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Cross sections forp- and r-induced dissociation ofJÕc and c8
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We evaluate the cross sections for the dissociation ofJ/c andc8 by p andr at low collision energies, using
the quark-interchange model of Barnes and Swanson. The dissociation cross section forJ/c by p is found to
be relatively small with a maximum of about 1 mb and a kinetic energy threshold of 0.65 GeV. The pion-
inducedc8 dissociation cross section is found to be much larger, with a maximum of about 5 mb and a lower
threshold. Dissociation cross sections forJ/c andc8 by r mesons are also evaluated and are found to be large
near threshold.

PACS number~s!: 13.75.Gx, 12.39.2x, 25.80.Ls
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The suggestion by Matsui and Satz@1# that J/c produc-
tion might be suppressed in a quark-gluon plasma has le
many experimental and theoretical studies ofJ/c production
in high-energy heavy-ion collisions. The experimental obs
vation by NA50 @2,3# of anomalousJ/c suppression in
Pb1Pb collisions in particular has been studied by ma
authors@4–11#.

The evolution of aJ/c or c8 produced in a heavy-ion
collision depends sensitively on charmonium dissociat
cross sections, which arise from processes such as

energy inelastic scattering of thecc̄ state onp or r into
open-charm final states. SmallJ/c dissociation cross sec
tions by p or r may favor an interpretation of the Pb1Pb
data in terms of the production of a new phase of mat
possibly the quark-gluon plasma. In contrast, a larger1J/c
dissociation cross section might imply thatr1J/c inelastic
scattering may be an important part of the Pb1Pb anomaly
because the density ofr mesons increases approximate
quadratically as the density of pions increases. In view of
importance of these dissociation cross sections for the in
pretation of heavy-ion collisions, they should be evalua
and incorporated in Monte Carlo simulations before any fi
conclusions are reached regarding the underlying physic

The dissociation ofJ/c by light mesons has been consi
ered previously by several groups@12–16#. Unfortunately,
the numerical cross sections quoted in these references
a considerable range, due largely to different assumpt
regarding the dominant scattering mechanism.

Kharzeev, Satz, and collaborators@12,13# used the parton
model and perturbative QCD ‘‘short-distance’’ approach
of Bhanot and Peskin@17,18#, and found remarkably sma
low-energy cross sections forJ/c on light hadrons. For ex-
ample, theirJ/c1N cross section atAs55 GeV is only
about 0.25mb @12#. A finite-mass correction increases th
cross section by about a factor of two@13#. However, in
high-energy heavy-ion reactions, the collisions between
producedp andr with J/c andc8 occur at low energies~of
the order of a few hundred MeV to about 1 GeV relati
0556-2813/2000/62~4!/045201~5!/$15.00 62 0452
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kinetic energies!. The applicability of the parton model an
PQCD for reactions at this low energy region is open
question.

Matinyan and Mu¨ller @14#, Haglin @15,19#, and Lin @20#
recently reported results for these dissociation cross sect
in meson exchange models. They use effective me
Lagrangians and assumet-channelD and D* meson ex-
change, which leads to numerical results forp1J/c andr
1J/c dissociation cross sections. Matinyan and Mu¨ller
found that these cross sections are rather small; both
'0.2–0.3 mb atAs54 GeV. Including form factors~arbi-
trarily chosen to be Gaussian with a width set to 1.5 Ge!
would reduce the cross section by an order of magnitu
Haglin obtained a very different result, with much larg
cross sections, by treating theD* and D̄* mesons as non
Abelian gauge bosons in a minimally coupled Yang-Mi
meson Lagrangian. Form factors were introduced in later
culations and the mb-scale cross sections are sensitive to
choices of the form factors@20,19#. Charmonium dissocia-
tion by nucleons has also been considered recently by u
a similar formulation@21#. Of course the use of a Yang-Mills
Lagrangian for charmed mesons has noa priori justification,
so the crucial initial assumption made in these referen
would require independent confirmation. In any case, the
sumption oft-channel exchange of a heavy meson such a
D or D* between a hadron andJ/c with pointlike couplings
is difficult to justify because the range of these exchan
(1/M'0.1 fm! is much smaller than the physical sizes of t
initial hadron andJ/c.

Charmonium dissociation processes can presumably
described in terms of the fundamental quark and gluon in
actions, but are of greatest phenomenological interest at
ergy scales in the resonance region. For this reason, we
vocate the use of the known quark-gluon forces to spe
the underlying scattering amplitude, which must then be c
volved with explicit nonrelativistic quark model hadro
wave functions for the initial and final mesons.

Martins, Blaschke, and Quack@16# previously reported
dissociation cross section calculations using essentially
©2000 The American Physical Society01-1
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approach we describe. The short-distance interaction use
these authors in particular is quite similar to the form
employ. For the confining interaction, however, they use
simplified color-independent Gaussian potential betw
quark-antiquark pairs only, rather than the now we
established linearl( i )•l( j ) form. They found a rather large
p1J/c dissociation cross section which reached a ma
mum of about 7 mb at the kinetic energy in the center-
mass systemEKE of about 0.85 GeV. Although our approac
is very similar to that of Martinset al., our final numerical
results differ significantly, due mainly to the modeling of th
confining interaction and our use of better wave functions
the interacting hadrons.

In this paper we use the approach discussed abov
evaluate the dissociation cross sections ofJ/c by p andr,
and compare our results to other theoretical cross sect
reported in the literature@12–16#. We also calculate cros
sections for the dissociation ofc8 by p andr, which have
not been evaluated elsewhere.

We employ the Barnes-Swanson quark-interchange m
@22,23# to determine these dissociation amplitudes. This
proach uses the nonrelativistic quark potential model and
interquark Hamiltonian to describe hadron-hadron inter
tions and therefore implicitly incorporates the successes
the quark model in describing the hadron spectrum and m
static properties of hadrons. The model parameters are fi
by fits to the meson spectrum, so there is little additio
freedom in determining scattering amplitudes and cross
tions. One proceeds by calculating the scattering amplit
for a given process at Born order in the interquark Ham
tonian. In the case of meson-meson scattering, this scatte
amplitude is given by the sum of the four quark line d
grams shown in Fig. 1. These are evaluated as overlap
grals of quark model wave functions, using the ‘‘Feynm
rules’’ given in Appendix C of Ref.@22#. This method has
previously been applied successfully to the closely rela
no-annihilation scattering channelsI 52 pp @22#, I 53/2
Kp @24#, I 50,1 S-wave KN scattering@25# and the short-
range repulsiveNN interaction@26#.

Following Ref.@23#, the interaction between each pair
constituentsi and j is taken to be

FIG. 1. Born-order quark line diagrams. For example, a spec

channel isA5J/c, B5p1, C5D1, andD5D̄* .
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•
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2
1VconJ . ~1!

This Hamiltonian is derived in the Coulomb gauge, which
the most convenient gauge for bound states and low-en
phenomena. The model parameteras is the strong coupling
constant,b is the string tension,mi andmj are the interacting
quark or antiquark masses, ands is a range parameter in th
Gaussian-smeared spin-spin hyperfine interaction. A c
stant shiftVcon is also included in the interaction. For ant
quarks the generatorl/2 is replaced by2lT/2.

The model parameters we employed wereas50.58, b
50.18 GeV2, s50.897 GeV, mu5md50.345 GeV, mc
51.931, GeV andVcon520.612 GeV. This set of param
eters gives masses within 0.08 GeV of experiment for thep,
r, D(1869), D* (2010), J/c, andc8 mesons and also pro
vides a very good description of theI 52 S-wavepp phase
shift. An alternative set of parameters, found by fitting
large set of experimental masses, isas50.594, b50.162
GeV2, s50.897 GeV,mu5md50.335 GeV, andmc51.6
GeV. This second set, with a flavor-dependentVcon , was
used to test the sensitivity of our results to parameter va
tions.

Before proceeding to our results, we note that the w
known ‘‘post-prior ambiguity’’ arises in calculations o
bound state scattering amplitudes involving rearrangem
collisions @27#. Since the Hamiltonian which describes th
scattering processAB→CD can be separated into free an
interaction parts in two ways,H5HA

(0)1HB
(0)1VAB or HC

(0)

1HD
(0)1VCD , there is an ambiguity in the choice ofVAB or

VCD as the interaction Hamiltonian. The first version
known as the ‘‘prior’’ form and leads to the scattering di
grams of Fig. 1, in which the interactions occur before qu
interchange. The second choice is the ‘‘post’’ form, whi
leads to diagrams in which the interactions occur after qu
interchange. One may show that the post and prior exp
sions for the scattering amplitude are equal, provided t
exact eigenfunctions of the free Hamiltonians are used
the asymptotic states@27#. ~The relevance of this to time
reversal invariance is demonstrated numerically in R
@23#.! In our calculations we employ numerically determin
Hamiltonian eigenfunctions for each of the external mes
states considered; in the nonrelativistic case this would
fice to eliminate the post-prior discrepancy. In the proces
considered here we have used relativistic kinematics
phase space, but use Galilean boosts for the states, as a
priate for a nonrelativistic quark model calculation. In co
sequence we find that the post and prior scattering am
tudes differ slightly.~We note in passing that one could car
out a relativised version of this calculation, although the f
relativistic boosts would induce small additional effects d
to Wigner rotations and creation of quarks and gluons.! In

c
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CROSS SECTIONS FORp2 AND r-INDUCED . . . PHYSICAL REVIEW C 62 045201
this paper we use the mean of the post and prior result
our theoretical cross section@23#, and the estimated error
due to the post-prior discrepancy and parameter variat
are indicated by bands in the figures.

The cross sections we obtain for the dissociation ofJ/c
andc8 by p are shown in Fig. 2 as a function of the kinet
energy in the center of mass system,EKE5As2MA2MB ,
whereMA and MB are the rest masses of the colliding pa
ticles in the initial channel. The lowest-lying allowed fin
states areD̄* D, D̄D* , andD̄* D* , and the total dissociation
cross section is taken to be the sum of these three cha
cross sections; this is shown as a solid line in the figure.@The
reactionsp1J/c→D̄D andp1c8→D̄D areDSÞ0 transi-
tions allowed in QCD but have zero transition matrix e
ments in our Hamiltonian~1!. These transition amplitude
would be nonzero for example if we included spin-or
terms in Eq. ~1!. The relatively weak processp1J/c
→D̄D has been considered in a Dyson-Schwinger formal
by Blaschkeet al. @28#, who find a maximum cross sectio
of about 0.1 mb near threshold. Note that theS-wave
to S-wave transition is absolutely forbidden, so althou
p1c8→D̄D is actually exothermic, it does not lead to
divergent cross section at threshold.#

The p1J/c dissociation process is endothermic and
quires an initial kinetic energy of 0.65 GeV. The cross s
tion shows a rapid rise above threshold~as expected for an
S-wave process! and has a broad maximum of about 1 m
not far above threshold@Fig. 2~a!#. This is somewhat smalle
than the'7 mb estimated by Martinset al., which we dis-
cuss below.

The cross section for dissociation of thec8 by p is rather
larger in part because this reaction is only weakly endoth

FIG. 2. Cross sections for pion-induced dissociation ofJ/c ~a!
and c8 ~b!. The solid curves give the total dissociation cross s
tion. Estimated systematic errors due to parameter uncertainties
the post-prior discrepancy are shown as bands.
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mic; the initial p1c8 kinetic energy inp1c8→D̄D* and

DD̄* is only about 0.05 GeV at threshold. The total cro
section reaches a maximum of about 6.2~0.8! mb at the ki-
netic energy of about 0.1 GeV and has a secondary m
mum of 4.6~1.8! mb at the kinetic energy of about 0.22 Ge
due to the opening of theD* D̄* channel. Notice that the
ratio of the peak values of thep1c8 and p1J/c cross
sections is roughly 6; this should be contrasted with the p
diction of ;5000 given in Ref.@17#. The minimum in the
cross section near the kinetic energy of 0.4 GeV is due to
complete destructive interference between transfer~T1 and
T2! and capture~C1 and C2! diagrams.

We next calculate ther1J/c and r1c8 dissociation

cross sections. The allowed low-lying final states areDD̄,
DD̄* andD* D̄ (Stot50,1), andD* D̄* (Stot50,1,2). These
cross sections are shown in Fig. 3. Since the reac
r1J/c→DD̄ is exothermic, this cross section diverges
1/uvW rJ/cu near threshold. For other channels the thresho
occur at higher energies, so those subprocesses are end
mic. The total dissociation cross section is shown as a s
line in Fig. 3. It is numerically about 11~3! mb at a kinetic
energy of 0.1 GeV, decreasing to 6~2! mb at a kinetic energy
of 0.2 GeV.

In the case ofr1c8 dissociation, all the channels w
consider are exothermic, so the low-energy divergence
quite pronounced. Our numerical results for these cross
tions are shown in Fig. 4. The total cross section decrea
from 15~2! mb to 6~2! mb as the kinetic energy increase
from 0.1 to 0.2 GeV.

We previously noted that ourp1J/c cross section is
considerably smaller than the estimate of Ref.@16#, although
we use a similar approach. There are several differences
tween the two approaches which lead to this discrepan

-
nd

FIG. 3. Total and individual channel cross sectionsJ/c disso-
ciation byr.
1-3



an
ar
n
rd

ra
p

f
t

o
us
fo
-
th
A
u

tu

,

in

fin
u
an
in
i

de

ng

oice

g.

ese
We
h
a
is-
ut

a

e
to

er-
t

e-
of
tion

ince

ssoci-
of

u-
e
r re-
cu-

a-

ark-

ar
00
.S.
E-
5-
Re-
onal
ort
der
to

n

CHEUK-YIN WONG, E. S. SWANSON, AND T. BARNES PHYSICAL REVIEW C62 045201
Martins et al., assumed that the confining interaction is
attractive Gaussian potential which acts only between qu
antiquark pairs. The neglect of the quark-quark a
antiquark-antiquark confining interaction amounts to disca
ing the transfer diagrams~T1 and T2! for the confining po-
tential. Since we find that the transfer and capture diag
confinement contributions are similar in magnitude but o
posite in sign~due to color factors!, Martins et al., did not
include an important destructive interference. Their use o
Gaussian rather than a linear potential will obviously lead
quantitatively different cross sections. Furthermore, the cr
section values are quite sensitive to the parameters
when T1 and T2 are not included. The wave function
each hadron used by Martinet al., is a single Gaussian ob
tained in a variational calculation with respect to the wid
parameter while our wave functions are nearly exact.
these factors contribute to the difference between our res
and those of Martinet al., for p1J/c collisions.

The destructive interference between transfer and cap
diagrams with spin-independent forces~color Coulomb and
confinement! has been noted previously~see, for example
Refs.@22,23# and references cited in@26#!. This interference
explains the well-known spin-spin hyperfine dominance
light hadron scattering in channels such asI 52 pp andNN.
In the presence of heavy quarks, however, most hyper
interaction diagrams are suppressed by the large charm q
mass; this is the reason we included the color Coulomb
confining interactions in the present analysis. It is interest
in retrospect to examine the different channels and determ
which of the various interactions dominates the amplitu
We find that the hyperfine interaction still dominates thep

FIG. 4. Total and individual channel cross sections forc8 dis-
sociation byr.
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1J/c dissociation amplitude, whereas the linear confini
interaction dominatesp1c8, r1c, and~for the kinetic en-
ergy less than 0.3 GeV! r1c8. Above 0.3 GeV, the color
Coulomb interaction dominatesr1c8 scattering.~We cau-
tion the reader that this decomposition depends on the ch
of the post or prior form for theT matrix; the results we
quote are for the prior form, involving the diagrams of Fi
1.!

There is no direct experimental measurement of th
cross sections to which we can compare our results.
found a smallp1J/c cross section which starts at a hig
threshold and a largep1c8 cross section which starts at
low threshold. If these cross sections are folded with a d
tribution of pions with an average kinetic energy of abo
200 MeV, we would obtainseffective(p1J/c)!seffective(p
1c8), which is consistent with earlier observation in
model ofJ/c andc8 suppression in O1A, and S1U colli-
sions@4#. Hopefully, future Monte Carlo simulations of th
dynamics of charmonium in heavy-ion collisions will lead
a more direct comparison. The larger1J/c and r1c8
cross sections we have found imply that both theJ/c andc8
will be quickly dissociated if there is a significantr meson
population in the medium. Since our results on the div
gence ofr1J/c and r1c8 dissociation cross sections a
threshold follow directly from simple kinematics, these r
sults must be qualitatively correct. The normalization
these cross sections, however, required detailed calcula
and should also be compared to experiment if possible. S
dissociations ofJ/c by p andr populate different states~for
examplep1J/c does not lead toDD̄ but r1J/c does!, it
may be possible to separate these processes and their a
ated cross sections by studying the relative production
DD̄, D* D̄1H.c. and D* D̄* if the expected open charm
background can be subtracted.

In the future it may be useful to carry out detailed sim
lations of J/c absorption in heavy-ion collisions using th
cross sections obtained here to test the accuracy of ou
sults. If our cross sections do prove to be reasonably ac
rate, it will clearly be useful to incorporate them in simul
tions of J/c suppression in Pb1Pb collisions and in other
processes that use charmonium as a signature of the qu
gluon plasma in order to subtract the effects ofJ/c suppres-
sion due to its interaction with hadron matter.
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