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Many of the hadron-hadron cross sections required for the study of the dynamics of matter produced in
relativistic heavy-ion collisions can be calculated using the quark-interchange model. Here we evaluate the
low-energy dissociation cross sectionsJéfy, ', x, Y, andY' in collision with 7, p, andK. These are
important for the interpretation of heavy-quarkonium suppression as a signature for the quark gluon plasma, as
such comover dissociation processes also contribute to heavy-quarkonium suppression, and must be under-
stood and incorporated in simulations of heavy-ion collisions before QGP formation can be established through
this signature.
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[. INTRODUCTION typically estimated using theoretical models. Evaluation of
these cross sections is of particular interest for clarifying the
The first collisions of heavy-ion beams at the Relativisticphysics of thel/s anomalies observed in Pb-Pb collisions
Heavy-lon Collider(RHIC) at Brookhaven National Labora- and may be of considerable importance in futlifer studies
tory heralded a new era in the study of matter in the extremeising the RHIC and LHC colliders.
conditions of very high-temperatures and energy densities. The dissociation of thd/ by hadrons has been consid-
The ultimate goal of this research is the production of aered previously in several theoretical studies, but the pre-
quark-gluon plasmdQGP), which is an unusual phase of dicted cross sections show great variation at low energies,
strongly interacting matter that purportedly existed shortly|argely due to different assumptions regarding the dominant
after the big bang1,2]. _ scattering mechanisfii8—2§.
The search for the quark-gluon plasma relies on the un- knarzeev and collaboratofd 8,19 employed the parton
usual properties of the plasma for its detection. However,, 4e| and perturbative QCD “short-distance” approach of

many conventional hadrons are also produced during heav)éhanot and Peskif29,30 and found remarkably small low-
ion collisions. Whatever signal is chosen for the identifica—energy cross sections for collisions afy with light had-

tion of the quark-gluon plasma, contributions to that signal F le. theid/v+N i ts
from conventional hadronic processes must be identified APNS. For exampie, - ek v cross section atys
backgrounds and removed from the data. =5 GeV is only about 0.25ub [18]. A finite-mass correc-

Although there are recent, tantalizing hints of possiblelion increases this cross section by about a factor (<.
quark-gluon plasma production in heavy-ion collisions atHowever, in high-energy hea\{y-lon reactions the collisions
CERN [3,4], conclusive evidence is still lacking due to un- Petween the produced andp with J/4 and¢’" occur at low
certain backgrounds from conventional hadronic sources. Irenergiedtypically from a few hundred MeV to about 1 GeV
vestigations of the various “hadronic background processesrelative kinetic energigs The applicability of the parton
are urgently needed if we are to develop a satisfactory unmodel and perturbative QCIPQCD) for reactions in this
derstanding of the various signals proposed as signatures ofl@w-energy region is certainly open to question.
quark-gluon plasma. In this paper we consider one type of Matinyan and Miler [24], Haglin[25], Lin and Ko[26],
hadronic background processes that can contribute to heavgnd Oh, Song, and Lef27] recently reported results for
quarkonium suppression, which is frequently cited as a QGthese dissociation cross sections in meson exchange models.
signature. These references all use effective meson Lagrangians, but

Matsui and Sat£5] originally suggested the use of sup- differ in the interaction terms included in the Lagrangian.
pressedl/ ¢ production as a signature for the formation of a Matinyan and Miler included onlyt-channelD-meson ex-
quark-gluon plasma in high-energy heavy-ion collisions. Thechange and found that the dissociation cross sectiodsyof
recent experimental observation of anomaldlig suppres- by 7 andp are rather small; both are0.2—0.3 mb at/s
sion in Pbt+Pb collisions by the NA50 Collaboratiof®,7] =4 GeV. Including form factorgarbitrarily chosen to be
has been considered by many authfss-17]. However, Gaussians with a width set to 1.5 GeWould reduce these
there is considerable uncertainty in these studies, due to th@oss sections by an order of magnitude. Haglin obtained a
lack of reliable experimental information @iy andy; dis-  very different result, with much larger cross sections, by
sociation cross sections in low-energy collisions with lighttreating theD andD* mesons as non-Abelian gauge bosons
hadrons. Because heavy quarkonia decay strongly, many @f a minimally coupled Yang-Mills meson Lagrangian. Form
the dissociation cross sections cannot be measured directly factors were also introduced in these calculatip2s—27.
hadron scattering experiments; the cross sections are instedtie resulting mb-scale cross sections are very sensitive to
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the choice of form factors. Charmonium dissociation by
nucleons has also been considered recently using a similar
effective Lagrangian formulatiof28]. Of course, the use of

a Yang-Mills Lagrangian for charmed mesons hasnpwiori
justification, so this crucial initial assumption made in these
references requires independent confirmation. The assump-

tion of thet-channel exchange of a heavy meson such2s a ﬁ

Q00

or D* between a hadron andJay is also difficult to justify
physically, because the range of these exchange®l (1/
~0.1 fm) is much smaller than the physical extent of the
initial hadron and thel/ .
Another method which has been used to study charmo- FiG. 1. “Prior” diagrams for Born-order meson-meson scatter-
nium dissociation is to determine these amplitudes usingng.
qguark model wave functions for the external hadrons and the
well-established interquark forces as the scattering Hamilof this approach to hadron reactions in relativistic heavy-ion
tonian. In the low-energy “resonance” regime we are con-collisions. A brief summary of the present work has been
sidering, we expect that this approach will give a reasonablyeported previously21].
accurate description of the hadronic scattering amplitudes.  This paper is organized as follows. In Sec. Il we summa-
Martins, Blaschke, and Quadi0] previously reported rize the Barnes-Swanson model of quark interchange as ap-
dissociation cross section calculations using essentially thglied to the calculations of the dissociation cross sections.
same approach we describe here. The short-distance interathe reaction matrix can be described in terms of the “prior”
tion used by these authors in particular is quite similar to theor “post” diagrams, which are discussed in Sec. lIl. Section
form we employ. For the confining interaction, however, they|V gives some details of the evaluation of the spin and spa-
used a simplified color-independent Gaussian potential betal matrix elements for the general meson-meson scattering
tween quark-antiquark pairs, rather than the now wellproblem. In Sec. V the spin matrix elements are derived ex-
established lineak(i) - A(j) form. They found a rather large plicitly in terms of 9 symbols. The evaluation of spatial
7+ J/y dissociation cross section, which reached a maxioverlap integrals for the case of @&wave mesons is dis-
mum of about 7 mb at a center-of-mass kinetic endfgy cussed in Sec. VI. In Sec. VII, we evaluate the corresponding
of about 0.85 GeV. Although our approach is very similar tooverlap integrals for on®-wave meson. An accurate deter-
that of Martinset al, our final numerical results differ sig- mination of these matrix elements requires correspondingly
nificantly, due mainly to our different treatments of the con-accurate bound-state wave functions; the evaluation of these
fining interaction. wave functions is discussed in Sec. VIIl. Numerical agree-
In this paper we use the approach discussed above tment between post and prior scattering amplitudes is shown
evaluate the dissociation cross sectionslof, ', x, Y, explicitly in Sec. IX, and provides a very nontrivial check of
and Y’ in collision with 7, p, and K, and compare our the accuracy and internal consistency of our calculations.
results to other theoretical cross sections reported in the litSection X presents our results for the dissociation cross sec-
erature. The dissociation cross sectiongcgimesons are of tion of J/¢ and ¢’ in collision with various light mesons,
special interest, as an estimated 1/3 of dh¢ mesons pro- and Sec. Xl gives the corresponding cross sections for the
duced in high-energy nucleon-nucleon collisions come fromdissociation ofY andY’. Section Xl present results for the
the decay ofy stated31]. The dissociation cross sections for dissociation ofP-wave charmonium states, thg mesons, in
Y are also interesting, and they have recently been estimatemllision with 7, p, andK. Finally, we give our conclusions
to be quite small in an effective-Lagrangian meson-exchangi Sec. XIII.
model, due to the large thresholds for dissociatioriYoby
both 7 andp [32] 1. MODEL
We employ the Barnes-Swanson quark-interchange model
[33,34] to evaluate these dissociation cross sections in terms We shall briefly summarize the model of Barnes and
of wave functions and interactions at the quark level. We us@wanson for constituent-interchange processes in the reac-
the nonrelativistic quark potential model and its interquarktion
Hamiltonian to describe the underlying quark-gluon forces.
The model parameters and quark masses are determined by A(12)+B(34—C(14)+D(32), (1)
the meson spectrum, so there is little additional freedom in
determining scattering amplitudes and cross sections. WehereA, B, C, andD areqq mesons, and 1, 3 and 2, 4 label
thus implicitly incorporate the successes of the quark modethe quark and antiquark constituents, respectively. In this
in describing the meson spectrum and many static and dymeson-meson scattering problem the scattering amplitude in
namical properties of hadrons. We proceed by calculating théhe “prior formalism” is the sum of the four quark-line dia-
scattering amplitude for a given process at Born order in thgrams of Fig. 1. These are evaluated as overlap integrals of
interqguark Hamiltonian; the good agreement of this approaclquark model wave functions using the Feynman rules given
with experimental scattering data on many low-energy reacin Appendix C of Ref.[33]. This method has previously
tions[33-34 provides strong motivation for the application been applied successfully to the closely related no-
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annihilation scattering channels=2 77 [33], I=3/2 K= —_.——
[35], 1={0,1} Swave KN scattering[36], the short-range ‘::;'_
repulsiveNN interaction[37], and pseudoscalar-vector scat- S

The interactionH;; (r;;) between a pair of constituents
andj is represented by the curly line in Fig. 1, and is taken to

a C
: ﬁ C
terings[38]. B . b
1
T1

C2
be ———
H ij (rij )= T ’ T{Vcolor—Coulomkgrij )+ Vlinear(rij )
T2
*+Vspin-spid Tij) + Veont FIG. 2. “Post” diagrams for Born-order meson-meson scatter-
RURY) ing.
T2 2

evaluation of the spatial matrix elemehy,cewill be dis-
[as 3p 87ra ( o3 ) cussed in detail in Secs. VI and VII.

For the reactiold+ B— C+ D, with an invariant momen-

Fij tum transfert,

ij 71_3/2

(A (V22 2 )
Ny T t=(A—C)2=mi+m2—2A,Co+2A-C, (5)

: )

the differential cross section is given by
whereag is the strong coupling constartt,is the string ten-

sion, m; andm; are the masses of the interacting constitu- dori _ 1 IM _|2 (6)
ents,o is the range parameter in the hyperfine spin-spin in- dt 64rs|pal? fil
teraction, andV,,, is a constant. For an antiquark the
generatoi\/2 is replaced by- \T/2. where the matrix elememt1;; is related toTy; by
It is convenient to introduc®;;(r;;) to denote the quan-
tity in curly brackets in Eq(2) so that we can writéd;; (r;;) M= V(2Ep)(2ER)(2Ec)(2Ep) Ty (7)
in the form
In Egs. (6) and (7), pa and E, are the momentum and the
A() A()) energy of mesor in the center-of-mass system. The total
Hij(rip)=———— Vij(rij). (3)  cross section for the reactigh+B— C+D can be obtained

from do; /dt by integrating ovet.

The Born-orderT-matrix elementTy; is proportional to
the matrix elementdy; of this residual interactiorfas de- IIl. POST AND PRIOR DESCRIPTIONS
fined in Ref.[33]). For each of the scattering diagrams of

_ . Before proceeding to our results, we note that a well-
Fig. 1, h;; andT;; are given as the product of four factors,

known “post-prior ambiguity” arises in the calculation of
bound-state scattering amplitudes involving rearrangement
4) collisions[39]. Since the Hamiltonian which describes the
scattering procesAB— CD can be separated into an unper-
turbed Hamiltonian and a residual interaction in two ways,
The overall sigrSis a fermion-permutation phase known asH=H )+ HO +V,z=H®O+ HO+ Vv, there is an ambi-
the “signature” of the diagram, which is equal to-@)™x,  guity in the choice o/ g or Vp as the residual interaction.
whereN, is the number of fermion line crossingsS€ —1  The first version gives the “prior” diagrams of Fig. 1, in
for the diagrams in Fig. 1.The flavor matrix elemenilts,,or  which the interaction occurs before constituent interchange.
is the overlap of the initial and final flavor wave functions. In The second choice is the “post” formalism in which the
all the processes considered in this papgy., is equal to 1 interaction occurs after constituent interchange, as in the dia-
for all diagrams. The color matrix elemehy,,, is —4/9 for  grams of Fig. 2.
diagrams C1 and C2, and i84/9 for diagrams T1 and T2. One may prove in the context of nonrelativistic quantum
The spatial and spin matrix elemehg;i,.spaceiS the matrix — mechanics that the prior and post diagrams give the same
element ofV;;, and can in general be written as a sum ofscattering amplitude and hence the same cross section, pro-
products of a spin matrix elemehy;;, times a spatial matrix vided that exact bound-state wave functions of the various
elementslgp,ce The spin matrix element gy, involves {HOY are used for the external statg89]. (This was dis-
Clebsch-Gordon coefficients and the spins of the collidingcussed in detail and demonstrated numerically#far— pp
particles and is tabulated for all casesSvave mesons in  scattering in Ref[34], where its relevance to establishing
[33]. An explicit closed-form expression for thik,, in Hermitian effective scattering potentials was showncon-
terms of Wigner's 9 symbol will be given in Sec. V. The sistent calculation thus leads to description-identical results

hyi= (2m) 3 T+t = Sliavod colod spin-space
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for the scattering amplitude in nonrelativistic quantum me-V;;(r;;) is the spin and spatial part éf;; [Egs.(2) and(3)],
chanics. We shall confirm the prior-post equivalence numeriand consists of the sum
cally in our nonrelativistic calculations of th# ¢ and ¢’
dissociation cross sections. 3
Vij(rij)zz Uﬁl)U(sl)"'Vconv (8

IV. EVALUATION OF THE MATRIX ELEMENT | gpin-space [

For the processes considered here it suffices to treat reac-
tions of the formA(12)+ B(34)— C(14)+D(32), in which  Where the superscript§) refer to color-Coulomb, linear, and
constituents(antiquarks 2 and 4 are interchanged, as de- Spin-spin interactions, respectively. Specificah”=0v{?
picted in Figs. 1 and 2. We denote the total angular momen=1, v’=5-s;, and the corresponding!’ can be read
tum, the orbital angular momentum, and the spin of meson from Egs.(2) and(3). For the scattering problem the sum of
(a=A, B, C, andD) by J,, L,, andS,, respectively, with  the amplitudes of all diagrams arising from the constant term
an associated spatial wave functidn and spin wave func- V,,,is zero, so we need not includ&,, in deriving scatter-
tion x, . ing amplitudes and matrix elements.

The quantityl gyin.spaceiS the matrix element oW (ry;) The matrix elementgpn_spacdS therefore the sum of three
between the initial and final meson states. The interactioterms, each of which is of the form

J J J J Y
<((I)CXC)JEZ((I)DXD)‘]EZ|UFUS|((I)AXA)‘]£Z(CI)BXB)‘]EZ>: 2 (JCJCZ‘JDJDzl‘] Jz)(JJz|JAJAzJBJBz)
33,3'3;

X <[(®CXC)JC(Q)DXD)JD]3;|Urvs|[(q)AXB)JA(CDBXB)JB]j)' 9

In the above equation, the coupled initial stk[t(eIJAXB)JA(@BXB)JB]jZ)E|\anJZ) of mesonsA(12) andB(34) can be written
as[40]

W= 3 (Oaxe) (@a®e) 33| (@ axe) M Pexe) 23 3) [ xaxe) (PaPe) 13)

Sa Sg S
=S% SLIndey La Le L (SSLI=S)NI)l(xaxe)S(Pa®e)(,-s)), (10
Jy Jg J

r
J'y,
final

whereS= 25+ 1. The final staté{ (P cxc) (P pxp) 015 ) =|¥
way, so the matrix element on the right-hand side of @®yis

) of meson<C(14) andD(32) can be written in a similar

S« S5 S S S S

|vrvs|‘I’iJng)= > 803JgiLa Lg Lp&L'3cdpi Le Lp L’

SLSS'L'S, I Jg d Jo Iy 3
X(SSL(I,=S)[3I)(S'S)L"(I;-S))[3'I))*

X((@cPo) s _g)|vel(PaPe)(s 5)) ((xcxo)glvd (xaxe)3)- (12)

r
J’.JZ
final

(v

The above result shows thatgynspace IS IN general a sum of products of a spatial matrix element
((‘bc‘DD)(LJ;,S;ﬂvJ(¢A‘DB)(LJZ_SZ)> and a spin matrix dememgpin:<()(C)(D)§£|US|()(A)(B)§Z>. For our interaction, the spin

matrix eIemenl((XCXD)z,lvsl(XAXB)§Z> is diagonal inSandS,, and is independent &,, as shown in the next section.
z

In this paper, we shall specialize to the cases in which meBp@s andD are allSwave mesons witlh.g=L=Lp=0.
Therefore we haveé =L,, Jg=Sg, J'=S, J,=S,, and
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Shn S S
<\Iffsirzllvrvs|\lfﬁn‘]z>=SLAjAjB La 0 La (SSLA(‘]Z_SZ)|‘]‘]Z)<(I)CCI)D|UF|(CDA(DB)I(_\?Z_SZ)><(XCXD)§Z|US|(XAXB)§Z>;
Ja Sz J

12

where |Sy— Sg| <S<(Sa+Sg) and |S—L,|<J<(S+L,). For the collision of unpolarized mesons, we can calculate the
square of the matrix elemerjl,space_spiﬁ, average it over the initial states, and sum it over the final states. The result is

Ss Sg S)?
La O Lga
Ja Sg J

R — 1 An A A
. 2: 2
|| space-spll‘l (ZJA+ 1)(28 + 1) JJZESSZ (SLA‘]ASB)

3 2
X|(SSLAW=S)III?| X (DePolvf|(@aPe) s M (xcxp) 08| (xaxe)$)| - (13

The summation ove§, can be carried out and the summa-

. . unpol_
tion overJ, can be converted to a summation oWy . We o (257 1)(2S5+ 1) ES (28+1)0(S), (17)

then obtain
Ss Sg S)? wherea(S) is the cross section when the initial two-meson
||space-spil12= 2 (&) Ly 0 Ly system has a total spi@
SIM
" Ja Sz J

3 ) V. EVALUATION OF THE SPIN MATRIX ELEMENT
X E <¢C®D|U$|)|(®A®B)kﬂAA>
' We denote the spins of the constituents in the scattering
_ 2 processA(12)B(34)—C(14)D(23) by s;, S,, S3, ands,.
><<(XcXD)§Z|U(s')|(XAXB)§Z> , (14  Using properties of the Wignei9j} symbol[40], we may
rearrange the spins to obtain

where —La<M=<L,. From the relation between the ma-
trix element ofV;;(r;;) and the cross section, the above re-
sult leads to the following “unpolarized” cross section for |(XAXB)§>=|[(slsz)SA(sgs4)SB]§>
the collision of unpolarized mesons: ‘ ‘

=(-1)% %% > §5,558,5;

Sa S5 S)?2 S14 %23
o= 3 (83)2 Ly 0 Lap o(LAMASS), St S2 Sa
S I S I X{ Sa Ss Sg
19 S S S
whereo(LAMASS) is the cross section for an initial meson X |[(5134)514(3253)523]§Z>- (18)

with orbital angular momentunh, and spinS with azi-
muthal componentM 4 andS,, respectively. For our inter-
action of Eq.(2), o(LAMSS) is independent of,, and
thus the labeB, can be omitted. We can write out the results
for other simple unpolarized casesLIf#0 andSz=0, then
S=S, and the result of Eq.15) becomes

La |(5354)Sg)=(—1)%%7%3(5,55) Sg). (19

Uunpolz; E o(LAMAS,) (16)
(2Lt 1) m, Sy, T ATAA

The phase factor 1)~ %3 arises from an interchange of
spins in the Clebsch-Gordon coefficients,

The matrix element of the spin unit operaty=1 is then
If La=0 andSg+#0, then the result of Eq15) is given by
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TABLE I. The values ofi, j, andS; in Eq. (21).

<(XCXD)§;|US|(XAXB)§Z>

Diagram i j Sjj .
Prior C1 1 4 Se = <[(3154)Sc(3352)50]22|54 'S |[(SlsZ)SA(S3S4)SB]S£>
Prior C2 2 3 Sp
Post C1 L 2 Sa =055 0ss 2, (—1)%4 % %2(28)51+1)(2Sy+ 1)
Post C2 4 3 Sg %813 S
ST S, Su
S/ S\ _ Sr XASAASBASCASD S3 S4 SB
<(XCXD)S£|Us|(XAXB)SZ>_<[(5134)SC(5332)SD]5£|1| Sz Su S
X [(5152) Sa(8354) SBEZ) St S84 Sc 1
:5sg53 S/(—l)SB+SD_SZ_S4_253 X 83 52 SD E[SiJ(SiJ+1)
’ Si3 Sy S
X SaSeScSo ~S(S+1)-S(§+1)], (22
S1 S2 Sa . . . . .
wherei=1 andj =3 for diagram T1 and=2 andj=4 for
X)Sa S3 Sgr. (20 diagram T2. The quantitieS;; andS,, span the full allowed
Sc S5 S range in this summation.

Equations(20), (21), and(22) give the general result for
the spin matrix elementg, of the unit operator and the
The matrix element of the operatog=s-s; can be derived s-s; operator in a rearrangement collision. Our results agree
similarly. For diagrams C1 and C2, the matrix element iswith the explicit coefficients given in Table | of Barnes and
given by Swansor 33].

VI. EVALUATION OF THE SPATIAL MATRIX ELEMENT

s’ s
<(XCXD)5£|US|(XAXB)SZ> In the quark-interchange reaction of Ef), the masses of

~ S the quarks and antiquarks are different in general. Previously,
:<[(3134)5c(3352)50]5;|5 -5i|[(5152)Sa(S384)Sgl3)  meson scattering calculations with unequal masses using this
approach had been discussed in detail in coordinate space

=dsg 5323,(—1)SB+SD*52*S4*233“5A“SBASCéD [34]. Here we give the corresponding momentum-space re-
z sults for general quark and antiqguark masses.
S1 S Sa The spatial matrix element in E¢L1) is
1
X\ Sa S3 Sg5[S(§;+1) L
SC SD S 2 <((I)CCI)D)(\]£7$£)|UT|(CI)Aq)B)I(_JZ—SZ)>
-S(S+1)-S(S+1)]. 21 e
HETUZSE T BV S LeMcloMolL'(3-S))
MaAMgMcMp
The values of, j, andS; for diagrams C1 and C2 are listed X*(LaMaLgMg|L (3,—S,))
in Table I.
The matrix element ofs=s-s; for diagrams T1 and T2 X@c(LcMe)Po(LoMp)|vr Pa(LaMA) Pg(LeMe)).
is somewhat more complicated, and can be shown to be (23

TABLE Il. Diagram-dependent momentum arguments in post and prior formalisms.

Diagram 14 Ka Ka kg Kg ke Ke ko Kp
Prior C1 1 K fAA K fgA+2C K fcC K fpC+2A
Prior C2 -1 K faA K fgA—2C K —fcC+2A K' —fpC
Post C1 1 K fAA K fgA+2C K' fcC K' fpC+2A
Post C2 -1 K fAA K' fgA—2C K —fcC+2A K -fpC
T1 1 K fAA K fgA+2C K fcC K fpC+2A
T2 -1 K fAA K fgA—2C K —fcC+2A K -fpC
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For the four diagrams in the reactidn-B— C+D the spa-  This expansion leads to tractable basis overlap integrals. We

tial matrix element choose to normalize the basis functign(2p) according to
I space= (Pc(LcM ) @p(LpMp)|v, | PA(LAMA) Pg(LgMp)) f dpl é.(2p)2=1. (30
(24)
can be written in the form which leads to the normalization constant
1 3/4 1
Ispace:j Jd" dr’ D[ {(2ka—Ka)]Pg[{(2kg—Kp)] N”:(ﬂ-nﬁz) ) (31)

X D[ {(2kc—Ke) |Pp[ {(2kp —Kp) V(K" — k).
(25

We also normalize the full meson wave functi®{2p) to

Here the momentum arguments are shown explicitly, and the j dp|®(2p)|*=1, (32
angular momentum quantum numbeérsand M; for each

meson are implicit. The quantity=*1 is an overall sign  which implies a constraint on the coefficiedes,.

which depends on the diagra(eee Table l. The quantity We shall first present our results for the spatial matrix
V(q), whereq= k— ', is the Fourier transform of the inter- element, Eq(25), for the case of alSwave mesons, each
action Vj;(rj;) [the spin and spatial part d¢f;;(r;;) in Eq.  with a single Gaussian wave function of the type of E29),

3],

_ Ai 2]
V(= J dry 1% Vi (1), 6 Al L(2ki—K)] N.exp[ 5 (2k—K)?1, (33
— 2
The momentac is the initial three-momenta of the scattered where\;=1/4n" and
constituent that is initially in mesoA and «’ is its final N\ 34
three-momenta. The variabldk;, (i=A,B,C,D)} are ei- Ni=\/§(—') . (34)
ther x or ¥’ depending on the diagram, as specified in Table .
II. We use boldfaceA, B, C, andD to represent the mo-

The product of the wave functions in EQ5) is explicitl
menta ofA, B, C, andD, respectively. For simplicity we shall P E@S plerty

treat the scattering problem in the center-of-mass frame, so DAl L(2kp—Kp) 1 ba[ £(2kg—Kg) b

thatB=— A andD= — C. The quantity{K;} is a function of

A, C, and the mass parametir, which is a function of the X[¢4(2kc—Ke) 1ol £(2kp—Kp) ]

quark and antiquark masses in mesonThe function 4y

Ki(A,C,f;) is tabulated for each diagram in Table Il. For =NiNaN~N~exp — 2ok — K2 35
diagrams T1 and T2, the post and prior variables are identical ATBICTD Z’ 2( K% 39

and so do not need to be tabulated separately. _
The mass parametdt is unity for mesons with equal The argument of the gxpongntlal, frqm the product of the
quark and antiquark masses. For unequal masse§f;thare ~ four meson wave functions, is a function lgf={,«’} and

tabulated in Table Ill in terms of the quantitiegK;}. It can also be written as a function pf
. =(k+ k')/2 andg= ¥’ — k. In terms ofp andq, the{k;} are
m(q);—m(q); given by
A= (@)i—m()i (27
m(q); +m(q); ki=p—m 0/2, (36)
The{f;} are the same in post and .prior formalisms. here, is
To evaluate the spatial overlap integrals, we expand eacw
meson wave functionb(2p) as a linear combination of +1, if k=,
(nonorthogonal Gaussian basis functions,(2p) of differ- 7521 i k=g (37)
ent widths as o KT
N Using Eq.(36) and completing the square in the exponential,
D(2p)= 2 andn(2p), (2~ We obtain
n=1 4 N A ; )
where 2, 5 (2ki—K)?=22 Ni(p=po)*+ 5 (a-0)*+ 3,

2p)=N,(2 l‘\I—Y expy — .
#n(2P)=Na(2p) 21+ 1! im(P) p{ 8npB? where the quantitiegy, qo, u, andv are defined below. The
(29 shift py is
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TABLE Ill. The mass parameterifs for each diagram.

f f dic di’ Gl £(2kn—Kn)]bal £(2ks—Ks)]

Diagram= C1 C2 T1 T2
fa= 1+A, 1-Aa 1+A, 1-An X pcl{(2ke—Ke) 1ol {(2kp—Kp) V()
fo= 1-Ag 1+Ag 1-Ag 1+Ag
fo= 1+Ac 1+Ac 1+Ac 1+Ac ::f-[dpquANBNCND
fD: 1_AD 1_AD l_AD 1_AD
4
)7 v
Xexp{—Zz )\i(p_po)z_g(q_%)z_z V(q).
i=1
Po=" 00+ S, (39) (46)
wherer, ands, are T_he integration ovep can be carried out analytically, which
gives
4 4
4
=3, [ 23 (@0
o s = f fdp dg il:[1¢i[g(2ki_Ki)]V(Q)
4 4 - 312
3022 7iK; / 22 A (41 =NaNgNcNp 7
=1 i=1 4
2 >\
i=1
The quantityu in Eq. (38) is
xe*V’Zf dg e~ #(a-%)*2y(q). 47)

‘14, 4, 4
DS ESINS RS

n=4
Thus, the six-dimensional integral of E@6) is simplified to
a three-dimensional integral involving an integration over

the shiftqg is V(q).
4 4 The interactionv(q) is the Fourier transform of the stan-
2 D 1= \ 1+, K dard quark modeV;;(r). We need the matrix elements for
Y% 4 < 2 T\Eo2 the color-Coulomb, spin-spin, and linear confinement inter-
N actions, and we haveising some integrals of R€f38])
M i
=1
4 1+ i 4 1_ 7]J f dq efﬁ(qfqo)zlzv u(q)
_ — T\ —\.K. Co
22 )\')(J—l 2 }\‘K'”’ “
a2 T s
andv is = | dge o 7
‘ ‘ Aray2m)®? 13 pd?
=2, NKF—4 2, \ig— g, (44) =S—e“%’21F1(—,—,—°), (48)
i=1 i=1 \/; 2'2 2

The product of the wave functions in E@®5) can therefore ,
be written in a shifted Gaussian form f dg e #4972y (q)
bl {(2ka—Ka) ][ {(2ks—Kp) ][ {(2kc—Kc) ] _ J’ dq eM(QGIo)Z/Z( —8mag R

X ¢p[ {(2kp—Kp)] 3mim,

4 , B _87Tas 20 3/2 20'2/*" 3/2
=NaNgNcNoexp —2.2, \i(p—po) = Bmm |\ x| \1r20%m
g q2- L (45) X ex —M—qg (49)
297 %) 3 2(1+20%u) |’

The spatial matrix element of E€R5) then becomes and
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) whereV,,,(q) = (—3/4)fdre "9 br. These results allow one
J dg e #4072 vy (q) to evaluate the transition matrix elemeftg explicitly for
the different interactions in diagrams C1, C2, T1, and T2 for
3 o\ 32 13 ud the case of Gaussian meson wave functions.
_ ( _ _) 87Tb<—77> Mzeﬂqg/lel( 19+ The wave functions we employ here are in general sums
4 3 2'2" 2 of Gaussians of different widthgEq. (28)]. Equation (25)
can be evaluated in that case as well, so that the spatial
(500  matrix element Eq(25) becomes

Ispace:f fdKdk'¢A[§(2kA—KA)]@B[i(ZkB—KB)]¢>c[§(2kc—Kc)]¢’o[§(2kD—KD)]V(K’—K)

N
nzl anAanBancanDlspacénA,nBanC,nD)y (51)
D=

S
||b4Z
-

N N
> 2
na=1 ng=1

where

lspacénAvnBanCvnD)ZJ J'd" dec’ pan,[{(2Ka—Ka) Jdppn [ {(2kg—Kp)]

X el £(2ke=Ke) Idpn [{(2kp = Kp) V(&' — k). (52)

IspacénA ,nB ,nc ,nc) is the previous result Of Eq25) for a VIl. EVALUATION OF THE SPATIAL MATRIX ELEMENT
single-component wave function. The overlap integral in the FOR AN L=1 MESON

multicomponent case is simply a sum of single-component | the Jast section, we considered the scattering-ofve
contributions, each weighed by a coefficient product | —0) mesons. Here we generalize to collisions in which a

an,anganan,- P-wave (L=1) mesonA collides with anSwave mesorB,
After the matrix elements for the interacti¢®) are evalu- and scatter into tw&wave meson€ andD.

ated, the cross section for the process B—C+D can First we consider single-component Gaussian wave func-

then be obtained using conventional scattering theory, as disions. (The results can be easily generalized to multicompo-

cussed in Sec. Il. nent Gaussian wave functiong&quation(25) becomes

f Jd" d’ pa(2ka—Ka) pa(2Ks = Kp) dc(2Ke = Ke) ¢p(2kp —Kp) V()

/ Aj
jjdl( dx’ NA|2pA| (2L +1)|IYLAM (pA) J_E(ZkA_KA)ZJ

X ¢p(2kg—Kp) pc(2ke—Ke) ¢p(2kp —Kp)V(0),

where D=2k, —K, . SettingL,=1 for the P-wave mesorA, we have

4 2KZ_ fAAZ |f MA: 0,

ar . .

|2kA_ KA|LA \’W LaM, (pA) _(2KX_fAAX)_I(2Ky_fAAy) if MA::L, (53)
A (21— FAA) 1 (2K, FAA,) if Mpy=—1.

It then suffices to evaluate
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A
[ [ e o e tuaens| ~ 3 2k | (2o Ko el 2h Kol o2k Ko V(@

4

:f f dp do(2k— fAA)kNANBNCNDeXp{ _221 Ni(p—po)?— %(q_ QO)Z_g V(g). (54)

We can express—f A in terms ofp andq:
2k~ fpA=2p—q—fAA=2(p—po) +2pp— g~ fAA. (59

Substituting Eq(39) into this result, we find
2k—fpAA=2(p—po) +(2rg—=1)(d—do) +(2ro—1)go+ 25— fAA. (56)

The integral ofp—py gives zero. The integration over the last three terms can be carried out in the same way ds,n the
=0 case, becausg, S, andA are independent of the integration variables. It is thus only necessary to evaluate the integral

4
f f dp dq NANBNCND(q_qO)keXp{ —22, Mi(p—po)’ - L g] V(9. (57)

The integration ovep can be carried out analytically, which gives

4

f f dp dq NANBNCND(q_qO)keXp{ —2;1 \i(p—po)®— %(q—qo)z— %] V(q)

4 32
=NANBNCND(§Z ) s 2| g emarwy(g), (58)

M dok

The dq integrals for the various potentials have already been obtained in closed form, and the differentiation with respect to
Jok is straightforward. We then find

p dmag2m)®? 13 ugg) 1 _ (35 ug
70 dg e #a 0 y e, (g)= STG o2 — Fy 555 | T31F1 5.5 5| [#lok: (59
3/2 2 3/2 2 .

| dg ey g0 - SWS(Z_W) 20_’” exp — 0| -] e

9ok 3mm; | w 1+20°u 2(1+20%u) 1+20%u

and
3 2132 ) 13pg) 1 _ (15 udg
S CR Rz — - 20— p0pl2) _ _ - = _Z —_ - =
(9qu dq e V| (q) ( 4)b 87T< 3) M € 0 1Fl 2!21 2 31F1 212 2 /'quk‘

(62)
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The scattering amplitud@;; and cross sectiow;; for the Hij =T +Vy, (67)
dissociation of &-wave meson through &P— S Sreaction
will subsequently be evaluated using these results. which is the sum of the kinetic energy mati; ,

2

Ti,-=Jdp * (2p) §7¢i(2p)

| i

VIIl. MESON WAVE FUNCTIONS

In nonrelativistic reaction theory, the equality of the scat-
tering amplitude for rearrangement reactions in post and ij
prior formalisms follows if and only if the two-body interac- =(2+3)—=
tion used in evaluating the scattering matrix elements is iden- J
tical to the interaction that generates the bound-state wavg,q the potential matri¥/
functions. If this is not the case, the post and prior scattering
amplitudes will differ in general. It is therefore especially _ _
important to determine accurate bound-state wave functions VijE<i|V|j>:(27T)3j dr ¢ (NV(r)¢(r), (69
in evaluating scattering amplitudes. For this purpose, we will
first search for a set of interaction Hamiltonian parameters ~ . .
that fit the known meson spectrum with reasonab?e accuracyw here ¢;(r) is the Fourier transform of;(2p),
This interaction and the associated bound-state wave func-
tions will be used in our subsequent reaction calculations. a_(r):f
For a bound state of quarkand antiquarl of momentum '
p andp; and reduced momentup)

1+3/12 52
B

om (69)

ij

iprg.
e 2P, (70)

Evaluation of the potential matrix elements for the color-

_ Mipi—mip; 62) Coulomb interaction gives
m+m;
1
the Hamiltonian is Vij(COU-)=Cfas<l T ‘J>
2
p o ﬁ 2| [ |J 1+3/2
H=2—+V(n), (63) —Cy = iti| 2=
2p St amm @V 2V
where u is the reduced mass;m;/(m;+m;), andV(r) is (71
the quark-antiquark interactidseeH;; of Eq. (2)],
For the linear interaction we similarly find
Ai) N(j)|as 3b
e e N -
Vij(“n.): | Cf _Z br J
8ma o
- 3m_nf_~°«~sj<—3,z) e Voot . (64) [ 3|b 8  (+1)
A N 4B am 21+ 1)1
For a quark and antiquark in a color-singlet hadron, the ma- 1 ——\ 1+3/2
trix element of —A(i)-AT(j)/4 is the familiar color factor -
X 2\ — , (72)
Ci=—4/3. ViFij I+]

For given orbital angular momentum quantum numbers
andm, the eigenstaté (2p) of this Hamiltonian can be rep- and for the spin-spin interaction we find
resented using the expansion in EB8) in the set of(non-

orthogonal Gaussian basis stat¢g,} of Eq. (29) with ex- 8mas [ o2\ 22
pansion coefficients{a,}. The eigenvalue equatioil® Vij(s9= —Cfm “an (il s-se 7" 1i)
=E® then becomes the matrix equation VAT
3
Ha=EBa, (65) __c 2T ([
f3mimj I 732
wherea is a column matrix with elemen{s;,a,, ... ay},

B is the symmetric matrix x| 2 /L o (73
i+]j+20°% B2 '

1+3/2

B, ~ili)= [ dn ¢>i*<2p>¢j<2p>=(z "

i+j ' Given these Hamiltonian matrix elements, the eigenvalues

(66) and eigenvectors can be obtained from the eigenvalue equa-
tion (65). In our numerical calculations we used a six-
andH is the Hamiltonian matrix component =6) space of Gaussian basis functions.
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For this study we assumed a running coupling constant i Y(35) ]

. i . , . | =y, (2P) ]

combined with an otherwise fairly conventional quark model 100 f —————————1p) Y(25)1

parameter set, given by C Y(1S) ]

90 | ]

PN 127 [ ]

Q)= (33-2n,In(A+ QZIBY)" 80 | ]

A=10, B=0.31 GeV, S 70 ]

N [ )

b=0.18 Ge\?, ¢=0.897 GeV, S ot ]

S | BB*B,

m,=my=0.334 GeV, § 50 F ]

S L ]

m;=0.575 GeV, m.,=1.776 GeV, m,=5.102 GeV, § 40 v ]

[ h, X. ]

Vo= —0.620 GeV. (74) 30 ne Vo]

[ DD ]

We identified the scal®? in the running coupling constant 20 - ll)lz) DPS*{

with the square of the invariant mass of the interacting con- , — ¢ ]

stituents,szsij . This set of parameters leads to a meson 10 — k=9 .

spectrum which is reasonably close to experimsee Fig. [ ,‘} ]
3); the theoretical masses and wave functions are given in 00t I
Appendix A. The parameter set used earliefad] is similar Theory Experiment

to this set but it has a fixed strong-coupling constant. An

alternative set of quark model parameters, without a runnin

coupling constant, was used for comparison. This second se

was as=0.594,b=0.162 GeV}, 0=0.897 GeV,m,=my

—0.335 GeV, andm.=1.6 GeV and a flavor-dependent ( by

Veon- —b,
Having obtained the set of coefficienta,} for each ini-

tial and final meson, we can proceed to the calculation of th@nd the invariant mass @f andb is then given by

scattering amplitude$;; and the dissociation cross sections

o . Some explanation of the evaluation of dgomewhat Sab=(a+b)?=(ap+bo)*— (a,+b,)*. (79

arbitrary) choice of momentum scakezzsij in the running

coupling constante(Q?) in Eq. (74) for the scattering prob- We identify this with the argumer®? of the running cou-

lem is appropriate. For a reaction process involving the inpling constaniag(Q?) in Eq. (74).

teraction of constituent=a in mesonA(aa’) with j=b in In Fig. 4 we show a test of the accuracy of this scattering

mesonB(bb’), we can determine the invariant mass squarednodel with experimental data in an analogous low-energy

s;j of aandb as follows: Constituera carries a fractionx, ~ réaction| =27 scattering. The prediction for the dominant

of the forward light-cone momentum of the initial mesan ~ Swave phase shift is shown together with the data of

andb carries a fractionx_ of the backward light-cone mo- Hooglandet al.[41]. Note that this isiota fit; all the param-

mentum of initial mesorB. For simplicity, we assume that eters are determined by meson spectroscopy, which fixes the

the momentum fraction carried by a constituent is proporinterquark forces and wave functions that are then used to

tional to its rest mass, which is exact in the weak bindingcalculate the meson-meson scattering amplitude.

limit:

FIG. 3. Comparison of experimental energy levels and theoret-
al energy levels calculated with the parameter set of(Z4).

1 g mZ
* BB BB

=3 (78)

IX. TEST OF POST-PRIOR EQUIVALENCE IN =w+J/¢

X, = my 7 (75) DISSOCIATION
Mg+ Mg/ In nonrelativistic scattering theory the post and prior re-
sults can be formally proved to be equivalent, so that the two
ALY theoretical cross sections are indeed identical. This proof re-

X =—. (76) ; ; X .
My + My quires that the interactiol used to determine the external

meson wave functions be identical to the interaction used in
Assuming also that constituengssand b are on mass shell, the evaluation of the scattering amplitude. Numerical confir-
their momenta arg2] mation of this post-prior equivalence constitutes a very non-

trivial test of the accuracy of the numerical procedures used

ag| 1 N mi both in determining the bound-state wave function and in
a,] 2 X+(AO+AZ)_X+(AO+AZ) (77 evaluating the complete meson-meson scattering amplitude
[34].
and To test post-prior equivalence in oditys dissociation cal-
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culations(in the nonrelativistic formalisim we have carried 0
out the evaluation of the cross section using both post and

prior formalisms. Of necessity we assumed nonrelativistic

kinematics and theoretical masses to determine the external =5
meson moment#A| and |C|, which appear in the overlap
integrals. The post-prior equivalence holds if the coupling
constant does not depend on energy. We are well advised to
use a set of parameters with a fixed running coupling con-
stant a4 for this test. We used therefore the parameter set _15 [
[21] «s=0.58, b=0.18 Ge\}, ¢=0.897 GeV, my4
=0.345 GeV, m.=1.931 GeV, andV.,=—0.612 GeV,
which are close to standard values and were chosen because
they reproduce the physical masses of #heD, D*, J/,

and ¢’ rather well. Figure &) shows the dissociation cross
sections formr+ ¢ collisions as a function of the initial ki- =25
netic energyEy g measured in the center-of-mass frame, de-
fined asEyg=+S—may—mg Where m, and mg are the
masses of the incident mesons. The differences between the
post and prior results in Fig.(& are indeed rather small,
which confirms post-prior equivalence assuming nonrelativ- 35 L ]
istic dynamics.(The residual discrepancy is mainly due to
our use of a truncated basis in expanding the meson wave

® Hoogland A
O Hoogland B

d (degree)

functions) Figure 3b) shows the corresponding results for -40 : : :

m+ ' dissociation. In this case there is greater sensitivity 0.0 0.5 1.0 L5 2.0

to the approximates’ wave function, due to large cancella- E, (Gev)

tions in the numerical integration of a radially excited wave ] ) ) )
function. FIG. 4. Comparison of our theoretida+ 277 phase shiftsolid

In the comparisons shown in Fig. 5 we have used theore€Urve with the data of Hooglanet al. [41].
:Cﬁl mz;lsskes for thef rtr;]es?hns;rtrl? plrck;of ﬁ;_p?stt-prrrl]m equ';’r""ﬁnal states. There are several selection rules that eliminate or
€nce makes use of the theoretical bounc-staté masses 1o, ppress many of tha priori possible final channels, given

the Schrdinger equation with the given potential, rather than ur simple quark-model Hamiltonian and Born-order scatter-

the experlmental ones. Our theor_enca_l masses are close n?g amplitudes. Considerable simplification follows from the
experiment but are not exact, as is evident in Fig. 3. If on act that our model Hamiltonian conserves total sBigy in
instead assumes experimental values for the meson massgs, quark-interchange model, as one can easily see from Eqs.

ther«_a will be ad_dltlonal post-prior discrepancies in our cros 11), (20), (21), and (22). Since thel/ and ' haveS=1
section calculations. In our subsequent cross section calcula-""" - L ! .
gnd pions havé&=0, the initial and final states ifr+J/¢

tions we do assume experimental masses in order to repro- , e RN .
duce correct thresholds; the consequence is a systematic u?ﬁr-]ﬂw+ y' collisions must both havé&=1; this forbids

certainty in the cross sections which may be estimated by D final states. With increasing invariant mass we next en-
comparing post and prior predictions. counter the final stat8D*, D*D, andD* D*. In Fig. 6 we

It should be noted that post-prior equivalence had onlyshow the exclusive dissociation cross sections #for J/ ¢
been proven for bound-state scattering in nonrelativistiand =+ ¢’ collisions into these first few allowed final states.
guantum mechanid89]. Recently an extension of this proof The total dissociation cross section, which is the sum of the
to scattering in a relativistic generalization of quantum me-exclusive cross sections, is shown as a solid line. Our esti-
chanics was given by Wong and Crafd2], using Dirac’s mate is the mean of the total post and prior cross sections,
constraint dynamics. A full relativistic treatment of this prob- which are also shown in Fig. 6. The estimated range of un-
lem will involve the derivation of relativistic two-body wave certainty, due to the post-prior discrepancy and to parameter
functions and Wigner spin rotations, which is beyond thevariations, is shown as a shaded band.

scope of the present investigation. We will adopt an interme-  The J/y dissociation processes+ J/,/,_,D*Sand[)ﬁ*
diate approach and assume relativistic kinematics for the inihgyve a threshold of abol,=0.65 GeV, and the total
tial and final mesons and use relativistic phase space; in Cofissociation cross section reaches approximately 1 mb not
sequence we find different “post” and “prior” cross sections far above thresholfFig. 6a)]. This 7+ J/y cross section is
in general. Here we will take the mean value of the post andonsiderably smaller than the peak value of about 7 mb
prior results as our estimated cross section; separate post afflind by Martinset al.[20], largely due to their assumption
prior cross sections will be shown as an indication of ourof 3 color-independent confining interaction.
systematic uncertainty. The threshold form+ ¢’ —DD*+D*D is only about
Exg=0.05 GeV, and in consequence thé cross sections
are much larger near threshold. The tatat ¢’ dissociation
Depending on the incident energies, dissociation of theross section has maxima of~4.2(0.5) mb and
J/¢ and ' by pions can lead to many different exclusive ~2.8(0.5) mb atExg~0.1 GeV and~0.22 GeV, respec-

X. CROSS SECTIONS FORJ/ AND ' DISSOCIATION
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0.20 T T T T T 3.0 T T T T T
g 0.15 - == Prior ] iy->D+D* or D*+D | :g Total w+Jhy dissociation cross section
= Post / ~ 2.0 | === m+Jiy->D+D* or D++D ]
Z 010 - = —
S (a) S === m+Jy->D*+D=*
L — + L
E’ 0.05 n+J/y->D*¥+D* B Lo
0.00 . ‘ ‘ — ©
— - 0.0 : : t
+y’->D+D* or D*+D
2.5 r 7 5.0 Total T+’ dissociation cross section
\ — N/ _ - 1
\  w+y’->D*+D* ——— n+y’->D+D* or Dx+D
S 20 o s —
g ——= Prior 2 40 L —-— n+y’->D#+Dx 1
';\_ 1.5 Post 5
3 =
£ (b) >
© 1.0+ b B
©
0.5 -
0.0 : = ‘
0.0 0.2 0.4 0.6 0.8 1.0 1.2
E,, (GeV)
FIG. 5. Comparison ofr+J/¢ and 7w+ ¢’ cross sections de- E.. (GeV)

rived using post and prior formalisms.

FIG. 6. Exclusive and total dissociation cross sections #for
+J/y (@ and 7+ ¢ (b). In each panel the solid curve gives our
estimated total cross section, which is the mean of the prior and
post results.

tively [Fig. 6b)]. It is interesting that the exclusivg’ dis-
sociation cross sections are very small nEge=0.3 GeV
(for the DD* final stat¢é and 0.4 GeM(for the D*D* final
statg, due to almost complete destructive interference beS; is conserved in our model and so must agree with the
tween the diagrams and the nodes in #Hewave function. S, of the final state. The low-lying open charm final states
The relative importance of the various terms in the Hamil-are DD with S,,,=0, DD* and D*D with S,,,=1, and

onln i hese dissocaton ampldes s of course & Y8+ Dt with 5,={03,3. The cotrbuton ofransiors t

; 949 L y . radially and orbitally excited final states will be considered
biguous, because the individual terms differ between pos?1 future work[43]

. ; : A
and prior formalisms; only the sum of all terms is formalism . . . .
P  onty In the collision of an unpolarized with an unpolarized

mdependent in F‘O'.'"e'a“"'.s“c quantum mechgnlcs. we .ﬂnq}lw, the total dissociation cross section is comprised of con-
that the spin-spin interaction makes the dominant contribu:

tion to 7+ 3/ dissociation in the prior formalisms + tributionsa;j”m'(smt) from different final state$ and differ-
dissociation in contrast is dominated by the linear confiningent total spin values,
interaction. In the post formalism we find that bath+J/
andm+ ' are dominated by the spin-spin interaction. In all U= N N IS ), (80)
these cases the color-Coulomb contribution is subdominant. f St
Our results have interesting consequences for the survival ) )
of J/4 and ' mesons propagating in a gas of pions. TheWhere for this case with ,=0 andSg=S,#0 we can de-
pions produced in a heavy-ion collision have a roughly therduce from Eq(17) the relationship
mal distribution, withT~200 MeV in the nucleus-nucleus
center-of-mass system, whereas heavy quarkonia such as the oS )= (25011 1) o1(Sior)
J/ and ' are produced approximately at rest. Thus the f M (28,+1)(2Sy,+1) or
relative kinetic energy is typically a few hundred MeV. This _ . o _ .
is below therr+ J/y dissociation threshold, but above that of Wherea(Sioy) is the dissociation cross section for the final
m+ ¢, and in consequence we expect- ¢’ collisions to statef vv_hen the initial two-meson system is prepared with a
deplete they’ population much more effectively tham  total spinS,. [In our earlier work[21] for p+J/¢ and p
+J/¢ collisions reduce the initiall/y population. The + ¢’ collisions,a(Soy) results were presented and the total
weakness ofr+J/y dissociation is further reduced by the Cross section ofoo=2¢Zg 01(Sor) Was evaluated. For
small cross section we find for the+J/y relative tom  collisions of unpolarized mesons one should use the unpolar-
+'. ized total dissociation cross section given by E@S) and
Next we consider the very interesting exothermic colli- (81).]
sions of charmonia with light vector mesons, specifically The unpolarized totgh+ J/ ¢ dissociation cross section is
+J/4 andp+ . Since thep meson ha$=1, the total spin  shown in Fig. 7a). The exclusive cross sectiong™°(S,,)
of the p+{J/¢ or ¢'} system can b&,={0,1,2. This for dissociation into various final states are also shown. The

(81)
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reactionp+J/l//—>D5 is exothermic, so the cross section 8.0 " ' ' I
oi°(S,,,=0) diverges as 1fEe as we approach thresh- (@ p+Jiy Dissociation Cross Secti

—— p+J/y unpolarized total

p+iy ->D+D, S, =0

== p+Jiy->D+D* or D*+D, S, = 1
..... prIfy > D*4D*, Stm= 2

+ prJy > DD, S, =1

p+Jiy > D*+D*, S, =0

old. For othernp + J/ ¢ exclusive final states the thresholds lie
at sufficiently higher energies to be endothermic. We find an
unpolarized total p+J/¢ dissociation cross section of
2.4(0.4 mb atExg=0.1 GeV, which has decreased to about
1.9 mb atExg=0.2 GeV. At very low kinetic energies/
dissociation by populates ory th@D(S[%=O) final state. /
At slightly higher energieDD* and D*D(S,,;=1) final AN N
states dominate, and fdxg above 0.2 GeVD*D* (S, 0.0 S
=2) is dominant. ;

X
>
f
|
!

o (p+J/y) (mb)
A
S
1

N
S
T
>
]
/

el

(b p+y’ Dissociation Cross Sections

1

We have carried out similar calculations fet- ' colli- j : —— p+y’ unpolarized total ]
sions, and the results are shown in Figh)7In this case the 6.0 —— P >DiD,S, =0 -
reactionsp+ ' —DD, DD*, D*D, and D*D* are all g ¥ T z:xi::z:f;”rSDZJ'f’s’”‘:’:
exothermic, so all these exclusive cross sectio{f8%(S;,) = L i pry > MDY, Sl 1
diverge as 1JEyg as we approach threshold. The dominant >40 I > D5D%, S, =0 i
dissociation channel is thB*D* (S,,;=2) final state. The %’ 1'\_ |
total unpolarizech + ¢’ dissociation cross section falls from 200 T
450.) mb at Exg=0.1 GeV to 1.50.3 mb at Exg A ]
=0.2 GeV and 0.0.2) mb atE.z=0.3 GeV. 00 R T

In p+J/¢ dissociation the dominant scattering contribu- 0.0 0.1 0.2 0.3 04
tion in the prior formalism is due to the linear interaction. In E,. (GeV)
the post formalism the dominant contribution arises from the
color-Coulomb and linear interactions for energiEgg FIG. 7. The total unpolarized dissociation cross sections are

<0.1 GeV, from the color-Coulomb interaction for Shown as the solid curves fprtJ/¢ in () and forp+ ¢ in (b).
0.1 Ge\KEyz<0.4 GeV, and from the spin-spin interac- Unpolarized exclusive dissociation cross sectiof8”(S,,,) for
tion for Exz>0.4 GeV. different final states and differei®,; are also shown.

We next consider dissociation df and¢’ through col- _ . _ _ _
lisions with kaons. Our predictions fot+J/y andK+y’  Cross sections{"*(Sy,) for different final states and differ-
dissociation cross sections are shown in Fig. 8. Fhe €NtS,. are also shown. This reaction is endothermic, with a
+J/y process has a threshold kinetic energy of about 0.4hreshold akxe~0.3 GeV and a peak cross section of 0.15
GeV, and the maximum cross section is about 0.7 mtK In Mb atExg~0.45 GeV. In Fig. 1(h) we show thep+Y
+4y' dissociation the reactions are exothermic for the al-dissociation cross section. The-Y" reactions are exother-
lowed final state®.+D*. D*+D. andD* +D*. The total ™MC: and the total dissociation cross section diverges as

S 1 S 1 S . .
K+ ¢’ dissociation cross section, shown in Fighg is L/VExe near Exe~0, and is about 1.6 mb aEye

. ~0.2 GeV.
about 1 mb aExe~0.4 GeV and diverges as\F,g as we : .
approach threshold. In Fig. 11(@) we show the cross section for the+Y

dissociation. The threshold is &xg~0.75 GeV, with a
peak total cross section of about 0.05 mb Bkg
~0.85 GeV.K+Y' is shown in Fig. 1ib); the threshold is

It has been noted that a suppression of the production dtExe~0.2 GeV, with a peak total cross section of about 2

bb mesons such as thé andY' may also be useful as a mb atEye~0.25 GeV.

signal for QGP productiofsee Ref[32] and references cited

therein. It is thus of interest to calculaté andY’ dissocia- XIl. CROSS SECTIONS FOR x; DISSOCIATION
tion cross sections in collisions with, p, andK to estimate
the importance of these comover dissociation processes.

XIl. CROSS SECTIONS FORY AND Y' DISSOCIATION.

We can similarly calculate the dissociation cross sections
: ) of theL=1 y; ¢ cmesons withr, p, andK using the quark-
_ In F_'g_' 9@ we show th_e total cross section fQHY_ interchange model. A; meson has spi®=1 and am has
dissociation. The threshold isBkz~1 GeV, and the maxi- S=0, so am+ y, collision yields a system with total spin

mum cross section is only apout 0.05 mb. The small cros = 1. Since the interaction of E42) conserves total spin,
section arises from the combined effects of a large threshol ) =
e lowest-energy final states formed kyt y; are DD*,

and a small value of the strong interaction coupling constant. . =
We show the dissociation cross section fot Y’ collisions ~D*D, andD*D*.

in Fig. 9b). It has a threshold oEz~0.45 GeV, and the In Fig. 12 we show the dissociation cross sections for
peak cross section is about 5 mb nEa=0.55 GeV; this unpolarizedm+ y, collisions. The unpolarized dissociation
cross section is clearly much larger thar-Y. cross sections for the final state$* andD* D* are shown

In Fig. 10@ we show the unpolarized cross section foras dotted and dash-dotted curves, respectively. The unpolar-
p+Y dissociation. The unpolarized exclusive dissociationized total cross sections for scattering into these lowest chan-
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_ 3.0 : : : 0.10 : . .
.§ Tota/l K+Jy dissociation cross section 2 Total n+Y dissociation cross section
~ L K+Jy—>D D+ ] - -
g 2.0 —_— K+J/W_>DZ*+[Z E —_— 7|:+Y->B+Bior B++B
§ —-— K+Jhy->D#+D+ S"\ 0.05 + — == n+Y->Bx+B* i
T L0} o
) £ \ (@)
© ~
f AN
0.0 0.00 PRS-\t~
0.8 1.0 1.2 14 1.6 1.8
8.0 1 ] Ec.m._Mn_MY (Gev)
Total K+’ dissociation cross sectiofy
7.0 { K+y’=>Dg+D* 1 10.0 T . , ,
—-—- K+y’->Dg+D
6.0 I ——— K +\V’_>Ds* +5* 1 80 - Total n+Y’ ilissaciati«z cross section |
3 - — =+ 7+Y'->B+B* or B=+B
§ 5.0 "§ — = RY’->BreBE
=~ M ] S— 6.0 [ T
S
- ] 5 i
S & 40} ]
<] o \
] 2.0 F I\ (b) 4
) h
4 " \\
0.0 Ll :
] 0.4 0.6 0.8 1.0 1.2 14
E,,-M-M,.(GeV)

0.0 0.2 04 0.6 0:8 FIG. 9. The dissociation cross sections 1r(a) andY ' (b) in
E,. (GeV) collision with 77. Note that the scales @&) and(b) are different.

FIG. 8. Dissociation cross sections fi§r-J/¢ (a) andK+¢’'  S;,;. The unpolarized total dissociation cross section is a

(b). sum of contributionss¥™%(S,,,) from different final states
{f} and different total spin§S;,},

nels are shown as a solid curve. The dissociation progess
+ xo has a threshold oExg~0.32 GeV and a peak cross unpol_ unpol
section of 1.5 mb aExg~0.5 GeV[Fig. 12a)]; 7+ x; has Ttot zf: Srzm 7t (St (82)
a threshold oExg~0.23 GeV and a peak dissociation cross
section of 2.4 mb aEye~0.46 GeV[Fig. 12b)], m+x,  where for this case, with ,=1 andSg=1, o¥""(S,,) is
and 7+ x, has a threshold oEx~0.18 GeV and a peak rather more complicated than the expressiéi) for L,

dissociation cross section of about 3.0 mb Bkg =0 andSg=1. It can be determined from E¢L5), and is
~0.41 GeV[Fig. 120)]. given by
It is interesting to note that the maximumt y, unpolar-
ized total dissociation cross section is only slightly greater Ss Sg S)?
than that ofw+ x4, but is nearly twice as large as+ . unpol _ &3)2
This indicates that the dissociation gf states is very sen- o (SIOt)_;%A (S)% La O Lat o(LaMaSS),
sitive to their masses. If the threshold fert xy, were taken Ja S )
to be the same as for+ x,, the unpolarized dissociation (83)

cross sections would be identical. whereo(L,MASS) is the cross section for an initial meson

) The.d|ss_00|at|on amplitudes of thj@Jz rr?esons_ in-colli- with total internal orbital angular momentulry, azimuthal
sion with pions depend od,. A detailed discussion of the componentM ,, and total spinS In Fig. 13 we show the
dissociation cross section for variodsindJ, substates will  npolarized total dissociation cross section for o, p
be presented i43]. The dependence od, is, however, +x1, and p+ x,. Exclusive cross sections}‘”p"'(smt) for
quite weak. For gived, dissociation cross sections;g)jJZ in different final states an&,, are also shown. Sincg+ x,
collision with 7 vary only by a few percent for differedt,.  dissociation is exothermic, these cross sections have the

The thresholds forr+ x; dissociation lie between those common features that they diverge asBfg nearExg~0
of m+J/¢ andw+¢’, and the maxima of the total dissocia- and decreases monotonicallyBs: increases. The dominant
_tion cross sections for the+ y; (_:qllisions are correspond- -1 state in these dissociation cross sectior@ﬁﬁ*(smt
ingly greater than forr+J/y collisions but less than forr - _5y "The ynpolarized total dissociation cross sections for

. . . ) L p+xo atExg=0.05, 0.1, and 0.15 GeV are 8.0 mb, 3.5 mb,
In Fig. 13 we show unpolarizeg+ y; dEsocEtlon Cross  and 1.6 mb, respectiveljFig. 13a)]. For p+x, at Exg
sections. The lowest-lying final states &#®, DD*, D*D,  =0.05, 0.1, and 0.15 GeV these are 5.5 mb, 2.0 mb, and 0.8

andD*D*, characterized by different values of the total spinmb, and forp+ y, at Exg=0.05, 0.1, and 0.15 GeV are 4.3
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FIG. 10. Unpolarized total and exclusive dissociation cross sec: YF,IGB ltl' The d|?§oc||a;[|(1n Cr,(\)lsf stictlonsdl(gr:]{ (a)d.a;fnd Kt
tions o¥"°(S,,,) for p+Y (a) andp+Y' (b) for various channels (b) to various final states. Note theg) and (b) have differen

and total spinsS,,;. Note that(a) and (b) have different scales. ~ SC2€S:

mb, 1.5 mb, and 0.5 mb. Thus, at a given kinetic energyrhese processes are exothermic and have large total disso-
Exe, o2 p+ x0) > P p+ x1) > WP p+ ). ciation cross sections that diverge at threshold.

In Fig. 14 we show the unpolarized dissociation cross We previously noted that our+ J/i cross section is con-
sectiorE forK + X3 collisiois. The lowest-lying final states siderably smaller than the estimate of R&0], although we
areD,D*, DD, and DiD*. For K+ y, dissociation the use a similar approach. There are several differences between
reaction has a threshold at 0.07 GeV. The total dissociatiothe two approaches that lead to this discrepancy. First, Mar-
cross section rises from the threshold to a maximum crostns et al. assumed that the confining interaction is an attrac-
section of 1.7 mb at 0.27 Gelig. 14@)]. In contrast,K tive Gaussian potential which acts only between quark-
+x; and K+ y, collisions are exothermic td,D* and antiquark pairs. The neglect of the quark-quark and
D;‘S. Thus these also behave as/Ekg nearExg~0, but antiq.uark-antiquark confining interac'tic.ms discards thg trans-
decrease rapidly &y increases. These cross sections therfér diagrams(T1 and T2 for the confining potential. Since
vary slowly up to Exe~0.2 GeV before decreasing at We find that the transfer and capture diagram confinement

higher kinetic energies. contributions are similar in magnitude but opposite in sign
(due to color matrix elementsthe confining interaction as-
XIIl. DISCUSSION AND CONCLUSIONS sumed by Martinset al. did not incorporate an important

destructive interference. Second, their use of a Gaussian,

We have used the Barnes-Swanson quark-interchangather than the usual linear confining potential, obviously
model, with parameters taken from fits to meson spectrodeads to quantitatively different cross sections.
copy, to evaluate the low-energy cross sections for the dis- The destructive interference between transfer and capture
sociation ofd/, &', x, Y, andY' in collision with 7, p, diagrams with spin-independent forcemlor-Coulomb and
andK. The cross sections obtained here should be useful anfinement has been noted previously. See, for example,
estimates of the importance of “comover” scattering in sup-Refs.[33,34] and references cited if87]. This interference
pressing heavy-quarkonium production, which is of consid-explains the well-known spin-spin hyperfine dominance in
erable interest in the search for the quark-gluon plasma. light-hadron scattering in channels suchla2 == and the

The threshold for the dissociation df ¢ by = is rela-  coreNN interaction. With heavy quarks, however, the hyper-
tively high, and the peak total cross section is about 1 mb. Iine interaction contribution is smaller due to the large charm
contrast, dissociation of’ by 7 opens at a low threshold quark mass; for this reason we included the color-Coulomb
and the cross section is much larger. We have also evaluateshd confining interactions in our analysis. Our results indi-
the corresponding cross sections for the dissociatiom.by cates that the spin-spin, linear confining, and color-Coulomb
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FIG. 12. Unpolarized total cross sections and exclusive unpolar-

) : ! >E% - ’ FIG. 13. Unpolarized total cross sections and unpolarized exclu-
ized cross sections for the dissociation reactiens y; into D

-t b sive cross sectionsr{™°(S,,,) for the dissociation reactionp

+D* andD* +D*. (& m+xo, (b) m+x1, and(c) 7+ xo. + x;intoDD, D+D*, andD* +D*. (a) p+ xo, (b) p+ x1, and(c)

: . o _— . . PTX2

interactions all give important contributions to the dissocia-

tion cross sections.

It is of interest to compare our results for dissociation

cross sections to those obtained for meson-exchange models 8.0

with effective Lagrangiang24-27. In the effective La-

grangian approach, the dissociation cross section increases §

with energy, as expected for thechannel exchange of a g

pointlike spin-1 particle. For example in R¢26] the disso- 554
<
o

T T T T T T T T T T
— Total K+, ’ dissociation cross section

- K+y,-> D +D

=« K+y,-> Dy +D* ]
K+y,-> D + D* ]

(a) K+,

ciation cross section is about 30 mb fort+ J/¢HD+5*

and about 80 mb forr+Y —B+B* at 1 GeV above the
threshold. These large cross sections continue to increase
with increasing energy. In contrast, in our quark model cal-
culation using the Barnes-Swanson model, we find very
small cross sections this far above threshold for J/

—D+D* and 7+Y—B+B*. The predicted peak cross

section form+ J/¢HD+5* is about 0.5 mb and occurs at
about 0.05 GeV above the threshold. The predicted peak

cross section fotr+Y — B+ B* is even smallefabout 0.03

mb), and it occurs at about 0.02 GeV above the threshold.
These cross sections decrease rapidly at higher energies.
Thus, the large cross sections obtained in the effective La-
grangian approach differ by orders of magnitude from our
guark model results. We believe that the large and increasing
dissociation cross sections predicted by the effective La-
grangian meson exchange models at high energies is unreal-
istic, since the momentum distributions of the boosted final

$ b g
>
T
I
i

T o X . E_ -M,-M
and the initial meson states will in practice have little overlap em UK Ty (GeV)

at high energies. One should not relate physical cross section FIG. 14. Unpolarized cross sections for the dissociation reac-
to effective Lagrangian model without form factors. As tionsK+ x;. (8) K+ xq, (b) K+ x4, and(c) K+ x5.
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TABLE IV. Coefficients{a,} for each meson in aNl=6 basis.

Meson M(expy M (th) r?) B ay a, as ay as ag
(GeV) (GeVv) (fm)  (GeV)

T 0.140 0.140 0.512 0.380 0.8288 —0.5178 —0.2294 4.0001 —5.8837 2.9139
K 0.494 0.495 0.521 0.440 1.4258 —2.9104 6.6580 —7.6222 4.1972 —0.6622
K* 0.892 0.904 0.674 0.440 2.6690 —7.7381 18.5854 —25.2611 17.6588 —4.9261
p 0.770 0.774 0.769 0.380 2.5214 -6.9921 16.7985 —22.9186 16.1163 —4.5409
#(1s) 1.020 0.992 0.647 0.380 1.4078 —2.2292 5.2488 —6.4976 4.0718 —0.9727
b, 1.235 1.330 0.978 0.380 2.2568 —5.4759 12.6496 —17.1515 12.1528 —3.4443
a; 1.260 1.353 0.993 0.380 2.3362 —5.7733 13.3524 —18.2221 13.0172 —3.7466
@(2s) 1.686 1.870 0.983 0.380 5.7964 —24.6635 58.1365 —79.9357 56.8725 —16.2428
D 1.869 1.913 0.585 0.440 1.8275 —4.2160 10.0225 —13.0384 8.6764 —2.2285
D* 2.010 1.998 0.626 0.440 2.1630 —5.4765 13.0711 —17.5068 12.0520 —3.2893
D¢ 1.969 2.000 0.508 0.440 1.0701 —1.1418 2.4522 —1.9688 0.3196 0.3292
D?* 2.112 2.072 0.546 0.440 1.3267 —1.9616 4.5086 —-5.2172 2.9478 —0.5646

S
D, (*Py) 2.422 2.506 0.840 0.440 2.2042 —5.2226 12.0872 —16.4595 11.7325  —3.3595
D,(3P,) 2.460 2.514 0.845 0.440 2.2344 —5.3296 12.3210 —16.7896 11.9756  —3.4375

Ne 2.979 3.033 0.388 0.560 0.9461 —-0.6474 1.0666 0.3614 —1.6509 0.9868
Jy 3.097 3.069 0.404 0.560 1.0786 —1.0517 2.0729 —1.2289 —0.3804 0.5646
he 3.570 3.462 0.602 0.560 1.6312 —2.8587 6.7068 —9.0601 6.4161 —1.8163
Xc 3.525 3.466 0.606 0.560 1.6587 —2.9420 6.8805 —9.3051 6.5918 —1.8698
Y’ 3.686 3.693 0.666 0.560 5.5237 —22.5889 53.5145 —74.6754 53.9666  —15.7222
B 5.279 5.322 0.574 0.500 2.4905 —7.0584 17.0138 —23.0809 16.1128  —4.4690
B* 5.324 5.342 0.583 0.500 2.5806 —7.4190 17.8694  —24.2889 16.9859  —4.7275
Bs 5.369 5.379 0.503 0.500 1.6289 —3.2614 7.6922 —9.8055 6.3702 —1.5866
B 5.416 5.396 0.513 0.500 1.7111 —3.5483 8.3718 —10.7991 7.1136 —1.8177
Y (1s) 9.460 9.495 0.255 0.660 0.1364 2.0441 -6.7818 14.2875 —13.9803 5.3693
xb(1p) 9.899 9.830 0.423 0.660 0.7416 0.1481 0.2178 —0.0196 —0.1923 0.1587
Y (2s) 10.020 9.944 0.519 0.660 —3.6422 10.7655  —25.3407 38.7395 —30.5647 9.8544

xb(2p) 10.260 10.166 0.604 0.660 3.2645 —10.1170 20.7960 —28.2373 20.2666  —5.9472

the effective Lagrangian approach does not contain informathat dissociation of the/ by 7 and p populate different
tion about the internal structure of the interacting hadronssates(for example, 7+ J/y does not lead tdD in our

form factors have been introduced phenomenological to req,qgel butp+J/ ¢ does. It may be possible to separate these

duce the theoretical cross sectid@s—27. A realistic de- . . L= =
scription of the form factors should incorporate the mesorP OCeSSes by gudylng the relative productiordd, D*D,

wave functions and the dynamics of the scattering proces®D*, and D*D*, if the open charm background can be
Without a derivation of these form factors, one encountersubtracted. The large ratio of initial open charmligs pro-
considerable uncertainty, as experimental data on these readuction in a nucleon-nucleon collision may however make
tion processes are unavailable. The form factors introducethis separation very difficult.

in [25—27] lead to changes of the theoretical cross section at It may be useful in the future to carry out detailed simu-
high energies by several orders of magnitude. The results atations of J/¢ absorption in heavy-ion collisions using the
sensitive to the assumed coupling strength and to the funeross sections obtained here. If our cross sections do prove to
tional dependence assumed for the form factor. In view obe reasonably accurate, it will be useful to incorporate them
the strong dependence of the theoretical results on the forim simulations of hadronic processes in relativistic heavy-ion
factor and the coupling constants, a careful determination ofollisions to isolatel/ ¢ suppression due to interactions with
these quantities are required in future work. hadronic matter.

Although there are no direct experimental measurements It should be noted that in addition to the quark-
of these low-energy cross sections to which we can compar@aterchange processes considered in this paper, low-energy
our results, the smalir+J/¢ and largewr+ ¢’ dissociation meson-meson scattering more generally will involve
cross sections obtained here at low kinetic energies appearchannel processes with intermediate resonances, such as
qualitatively consistent with earlier results found in a micro- 7+ m— p— 7+ 7. The s-channel process can be treated by
scopic model ofd/« and ' suppression in @A and S introducing a pair production and annihilation amplitude, as
+U collisions[8,9]. Hopefully, future Monte Carlo simula- was previously considered by Ackleh, Barnes, and Swanson
tions of the dynamics of charmonium in heavy-ion collisions[44]. It will be of interest in the future to extend the present
will lead to more direct comparisons. It is interesting to notequark-based model to reactions involving pair annihilation
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