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We evaluate the cross sections for the dissociatioh ¢fand ' by 7 andp at low collision energies, using
the quark-interchange model of Barnes and Swanson. The dissociation cross seclighlfgrs is found to
be relatively small with a maximum of about 1 mb and a kinetic energy threshold of 0.65 GeV. The pion-
inducedy’ dissociation cross section is found to be much larger, with a maximum of about 5 mb and a lower
threshold. Dissociation cross sections J6¢ and ¢’ by p mesons are also evaluated and are found to be large
near threshold.

PACS numbd(s): 13.75.Gx, 12.39:-x, 25.80.Ls

The suggestion by Matsui and Safti] that J/« produc-  kinetic energies The applicability of the parton model and
tion might be suppressed in a quark-gluon plasma has led 8QCD for reactions at this low energy region is open to
many experimental and theoretical studieshp production ~ question. .
in high-energy heavy-ion collisions. The experimental obser- Matinyan and Miler [14], Haglin[15,19], and Lin[20]
vation by NA50[2,3] of anomalousJ/¢ suppression in recently reported results for these dissociation cross sections

Pb+Pb collisions in particular has been studied by many" meson exchange models. They use effective meson
authors[4—11]. Lagrangians and assuniechannelD and D* meson ex-

change, which leads to numerical results fot J/¢ and p

The evolution of al/« or ' produced in a heavy-ion 0 d - . Mati 4 letu
collision depends sensitively on charmonium dissociatio +J/# dissociation cross sections. Matinyan an
ound that these cross sections are rather small; both are

cross sgchons_, which grlse frorl processes SUCh_ as IOW%-0.2—0.3 mb at/s=4 GeV. Including form factorgarbi-
energy inelastic scattering of thec state onm or p IN0 a4y chosen to be Gaussian with a width set to 1.5 GeV
open-charm final states. Smally dissociation cross sec- \youid reduce the cross section by an order of magnitude.
tions by 7 or p may favor an interpretation of the PPb  Haglin obtained a very different result, with much larger
data in terms of the production of a new phase of matterg ,gg sections, by treating t&* and D* mesons as non-
possibly the quark-gluon plasma. In contrast, a 1ar§€)/¢y  Apelian gauge bosons in a minimally coupled Yang-Mills
dissociation cross section might imply thatJ/¢ inelastic  meson Lagrangian. Form factors were introduced in later cal-
scattering may be an important part of thetfb anomaly  culations and the mb-scale cross sections are sensitive to the
because the density gf mesons increases approximately choices of the form factorf20,19. Charmonium dissocia-
quadratically as the density of pions increases. In view of theéion by nucleons has also been considered recently by using
importance of these dissociation cross sections for the intef similar formulatior{21]. Of course the use of a Yang-Mills
pretation of heavy-ion collisions, they should be evaluated agrangian for charmed mesons hasanpriori justification,

and incorporated in Monte Carlo simulations before any finako the crucial initial assumption made in these references
conclusions are reached regarding the underlying physics. would require independent confirmation. In any case, the as-

The dissociation 08/ by light mesons has been consid- sumption oft-channel exchange of a heavy meson such as a
ered previously by several groups2—16. Unfortunately, D or D* between a hadron anliy with pointlike couplings
the numerical cross sections quoted in these references spgndifficult to justify because the range of these exchanges
a considerable range, due largely to different assumptiongi/M ~0.1 fm) is much smaller than the physical sizes of the
regarding the dominant scattering mechanism. initial hadron andl/ .

Kharzeev, Satz, and collaborat¢fs?,13 used the parton Charmonium dissociation processes can presumably be
model and perturbative QCD “short-distance” approach ofdescribed in terms of the fundamental quark and gluon inter-
of Bhanot and Peskifit7,18, and found remarkably small actions, but are of greatest phenomenological interest at en-
low-energy cross sections fd¥ ¢ on light hadrons. For ex- ergy scales in the resonance region. For this reason, we ad-
ample, theirJ/y+N cross section at/s=5 GeV is only  vocate the use of the known quark-gluon forces to specify
about 0.25ub [12]. A finite-mass correction increases this the underlying scattering amplitude, which must then be con-
cross section by about a factor of t&3]. However, in  volved with explicit nonrelativistic quark model hadron
high-energy heavy-ion reactions, the collisions between thgvave functions for the initial and final mesons.
produceds andp with J/¢ andy’ occur at low energie®f Martins, Blaschke, and Quadik 6] previously reported
the order of a few hundred MeV to about 1 GeV relative dissociation cross section calculations using essentially the
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This Hamiltonian is derived in the Coulomb gauge, which is
the most convenient gauge for bound states and low-energy
Cphenomena. The model parameteris the strong coupling
constantp is the string tensiomn; andm; are the interacting
quark or antiquark masses, ands a range parameter in the
Gaussian-smeared spin-spin hyperfine interaction. A con-
stant shiftV.,, is also included in the interaction. For anti-
approach we describe. The short-distance interaction used ljuarks the generatov/2 is replaced by AT/2.

these authors in particular is quite similar to the form we The model parameters we employed werg=0.58, b
employ. For the confining interaction, however, they used a=0.18 GeVf, ¢=0.897 GeV, m,=my=0.345 GeV, m,
simplified color-independent Gaussian potential betweer=1.931, GeV andV.,,= —0.612 GeV. This set of param-
quark-antiquark pairs only, rather than the now well-eters gives masses within 0.08 GeV of experiment forithe
established lineax(i) - A(j) form. They found a rather large p, D(1869), D*(2010), J/, and¢’ mesons and also pro-
7+ J/y dissociation cross section which reached a maxivides a very good description of the=2 Swave 77 phase
mum of about 7 mb at the kinetic energy in the center-of-shift. An alternative set of parameters, found by fitting a
mass systerft, ¢ of about 0.85 GeV. Although our approach large set of experimental masses, ds=0.594, b=0.162

is very similar to that of Martingt al, our final numerical GeV?, 0=0.897 GeV,m,=my=0.335 GeV, andn.=1.6
results differ significantly, due mainly to the modeling of the GeV. This second set, with a flavor-depend®ft,, was
confining interaction and our use of better wave functions folSed to test the sensitivity of our results to parameter varia-

the interacting hadrons. tions. .
In this paper we use the approach discussed above to Before proceeding to our results, we note that the well-

evaluate the dissociation cross sectionslaf by 7 andp, nown “post-prior ambiguity” arises in calculations of

and compare our results to other theoretical cross sectiorpsou.n.d state scqttermg amp"“.‘des. mvolymg rearrangement
. . collisions [27]. Since the Hamiltonian which describes the
reported in the literaturgl2—16. We also calculate cross

. . L . scattering proces8B— CD can be separated into free and
sections for the dissociation @f' by = andp, which have . ng p e _4(0) P (0) (0)
interaction parts in two waysi=H,’+Hg’'+Vag Or Hg
not been evaluated elsewhere.

(0) . P .

We enploy e Barnes-Swarson cuakcnerchange moc] 15,1 Yoo e B n by 1 e ot
[22,23 to determine these dissociation amplitudes. This ap; ¢P o : . ,

known as the “prior” form and leads to the scattering dia-

proach uses the nonrelativistic quark potential model and itaramS of Fig. 1, in which the interactions occur before quark

interquark Hamiltonian to describe hadron-hadron interac; terchange. The second choice is the “post” form, which

tions and therefore implicitly incorporates the successes Qpaqs to diagrams in which the interactions occur after quark
the quark model in describing the hadron spectrum and Man¥ierchange. One may show that the post and prior expres-
static properties of hadrons. The model parameters are fixeglons for the scattering amplitude are equal, provided that
by fits to the meson spectrum, so there is little additionakyact eigenfunctions of the free Hamiltonians are used for
freedom in determining scattering amplitudes and cross segnhe asymptotic statef27]. (The relevance of this to time
tions. One proceeds by calculating the scattering amplitudgeversal invariance is demonstrated numerically in Ref.
for a given process at Born order in the interquark Hamil-[23].) In our calculations we employ numerically determined
tonian. In the case of meson-meson scattering, this scatteririgamiltonian eigenfunctions for each of the external meson
amplitude is given by the sum of the four quark line dia- states considered; in the nonrelativistic case this would suf-
grams shown in Fig. 1. These are evaluated as overlap intéice to eliminate the post-prior discrepancy. In the processes
grals of quark model wave functions, using the “Feynmanconsidered here we have used relativistic kinematics and
rules” given in Appendix C of Ref[22]. This method has phase space, but use Galilean boosts for the states, as appro-
previously been applied successfully to the closely relategbriate for a nonrelativistic quark model calculation. In con-
no-annihilation scattering channels=2 =7 [22], I=3/2 sequence we find that the post and prior scattering ampli-
K [24], I=0,1 Swave KN scattering[25] and the short- tudes differ slightly(We note in passing that one could carry

T2

FIG. 1. Born-order quark line diagrams. For example, a specifi
channel isA=J/y, B=x*, C=D", andD=D*.

range repulsivéNN interaction[26]. out a relativised version of this calculation, although the full
Following Ref.[23], the interaction between each pair of relativistic boosts would induce small additional effects due
constituentd andj is taken to be to Wigner rotations and creation of quarks and glupihs.
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FIG. 2. Cross sections for pion-induced dissociatiord/af (a) ciation by p.

and ' (b). The solid curves give the total dissociation cross sec-
tion. Estimated systematic errors due to parameter uncertainties and _
the post-prior discrepancy are shown as bands. mic; the initial =+’ kinetic energy inwm+¢'—DD* and

DD* is only about 0.05 GeV at threshold. The total cross

this paper we use the mean of the post and prior results agtion reaches a maximum of about(6.8) mb at the ki-
our theoretical cross sectid23], and the estimated errors - energy of about 0.1 GeV and has a secondary maxi-

due to the post-prior discrepancy and parameter variationﬁ:]um of 4.61.8) mb at the kinetic energy of about 0.22 GeV

are indicated by bands in the figures. . % .
The cross sections we obtain for the dissociatiod/af due to the opening of thB*D* channel. Notice that the

and ¢’ by 7 are shown in Fig. 2 as a function of the kinetic ratio. of the peak value_s of the+ 4’ and 7T+‘]/'f/’. cross
energy in the center of mass systeBke=s—M—Mg sgcyons is roughly 6 thl_s should be contra_st_ed Wlth the pre-
whereM , and Mg are the rest masses of the colliding par-diction of ~5000 given in Ref[17]. The minimum in the
ticles in the initial channel. The lowest-lying allowed final C"0SS séction near the kinetic energy of 0.4 GeV is due to the
states ar®*D. DD* . andD*D* . and the total dissociation complete destructive interference between tranéfdr and

cross section is taken to be the sum of these three channkf) @nd capturdCl and C2 diagrams. =~

cross sections; this is shown as a solid line in the figiiree We next calculate the+J/4 and p+y" dissociation
reactionsm+J/¢y—DD andw+¢' —DD areAS#0 transi-  Cross sections. The allowed low-lying final states Br@,
tions allowed in QCD but have zero transition matrix ele-DD* andD*D (S;,;=0,1), andD*D* (S,,;=0,1,2). These
ments in our Hamiltoniar(1). These transition amplitudes cross sections are shown in Fig. 3. Since the reaction
would be nonzero for example if we included spin-orbit +J/4—DD is exothermic, this cross section diverges as

terms in Eq. (1). The relatively weak processr+J/iy 1/, | | near threshold. For other channels the thresholds
— DD has been considered in a Dyson-Schwinger formalisnbccur at higher energies, so those subprocesses are endother-
by Blaschkeet al. [28], who find a maximum cross section mic. The total dissociation cross section is shown as a solid
of about 0.1 mb near threshold. Note that tBevave line in Fig. 3. It is numerically about 13) mb at a kinetic
to Swave transition is absolutely forbidden, so althoughenergy of 0.1 GeV, decreasing t@pmb at a kinetic energy
7+¢'—DD is actually exothermic, it does not lead to a of 0.2 GeV.
divergent cross section at threshgld. In the case ofp+ ¢’ dissociation, all the channels we
The 7=+ J/ ¢ dissociation process is endothermic and re-consider are exothermic, so the low-energy divergence is
quires an initial kinetic energy of 0.65 GeV. The cross sec-quite pronounced. Our numerical results for these cross sec-
tion shows a rapid rise above threshéébs expected for an tions are shown in Fig. 4. The total cross section decreases
Swave processand has a broad maximum of about 1 mbfrom 152) mb to §2) mb as the kinetic energy increases
not far above thresholFig. 2(a)]. This is somewhat smaller from 0.1 to 0.2 GeV.
than the~7 mb estimated by Martinst al,, which we dis- We previously noted that ousr+J/¢ cross section is
cuss below. considerably smaller than the estimate of R&6], although
The cross section for dissociation of ti#¢ by = is rather  we use a similar approach. There are several differences be-
larger in part because this reaction is only weakly endothertween the two approaches which lead to this discrepancy.
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300 . +J/¢ dissociation amplitude, whereas the linear confining
interaction dominates+ ¢, p+ ¢, and(for the kinetic en-
ergy less than 0.3 Ge\p+ ¢'. Above 0.3 GeV, the color

250 1 Coulomb interaction dominatgs+ ¢’ scattering.(We cau-

‘ tion the reader that this decomposition depends on the choice
| Total p+y’ dissociation cross section of the post or prior form for thel matrix; the results we

200 | | . quote are for the prior form, involving the diagrams of Fig.

2 _ , T 1)

§ PV >D,+£’S“"—0—, There is no direct experimental measurement of these

> 150 T PRV >DaDorDiD, A | cross sections to which we can compare our results. We

+ —-— p+y->D'+D,5, =2 found a smallwr+J/¢ cross section which starts at a high

° SRR | | U — p+y —>D +D', S, =1 threshold and a large+ ¢’ cross section which starts at a
100 1\ \ ety D 4D, S0 ] low threshold. If these cross sections are folded with a dis-

tribution of pions with an average kinetic energy of about
200 MeV, we would obtains gfeciivd 7™+ I/ ) < 0 ettectivd T
+¢'), which is consistent with earlier observation in a
model ofJ/¢ and ¢’ suppression in @A, and S+U colli-
sions[4]. Hopefully, future Monte Carlo simulations of the
T dynamics of charmonium in heavy-ion collisions will lead to
0.0 0.5 1.0 a more direct comparison. The larget+J/¢ and p+ ¢/
Eq -M,-M,, (GeV) cross sections we have found imply that both 3hg and ¢’
will be quickly dissociated if there is a significaptmeson
FIG. 4. Total and individual channel cross sections#drdis-  population in the medium. Since our results on the diver-
sociation byp. gence ofp+J/¢ and p+ ¢’ dissociation cross sections at
threshold follow directly from simple kinematics, these re-
Martins et al, assumed that the confining interaction is ansults must be qualitatively correct. The normalization of
attractive Gaussian potential which acts only between quarkhese cross sections, however, required detailed calculation
antiquark pairs. The neglect of the quark-quark andand should also be compared to experiment if possible. Since
antiquark-antiquark confining interaction amounts to discarddissociations 08/ by = andp populate different state$or
ing the transfer diagram@1 and T2 for the confining po-  exampler+J/¢ does not lead t®D but p+J/y does, it
tential. Since we find that the transfer and capture diagrarmay be possible to separate these processes and their associ-
confinement contributions are similar in magnitude but op-ated cross sections by studying the relative production of
posite in sign(due to color factors Martins et al,, did not DD, D*D+H.c. andD*D* if the expected open charm
include an important destructive interference. Their use of ®ackground can be subtracted.
Gaussian rather than a linear potential will obviously lead to |, the future it may be useful to carry out detailed simu-
quantitatively different cross sections. Furthermore, the crosgtions of J/¢ absorption in heavy-ion collisions using the

section values are quite sensitive to the parameters Usegyss sections obtained here to test the accuracy of our re-

when T1 and T2 are not included. The wave function forgis | our cross sections do prove to be reasonably accu-
each hadron used by Martet al, is a single Gaussian ob- 56 it will clearly be useful to incorporate them in simula-

tained in a variational calculation with respect to the widthj s of J/y suppression in PBPb collisions and in other

parameter while our wave functions are nearly exact. Allycesses that use charmonium as a signature of the quark-
these factors contribute to the difference between our resul uon plasma in order to subtract the effectslal suppres-

and those of Martiret al, for m+J/y collisions. sion due to its interaction with hadron matter.

The destructive interference between transfer and capture
diagrams with spin-independent forc@olor Coulomb and This research was supported by the Division of Nuclear
confinement has been noted previous(gee, for example, Physics, DOE, under Contract No. DE-AC05-960R21400
Refs.[22,23 and references cited {I26]). This interference managed by Lockheed Martin Energy Research Corp. E.S.
explains the well-known spin-spin hyperfine dominance inacknowledges support from the DOE under Grant No. DE-
light hadron scattering in channels sucH a2 77 andNN. FGO02-96ER40944 and DOE Contract No. DE-ACO05-
In the presence of heavy quarks, however, most hyperfinB4ER40150 under which the Southeastern Universities Re-
interaction diagrams are suppressed by the large charm quaskarch Association operates the Thomas Jefferson National
mass; this is the reason we included the color Coulomb anéccelerator Facility. T.B. acknowledges additional support
confining interactions in the present analysis. It is interestingrom the Deutsche Forschungsgemeinschaft DFG under
in retrospect to examine the different channels and determin€ontract No. Bo 56/153-1. The authors would also like to
which of the various interactions dominates the amplitudethank D. B. Blaschke, C. M. Ko, G. R#&e, and S. Sorensen
We find that the hyperfine interaction still dominates the for useful discussions.
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