lighter mesons through me
exchanges. In order to include charmed mesons, the sma
possible symmetry group that potentially contains the r
evant phenomenology is SU~4!. However, SU~4! is in fact
badly broken by the large mass of the charmed quark. T
also can be seen in the poor agreement obtained betwee
extended mass formula and the experimentally measu
masses@16#. We adopt here the following pragmatic view
point: we work here with the physical mass eigenstates
the physical mass matrix will represent the relevant break
of the original symmetry. Furthermore, we compare two ca
bration methods,~i! the chiral gauge coupling will be
uniquely determined from light vector spectroscopy, nam
the r meson, and~ii ! relevant coupling constants are ind
vidually chosen by either empirical constraints where th
©2001 The American Physical Society01-1
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exist or model calculations in the absence of measurement. We feel that it is crucial for this effective approach to be
with the largest possible range of phenomenology at the appropriate energy scale.

Description of light and heavy pseudoscalars in a single framework can be obtained using a four-flavor chiral Lag
The basic nonlinear SU~4! s model apart from mass terms is

L05
2Fp

2

8
Tr~]mU]mU†!,

U5expF2if

Fp
G . ~2.1!

The constantFp.135 MeV andf is the pseudoscalar multiplet matrix. Correct normalization leads to
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To introduce vector mesons we make the replacement

]mU→DmU[]mU2 igAm
L U1 igUAm

R , ~2.3!

and we add kinetic terms

L152
1

2
Tr~Fmn

L FLmn1Fmn
R FRmn!1g Tr~Fmn

L UFRmnU†!,

~2.4!

whereAm
L andAm

R are the chiral spin-one fields and where

Fmn
L 5]mAn

L2]nAm
L 2 ig@Am

L ,An
L#,

Fmn
R 5]mAn

R2]nAm
R2 ig@Am

R ,An
R#. ~2.5!
06520
Next we add mass terms for the spin-one fields plus t
generalized mass terms

L252m0
2 Tr~Am

L ALm1Am
RARm!1B Tr~Am

L UARmU†!

1C Tr~Am
L ARm1Am

RALm!. ~2.6!

The aim for the present model is to describe the norm
parity states, so we must eliminate the axial-vector ma
field Am[Am

L 2Am
R . To accomplish this, we follow the idea

presented in Ref.@17# and make a gauge transformation r

sulting in Am8 50. Equivalently, in the primed gauge,Am
L8

5Am
R8[rm . The vector meson matrix multiplet is
rm51
r0

A2
1

v

A6
1

J/c

A12
r1 K* 1 D̄*

0

r2
2

r0

A2
1

v

A6
1

J/c

A12
K* 0 D* 2

K* 2 K̄*
0

2vA2

3
1

J/c

A12
D* s

2

D* 0 D* 1 D* s
1

23
J/c

A12

2
m

. ~2.7!
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The specific choicesU1/25j, U21/25j† and

Am
L 5jrmj†1

i

g
j]mj†,

Am
R5j†rmj1

i

g
j†]mj,

U5j1j ~2.8!

will ‘‘gauge away’’ the positive-parity states from the mod
by producing the requisiteAm8 50.

Gauging away the axial fields with the above-mention
transformation yields the following Lagrangian~utilizing
Hermiticity f5f† andrm5rm

† ):

L050,

L15~g21!Tr@Fmn~r!Fmn~r!#,

L25~B12C22m0
2!Tr~rmrm!

1
2i ~B22C22m0

2!

gFp
2

Tr~rm@]mf,f#!

1
4C

Fp
2

Tr~@f,rm#2!2
~B12C12m0

2!

g2Fp
2

Tr~]mf]mf!,

~2.9!

where we have defined

Fmn~r![]mrn2]nrm2 ig@rm ,rn#. ~2.10!

We notice that under the gauge transformation the orig
kinetic piece for the pseudoscalars vanishes—it reappea
L2 . L1 becomes a kinetic Yang-Mills term for the fieldrm ,
while its correct normalization points tog53/4. Further-
more, L2 includes the mass terms for therm field, kinetic
terms forf, as well, it includes three-point and four-poi
interaction terms. It is clear that the mass term forrm spoils
local gauge invariance. In order to leaveL01L11L2
chirally and locally gauge invariant, we chooseB12C
22m0

250. Omitting kinetic energy terms, we arrive at th
model’s chiral and gauge invariant set of interactions. Th
are the following:

Lint5 ig Tr~rm@]mf,f#!2
g2

2
Tr~@f,rm#2!

1 ig Tr~]mrn@rm,rn#!1
g2

4
Tr~@rm,rn#2!,

~2.11!

where, for convenience, we have attached physical sig
cance to the gauge coupling constant through

2~B22C22m0
2!

gFp
2

5
grpp

2
5g. ~2.12!
06520
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Before leaving the formalism we summarize up to th
point. An effective chiral Lagrangian of light plus heav
pseudoscalar and vector mesons has been constructed
fully chirally U(4)3U(4) invariant. In particular, no loose
ends are left in the model since the axial fields have b
completely gauged away. The result is written in Eq.~2.9!.
From here we further impose local gauge invariance and
rive at interaction terms given in Eq.~2.11!. The model has
two input parameters:Fp and grpp . Since we adjustgrpp

using the decay rate into pion pairs at the physical rho p
we implicitly also usemr . The matrix algebra implied in the
above expressions can now be explicitly carried out to ob
Lagrangians involving specific physical fields.

A. Chiral model predictions

The model is constructed in some sense to pivot off
rho meson sincer decay into two pions uniquely determine
the gauge coupling constantg. Taking Gr5151 MeV, and
mr5770 MeV, we findgrpp52g.8.54. Having fixed the
single parameter in Eq.~2.11!, we are in position to ‘‘pre-
dict’’ widths for meson decays where phase space is op
and we are particularly interested in the strangeness
charm sectors.K* ’s andD* ’s are chosen to test the symm
try breaking effects in the extremes. Results for widths
listed in Table I. We findK* widths consistent to within
10% of experiment, andD* widths consistent with othe
model calculations@18–20#. We are hesitant to read to
much into these numbers, but they begin to suggest that
symmetry breaking effects might largely be accounted
merely by using the physical mass eigenstates.

All coupling strengths are now in principle fixed. W
have first evaluated absorption cross sections for react
involving the J/c in the initial state. We list the processe
under consideration in Table II. Note that each process ca
principle involve several Feynman diagrams and their int
ference.

For the sake of brevity, we do not show all the cro
sections that we have evaluated but instead point out
most important ones. Our findings first support the not
that the elastic channels involving light pseudoscalars,
listed in Table II, are quantitatively small. In particular, w
find that pion, eta and kaon elastic cross sections withJ/c
are of order 100 fb, 1 nb, and 100 nb, respectively. Since
processes are modeled with meson exchange, and sinc
propagating meson can reach its mass shell, regularizatio
needed. We use finite widths where necessary to prop
respect unitarity.

TABLE I. Model prediction for widths. The phenomenologic
approach refers to that of Refs.@11,13,14#.

Particle Chiral model Pheno. model Experiment

K* (892)0 44.5 MeV 97.0 MeV 50.560.6 MeV
K* (892)6 44.5 MeV 97.0 MeV 49.860.8 MeV
D* (2007)0 10.1 keV 22.0 KeV ,2.1 MeV, 90% C.L.
D* (2010)6 21.1 keV 46.0 KeV ,131 keV, 90% C.L.
1-3
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Vector contributions for elastic scattering listed in Tab
II, J/c1V→J/c1V, whereVP$r,v,f% are rather larger
than pseudoscalars and are shown in Fig. 1. ByAs
56 GeV, the omega cross section has risen to 10 mb. Th
processes are modeled withhc exchange and therefore in
volve vector-vector-pseudoscalar interactions which are
included in the chiral Lagrangian. Instead, the relevant
grangian is

LVVP5gVVfeabmn]aVb]mVnf. ~2.13!

The coupling strength in each case is fixed via vector me
dominance arguments and the measuredJ/c→hcg decay

FIG. 1. Elastic cross sectionJ/c1V→J/c1V, where V
P$r,v,f%.

TABLE II. We list here the hadronic reactions involvingJ/c
that were considered in this work. It is implied that the figures a
include the Hermitian conjugate inelastic final state when it is d
ferent from the one listed below.

Elastic channels Inelastic channels
Initial state Final state

J/c1p J/c1p D* 1D̄
J/c1h J/c1p hc1r
J/c1K J/c1p hc1b1

J/c1r J/c1h D* 1D̄
J/c1v J/c1h hc1f
J/c1f J/c1K Ds1D̄*

J/c1r D1D̄
J/c1r D* 1D̄*
J/c1r hc1p
J/c1v D1D̄
J/c1v D* 1D̄*
J/c1f D1D̄
J/c1f D* 1D̄*
J/c1K hc1K1

J/c1K* Ds1D̄
J/c1K* Ds* 1D̄*
06520
se
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-

n

width @28#. We proceed first by computing each vector
‘‘VMD’’ coupling constant gV appearing in the mixing am
plitude

LgV52
e

2gV
AmnGmn , ~2.14!

whereAmn (Gmn) is the photon~neutral vector meson! field
strength tensor. Using the measurede1e2 decay widths, we
find gr55.04,gv517.01, andgf5213.26. We remark tha
these numbers are not inconsistent with SU~4! predictions
@21#,

gr :gv :gf :gJ/c51:3:2
3

A2
:

3

2A2
. ~2.15!

Next we assume that ratios of coupling consta
gJ/chcv /gJ/chcr and gJ/chcv /gJ/chcf follow the same trend

as seen~where phase space is open! in J/c→hV decays.
Putting it all together, we takegJ/chcv57.03 GeV21,

gJ/chcr52.44 GeV21, andgJ/chcf54.51 GeV21.
We now turn to the most important channels in our stu

inelastic reactions. We show in Fig. 2 the isospin avera
total absorption cross sectionJ/c1p→D* 1D̄ plus D̄*
1D. Next in importance is the reactionJ/c1r→D* D̄* ,
this is shown in Fig. 3.

Note that exothermic reactions are also possible, but t
typically settle down to a low cross section value. A rep
sentative example isJ/c1r→D1D̄, and this is shown in
Fig. 4.

B. Phenomenological model

To compare with other calculations which have used
fective Lagrangian methods but have constrained the mo
differently, we include this subsection. If we retreat som
what from the symmetry and allow the coupling constants
be separately adjusted to empirical constraints or models

FIG. 2. Isospin averaged total cross section forJ/c1p→(D̄

1D* )1(D̄* 1D).

o
-
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HADRONIC INTERACTIONS OF THEJ/c PHYSICAL REVIEW C 63 065201
arrive at different predictions. For instance, if we choose
D* Dp coupling constant to give a width consistent with
relativistic potential model prediction of 46 keV forD* 6

@22#, we find gD* Dp54.4 ~whereas, the chiral predictio
from the previous subsection used a value 3.02!. Vector
dominance arguments have been further used to fix c
plings likegJ/cDD andgJ/cD* D* to be 7.7@13,14#. Again, the
chiral prediction used above is 4.93. We stress that the ch
model calculations are not different from the previous eff
tive Lagrangian methods, practically speaking, the diff
ences are merely methods of calibration@23#. Note however
the calibration method we associated with the ‘‘phenome
logical model’’ @i.e., fixing theD* Dp coupling constant and
then using SU~4! to predictK* Kp# will lead to K* phenom-
enology off from experiment by a factor of 2, as seen
Table I.

In Fig. 5 we show pion and rho dissociation ofJ/c in the
phenomenological approach. The results are to be comp
with the chiral model predictions in Figs. 2 and 3. So
some sense, the different results could be viewed as re
sentative of uncertainties in the present hadronic approa
to J/c dynamics. In this work the preference will go to th
so-called chiral approach as it generates the hadronic

FIG. 3. Cross section forJ/c1r→D̄* 1D* .

FIG. 4. Cross section forJ/c1r→D̄1D.
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nomenology contained in Table I which does not contrad
experimental measurements.

III. ANOMALOUS PROCESSES

We include next a section which reports on a few p
cesses in the anomalous sector which turn out to give sig
cant cross sections. As discussed in Sec. II, vector do
nance is employed to estimate the coupling ofJ/c to hc and
v with the resultgJ/chcv57.21 GeV21. Using once again

the Lagrangian from Eq.~2.13! to analyzev→p0g, we ex-
tract gvrp511.6 GeV21. Equipped with these two cou
plings, we can compute the cross section forJ/c1p→hc
1r throughv exchange. We present it in Fig. 6, and rema
that it is quite large. Since this calculation has been done,
have found that Shuryak and Teaney had considered
process previously using a model different from what is do
here@24#.

Similarly, cross sections forJ/c1p→hc1b1 and for
J/c1K→hc1K1 are estimated. The values for the couplin
gb1pv and gK1Kv are deduced from the measured dec

FIG. 5. Cross sections for pion- and rho meson-induced dis
ciation ofJ/c. The specific channels are the same as Figs. 2 an

FIG. 6. Cross sections forJ/c involving anomalous couplings
and thehc meson. The specific channels are discussed in the t
1-5
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widths of b1 and K1 @28#. The cross sections are also di
played in Fig. 6. We have also calculated other new react
which we report on in the next section.

With these cross sections, and the ones associated wit
the other processes we have considered, theJ/c spectral
function in a finite temperature gas of mesons can now
calculated. However, before moving on to that topic, the i
portant issue of form factors needs to be addressed.

IV. HADRONIC FORM FACTORS

The field theory in this work is formulated in a hadron
language and does not deal with fundamental fields but w
degrees of freedom that are composite in terms of qu
content. It is clear that the exchange of heavy mesons~as the
open charmD mesons, for example! leads to an interaction
too short-ranged for the interacting particles to be left u
modified @25#. Meson exchanges are perhaps parameter
tions of other phenomena which should be more eviden
the parton level. This fact reveals itself in the appearanc
hadronic form factors at the interaction vertices of Feynm
diagrams. Those can be the source of additional uncerta
in the model. Note that form factor considerations are
restricted to meson exchange models like the one discu
here. For example, they occur also in the flux tube break
model @26# and the 3P0 model @27#. The choice of form
factors is guided here by physical arguments, and they
introduced in a way that respects gauge invariance in
electromagnetic sector, and Lorentz symmetry.

A generic form is first chosen to constructt- and
u-channel hadronic form factors. A candidate that lends its
to practical calculations is the monopole:

F~ t !5
L2

L21ut2ma
2 u

, ~4.1!

wherema is the mass of the exchanged meson. An advant
of this functional form is that the form factor is normalize
to 1 for on-shell particles. Also, even if the kinematics ve
ture into regions of timelike momentum transfer, this cho
of form factors remains unitary. Each vertex therefore
ceives a contributionF(t) or F(u), depending on the appro
priate kinematics. The vertices for the tadpole diagrams
determined by replacing its metric tensor structure by a g
eral tensorial expansion constructed from the metric ten
and the available four vectors. The coefficients of this exp
sion are then chosen such that the total amplitude is ga
invariant in the electromagnetic sector. The form factors
this work therefore build Feynman amplitudes that are b
Lorentz and gauge invariant.

Our values forL stem from elements of hadronic ph
nomenology which we describe now. We first fix the co
pling constantgJ/crp by reproducing the measured wid
GJ/c→rp . The appropriate vector-vector-pseudosca
(VVf) Lagrangian has been shown in Eq.~2.13!. For the
determination ofgVVf the form factor@Eq. ~4.1!# plays no
role, by construction.L is then determined by pushing on
of the particles off-shell. Consider the measured@28# radia-
tive decay widthGJ/c→gp0. Using a vector meson dominanc
~VMD ! argument, one may assume that the photon cou
06520
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to the r of the above strong interaction vertex. Then, w
gVVf being determined,L can be obtained from a fit to th
radiative decay width. A word of caution is necessary he
the J/c also has aG-parity violating decay likeJ/c→vp,
so that presumably the photon could also originate from
v through VMD. However, when compared withJ/c
→r0p0, the decay intovp0 is suppressed by an order o
magnitude so that we can safely ignore it here. In order
reproduce theJ/c radiative decay width one needs the p
rameter in Eq.~4.1! to be L51.25 GeV. This number is
satisfying as it does represent a scale that is typically a
ciated with soft hadronic interaction as are commonplace
for example, the Bonn potential@29#.

Another method to pin down hadronic form factors co
sists of consideringJ/c and open charm photoproductio
data and to use their relation withJ/c-nucleon total elastic
and inelastic cross sections@30#. Using this argument, a
J/c1N inelastic cross section can be extracted from
data, and its value is'0.1 mb atAs56 GeV @31#. Below
this energy, some doubts have been expressed on the rel
ity of the cross section extraction through VMD@31#. We
estimate the largest contribution to theJ/c-N inelastic cross
section to beJ/cN→LcD̄. Using the form factor described
above and requiring that the inelastic cross section be 0.1
at As56 GeV setsL53 GeV. Past this energy value th
J/c-N meson-exchange cross section drops~unlike what is
shown in Fig. 5 of Ref.@31#!, so that the upper bound set b
photoproduction data is not exceeded. With this in mindL
52 GeV is set as a conservative upper bound for the
mainder of this work, thereby allowing for the contributio
of other channels to theJ/c2N cross section.

Summarizing, a range inL was estimated for the had
ronic form factor introduced in the meson exchange mod
Guided by hadronic phenomenology, we set 1.25<L
<2 GeV. The final cross sections are quite sensitive to
choice of the cutoff parameterL. This sensitivity is shown in
Fig. 7 using the total inclusive absorption cross section
J/c on p. This cross section is the sum of the ones in Fi
2 and 6. Even within the window that has been determin

FIG. 7. The value of the total inclusiveJ/c1p inelastic cross
section, and its sensitivity to our choices of the form factor para
eterL.
1-6
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HADRONIC INTERACTIONS OF THEJ/c PHYSICAL REVIEW C 63 065201
for L, the cross section remains uncertain within an orde
magnitude. The larger value of the form factor parameter
the total absorption cross section flattening out at aroun
mb. This value is dominated by the cross section in
anomalous sector with anhc in the final state, and is thu
quite insensitive to the choice of the chiral model or t
phenomenological model to calculateJ/c1p→D* 1D̄
1H.c. The apparent kink in the low energy region of Fig
is related to the different thresholds for the reactions in F
2 and 6. Also note that Shuryak and Teaney estimate tha
cross section forJ/c1p→hc1r is 1.2 mb, using nonrela
tivistic quark model arguments@24#. The value obtained in
the approach followed in this work is'1 mb in the middle
of the form factor range defined above. Those two differ
methods thus give numerical results that are not inconsis
with each other. It is important in this nonperturbative sec
to cross-check model calculations. In this respect, the fo
factor corrected cross section for the reaction of Fig. 2 ha
mean value of'0.1 mb, only slightly lower than that ob
tained in a quark-interchange model@32#.

The elastic cross section of theJ/c with thev which was
shown in Fig. 1 is also drastically affected by form fact
considerations. This is displayed in Fig. 8. Note that the s
pression due to the form factor is different in the elastic a
inelastic cases, owing to different kinematics.

Finally we also show the total inclusive cross section
rho-induced absorption of theJ/c in Fig. 9. It is worth not-
ing that the upper choice of our form factor parameter ha
large energy limit of'1 mb. Using the methods just ou
lined, we have estimated alsoJ/c1h→hc1f (0.06
mb), J/c1K→hc1K1 (0.18 mb). The numbers in pa
rentheses refer to cross section values that are approxim
in the center of the form factor window. To our knowledg
those channels also have not been discussed previously

V. JÕc SPECTRAL FUNCTION

For hadrons immersed in a strongly interacting mediu
one finds that two-loop effects dominate over one-loop

FIG. 8. The value of theJ/c1v elastic cross section, and it
sensitivity to our choices of the form factor parameterL. The solid
curve is obtained without form factors, the dashed curves mark
limits of our range in form factors.
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fects in the calculations of imaginary parts of particle prop
gators@33#. This owes largely to the size of the coupling
the confined sector. We have verified that this is the c
here also, by doing explicit calculations. Thus we negl
one-loop effects. We will also neglect effects on the real p
of theJ/c propagator. We thus will assume that theJ/c will
suffer negligible mass shifts. We partly base this reason
on the large mass of the charmonium vector meson. A
recent calculations ofJ/c properties in nuclear matter d
yield mass shifts that are small@34#.

Our first task is then to calculate the broadening due
collisions of theJ/c with particles that make up the hea
bath. The width induced by a reaction of the typeJ/c2
→34, where 2, 3, and 4 are arbitrary species is@33,35#.

G~v,pW !5
1

2vE dVn2~E2!@11n3~E3!#

3@11n4~E4!#uM~J/c2→34!u2, ~5.1!

where v5ApW 21mJ/c
2 , pW being the three vector of the

J/c. Note that 3 or 4 can be aJ/c. In Eq. ~5.1!,

dV5dp̄2dp̄3dp̄4~2p!4d4~p1p22p32p4!, ~5.2!

and

dp̄i5
d3pi

~2p!32Ei

. ~5.3!

The reactions we consider will involve only mesons. In pr
ciple, a J/c can also be produced by an inverse react
involving particles from the thermal background@35#. Here,
phase space considerations make the inverse channel n
gible.

We write the spectral function of theJ/c as

AJ/c~v,pW !522 ImDJ/c~v,pW !, ~5.4!

e

FIG. 9. The value of the total inclusiveJ/c1r inelastic cross
section, and its sensitivity to our choices of the form factor para
eterL.
1-7
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whereDJ/c is the scalar part of theJ/c propagator. Neglect-
ing the difference between longitudinal and transverse po
izations of theJ/c in the finite temperature medium@36#,
one has

DJ/c~v,pW !5
1

p22mJ/c
2 2F~v,pW !

, ~5.5!

wherepm5(v,pW ), andF is the scalar imaginary self-energ
Then, using

GJ/c521/mJ/c Im F~p25mJ/c
2 ! ~5.6!

one can write in the on-shell approximation

AJ/c~v,pW !5
2mJ/cGJ/c

~p22mJ/c
2 !21mJ/c

2 GJ/c
2

, ~5.7!

whereGJ/c contains all the contributions we have discuss
so far: the vacuum width and the contributions from elas
and inelastic collisions.

One can first shown the effects of purely elastic proces
on theJ/c spectral function. This appears in Fig. 10. No
that L52 GeV throughout this section, keeping in min
any investigation of a more quantitative nature will need
reflect the possible ambiguities in this choice that were d
cussed earlier.

The spectral function deviates so little from the vacuu
that all curves lie on top of one another.

Let us now consider theJ/c charmonium state traveling
in a finite temperature gas first consisting only ofp ’s, K ’s,
andr ’s. The spectral function at two temperatures, 150 a
200 MeV, is shown in Figs. 11 and 12. One notices a s
stantial broadening of the spectral distribution, along with
suppression of the peak. This considerable effect is e
more pronounced at the higher temperature. If we include
the inelastic processes we have considered in this w
~summarized in Table II!, it turns out the quantitative differ
ences between results involving all those and the ones sh
in Figs. 11 and 12 are small and can be neglected. Clea
the p ’s, K ’s, andr ’s play the leading role.

FIG. 10. Spectral function in vacuum and at finite temperat
allowing only elastic scattering.
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VI. CONCLUSION

In this work, cross sections for the interactions of theJ/c
with light mesons were evaluated. It has been found t
those cross sections are all quite different, and also not c
stant with respect to the energy of the colliding particles. T
form factors that are germane to meson exchange mo
such as the one discussed here have been constraine
hadronic phenomenology, Lorentz invariance, and elec
magnetic gauge invariance. The numerical effect of th
form factors is large and therefore a careful treatment is m
datory. The importance of theJ/c1p→X hadronic absorp-
tion channel has been highlighted, especially those that
ole thehc . Similarly, the elastic cross section involving a
externalv interacting through an exchangedhc is found to
be appreciable. Those findings should have some effec
the hadronic phenomenology that is an ingredient to the
oretical modeling of high energy heavy ion collisions. Sp
cifically, the J/c1p inelastic channel can be interpreted
the leading contribution in theJ/c absorption by ‘‘comov-
ers.’’ In this light, the average value of our comover cro
section just about reaches 2 mb. If one considers theJ/c
1r channel, one could even add an additional mb. A rec
study usesscomovers51 mb @9#. It is important for values

e FIG. 11. Spectral function in vacuum and atT5150 MeV tem-
perature inelastic interactions withp ’s, K ’s, andr ’s.

FIG. 12. Spectral function in vacuum and at 200 MeV tempe
ture allowing inelastic interactions withp ’s, K ’s, andr ’s.
1-8



o
p
n
s

r
n

av
ed
ts

ha
t i

.

t
ne
th
n
Th
ls

o
sic
ll a

e
i
.

pa

o.
er-

nds

ec-
eed

, or
an
fo-

ry

HADRONIC INTERACTIONS OF THEJ/c PHYSICAL REVIEW C 63 065201
obtained phenomenologically and for those based on m
microscopic approaches to eventually meet. The studies
formed here, however, do point to the richness of the ma
body problem. Several reaction channels have been con
ered and even more work needs to be done in orde
complete the survey of what turns out to be a vast hadro
landscape. Our exploration continues.

We have evaluated the spectral function for aJ/c state
traveling in a finite temperature gas of mesons. We h
found that the spectral function gets considerably modifi
owing mainly to inelastic interactions with the constituen
of the hot meson gas.

For the moment, we have refrained from attempting
detailed comparison with heavy ion data. It is also clear t
such an application will require great care. For example i
claimed here that the absorption of theJ/c on pions is im-
portant, especially when thehc is part of the final state
However, inverse reactions can produce aJ/c: hc1r
→J/c1p (0.7 mb), andhc1p→J/c1r (2 mb). The
numbers in parentheses refer to cross section values tha
approximately in the center of the form factor window. O
therefore needs to advocate a careful simulation of
nuclear collision, with the inclusion of the relevant importa
reaction channels and of their detailed balance partners.
work is extensive, has begun, and will be reported on e
where. It is first necessary to place the interactions of theJ/c
in a proper many-body setting, at the appropriate level
sophistication our current understanding of hadronic phy
requires. This also implies pointing out the caveats as we
the successes.
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APPENDIX: GAUGE INVARIANCE

The amplitudes discussed in this work that couple to v
tor mesons that have the quantum number of the photon n
to obey gauge invariance in the electromagnetic sector
more specifically current conservation. This statement is
immediate consequence of vector meson dominance. We
cus for the moment on the reactionJ/c(p1)1p(p2)
→D* (p3)1D̄(p4). The invariant amplitude emerging from
Eq. ~2.11! is M5M11M21M3 where

M15A2

3
g2em~p1!~2p42p1!m

1

~p12p4!22m4
2

3~2p22p3!nen~p3!,

M25A2

3
g2em~p1!@~2p32p1!mgna

2~p11p3!agmn1~2p12p3!ngma#

3
@2gab1~p12p3!a~p12p3!b/m3

2#

~p12p3!22m3
2)

3~p21p4!ben~p3!,

M35A2

3
g2em~p1!@2gmn#en~p3!. ~A1!

Gauge invariance requires thatM@em(p1)→p1
m# must be

identically zero. In particular, it must vanish for arbitra
choices of pseudoscalar and vector masses.

Replacingem(p1)→p1
m , and doing the contraction gives
M15A2

3
g2@2~2p22p3!n#en~p3!,

M25A2

3
g2H ~p21p4!n1

1

~p12p3!22m3
2 F ~2p32p1!•p1~p12p3!•~p21p4!~p12p3!n

m3
2

1~p11p3!•~p21p4!~p1!n

2
~p11p3!•~p12p3!~p12p3!•~p21p4!~p1!n

m3
2

2~2p12p3!n~p1!•~p21p4!

1
~2p12p3!n~p1!•~p12p3!~p12p3!•~p21p4!

m3
2 G J en~p3!,

M35A2

3
g2@2~p1!n#en~p3!. ~A2!
1-9
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We note thatM1 plus the first term inM2, plus M3
vanishes due to energy-momentum conservation. The
maining pieces fromM2 are

}
1

m3
2@~p12p3!22m3

2#
$~2p32p1!•p1~p12p3!•~p21p4!

3~p12p3!n1m3
2~p11p3!•~p21p4!~p1!n

2~p11p3!•~p12p3!~p12p3!•~p21p4!~p1!n

2m3
2~2p12p3!np1•~p21p4!1~2p12p3!np1•~p12p3!

3~p12p3!•~p21p4!%en~p3!. ~A3!

Terms proportional to (p3)n vanish when contracted with
en(p3) due to transversality. Thus the surviving terms can
written as
g,

v

us

D

06520
e-

e

}
~p1!n

m3
2@~p12p3!22m3

2#
$~2p32p1!•~p1!~p42p2!•~p21p4!

1m3
2~p11p3!•~p21p4!1m3

2~22p1!•~p21p4!

2~p11p3!•~p12p3!~p42p2!•~p21p4!

12~p1!•~p12p3!~p42p2!•~p21p4!%en. ~A4!

Finally, we can simplify to

}~p1!n$~m4
22m2

2!@m3
2#1m3

2@~p32p1!•~p21p4!#%en~p3!

5~p1!n$m3
2~m4

22m2
2!1m3

2~p22p4!•~p21p4!%en~p3!

5~p1!n@m3
2#$m4

22m2
21m2

22m4
2%

50. ~A5!

Indeed, current is conserved in the general case. The o
channels can similarly be shown to conserve current.
nd
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