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Dissociation cross sections of ground state and excited charmonia with light mesons
in the quark model
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We present numerical results for the dissociation cross sections of ground state, and orbitally and radially
excited charmonia in collisions with light mesons. Our results are derived using the nonrelativistic quark
model, so all parameters are determined by fits to the experimental meson spectrum. Examples of dissociation
into both exclusive and inclusive final states are considered. The dissociation cross sections of severalC
5(1) charmonia may be of considerable importance for the study of heavy ion collisions, since these states
are expected to be produced more copiously thanJ/c. The relative importance of the productions of ground-
state and orbitally excited charmed mesons in a pion-charmonium collision is demonstrated through the
As-dependent charmonium dissociation cross sections.
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I. INTRODUCTION

The interactions of mesons in systems containing b
light and heavy quarks have long been of interest to had
physicists. For example, some models predict that the op

charmD and D̄ mesons have sufficiently attractive residu
strong interactions with nucleons to form ‘‘charmed nucle
@1,2#. Charmed hadron bound states may exist in other s
tems as well; long ago, Novikovet al. speculated that the

nominal 33S1 cc̄ statec(4040) might actually be a quas

nuclear ‘‘molecule’’ bound state of aD* D̄* pair @3#. Several

quark-model studies have shown thatQ2q̄2 mesons should
exist for sufficiently large heavy-quark massmQ ~for a recent
review, see the work by Richard@4#!. In a recent ‘‘pedagogi-

cal’’ application, themQ→` limit of the Q2q̄2 heavy-light
system~the so-calledBB system! has been used as a the
retical laboratory for the study of nuclear forces, and nucl
potential energy curves have been derived using the non
ativistic quark model@5# and lattice gauge theory@6#.

Recently, further interest in the interactions of light- a
heavy-quark mesons has arisen in the context of heavy
collisions and the search for the quark-gluon plasma~QGP!.
One signature proposed for the identification of a QGP@7# is
the suppression of the rate of formation of theJ/c and other
cc̄ bound states. The long-ranged linear confining poten
between acc̄ pair would purportedly be screened by a QG
so acc̄ pair produced in the collision would be more like
to separate than to populate boundcc̄ resonances.

Direct experimental confirmation of such a suppress
can be detected, for example, through the observation of
ton pairs from the decayJ/c→,1,2. The simplest interpre-
tation of an observedJ/c→,1,2 signal would be to assum
that all J/c mesons survive until they decay outside the
teraction region. However, if dissociation reactions such
p1J/c→D* D̄ andr1J/c→DD̄ are important, the inter-
0556-2813/2003/68~1!/014903~9!/$20.00 68 0149
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pretation of the experiment is more complicated; a weakJ/c
signal might simply be due to dissociation through such ‘‘c
mover absorption’’ processes. The actual size of these l
energy charmonium dissociation cross sections is curre
very controversial, and their evaluation is the subject of t
paper.

II. APPROACHES

A very wide range of theoretical estimates of low-ener
charmonium dissociation cross sections has been reporte
the literature, largely due to different assumptions for t
dominant scattering mechanisms. We will briefly review t
three main approaches used before presenting new re
from our quark-model calculations.

A. Quark interchange

Quark-model calculations of charmonium–light hadr
cross sections were first reported by Martins, Blaschke,
Quack@8#, who used a quark-interchange model@9# to treat
p1J/c collisions. This reference used standard qua
model one-gluon exchange~OGE! forces ~spin-spin hyper-
fine and color Coulomb!, augmented by a color-independe
confining force that was assumed to act only betweenqq̄

pairs~no qq or q̄q̄ anticonfining interaction!. Since the color
Coulomb terms experience destructive interference betw
diagrams~due to color factors!, and the large mass of th
charm quark makes the hyperfine term rather weak, Mar
et al. concluded that OGE forces alone give rather sm
cross sections; they estimated a cross section forp1J/c
→D* D̄1H.c.1D* D̄* of '0.3 mb atAs'4.2 GeV. How-
ever their color-independent,qq̄-only confining interaction
had no color factor cancellation, and so gave a much la
peak cross section of'7 mb near 4.1 GeV. These two ex
clusive processes (D* D̄1H.c. andD* D̄* ) were found to
peak quite close to threshold, and then fell rapidly with
©2003 The American Physical Society03-1
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creasing invariant mass due to suppression from the assu
Gaussian meson wave functions.~See Fig. 2 of Ref.@8#.!
Subsequently, Wonget al. @11# applied the same approach
this problem,albeit with the conventional quark-modell
•l dependence for all terms in the interquark Hamiltonia
including the linear confining potential. The interaction term
assumed were again color Coulomb, spin-spin hyperfine,
linear scalar confinement. The destructive interference
tweenall diagrams, due to zero-sum color factors, led to
rather smallerp1J/c→D* D̄1H.c.1D* D̄* cross section,
with a rather broad peak of roughly 1 mb near 4.1 Ge
Wonget al.also consideredp1c8, r1J/c, andr1c8 dis-
sociation, and found that these cross sections are much la
thanp1J/c near threshold, due to more favorable kinem
ics. Ther1(cc̄) processes are exothermic, and so actua
diverge at threshold. Finally, Wonget al. studied the impor-
tance of the so-called ‘‘post-prior ambiguity’’@12# in these
calculations; the use of exactqq̄ Hamiltonian wave functions
in the present paper eliminates much of this systematic
fect, but an important discrepancy remains due to the us
relativistic phase space and physical masses.

Shuryak and Teaney@13# gave a comparable rough es
mate of '1.2 mb for a low-energyp1J/c cross section
driven by the nonrelativistic quark-model’s spin-spin intera
tion. Actually the specific process they considered,p1J/c
→hc1r, is zero at Born order due to a vanishing col
factor; color was not incorporated in their estimate.

B. Meson exchange

Charmonium–light hadron scattering can also take pl
through t-channel meson exchange. This mechanism w
first discussed by Matinyan and Mu¨ller @14#, who were mo-
tivated to studyp1J/c inelastic scattering by the great di
crepancy between the ca. 7 mb quark-model result of Mar
et al. @8# and the very small low-energy cross sections fou
using the Peskin-Bhanot approach@15#. In the meson-
exchange picture, charmonium dissociation reactions p
ceed throught-channel exchange of charmed mesons suc
D andD* . Matinyan and Mu¨ller assumed onlyD exchange,
and found mb-scale cross sections for the two low-ene
dissociation processesp1J/c→D* D̄1H.c. and r1J/c
→DD̄.

This work has since been generalized to othert-channel
exchanges and effective meson Lagrangians. Lin, Ko,
Zhang had previously proposed an SU~4! flavor symmetric
vector-pseudoscalar meson effective Lagrangian which t
had applied to open-charm meson scattering@16#. Applica-
tion of this same Lagrangian to thep1J/c dissociation re-
action p1J/c→D* D̄1H.c. gave a rather large cross se
tion of '20230 mb forAs5425 GeV@17#; this was much
larger than theD-exchange results of Matinyan and Mu¨ller,
due to new three- and four-meson vertices in their effec
Lagrangian. Haglin@18# introduced a similar SU~4! symmet-
ric meson Lagrangian, and also found rather large cross
tions of 5–10 mb forAs54 –6 GeV for many low-energy
charmonium dissoci ation reactions~see, for example, Fig. 2
of Ref. @18#!. Subsequent work by Haglin and Gale@19#
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showed that thep1J/c total inelastic cross section woul
reach an extremely large value of roughly 100 mb atAs
55 GeV, andr1J/c a fantastic'300 mb~with both still
increasing! in this model, assuming pointlike hadron vert
ces. Similar largep1J/c and r1J/c cross sections have
been reported by Oh, Song and Lee in pointlike meson
change models@20#.

Navarraet al. @21# have recently questioned the assum
tion of flavor SU~4! symmetry; keeping only isospin symme
try, they find rather smaller cross sections forp1J/c

→D* D̄1H.c., ca. 20–25 mb atAs55 GeV. They confirm
that D* exchange is much more important numerically
meson exchange models than theD exchange originally as-
sumed by Matinyan and Mu¨ller.

Of course, it is also incorrect to assume pointlike hadr
form factors. This has been noted both by Lin and Ko@17#
and Haglin and Gale@19#. Both collaborations investigate
the effect of assuming monopole forms for the effecti
three-meson vertices, and concluded that the predicted c
sections were greatly reduced~once again to typically 1-10
mb scales! with plausible vertex functions.~See, for ex-
ample, Fig. 4 of Ref.@17# and Fig. 7 of Ref.@19#.! Accurate
calculations of hadronic vertex functions are clearly of c
cial importance for meson-exchange models of charmon
dissociation. Some results for these form factors, obtai
from QCD sum rules, have been published by Navarraet al.
@22,23#.

C. Diffractive model

A high-energy diffractive description of scattering o
heavy quarkonia which was developed in 1979 by Pes
and Bhanot@24# has also been applied to the calculation
charmonium cross sections. It should be stressed that
method is only justified at high energies@25#, and then only
for deeply boundQQ̄ systems. It is in essence a gluon-s
model of high-energy diffractive scattering of physical
small, high-mass Coulombic bound states by light hadro
This model predicts reasonable mb-scale cross sections
J/c hadronic cross sections atAs>10 GeV @24,15,26,27#.
At low energies, however, this mechanism taken in isolat
predicts extremely small~sub-mb) cross sections forJ/c
1p andJ/c1N ~see Fig. 2 of Ref.@27#!. Presumably, this
means that the Peskin-Bhanot diffractive scattering mec
nism is unimportant in the low-energy regime of great
relevance to QGP searches, and other mechanisms su
quark interchange and meson exchange dominatecc̄ strong
interactions at these low energies. Indeed, a recent com
son @28# with lattice gauge computations shows that the o
erator product expansion breaks down for quark masses
low roughly 100 GeV, and therefore the Peskin model
inapplicable to light and charmed hadronic physics.

Redlichet al. @29# have argued that these diffractive cro
sections are actually accurate at low energies, and if c
bined with vector dominance, these can account for the
perimental gN→J/c1N→ open-charm cross section
Hüfner et al. @26#, however, argue that this test is misleadin
as the assumption of vector dominance through theJ/c
3-2
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alone is unrealistic for these processes. Since thec8 is much
closer to open charm threshold than theJ/c, and is predicted
to have larger dissociation cross sections to open charm,
is clearly a potential source of inaccuracy for anyJ/c-only
vector dominance model.

Finally, QCD sum rule calculations have been perform
@30#, which find a much larger low-energy cross section th
the diffraction model of Ref.@15#, and are in rough agree
ment with quark-interchange results near threshold. Altho
there is approximate agreement of scale at low energies
sum rule results find that the exclusive cross sections
crease monotonically with increasing energy. We believe
this is incompatible with hadronic form factors, which ma
require the inclusion of higher-dimensional operators in
sum rule calculations.

D. Synopsis

Clearly, the scale of charmonium dissociation cross s
tions at low energies remains an open question. Neither
experimental values nor the dominant scattering mechan
have been convincingly established. In this currently rat
obscure situation we can best proceed by deriving the
dictions of the various models and searching for the le
ambiguous comparisons with experiment, in as unbiase
manner as possible. Here we attempt to contribute to
research through a careful and detailed study of the pre
tions of one of the theoretical approaches, the qua
interchange model.

III. QUARK-INTERCHANGE MODEL

The Born-order quark-interchange model approxima
hadron-hadron scattering as due to a single interaction o
standard quark-model interaction HamiltonianHI between
all constituent pairs in different hadrons@9#. In the current
study we specialize to quark interactions that are simple
tentials times spin and color factors,

HI5„vCou~r ! I1vcon f t~r ! I1vss~r ! SW i•SW j…T
a
•Ta.

~1!

The potentials are the standard quark-model color Coulo
linear confinement, and OGE spin-spin hyperfi
terms, vCou5as /r , vcon f t523br/4, and vss

52(8pas /9mimj )ds(rW). @The Gaussian-regularized del
function isds(rW)5s3/p3/2

•e2s2r 2
.#

Since this Hamiltonian isTa
•Ta in color space, quark line

rearrangement is required to give nonzero scattering am
tudes between initial and final color-singlet hadrons at le
ing order inHI . In the case ofqq̄ meson-meson scattering
this Born-order amplitude is given by the sum of the fo
‘‘quark Born diagrams’’ shown in Fig. 1. Each interaction
each diagram has an associated ‘‘signature’’ fermion per
tation phase, color factorC, spin matrix elementS, and a
spatial overlap integralI. The evaluation of these variou
factors is discussed in detail in Ref.@9#. There are severa
simplifications inqq̄ meson-meson scattering; the signatu
phase is always (21), the flavor factor is diagram indepen
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dent ~and is unity here!, and the color factors are (24/9)
~capture! and (14/9) ~transfer!. The full meson-mesonT
matrix is given by the sum of color Coulomb, linear confin
ment, and OGE spin-spinT-matrix elements, each of th
form

Tf i
AB→CD5~21!F $~24/9!^S^ I&C1

1~24/9!^S^ I&C2

1~14/9!^S^ I&T1
1~14/9!^S^ I&T2

%. ~2!

The angle brackets refer to the fact that the spin- and sp
matrix elements do not always factor, and must in genera
evaluated using a Clebsch-Gordon series.~This complication
applies to spin-triplet, orbitally excited mesons.! To evaluate
the cross section for a given reaction at a given ene
we first evaluate the overlap integrals~given below! for
each set of orbital magnetic quantum numbe
^LC ,LCz ;LD ,LDzuIuLA ,LAz ;LB ,LBz&, using an adaptive
Monte Carlo technique. In this method we fixAW 5Aẑ, so the
overlap integrals are functions ofVC . ~The magnitudes ofA
and C are determined fromAs and the physical meson
masses using relativistic kinematics.! We then evaluate
spherical harmonic momentsclm5*dVCYlm* (VC)I(VC) of
the overlap integrals, for each diagram and interacti
usually up tol 54. These spatial overlap integrals are th
combined with the spin matrix elemen

^SC ,SCz ;SD ,SDzuSuSA ,SAz ;SB ,SBz& of I and SW i•SW j in a
Clebsch-Gordon series to form the fullT-matrix element

Tf i
AB→CD5^JC ,JCz ;JD ,JDzuTuJA ,JAz ;JB ,JBz&. ~3!

Polarized cross sections are then given by

s f i
AB→CD5

4EAEBECED

s

uPW Cu

uPW Au
E dVCuTf i

AB→CDu2 ~4!

and the unpolarized cross sections given here are determ
by summing over magnetic quantum numbers as usual.

C2

T1 T2

a

a

b

b
-

-

B

A
c

c

d

d
-

- C

D

C1

FIG. 1. The four quark-interchange meson-meson scattering
grams in the ‘‘prior’’ formalism.
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Since ourHI consists of simple potentials, it is convenie
to evaluate the overlap integrals in real space.~In most recent
studies we evaluated these overlap integrals in momen
space, since they can be conveniently expressed as con
tions of the quark-quark momentum-spaceT matrix with ex-
ternal meson wave functions; see, for example, Ref.@10#.
The real-space overlap integrals, which may be obtained
introducing Fourier transforms in Eqs.~1!–~4! of Ref. @10#

for the special caseTf i(qW ,pW 1 ,pW 2)5Tf i(qW ), are

IC1
5E d̂9xcA~xWA!cB~xWB!cC* ~rW !cD* ~xWA1xWB2rW !v~r !

3expH 2
i

2
~AW 1mCCW !•xWA2

i

2
~AW 2mDCW !•xWB1 iAW •rWJ ,

~5!

IC2
5E d̂9xcA~xWA!cB~xWB!cC* ~xWA1xWB2rW !cD* ~rW !v~r !

3expH 1
i

2
~AW 2mCCW !•xWA1

i

2
~AW 1mDCW !•xWB

2 iAW •rWJ , ~6!

IT1
5E d̂9xcA~xWA!cB~xWB!cC* ~xWB1rW !cD* ~xWA2rW !v~r !

3expH 2
i

2
~AW 1mCCW !•xWA1

i

2
~AW 1mDCW !•xWB1 iAW •rWJ ,

~7!

IT2
5E d̂9xcA~xWA!cB~xWB!cC* ~xWB1rW !cD* ~xWA2rW !v~r !

3expH 1
i

2
~AW 2mCCW !•xWA2

i

2
~AW 2mDCW !•xWB1 iAW •rWJ ,

~8!

where the measure isd̂9x[d3rd3xAd3xB /(2p)3. We also
introducedm[2mq /(mq1mq̄), and the identitiesmA5mB
51 andmC1mD52 were used in deriving the overlap inte
grals; these relations are valid for processes of the t
(nn̄)1(cc̄)→(nc̄)1(cn̄). The spatial wave functions abov
are the usual nonrelativistic quark potential model functio
c(rWqq̄), normalized to*d3r uc(rW)u251. The wave functions
employed in this paper to evaluate these overlap integrals
numerically determined eigenfunctions of the full quar
model Hamiltonian@with interaction given by Eq.~1!#.

Since we use relativistic phase space and physical ma
in evaluating our cross sections, there is a post-prior am
guity in our results@12#. The overlap integrals given abov
are the ‘‘prior’’ forms, in which theHI interaction takes place
prior to rearrangement~Fig. 1!. In the ‘‘post’’ form, rear-
rangement followed by interaction, the scattering amplitu
is given by a different set of spin matrix elements and ov
lap integrals. The post overlap integrals for the two capt
diagrams are
01490
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IC1

post5E d̂9xcA~rW !cB~xWC1xWD2rW !

3cC* ~xWC!cD* ~xWD!v~r !expH 1
i

2
~AW 1mDCW !•xWC

2
i

2
~AW 2mDCW !•xWD2 iCW •rWJ , ~9!

IC2

post5E d̂9xcA~xWC1xWD2rW !

3cB~rW !cC* ~xWC!cD* ~xWD!v~r !expH 1
i

2
~AW 2mCCW !•xWC

2
i

2
~AW 1mCCW !•xWD1 iCW •rWJ . ~10!

The transfer diagramsT1 andT2 ~Fig. 1! in post and prior
formalisms are identical.

IV. RESULTS

We have obtained Born-order quark-model results for~i!
dissociation cross sections of ground-state and excited c
monia into exclusive final states, and~ii ! total inelastic dis-
sociation cross sections from the quark-interchange me
nism. These results assume the quark-interchange m
described in the preceding section. In the quark-mo
Hamiltonian, we assume a quark-gluon coupling const
as50.6, s50.9 GeV in the spin-spin hyperfine term and
string tension ofb50.16 in the linear confinement term. Th
light and charmed quark masses are taken to be 0.33
and 1.6 GeV, respectively. These parameters can repro
the I 52ppS-wave experimental phase shifts@10#, and are
used in the following sections to calculate charmonium d
sociation cross sections which are average values obta
with ‘‘prior’’ and ‘‘post’’ forms. Cross sections forp1 scat-
tering are presented in the following sections, other p
cross sections may be obtained assuming isospin symm

A. Dissociation cross sections of excited charmonia

The principal mechanism for production of charmonia
smallx in heavy ion collisions is thought to be the two-gluo
fusion processgg→cc̄. One therefore expectsJ/c produc-
tion to be relatively weak, since the formation of C5(2)
states requires an additional gluon. The C5(1) mesons that
have especially largegg couplings, such ashc , xc0, and~to
a lesser extent! xc2 and their, as yet unidentified, radial ex
citations should be the dominantcc̄ states produced. The
relative strengths ofcc̄ couplings to glue are dramaticall
illustrated by the total widths of charmonia; thehc andxc0

total widths, thought to be due mainly tocc̄→gg, are two
orders of magnitude larger than theJ/c total width. Even the
smallerxc2 width is roughly 20 times theJ/c width. This
suggests that the production of charmonia from a qua
gluon plasma is probably dominated by these C5(1) states
rather thanJ/c, so the evolution of C5(1) states produced
3-4
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in a heavy-ion collision may be more important for unde
standing charm production than theJ/c. The possibility that
much of theJ/c signal originates from radiative transition
of parentxcJ states@31,32# also suggests that an understan
ing of the interactions of these C5(1) and excitedcc̄ states
with light hadrons may be of great importance for simu
tions of heavy flavor production in heavy ion collisions.

It is straightforward to determine the dissociation cro
sections of cc̄ states other than theJ/c in the quark-
interchange model; one simply changes the external s
attached to each of the four scattering diagrams of Fig
There is a technical complication with spin-triplet, orbital
excited charmonia, since the spin and space degrees of
dom do not factor trivially in these states, unlike the scat
ing of S-wave mesons considered previously@11#. Instead,
we must evaluate overlap integrals and spin-matrix elem
for each set of magnetic quantum numbers, which are t
combined using the appropriate Clebsch-Gordon coefficie
to give scattering amplitudes of mesons with definiteJ ~e.g.,
p1xcJ→D̄D* ).

B. Total p-charmonium dissociation cross sections from
constituent interchange

We have evaluated thepJ/c, pc8, andpxcJ exclusive
and total cross sections up to 4.5 GeV in the center of m
frame. The six final states with nonzero couplings in t
model which are open in this regime are

p11cc̄→D̄0D* 11c.c., ~11!

3.8 3.9 4 4.1 4.2 4.3 4.4 4.5

s
1/2

 (GeV)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
σ 

(m
b)

total

D
0
D*+

D*0
D*+

D
0
D*+

2

D
0
D*+

1
 (

3
P

1
)

D
0
D*+

0

D*0
D

+

1
(
1
P

1
)

π+
J/ψ

FIG. 2. Theoretical p1J/c cross sections in the quark
interchange model. The figure shows all nonzero partial cross
tions open toAs54.5 GeV; the total cross section, obtained
summing these and their charge conjugate channels, is shown
solid line.
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p11cc̄→D̄* 0D* 1, ~12!

p11cc̄→D̄0D2*
11c.c., ~13!

p11cc̄→D̄0D1*
1~3P1!1c.c., ~14!

p11cc̄→D̄0D0*
11c.c., ~15!

p11cc̄→D̄* 0D1
1~1P1!1c.c. ~16!

The masses of theD̄0, D* 1, D̄* 0, D1, andD2*
1 mesons

are taken from the 2002 PDG compilation@33#. The D0*
1

vector meson is assumed to have a mass of 2.5 GeV.
spin-triplet state D1*

1(3P1) and the spin-singlet stat
D1

1(1P1) mix to form the observed stateD1(2420)1 and
another unobserved state@34#. We assume masses for th
D1*

1(3P1) andD1
1(1P1) of 2.427 and 2.4 GeV, respectively

The total inelastic cross sections to 4.5 GeV are shown
Figs. 2–8. Results for exclusive reactions are as shown in
figures. The total cross section also includes charge conju
tion final states where appropriate.

We note the following general features of the cross s
tions. All cross sections rise rapidly according to thresh
kinematics and subsequently fall off at a scale ofLQCD as
expected for exclusive flavor exchange reactions. Thec8
cross sections are roughly ten times larger than corresp
ing c cross sections. This is in accord with the ratior c8 /r c

'2 and the notion that cross sections increase with had
size, although we stress thatno simple scaling relationship
exists in the quark interchange model. We note that the ratio
of c8 to c is substantially smaller than the factor of 500
predicted by the Peskin-Bhanot computation@24#. The c8
cross sections tend to fall more rapidly than those forc. We
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FIG. 3. Same as in Fig. 2, but forp1xc0 cross sections.
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suspect that this is due to the node in thec8 radial wave
function which manifests itself as a zero in the cross sec
about 200 MeV above threshold, causing the cross sectio
drop more rapidly than that for the ground state. Again, t
feature can be expected to be quite general. Finally, we
that thexcJ cross sections grow with angular momentumJ,
which is naively expected due to the increasing number oJz
states present.

A simple parametrization of these cross sections m
prove useful for further numerical investigations. We ha
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FIG. 4. Same as in Fig. 2, but forp1xc1 cross sections.
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found that it is possible to fit many of our numerical cro
sections with a simple functional form which is motivated
the expected threshold behavior with an exponential de
representing suppression due to flavor exchange,

s~s!5smaxS e

emax
D p

exp@p~12e/emax!#, ~17!

wheree5As2MC2MD andp51/21Lmin
CD for endothermic

reactions andp521/21Lmin
CD for exothermic reactions. Here
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Lmin refers to the minimum possible value for the total o
bital angular momentum of the final state consistent w
conservation of angular momentum and parity. One exp
this to dominate the threshold behavior of a given reacti
In practice, we do find that many cross sections are w
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FIG. 8. Same as in Fig. 2, but continued toAs54.65 GeV, and
for r1c8 cross sections.
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described by assuming that the orbital angular momentum
the initial channel is zero; however, in general many wav
contribute, and it is more convenient to simply fit the val
of p. We have found that this procedure describes all of
p1cc̄ reactions quite well~however, this is not true forr
1cc̄). Results for the parametersp, smax, and emax are
presented in the Table I. TheD1* and D1 referred to in the
column headings represent theD1(3P1) andD1(1P1) states,
respectively. All channels exceptD* D* include charge con-
jugate reactions in the fit parameters.

V. SUMMARY AND CONCLUSIONS

Total charmonium dissociation cross sections have b
computed up to 4.5 GeV in the center of mass of thep and
r1cc̄ system. The computations employ standard const
ent quark-model dynamics, and all parameters are fixed
spectroscopic data. Exact numerical wave functions h
been employed in the computations to minimize post-pr
discrepancy. We have also presented results for pos
charge conjugationxcJ dissociation. Gluon fusion argumen
indicate that these states should be preferentially produ
over negative charge conjugation states in small-x heavy-ion
collisions.

It is of interest to speculate on the high-energy limit
these quark-model cross sections. It is apparent from the
ures that the cross sections we find for channels that ope
higher energies decrease in scale as the channel thres
increases. This is expected since the higher channels ha
larger momentum mismatch with the initial state. Thus, e
changed quarks must probe the higher momentum regio
the initial hadronic wave functions. This implies that th
peaks of high mass channels will be approximately expon
7
2

7

6
8

8
4

0
6

TABLE I. Cross section fit parameters.

DD* D* D* DD2* DD1* DD0* D* D1

pJ/C→
p 0.53 0.84 0.64 0.58 0.67 1.16
smax 1.40 0.154 0.562 0.012 0.026 0.12
emax 0.059 0.044 0.074 0.050 0.050 0.05
pC8→
p 0.67 1.17 0.84 0.74 0.83 1.42
smax 13.04 6.30 2.66 1.78 0.466 3.81
emax 0.027 0.034 0.033 0.032 0.032 0.03
pxc0→
p 1.60 1.86 1.34 1.59 0.90 2.03
smax 2.02 0.555 0.380 0.244 0.054 0.30
emax 0.147 0.114 0.123 0.130 0.141 0.10
pxc1→
p 1.63 1.84 1.44 0.95 1.57 1.93
smax 3.02 1.03 0.576 0.406 0.092 0.57
emax 0.154 0.122 0.130 0.120 0.132 0.11
pxc2→
p 1.65 1.84 1.10 1.52 1.36 1.89
smax 3.64 1.37 0.724 0.598 0.122 0.79
emax 0.157 0.127 0.132 0.138 0.133 0.11
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tially suppressed inEc.m., due to wave function suppressio
of the amplitudes. We note that final state hadronic wa
functions do not affect this argument, since they are eff
tively averaged over all length scales near threshold. Furt
more, uncertainties due to relativistic effects or higher Fo
state components will not change the argument as long a
momentum transfer probes the confinement region of
wave functions. Uncertainties in the structure of the p
arising from nonperturbative spontaneous chiral symme
breaking effects are also unimportant here, since the w
understood charmonium wave functions alone suffice to g
these general cross section features. Finally, we note
there is an additional suppression due to the nodal struc
of highly excited wave functions.

Once the scattering energy is large enough to probe
Coulombic region of the hadronic wave function, we exp
to find a power-law suppression of the cross section p
rather than an exponential suppression. This power law
further weakened by the nodal suppression mentioned ab
We stress that exclusive cross section peaks must still
rapidly, even in this perturbative regime.

For two-to-two scattering, the behavior of inclusive cro
sections depends on the general behavior noted above
the density of states, which gives the rate at which new ch
nels open with increasingAs. Quark models suggest that th
density ofqq̄ resonances grows as a power of mass, thus
total dissociation cross sections must decrease roughly e
nentially while in the confinement regime, and thereafter,
a power in the perturbative regime. At very high energies
gluonic flux tube may be excited, leading to an exponen
increase in the density of states@35# since the flux tube con
tains infinitely many degrees of freedom. However, wa
function suppression will again be exponential due to sev
suppression of amplitudes containing multiply excited str
modes with ground-state string configurations. Thus, for
case of two-body to two-body inclusive flavor-exchan
scattering, nonperturbative effects cannot be ignored, and
cross section should decrease with increasing center of m
energy.
e
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The constituent quark model provides a microsco
foundation for the exploration of hadronic interactions at lo
energy. Thus all relevant reactions may be computed with
addition of no new parameters. This stands in contras
effective models which must introduce new couplings a
form factors, and which suffer from confusion over the co
rect degrees of freedom and dynamics to be employed~the
root problem is that there are no obvious small parameter
guarantee the efficacy of effective Lagrangians in this ene
regime!. Sum rule and pQCD computations similarly suff
from the notoriously poor convergence properties of QC
~as exemplified in renormalon ambiguities! and from the dif-
ficulty in extracting observables from condensates. We
gard the constituent quark model as the most reliable tool
the investigation of these issues and in future plan to app
to charmonium-nucleon scattering and other reactions of
terest to the relativistic heavy-ion collider.
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