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Quark exchange model for charmonium dissociation in hot hadronic matter
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A diagrammatic approach to quark exchange processes in meson-meson scattering is applied to
the case of inelastic reactions of the type (QQ) + (¢§) — (Q7) + (¢Q), where Q and q refer to heavy
and light quarks, respectively. This string-flip process is discussed as a microscopic mechanism
for charmonium dissociation (absorption) in hadronic matter. The cross section for the reaction
J/¢+m — D+ D is calculated using a potential model, which is fitted to the meson mass spectrum.
The temperature dependence of the relaxation time for the J/v distribution in a homogeneous
thermal pion gas is obtained. The use of charmonium for the diagnostics of the state of hot hadronic
matter produced in ultrarelativistic nucleus-nucleus collisions is discussed.

PACS number(s): 12.39.Pn, 13.75.Lb, 14.40.Lb, 24.85.+p

I. INTRODUCTION

The interaction of a J/1 meson with strongly interact-
ing matter is to date still a controversial subject. While
the production of J/4 can be understood within pertur-
bative QCD due to the large mass of the charm quark, its
further interaction with surrounding matter is essentially
soft in nature and as such not treatable perturbatively.
Knowledge of hadronic interactions, as well as their mod-
ifications at finite temperature and density, is, however,
necessary for a proper understanding of ultrarelativistic
nucleus-nucleus collisions, especially in view of a possible
transition from hadronic to quark matter [1]. The sup-
pression of J/i was initially proposed as a signal for a
quark-gluon plasma [2]. Such a suppression was observed
by NA38 [3]. However, the data can be described by a
variety of models on a phenomenological basis, both in a
plasma [4] and in a conventional hadronic scenario [5,6].
Thus, the question of the significance of the J/4 signal
remains as yet undecided.

Plasma formation is not expected to occur in hadron-
nucleus (hA) collisions. However, data taken in kA colli-
sions already show a considerable reduction of J/4 pro-
duction at low zp [the region where J/1 is also mea-
sured in nucleus-nucleus (AB) collisions] as compared to
proton-proton (pp) collisions [7,8]. The suppression pat-
tern in both hA and AB collisions is found to be consis-
tently described by a phenomenological absorption cross
section of a:fé: ~ 5-7 mb [9].

On the other hand, it was recently argued that, due to
the smallness of the heavy-quark-antiquark system (Q @),
a gluon needs to be sufficiently hard in order to resolve

*Electronic address: martins@darss.mpg.uni-rostock.de
tElectronic address: blaschke@darss.mpg.uni-rostock.de
{Electronic address: quack@axp601.gsi.de

0556-2813/95/51(5)/2723(16)/$06.00 51

this pair, Q2 > 1/m, [10]. Only deconfined matter at
temperatures beyond the phase transition temperature
T, contains sufficiently many hard gluons to cause a J/v
suppression of the observed magnitude. Matter in the
form of hadrons does not provide enough hard gluons,
and consequently a value of a':f;: =~ 5-7 mb has been
regarded as unrealistic. This obvious contradiction is
one example of the need of an understanding of hadron-
hadron interactions on a more fundamental level.

With the present work, we aim to provide a step to-
wards filling this gap. The approach we use is the descrip-
tion of hadrons as bound states of quarks. It allows one
to consistently account for substructure effects. A full
treatment of the hadron-hadron interaction is to date not
possible due to the nonperturbative character of QCD in
this region. A microscopic calculation of the J/v breakup
process by impact ionization has been performed within
perturbative QCD in Ref. [11] for a dense partonic envi-
ronment and in Ref. [10] for a hadronic medium. How-
ever, in these approaches nonperturbative correlations in
the final state (charmed hadrons) have been neglected,;
i.e., only the breakup of a J/4 into free charm quarks was
considered. As lattice gauge simulations of QCD suggest
[12-14], hadronic correlations persist even for tempera-
tures well above the deconfinement transition. There-
fore, effective approaches to J/ dissociation in the non-
perturbative domain of strongly correlated quark matter
consider this process as a quark exchange (string-flip)
process [15]. The role of quark exchange processes in
hadron-hadron interactions has been investigated in sev-
eral approaches [16-20]. Recently, a systematic analy-
sis of quark exchange contributions to the meson-meson
interaction has been given in Refs. [21,22] within a dia-
grammatic technique. These approaches use a nonrel-
ativistic quark potential model to describe mesons as
bound states. They have been applied to the elastic scat-
tering of light mesons. When translating the diagrams
into the language of Green functions [22], a generaliza-
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tion to finite temperatures and densities as well as to a
relativistic effective meson theory is possible.

In the present work, we extend this diagrammatic tech-
nique to the calculation of the cross section for the inelas-
tic reaction (QQ) + (¢g) — (Q7) + (¢Q), where Q and ¢
stand for heavy and light quarks, respectively. We con-
sider the process of charmonium dissociation by inelastic
collisions with light mesons. In particular, we calculate
the cross section of the reaction J/v+7 — D*+ D as a
function of the relative kinetic energy of the mesons and
address its application to the analysis of the kinetics of
charmonium dissociation in heavy ion collisions.

Section II gives the general formalism for inelastic
meson-meson scattering. In Sec. III, the special case
of charmonium dissociation is treated within this formal-
ism, and cross sections for the main processes are cal-
culated. These are then used in Sec. IV to study the
absorption in a pion gas. In Sec. V we discuss the situ-
ation encountered in the experiment.

II. QUARK EXCHANGE CONTRIBUTION TO
MESON-MESON SCATTERING

In this section, we present the formalism for the cal-
culation of the cross section of quark exchange processes
between mesons. We mainly follow the notation of Ref.
[21]. We consider the two-meson scattering process A(aa)
+ B(bb) — C(ab) + D(ba), where the interchange of the
quark content (in brackets) corresponds to a flavor re-
arrangement. This process dominates the cross section
behavior at low relative energies of the mesons, while at
higher energies the additional production of light ¢g pairs
sets in which is not contained in the present approach.

The differential cross section for the process i — f is
given by

dO'fi(S,t) _ 1 1
dt "~ 64ms P2(s)

[Myi(s, 8, (1)

where P(s) is the relative three-momentum of incoming
particles in their center-of-mass frame. For the relation
between P and s,t, see Appendix A. The indices ¢ and
f stand for the initial and final two-meson states. The
central problem is the calculation of the relativistic in-
variant matrix element M;(s,t). For this, effective the-
ories have to be used in the low-energy domain, where
perturbative QCD is not applicable. One specific prop-
erty of hadron-hadron scattering is the color neutrality of
asymptotic states, such that a single one-gluon exchange
between hadrons is forbidden. The quark exchange pro-
cess, however, is possible and the matrix element reads,
in the Born approximation [21,22],

My = N<‘I’A‘I/B| Hupcp I‘I’C\I1D>, (2)

(a,a,b,b|H |, z,d,d) = > (a,b|H |,

=t
a',a

b, 8

with the meson-meson interaction Hamiltonian Hap cp
and a product ansatz for the incoming (outgoing) two-
meson states formed by the mesons A, B (C, D). Four-
momentum conservation is implemented in this matrix
element. The normalization factor A is needed in order
to get the correct form of My; from the nonrelativistic
transition matrix element. With our convention, it reads

1
N =— V2E;Qq, 3
QO 7 ,}_.I..,D ° ( )

where €2y is the normalization volume of the states
W, which is set in the following to unity, and E; =
v/m? + p?. The calculation of My; is performed in the
center-of-mass frame of the mesons A and B. The result-
ing differential cross section do/dt is expressed in terms
of Mandelstam variables, that is, in Lorentz-invariant
form. The total cross section for scattering into chan-
nel f is obtained by integrating over t,

osi(s) = /t " g donst) (4)

dt ’

where ¢, (t_) is the maximal (minimal) possible mo-
mentum transfer. The t integration can be transformed
into an integration over z = cos ¥(P,P’), where 9(P, P’)
is the angle between the relative momenta P and P’ of
incoming and outgoing mesons, respectively. For non-
identical particles the following relation holds:

75(5) = gy ) | IMA(PE). P (). (5)

A. Quark exchange Hamiltonian

It has been shown in Refs. [21,22] that in the quark
potential model the Hamiltonian of the quark exchange
process in meson-meson scattering can be represented as
an effective two-quark interaction followed by a quark
interchange between the mesons. The result of the dia-
grammatic analysis of all topological inequivalent contri-
butions to the quark exchange matrix element is shown
in Fig. 1. According to Eq. (2) the matrix element of
the quark exchange Hamiltonian in the four-quark basis
reads

<a7 57 ba B‘-HAB,Cch’ Ev d’ E>

= Y (a,a,b,b|H]]c,z,d,d). (6)

b,

i

o Ql

7
J

For illustration we give the first of these four terms:

b') (a,bla’,b") (a,@,¥,F)c,2,d, d), (7)
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FIG. 1. Contributions to the quark exchange matrix ele-
ment My; in the Born approximation: M.z, Mz (capture)
and Mgp, M;g (transfer). Each interaction line represents
the sum of Coulomb and spin-spin interaction. In the cap-
ture diagrams, additionally a nonperturbative contribution is
present.

where a,...,d’ denote three-momentum, spin, flavor,
and color quantum numbers of the quark or antiquark
(a = {Pa,Sa; fasCa}). The last bracket selects those con-
tributions in the sum over all quark quantum numbers,
which match to the final-state two-meson wave function.
The other terms in Eq. (6) are obtained in an analogous
manner, where the interaction acts between the particles
i and j.

In the quark potential model, the two-quark interac-
tion within a meson, as well as between quarks of differ-
ent mesons, is given by the interaction Hamiltonian H 1
of Fermi-Breit type. It consists first of the kinetic term,
and second of the lowest-order contribution from one-

J

X

<i,j|HC°“l+Hss|i',j'> — 5

where m; and m; are the constituent quark masses. For
antiquarks, A; has to be replaced by —AF. The spin-
spin interaction can be rewritten in terms of H™P, Eq.
(9), since the identity operator in momentum space can
be understood as a limit of the Gaussian potential for
z — 0 and Vo — (87z)~3/2,

B. Meson wave functions

We decompose the mesonic wave functions into orbital
(@), spin (xs), and flavor and color (xrc) parts,

[T5,) =125,) ® Ix8) ® [xFc)
<a, a"I'A> = @gA(Pa’ P&)Xg‘l(sa, Sa)X?'c(faa fa,cCa,ca)-
(11)

| 5(F) 5(F)
2] 55,1" 5j,j'5pi+pj,p§+p;- (
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gluon exchange, which can be split into a Coulomb-like
potential (H°"!) and relativistic corrections arising from
spin-spin (H5%), spin-orbital (HLS), a tensor (HT), and
a spin-independent interaction (H®7); see [23] for a re-
view. All these perturbative contributions contain SU(3)
A matrices in color space. Since in the present work
only S-wave mesons are considered, only the Coulomb
potential HS*"! and the spin-spin term HSS are present.
The third contribution to the interaction stems from the
higher-order terms, which are here taken to be summed
up to one effective nonperturbative term in the form
of an appropriate potential H"P. It occurs only in the
quark-antiquark channel, where the mesonic bound state
is formed as a nonperturbative correlation. The interac-
tion Hamiltonian for the qg interaction thus reads

<i,j|HI[i',j'> — <i,leCoul|il’jl> + <i,j]HSS|i’,j'>
+ (5, 3| H™P|, §') . (8)

For the gq and gg channels, which form no bound states,
the interaction consists only of the first two terms, while
the nonperturbative part of the interaction is absent.

Since the nonperturbative part of the interaction is
understood to be a summation of all higher-order contri-
butions, it is independent of color, flavor, and spin. We
describe it effectively by a Gaussian ansatz, which reads,
in momentum space,

<a, I—)Ianla', Z’> = _Vo(sﬂ.z):i/ze—Zw(pa —p;)ztsl(ls‘,:,c)
x‘s:‘:lbf'm‘spa+ps,p;+p;—, ’ (9)

with parameters Vy and z for the depth and range of
the potential, respectively. The Kronecker symbol with
superscript S, F', or C is understood to act in spin, flavor,
and color space, i.e., 5(.,5-‘,‘?’0) = 55j,sj,5fj,fj,5cj,cj,. In the
limit £ — oo and V, = 8kz, this ansatz represents a
quadratic confinement with string tension x.

The spin-spin and Coulomb interaction terms are taken
in the standard form [23] as

dra, 8
T T, | Sisj) , (10)

(i —pi)?

[

Instead of finding the exact eigenfunction of the two-
particle Schrédinger equation we use trial Gaussian wave
functions and find the best approximation by using the
Ritz variational principle. The orbital part of a 1.5 state
wave function is given by

B, (Pa,Pa) = (16724)** exp [—2X4P%]0p . (po +pa)>
(12)

where A stands for the quantum numbers and P4 =
Po+P; for the total momentum of meson A. The relative
momentum of the quark and antiquark in the meson is
Pa = N4aPa — (1 — 14)Pa, where na = mg/(m, + ma).
The constant )4 is related to the mean-squared meson
radius via <r2>A =6)A4.
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We calculate the matrix element in the center-of-mass
frame of mesons A and B, where P4 + Pg = P¢c +
Pp = 0 because of total momentum conservation. Let
us introduce the notation

P= PA = _PB’
P' = Pc = —Pp. (13)

The generalization of the wave functions to excited states
is straightforward. If one would also consider P waves,
the spin-orbit and tensor terms of the interaction Hamil-
tonian had to be taken into account additionally. The
parameters of potential and wave functions are fitted to
the masses of the =, p, J/¢, ¥', D, and D* mesons; see
Appendix B.

C. Transition matrix element

According to the diagrammatic analysis of the contri-
butions to the matrix element (2), there are four con-
tributions to be evaluated; see Fig. 1. The first two di-
agrams correspond to the so-called capture diagrams of
Ref. [21], since the interacting quarks are captured in
one meson in the final state. The others represent the
transfer diagrams. The additional diagrams that arise,
if identical quarks are present in the considered process,
have the same amplitude and thus can be accounted for
by a factor of 2.

Corresponding to the terms of the interaction Hamil-
tonian, Eq. (8), the transition matrix element can be
written as the superposition

K. MARTINS, D. BLASCHKE, AND E. QUACK S1

Mfi = Z M80u1+M'ist + MPP (14)

7

where M} = 0 for (ij) = (ab) and (@b).

We make use of the product ansatz for the wave func-
tions, Eq. (11), and calculate the contributions from the
terms of Eq. (14) to the matrix element My;. Each of
these factorizes into an orbital (Io), spin (Is), and flavor-

color (Irc) part.
For the terms in the matrix element MX where K €

ij
{Coul, 5SS, np}, we obtain
MG (P, P',2) = N(P,P)IG (P, P',2) IS T 5

with
I5 (P, P, 2) = (2p 25 |H |25, @5.), (15)
ISR = I, = (x5xZ|X$x8), (16)
133 = (x8x8|sisi|x$x8), (17)
ou 3 i As
II?C,}J' = Fs‘gu = <X§cxgc E?J chxgc> , o (18)
It . = (XBeXxpe|XFeXxPe)- (19)

The spin factors IX are given in Table I. Because of
the 1/(m,ms) dependence, the spin-spin interaction HSS
dominates the matrix element for light mesons. The cal-
culation of the orbital, spin, and flavor-color factors is
outlined in Appendix C.

For potentials of a Gaussian form, the general result
for the terms M{g for 15 mesons is

2
ME(P,P',2) = N(P, P') I, Tk ,CKexp| ~ (af P2 + BE P + 45 P'Pz)|. (20)

TABLE I. Spin factors IS°"!(= I5P) of the transition matrix elements for different spin states of
the initial (4, B) and final (C, D) mesons. For the I$° factors one has to multiply each line by the

factors in the respective column Igfs or I55,.
SaSs 00 01 10 11 11 11 I3%: 133,
SaB 0 1 1 2 1 0
Sc Sp
Scp
00 1 V3 3 3
0 L 0 0 0 0 - -3 -3
01 1 1 1 3
1 0 2 2 0 i 0 —3 i
10 1 1 1
1 0 2 2 0 7 0 i -3
11 1 1
9 0 0 0 1 0 0 i i
11 1 1 1 1
1 0 v ~v 0 0 0 i i
11 V3 1
0 -2 0 0 0 0 -2 i i
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The constants ag, .. ,’yg and C’g are fixed by the pa-

rameters of the potential (V5,z) and the wave function
(As) and are explained in Egs. (C9)—(C14). It can be
shown that the diagram Mg, is obtained from M, by
interchanging mesons C and D and replacing z by —z in
(C5). Thus, one can express the matrix element MZ% in
terms of Mfl-, by exchanging nc <+ 1—np and A¢ < Ap
and inserting the corresponding spin and flavor-color fac-
tors IX and II;{C. The same relations are valid between
be and M5 P’ is fixed by P due to energy conser-
vation. For a Coulomb potential, the last term of Eq.
(20) is replaced by a different function of the momenta.
However, as can be seen from this analytical form, for
the perturbative part of the interaction which carries a
color index the color factors arising from the different
diagrams result in destructive interference. As a con-
sequence, the perturbative potential interaction remains
small for heavy mesons, as is expected from the small
dipole moment which enters in the Coulomb interaction
term.

In Ref. [21], the potential interaction H°" has been
disregarded in the calculation of the w*7+ scattering
phase shifts; see also the following subsection. For our
present application to the charmonium dissociation pro-
cess, the contribution of H™P plays the dominant role in
the transition matrix element (14) and it will be exam-
ined in more detail in Sec. III.

D. Elastic #*#nt scattering

In this section, we give the instructive limiting case of
four equal quark masses m, = --- = mgz = my. That is,
we consider the scattering of identical spinless 1.5 mesons
with masses m, described by Ay = --- = Ap = A. In this
case the absolute values of the incoming and outgoing
relative momenta P and P’ are equal. We multiply by
a factor of 2 in order to take into account the diagrams
which arise in addition to those containing distinguish-
able particles. In this case, the matrix elements get a
transparent form. The spin-spin term reads

327a 4\ %2
SS(P,z) = tgd—2( = —4)1/3P?
M>> (P, z) om? s 3 exp [—4A/3P?]

+exp [—AP?(1 + 2)]
+ exp [—/\Pz(l - 2)] }, (21)

while the Coulomb interaction can be neglected.

It has been shown in [15,21] that the low-energy scat-
tering phase shifts of 7#t#* scattering can be well de-
scribed by this matrix element. So far, in this context
only the spin-spin interaction term has been considered.
However, we find that the results are not qualitatively
changed by the inclusion of the nonperturbative part of
the interaction as we presented it here.

The minimal relativistic approach to quark exchange
processes in hadron-hadron scattering has also proved
successful in the description of K7 and KN scattering
[24]. We expect that in processes where quark creation
and annihilation is negligible the presented approach will
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be applicable. This is strongly supported by a recent ex-
tensive experimental analysis of White et al. [25]. They
compare reactions which proceed via quark exchange,
such as K*p — pK**, with similar ones which proceed,
for instance, via ¢g annihilation, such as K~p — pK*~.
Throughout a variety of such reactions, they find that
the cross section is always dominated by those processes
which can proceed via a quark exchange reaction.

III. CHARMONIUM DISSOCIATION

In this section, we apply the presented formalism to the
specific case of the breakup of J/1 when scattering on
hadrons. We calculate the absorption cross section from
the quark exchange process, which is a function of the
relative kinetic energy of the two scattering mesons, and
discuss the implications for realistic physical situations.
To demonstrate the importance of correlations in initial
and final states, we also discuss the breakup reaction of
J/4 into free quarks. The result corresponds to previous
perturbative calculations [10].

Charmonium absorption processes in hadronic matter
have been considered in several papers, e.g., [9,26,27].
Basic processes for charmonium dissociation in hadronic
matter are

(a) J/¢ + 7 — D(18
(b) J/¥+p— D(1S
(c) I/ + N — A, + D(1S)

Am > 0.643 GeV,

Am > —0.13GeV,

Am > 0.258 GeV.
(22)

Generically, we denote DY, D~ or D° as D, and cor-
respondingly D for the antiparticles. D(1S) represents
either D or D*. Note that the reaction J/¢+7 — D+ D,
without excited final states, is forbidden by angular mo-
mentum conservation. The reaction thresholds for the
possible processes are given by the mass differences Am.
All these reactions are examples of inelastic quark ex-
change processes among hadrons. In the following, we
work out our formalism considering process (a) which
describes charmonium absorption in a pion gas. Other
processes including higher meson states such as x. and v’
can also be considered; see the discussion in the conclu-
sions. Process (c) describes J/v absorption on nucleons
and can be treated on a similar basis.

(15),
(

)+D
)+ D(1S),

A. J/+ absorption by pion impact

We apply the approach given in Sec. II to calculate
the energy-dependent cross section of the process (a) by
specifying the initial mesonic states A = J/9 (QQ), B =
7 (gg) and the final states C = D(1S5)(¢Q), D =
D(15) (Qg), where Q is the heavy charm quark and ¢
the light u or d quark.

In order to work out the details in a transparent way,
we use Gaussian wave functions and a Gaussian shape for
the interaction potential which binds the quark-antiquark
pairs into mesons. With the parameters of Appendix B,
we obtain a satisfying description of the relevant meson
spectrum; see Table II. The choice of the Gaussian class
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of functions has the advantage that the calculation of the
cross sections can be performed analytically, which makes
the results more transparent. Equation (20) is now used
to calculate the cross section for the charmonium dissoci-
ation reaction J/v+m — D(1S)+D(1S). Because of the
large charm mass, the spin-spin interaction is negligible.
Also the terms from the Coulomb part cancel each other
J

-1

These terms arise from the two capture diagrams. They
have the same spin and flavor-color factor and differ
only in the sign of z; thus M, 3(z) = Mzp(—2) and
consequently C’(f% = C’é‘;. From H™ we have no con-
tribution to the transfer diagrams. We have defined
I = I;iﬂ; = nf)ab and gy = I;‘%‘,a?: = I;‘pc,ab- From
the parameters of the potential model (B4), we obtain the
values o/7=1.06 GeV ™%, B"P=1.01 GeV™?, 4"2=0.048
GeV 2. Inserting this result in (5), with P(s) and P’(s)
from Eq. (A5), we obtain the cross section oy; for a spe-
cific final state f from the nonperturbative interaction.
For the total J/1 breakup cross section due to pion im-
pact, we sum the possible final state combinations of low-
lying D mesons to get

TABLE II. Meson mass spectrum according to the formula Eq.

1
/ dz|M™(P,P',z)|* = |Ig® Ig%|*4aN?(P, P')(CEP)? exp [—2a;‘gP2 - Zﬁ;‘l;P’z] (1 +

almost entirely (see below). Therefore, we neglect in the
following the perturbative contribution and consider the
nonperturbative interaction only.

For each final-state channel, the matrix elements have
to be computed. The integral over z in Eq. (5) for the
nonperturbative contribution can be performed analyti-
cally with the result

sinh(2y7F P'P) ) (23)

242 P'P

I
Tabs(s) = Y 0£i(5), (24)
=1

where s is the center-of-mass energy of the J/¢ and =.
The resulting J/v absorption cross section, which is a
function of the relative kinetic energy of J/¢ and 7 in
the c.m. system (c.m.s.), ES™S = s — (my + mg)?, is
the central result of this section. We show it as a function
of ES™* in Fig. 2. Here, the parameter values from Eq.
(B4) are used and all low-threshold processes according
to Table III are included except the lowest DD channel
which is forbidden by angular momentum conservation.

The behavior of the cross section is characterized by a

(B3) with the fitted model

parameters (B4) in comparison with the spin-averaged experimental masses. In the last column,
the root-mean-squared radii of the mesonic states are given.

Quarks 2S+inL; Meson m [GeV] meye [(GeV] m®’ [GeV] <r2>1/2
1
_ 150 ™ 0.136
q3 315, p o1 0.612 0.612 0.75
1
= 150 Ne 2.980
QR 318, T/ 3.007 3.068 3.07 0.39
31P, Xc0 3.415
QQ 1P, Xel 3.511 3.525 3.54 0.50
51P; Xe2 3.556
QQ 328, P'(2S) 3.686 ~3.64 3.59 0.59
_ = 1150 D 1.868
Qg, qQ 318, D* 2009 1.974 1.97 0.63
Q7, qQ LB Dy 2.424 ~2.43 2.50 0.81
9 9 1P, D3° 2.459 e : :
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10

Jhy4m—> D(1S)+D(IS)

8 -~~~ DD+DD*

O, (mb)

sum

|

!
0.25 0.5 0.75 1
E :J‘Sz Vs - (m #m,)(GeV)

FIG. 2. Cross section for different channels of inelastic re-
arrangement reactions of J/v¢ and 7 into D mesons.

threshold at s = (mp + mp-)? and a strong enhance-
ment near this threshold, as well as an exponential falloff
towards higher energies. We obtain a peak value of about
7 mb at ES™% = 0.8GeV.

As we mentioned before, the perturbative contribu-
tion from M remains small since the terms (MSE“I +
M) and (MW +MS2™) almost entirely cancel each
other due to the color factors. This is expected as the
color dipole moment of the pair is small. To allow a quan-
titative statement, we calculated the contribution from
HSS and HC°Y only with the same parameters. The
resulting cross section is o2E(s) ~ 0.3 mb at /s ~ 4.2
GeV. This result corresponds to other perturbative calcu-
lations [10] and confirms that the dominant contribution
to the transition matrix element arises from H™P, where
no cancellation between ¢q and ¢g§ terms occurs. The
difference between the perturbative and the nonpertur-
bative contribution we find is of the order of a factor of
20. This is consistent with the before mentioned data
of White et al. [25], which also find a factor of this or-
der between reactions with and without quark exchange
reactions.

The absorption cross section for a specific channel can
be approximately described by the fit formula

ofit(s) = oy (1 - %O)Zexp [—a(v/s — v/31)] 8(s — s0).
(25)
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The fit parameters for different possible final states oo,
a, and s; are given in Table III.

As we mentioned in the beginning, we do not consider
the inelastic production of additional light ¢ pairs, which
sets in at a threshold of /s¢ + m, + mg. Therefore,
the exponential decrease in Eq. (25) is not considered to
be realistic in view of the additional final-state channels
opened beyond this energy.

B. Phenomenology of hadron-hadron cross sections

The large value of the absorption cross section we ob-
tained within our calculation is at first sight a rather
unexpected result. However, what was calculated is the
cross section of a preformed, full-size J/v on a w. This
is in most situations not realistic. In real life, the QQ
pair expands from a small object at the creation vertex
to its full size [28,29]. The initial size can be estimated

to be <r2>;/c—22 ~ 1/(2mg) ~ 0.06 fm, as supported by
charmonium hadroproduction and photoproduction ex-
periments. A quantum mechanical treatment of the ex-
panding QQ state which simultaneously interacts with
hadrons gives a time scale of this expansion of Te?q? =
0.85 fm in the Q@ rest frame [30].

In the present hA experiments, the kinematics is such
that asymptotic J/4’s are observed only at high mo-
menta in the final state. Then, qu? has to be multiplied
by a rather large v factor. In other words, the .J /Y is
only formed far outside the nucleus. This has two conse-
quences. First, the QQ interacts inside the nucleus still
as a correlated, but considerably small state. We investi-
gate this situation by describing the initial QQ state with
a wave function narrower than the one of the J/+, which
is done by changing the wave function parameter 200
accordingly. What we find is a decrease of the breakup
cross section with decreasing QQ size. More precisely,

Oabs X <T2>QQ . (26)

This confirms the phenomenological Povh-Hiifner rela-
tion [31] of hadron-hadron cross sections. Therefore, in
realistic experimental situations, the cross section of 7 mb
is lowered according to the kinematical circumstances.
Second, possible differences in the final-state interaction
of J/v and ', as expected already from their difference

TABLE III. The spin factors for different final channels f = (C, D) in the quark exchange process
J/¢+m — C+D. They follow directly from Table L. o, s1, and a are parameters for the fit formula

Eq. (25).

f (C, D) |I¥)? oo [mb] so [GeV?) 51 [GeV?] a [GeV™!]
1 (D, D) 0 0 14.0 - _

2 (D*, D) 1/4 2.5 15.05 17.6 11

3 (D, D*) 1/4 2.5 15.05 17.6 11

4 (D*,D*) 1/2 3.4 16.2 19.0 11
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in size, are delayed, and thus become invisible because
the difference in their asymptotic states appears only af-
ter they have left the target nucleus. This is supported
by the experimental observation of an identical depletion
of J/4¢ and v’ in heavy nuclei [8].

C. J/v breakup without final-state correlations

As mentioned in the Introduction, it was argued
recently within a perturbative approach that a J/¢
breakup reaction via gluon exchange requires a relatively
hard gluon in order to resolve the small QQ state [10].
The result we obtain for the cross section, Fig. 2, is
completely different from the cross section obtained in
such a perturbative approach. However, the quark ex-
change process we considered is also very different from
a gluon exchange and essentially nonperturbative in na-
ture. We note in this context that the present treatment
can be traced back to older works of Gunion, Brodsky,
and Blankenbecler on composite models of hadrons [16].
They showed that even in certain short-range interactions
constituent exchange dominates over gluon exchange pro-
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cesses, which is also the result of the present calculation.

In order to illustrate this important point in the con-
text of our approach, we calculate the cross section for
the breakup reaction of J/% and « into four asymptot-
ically free quarks within our effective model. Instead of
the Gaussian wave functions (12) we define the final state
as plane waves, in momentum space representation

C
®p:/ (Pcy P2) = 0P/, (p. +p2)O(pc—pe)/2.50

®%.(Pa, P2) = 8.p' (patpa)d(pa—p2)/2:50- (27)

The final four-quark state is defined by the momenta p¢,
Pp, and P’. The state C contains the charm quarks Q, Q
and D the light quarks ¢q,g. In Fig. 3 all spin and color
states are degenerate in the final state, and the sum over
spin, flavor, and color quantum numbers gives a factor
1/2 for IS‘IFC-

As before, the spin-spin interaction is small. At
higher relative momenta of the two mesons, also the non-
perturbative contribution vanishes and we consider the
Coulomb contribution to M¢; only. For Mﬁffe we obtain

M (P, P, 5o, Bp) = IS IFE"N (s, e, Bp)HO"(Q) [854 (Be + §) - #5* (B — 9]

x [2:2(Bp + $) - 25" (Bo - D], (28)
with 4 and ®% from Eq. (12), A = (QQ), B = (¢7), and Q = P —P'. N(s,Pc,Pp) is given according to Eq. (A8)
by

L. 1 - -
N2(s,Bc,BD) = {57 — (m} —m2)?} {5? — [4(m} + BE) — 4(m + B} . (29)
M

Inserting this into Eq. (5) we obtain the cross section
at one definite momentum configuration a?'fe(s, Pc,Pp)-

The total cross section 6°%(s) of the process J/v +m —
Q+ Q + g+ Q is given by integrating over all possible
relative momenta pc and pp:

o,free(s) — / dsf)C
(2r)?
The integration is restricted by energy conservation to
0 <ph < {V5/2— (m@ +pg)"/?}* —mf and 0 < pg <
(V8/2 — mg)? — m3. Our result of the “perturbative”
breakup cross section as a function of E{™* is shown in
Fig. 4. It does not exhibit a peak close to threshold, but
starts smoothly and increases monotonically with energy.
This is analogous to what has been calculated in QCD
perturbation theory [10].

At low relative energies, the cross section of this pro-
cess is small and it does not contribute to the J/v dis-
integration. The comparison of the two cross sections,
shown in Figs. 2 and 4, demonstrates the importance
of nonperturbative effects. It has the consequence of a
strong enhancement close to threshold where the relative
momenta of the outgoing quarks are small and correla-

daf)D Tee ol ~
WU% (s,Pc,PD)- (30)

tions between them are most pronounced.

We emphasize at this point that the quark exchange
reaction into correlated final-state mesons does not pro-
ceed via intermediate free quark states. Therefore, the
only energy barrier encountered in this process is the re-
action threshold, i.e., the mass difference between initial-
and final-state mesons. It is understood in our approach
as the difference of the respective binding energies, which
is overcome by kinetic energy of the initial mesons. How-
ever, we stress that no intermediate energy barrier is

c
:}::K e
: g

W

i
g

free _
M_ =

fi

Tl
[=¥]
=iy
o

FIG. 3. Diagram for the disintegration reaction of J/v and
7 into four free quarks.
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FIG. 4. Cross section for the reaction J/¢ + 7 — Q
+Q + q + g. This result is comparable to the perturbative
calculation of Kharzeev and Satz [10].

present in this nonperturbative approach. This has to
be seen in contrast to a perturbative calculation, where
such a barrier occurs and where a nonperturbative mech-
anism, such as a tunneling process, has to be invoked
additionally.

D. Inelastic cross sections in the strange sector

We briefly look at the related processes involving
strangeness instead of charm. The meson-meson reac-
tion in this case is ¢ + m — K + K, which is, however,
experimentally not accessible. Instead, we look at the
)

9 p
&flﬁ(ra p¢,t) + E_:/;Vfﬂ—'(rapd’?t)

where s(pr,Py) is the center-of-mass energy and

px
—fy(r, P«/nt)/ P
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baryonic reactions in the strange sector corresponding to
the ones relevant for charmonium. These are

() K +p—oA+X,
(b) K" +p— A+ X, (31)

and a review of the data is given in [32,33]. The cross sec-
tion for reaction (a) exhibits a strong peak at threshold
and a subsequent decrease with increasing energy, while
the cross section for reaction (b) increases monotonically
from threshold. At energies far above threshold both
cross sections reach the same asymptotic value. The data
qualitatively show exactly the behavior we expect. Pro-
cess (a) is dominated by a simple quark exchange process
as we considered before, for which we calculated a strong
peak at threshold, while reaction (b) requires a hard ss
production process since K+ contains an 5 quark, while
an s is needed for the A. Therefore, reaction (b) does
not show an enhancement at threshold. Although only
being qualitatively, this strongly supports the approach
presented here.

IV. DISSOCIATION KINETICS IN A PION GAS

In this section, we consider the relaxation of the char-
monium fluctuation by string-flip processes in a dense
hadronic medium such as the pion gas produced in a
high-energy nucleus-nucleus collision. To obtain the sup-
pression of the bound QQ states, we fold the energy-
dependent absorption cross section calculated in the pre-
vious section with a thermal pion distribution which is
chosen in a way to describe the pion multiplicity and
shape of the rapidity dependence in the same reactions
where the J/v is measured as well.

The time evolution of the J/v distribution is described
by the Boltzmann equation [34,35]

@r )3 = (Prs T3 ) 0abs[8(Py Px)]7 (Pys Pr)s (32)

\/ (Ey(py) Ex(px)

— Py - Px|? —miml

J(Py,Px) =

E¢ (p¢)E" (pﬂ')

is the flux of pions in the rest frame of the J/1¢ (see Appendix A).

(33)

Because of the small number of QQ pairs, the

inverse process of J/1 production in DD scattering is neglected, and the influence of the considered reaction on the
pion distribution is negligible. The solution of Eq. (32) for an initial J/9 distribution fy(r, py,to) reads

fo(r, Py, 1) = fy(r — vyt, Py, to) exp[ / 4 /d2P),;

We are interested in the time evolution of the total
number of J/i’s resulting from the absorption by the
breakup process considered in Sec. III. For a qualitative
estimate we consider the survival probability of a J/% in
a uniform thermal pion gas. In this case the integration
over the space coordinate r can be performed and the

fa(r —

Vi (t =), Prst')0abs[s(Pys Pr) )i (Pys Pr) |- (34)

resulting momentum distribution of meson 7 is given by

nz(pnt) = /d3rfi(r,pi’t)' (35)

The Boltzmann equation (32) simplifies to



2732

Ony (Py,t) _

ot = —n¢ (pw,t) (36)

1
T(p’l/)’ t) ’

where the relaxation time 7(py,t) is defined in the rest
frame of the pion gas by

T(p¢7t)_l = (‘J'al)svrel>‘n7r p‘lr(t)v (37)

with the pion density

pelt) = [ (i;%;,n,r(pmt). (38)

The brackets denote the average over the pion distribu-
tion n, which may, in general, be time dependent:

1 d°pr
= TN ZTa 3 tx\Pr; t
(Uabsvrd)n"(t) P (t) / (2,”)3 n (P )

X O abs [S(pd)a p‘n‘)]j(PlIJa p7l')‘ (39)

In order to give quantitative estimate of the relaxation
time for the J/% distribution in a dense pion gas, we con-
sider the specific example of a thermal pion distribution
as given by the Bose distribution

nr (P, t) = 3(exp{[Ex(px) —p)/T} = 1), (40)

where the factor of 3 stands for the pion multiplicity. The
temperature 7' and chemical potential 4 may be chosen
as time dependent for modeling the evolution of density
and energy density in nucleus-nucleus collisions. For the
chemical potential of pions we use the value p, = 126
MeV with which the experimental heavy ion data can be
well reproduced [36]. The temperature range from 120 to
210 MeV corresponds to pion densities from 0.22 to 0.84
fm~3,

We show our result for the thermal averaged cross sec-
tion (Gabsvrel) for different temperatures and momenta
of the J/v relative to the pion gas center of mass in
Fig. 5. This quantity gives the mean capability of a pion
to dissolve a J/1 which is moving with momentum py
through the pion gas. For low momenta of the J/v, it

[

<Oabs V rel >(mb)
o o o

o

Ip, I(GeVic)

FIG. 5. Thermal averaged cross section (O”Ure1>T for
J/Y+m — D(1S)+D(1S) for a J/% moving with momentum
|py| through a gas of pions with a chemical potential y = 126
MeV at different temperatures 7T'.
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FIG. 6. Mean lifetime 7 of a J/4 in a pion gas as a function
of the temperature T for different momenta |py| of the J/¢
with respect to the pion gas center of mass.

corresponds to a small cross section since the relative en-
ergy exceeds the reaction threshold only in few collisions.
The cross section then rises with increasing momentum
of the J/4. For all values of py, the absorption cross
section increases with increasing temperature of the pion
gas.

The resulting mean lifetime of a J/¢ moving through
a pion gas, defined in Eq. (37), is plotted in Fig. 6 as
a function of the pion gas temperature for different J/v
momenta. The figures shown are calculated for a pion
chemical potential of p = 126 MeV. The cross section
does not depend sensitively on the chemical potential;
from p = 0 to p = 126 MeV the cross section decreases
only by about 20%. Therefore the yu dependence of the
lifetime is mainly determined by that of the pion density
pr.

Our result for the thermal averaged absorption cross
section corresponds to values which have previously been
used in phenomenological calculations [9,37-39]. From
our microscopic approach we have found that this quan-
tity is dominated by nonperturbative quark-antiquark
correlations.

V. DISCUSSION OF RESULTS IN VIEW
OF THE EXPERIMENTS

A. J/+ absorption in a pion gas

For a qualitative discussion of this result, we compare
the calculated relaxation time 7 with the mean lifetime
of a hadronic fireball which is measured, e.g., by inter-
ferometry in the NA35 experiment and found to be in
the range of 5 fm/c for freeze-out temperatures T' < 150
MeV [40]. This means that the relaxation time is of the
same size as the lifetime of the fireball. From our results,
we conclude that J/4 dissociation in a dense pion gas is
capable of producing a rather large absorption. In par-
ticular, it is large enough to describe the J/v suppression
as observed by NA38.

However, so far we have discussed an idealistic situa-
tion which is not met in heavy ion collisions. First, the
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assumption of an equilibrium pion gas without baryons
and resonances is not realistic. Second, in the early stage
of the collision, the densities are so high that a descrip-
tion by a free pion gas is not appropriate, and it is un-
certain at which time such a description becomes valid.
Third, as we discussed in detail in the previous section,
the J/4 cannot be regarded as a fully developed object
from the very beginning. For the latter two reasons, we
overestimate the contribution of collisions with pions to
the J/vy absorption. It is therefore interesting to ana-
lyze the variation of the effective cross section (0absvrel)
again as a function of the radius of the Q Q wave func-
tion <r2>QQ' For the free reaction QQ + 7 — D + D, we
had obtained a cross section proportional to the radius
squared of the QQ pair. We find that this relation still
holds after averaging over the medium. The quantity
(0abstrel) is shown in Fig. 7 for different temperatures
of the surrounding pion gas as a function of <r2> 00" It

is approximately proportional to the mean-squared QQ
radius. Because of the symmetry of the quark exchange
process, we obtain the relation

{0 absVrel) X <T2>QQ <7'2)qa , (41)

which can be regarded as a temperature-averaged version
of the Povh-Hiifner relation [31].

It has been emphasized on the basis of hadron-nucleus
experiments that there must be a considerable contribu-
tion to the absorption of J/4 on nucleons [41]. Within
our formalism, absorption of J/% on nucleons such as
the reaction (22c) can be treated in an analogous man-
ner. We expect qualitatively a similar result as we ob-
tained for the breakup of J/4’s on pions. With a choice
of the time-dependent size of the QQ system appropriate
for the respective kinematics, the hadronic absorption
of charmonium on nucleons should be well described by

1
T=210 MeV
0.8
—_
)
g 0.6 180 MeV
>,
2
0.4 -
150 MeV P
0.2 -7
2
<r\v>
© 0.05 0.1 0.15 0.2 0.25
2 2:
fm
<rQQ>( )

FIG. 7. Dependence of the thermal averaged cross section
(av,e1>T on the mean-squared radius of the QQ wave function
for a QQ pair at rest in an equilibrium pion gas with chemical
potential 4 = 126 MeV at different temperatures T. The
nearly linear dependence for small <r2QQ> corresponds to the
Povh-Hiifner relation [31].

this approach, except for the very high momentum re-
gion (zg ~ 1) [42]. In nucleus-nucleus collisions, we have
the additional absorption on the pion gas formed in the
collision, on which we concentrated in this work. With
the proper kinematics, it is reduced from the idealistic
estimate above, but still to a value comparable to the
absorption on nucleons. Therefore, our results show that
the two hadronic absorption processes on pions and on
nucleons, when taken together, are able to account for
the observed J/v suppression.

B. Heavy ion beams and inverse kinematics

In the near future, experiments will take data with the
lead beam at CERN. It has been proposed to also study
reactions in inverse kinematics, i.e., a heavy projectile on
a light target. In this setup, the J/4 formed in the hard
collision will subsequently be taken over by the heavy
projectile nucleus at a low relative momentum. Thus,
it is an ideal tool to study the interaction of (almost)
fully formed J/+’s on nucleons. From perturbative cal-
culations, no absorption is expected in this case due to
the low density of hard gluons in nuclear matter. Our
prediction differs from this. From our cross section, we
expect a stronger absorption of the J/v¢ as compared to
the case of pA collisions. The limitations of the model we
presented only allow us to make qualitative predictions.

We consider the situation of the NA50 experiment (the
successor of NA38) with a beam energy of 200 GeV per
nucleon, where dimuon pairs from J/v’s can be detected
in the rapidity window of 2.8 < y,, < 4.0. So we have in
the mean § = 3.4. We compare the case of a proton beam
on a lead target [(a) p Pb — ¥ X] with a lead beam on
a light target [(b) Pbp — ¥ X]. Both cases differ in the
rapidity difference of the detected J’s and the nucleons
in the heavy ion. In the proton beam situation (a) we
have a rapidity difference of Ay = 3.4, which corresponds
to a Lorentz factor of 4, = 15 and a c.m.s. energy of
a nucleon and a J/4¢ of \/s, = 9.88GeV. In the lead
beam experiment with inverse kinematics, we have y, =
2.6, v» = 6.8, and /s, = 7.06 GeV. The A dependence
of the J /4 production cross section for a time-dependent
absorption has been studied, among others, in Ref. [43].

We adopt a linear time evolution of the Q Q radius be-
fore Texp. From our result, Eq. (26), follows an evolution
of oaps in terms of the Q Q proper time 7 as

00(3):2_2 for 7 < Texp,
Oabs(T, 8) = exp (42)

oo(s) for 7 > Texp-

Let us introduce the ratio of the J/v cross sections in
direct (a) and inverse (b) kinematical processes as

R = IrA2v (43)
O Ap—p

Then, following Ref. [43], we find for the quadratic time
dependence of the absorption cross section,

A <ao§sa) B Go(Sb))] , (44)

2 2 2,,2
47rTexp YaVa 7b vb

R = exp [—
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where v, =~ vy =~ 1 are the relative velocities of the J/v¢
with respect to the scatterers, and v,, s the correspond-
ing Lorentz factors. We assume that initial-state modi-
fications and color octet absorption [44] in both pA and
Ap collisions occur at short time scales inside the nu-
clei such that these effects cancel when taking this ratio.
Inserting the values given above and using an energy-
independent cross section of og(sq) = 0o(sp) = 5 mb,
we obtain R = 1.22. Concluding, we expect a strong
suppression of J/v production in the inverse kinematical
regime as compared to the lead target.

An enhancement of the J/vy absorption cross section
near threshold, as we obtained for absorption on pions,
leads to an even stronger suppression in this case. Tak-
ing, for example, o¢(sp) = 1.50¢(s,) gives R = 1.38. On
the other hand, perturbative estimates suggest for this
ratio a value of R = 1. Therefore, the experiment carried
out in inverse kinematics is clearly able to discriminate
between the different models, and thus to indicate the
dominant physical processes.

VI. CONCLUSIONS

The aim of the present work was to establish a formal-
ism in which the absorption of J/+¢ mesons on hadronic
matter is treated in a microscopic approach. We de-
scribe mesons in a potential model, and consider quark
exchange reactions between two mesons as the model for
inelastic reactions such as open charm formation in a
J/v-hadron collision. For an exploratory calculation,
we have used a Fermi-Breit Hamiltonian and a Gaus-
sian ansatz for the quark-antiquark wave functions. In
this model the energies of bound states are fairly well
reproduced. In addition, the model can still be treated
analytically and gives transparent results which we have
discussed in detail.

In this work, we concentrated on the reaction J/¢ +
7 — D 4+ D and calculated the cross section for the
breakup reaction as a function of the relative energy of
the colliding mesons. For comparison, we also considered
the breakup reaction in free quark states. The result of
the latter calculation is similar to what is obtained in
the corresponding calculation in the framework of short-
distance QCD. The comparison of both our results, as
shown in Figs. 2 and 4, demonstrates the importance of
correlations of the quarks in the final state.

When considering correlated quarks, i.e., mesons, in
the final state, we find an enhanced cross section at the
reaction threshold, that is, for low relative momenta of
the quarks in the final state. In general we are able to
describe a correlated QQ pair before it propagates to
become a fully developed J/v. For both kinds of final
states, we find an increase of the absorption cross sec-
tion proportional to the square of the (time-dependent)
system size of the QQ state.

With a view to the application of this result to heavy
ion collisions, we have estimated the suppression of J/’s
in a dense pion gas in thermal equilibrium. Since this is
an idealized situation, the results can only be considered
qualitatively. They suggest that in the temperature re-
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gion accessible to present experiments, nonperturbative
(string-type) correlations in the final state (asymptot-
ically, these are charmed hadrons) as described in the
present approach are crucial for the understanding of the
J/v suppression pattern. The enhanced cross section
that we obtain at the DD threshold is sufficient to ex-
plain the J/v suppression in the NA38 experiment as
due to absorption by pions and nucleons. This is in con-
trast to previous claims that J/1 suppression could only
be related to the quark-gluon plasma formation [10]. We
pointed out that an measurement comparing pA with
Ap, in inverse kinematics, could clearly distinguish be-
tween both physical pictures, the one which predicts ba-
sically no suppression and the other presented here where
a strong suppression is expected.

The formalism that we have presented in this work is
rather powerful. A straightforward extension can sim-
ply accommodate higher states, such as the charmo-
nium states (x.,%’), mesonic resonances (p,w,...), and
baryons (N,A). We mentioned that similar results are
expected for charmonium absorption on nucleons. Since
quite a sizable contribution to the J/v yield stems from
x decays, also the x-7 cross section should be calculated.

An analysis of the ¢’ absorption cross section would be
of particular interest, since the ratio of ¥’ to J/v yields
in pA and AB collisions is supposed to be free of initial-
state effects. This ratio was measured recently by NA38
[45], and it seems to be a much clearer probe of the state
of matter than the J/v to continuum signal.

As a further outlook, we mention also the possible ap-
plication of the present approach to the interaction of
J/v’s with deconfined quark matter; see, e.g., [15]. For
this application the present nonrelativistic calculation of
the matrix element My; has to be improved by evalua-
tions within a relativistic potential model [46], where the
effects of chiral symmetry restoration and quark decon-
finement at finite temperature can be included.
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APPENDIX A: RELATIVISTIC KINEMATICS

We consider the two-particle process A+ B — C + D.
The Mandelstam variables s, the center-of-mass energy
of A and B, and t are given by

s=(Pa+Pp)?=(Es+Ep)?— (Pa+Pg)
t=(Ps—Pc)?=(Es—Ec)?— (Ps—Pc)

(A1)
(A2)

The flux j of particle A considered in the rest frame of
B is
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. PaPs
J = Urel EAEB
_V(s—s4)(s—s-)
= 3B LBy ; (A3)
with
S4 = (mA + mB)z.
Urel is the velocity of A in the rest frame of J/4:
4
”rzel =1- (m;mB) (A4)

By inserting Eq. (A1) into (A3) one obtains the form
of Eq. (33) for j, which depends on the three-momenta
of both particles. The following relations between three-
momenta [defined by Eq. (13)] and Mandelstam variables
are valid in the center-of-mass frame of particles A and

B:

1 2
P2(s) = o {[s = (m3 + m})]" - 4mim3} },
2 1 2
P'"(s) = = {[s — (m&+mb)]" - 4mém2D} ,
2P'P = 2P'Pcosf
_ (s+m —mB)(s+mE —mbp)
2s

+t —m% —mZ, (A5)
Ba(s)Ba(s) = 4 [s* — (m — m)?],
Be(s)Bp(s) = 4 [5* — (m% — m})?] . (A6)

If four identical mesons with mass m are considered,
these formulas simplify to

pP?=p*= i(s — 4m?),

2P'P =t — 2m? + g (A7)

The kinematical factor N'(P, P') of Eq. (2) is given in the
center-of-mass frame by

N(S) =4 EAEBEcED
= Syl = (% = m3)2I (6t — (m2 — m3)?)

(A8)
APPENDIX B: FIT OF THE MESON SPECTRUM

For an exact solution the mesonic wave functions have
to be calculated by solving the Schrédinger equation in
the rest frame (P4 = 0). We use Gaussian wave func-
tions of the form of Eq. (12) as approximating test func-
tions. Then |<I>{)4> depends only on one parameter A,
and is denoted by |<I>f>. The best fit is found by using
the Ritz’ variational principle. The Schrédinger equation
reads

qu’OA(paapﬁ)> = mAl\I’E)‘l(pa7 pﬁ)>7

H=mg,+m;z +pi/2ma+p§/2ma+CO+HI, (B1)

where m 4 is the mass of meson A and HY = HCoul 4
HSS 4+ H"P is the interaction Hamiltonian given in Eq.
(8). The constant Cy does not contribute to the scat-
tering matrix elements, but is necessary for the adjust-
ment of the meson mass scale. Only H°S gives a spin-
dependent contribution to the meson mass. So we get,
for the mass of the 1S5 state,

3(mg + mz)
16 A amomg

_4as(A) v 1+ )\—A —3/2
3V 2z

- (§ - 5A> AMSS,

my = Mg + Mz +

: (B2)

where S, is the total spin of the meson A. Under the as-
sumption that the orbital component of the meson wave
function is equal for different spin states we can eliminate
the spin-dependent term. Averaging over the spin and
isospin states, the spin-spin contribution to the Hamil-
tonian cancels and we get an averaged mass m%’ for 15
states |¥(A)) which depends on the wave function param-
eter X\. For the ground state one has to fulfill approxi-
mately the conditions

m¥ (A) = (AN |H — H%%|¥4(X))

3 _ 1 _
me;_l()\) + Zmi_o()‘)
3(mg + mgz)

= a a C
Ma +Ma + Co + 16 Amgamg

doy(A) A Y2
WS oW -V (1 + %) (B3a)
and
1o}
m(‘l’A(AﬂH — H |94 (N)) s 0 (B3b)

for each of the quark pairings ¢g, ¢@Q, Qg, and QQ with
appropriate parameters for quark masses m; and wave
function parameters A;;.

We extract a possible set of parameters in (9) and (12)
from the meson masses of w, o, D, D* 7., and J/%.
There is some freedom in the choice of parameters, and so
we regard physically reasonable values for quark masses,
a,, and meson radii:

mqg = 1.67 GeV,

mg = 0.33 GeV, Vo = 0.9GeV,
Agg = 0.64 GeV”z, Co = 0.24 GeV,
Agqg = 2.4GeV ™2, as(QQ) = 0.28,
Agq = 1.7GeV ™2, as(Qq) = 0.55,
as(gq) = 1.0.

z=10GeV~Z,

(B4)
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Table II shows a comparison of the known meson
masses with the calculated masses with model param-
eters (B4). Since some masses are uncertain, the aver-
ages are only approximately. The calculated root-mean-
squared radii of the states are given in the last column.

APPENDIX C: CALCULATION OF TRANSITION
MATRIX ELEMENTS

The Born matrix element My; has to be calculated
by integrating over all internal quark variables. Here
we demonstrate this for processes with exchange of an-
tiquarks of mesons A and B. If identical quarks are in-
volved, one has to add to each diagram the correspond-
ing ones decorated with a fermion commutation opera-
tor (with negative sign; see [22]). The interaction can
be written as the sum of individual interactions between
the quarks a, @, b, and b, each of them consisting of

Coulomb (H¢°u!), spin-spin (H*%), and nonperturbative
(H™P) contribution.

We only show the calculation of the diagram M7 of
Fig. 1. The calculation of other diagrams is analogous.

1. Orbital factor of the matrix element

First we consider the orbital factor of Eq. (15) for the
nonperturbative contribution,

I35 (P, P') = (2p@G | H 7|95, 0%.). (c)

In the center-of-mass frame the mesons A, B, C, and D
are moving with three-momenta P, —P, P’, and —P’.
From momentum conservation follows p, + p; = pc +
Pz, Pa = Pg, and pp = pg. Using these relations one can
substitute six of the eight quark variables and has to sum
up over the two remaining p, and p.:

I s®.P) = > (®5|Papa)(®5|Ps Ps)(Pa Ps|H™|Pe Pz ) (Pa PPz Pe) (Pe P2l ®F: ) (Pa P2 |25 )
iy
> @"[pa — (1-n4)P]@*%(p, — P’ — npP)H"(p, — pc)®°[pc — (1-1c)P'|@P (po — P — npP’).
Pa)Pc

(C2)

The sums over p, and p. are replaced by integrals according to

Ipi)

In our model we use Gaussian wave functions and a Gaussian shape of the potential.
expression for the orbital overlap matrix element in the (15) + (15) — (15)

I3 (P, P, 2) = (2p®% | H 2| 9E, 05.,)

> - [ 2R (©3)

In this case an analytical
+ (15) process can be obtained,

8z ¥/ 3/4 3 3
= —64V, = (AaABAcADp) d pa/d Pe

x exp (—2{Aa[Pa — (1 = 14)P)* + Ag(Pa — P’ — 78P)? + 2(pa

- pe)z})

xexp(—2 {)\c[pc —(1- nC)P']2 +Ap(pa — P — nDP')Z} ) (Cq)
= —Ciexp [~ (albP?+ F2P” + 422 PP'2) . (Cs)
For the general case we give only the constant o b,
ol =2{AaAs(na+ 18 — 1)* + Aadc(1 = 14)% + Aadp(na)?
+ABAcnE + AsAp(1 —nB)2 + AXeAp} (Aa+ A+ A+ Ap) 7Y, (C6)

with 1/XN¢ = 1/Ac + 1/z. The other constants have similar forms.
In the special case of the quark rearrangement reaction (22c) in Sec. III we have, as a result of flavor conservation,

Mg = Mg = M, = Mz = M,

mp = my = Mz = Mg = Myq. (C7)

. . —_— m
We introduce the notation n = Jthijq .

The outgoing D mesons have the same radii,

Ac = Ap = Agq. (C8)
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Then the parameters of the capture diagram I p 3 simplify to

2 (1
ap = {Z(/\QQ + Agq) (Mg + Aqq) + )\Qq)‘qu} ;

n 2
ﬁ“g - Ay {(AQ‘] + XQq) [)‘QQWZ + Agq(1 — 77)2] + )‘QQ’\qq} )

n 2
’Yag = H [A@@n — Agq(1 — )] (’\Qq - ’\IQq) ) (C9)
Ags = 2QQ + Agq + Agq + AQqs (C10)
32mAL \ /2 )
Ciz =Vo ( A _Qq) (AeeArq)®* = C3. (C11)
ab

Although the terms MP™P for the transfer diagrams are zero in our model because no ¢q interaction should occur,
we calculate them in a analogous way in order to use this result for the estimate of IS°"! and I3° when we rewrite
them in terms of Gaussian potentials:

IZP (P, P, 2)

(2p % |HIP |28 25))

= —C™ exp [— (a;‘§P2 + 8PP 7;'§PP'Z)], (C12)
where, in the considered process,
np 2 [1 1
gy = 3 [ 72e@(Raa +AQq +22) + 1 Agq(AQQ + AQq + 27) + Agq|
b
/3211: = , [nz/\QQ(’\qq + Agq +2z) + (1 - n)z)\qq()‘QQ + Agq + 2z) + ’\QQ’\qqm/AQq] )
2
Vab = A MA@ (Aeq + Aqq) + (1 = M)Agq(Aa + A@q)], (C13)
Aab = [(AQQ + A@q + ) (Agq + Agq + ) — 2] /AQq; (C14)

327z
o =V, (
b Aﬁ

3/2
3/4
) Cagra) =cam. (c15)
P’ is determined by P from energy conservation. The matrix element can be rewritten in kinematical variables s and

t; see Appendix A. The orbital factors for the remaining diagrams I7Y,, and I; p 3 are obtained by replacing z by —z
in (C5) and (C12) because the orbital wave functions of mesons C and D are 1dent1ca1

2. Spin factor

The spin wave functions for spin singlets and spin triplets are given by Clebsch-Gordan coefficients

Sa,S
IX52°%) = 37 (8452, 53,5554, 53) |80, 82, 53, 52) , (C16)
Sa,Sa
ICoul InP — <X§X? ngxg>
= Z X (Sa,8a) x5 (5655) 052655843057, 1 X2 (sc52) XD (sasa)- (C17)
a, E b
The different values of this factor are summarized in Ta- 3. Flavor-color factor
ble I. The spins of initial mesons and the sum of them The color wave function for mesons is
are in the head of the table and of the reaction products
in the' first column. The s;_)ifl factor %n the potential in- Z (C18)
teraction term of the transition matrix element between

a,Ca=1
these states can be read from this table. For the I5° Care ‘ .
term one has to replace 1 by s;s;. The factors for M,y and the flavor and color give only a combinatoric factor
and M3 diagrams are not shown in the table. They are in the Born matrix element. From the color component

obtained in a similar way; see [21]. we get an overall factor of 1/3 for M7 and M3}. This
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accounts for the fact that only a third of all quark pairs,
those of identical color, are able to produce a color singlet
in the quark exchange process. The light quark flavors
u,d are assumed to be degenerate,

I;%' = <X?CX1€C\X§CX€C>
= 3 xtole,a)xEc(bD)

a,a,b,

X §5e 65_:;’ I 6%*:_;0’ xpo(ce)xbco(dd). (C19)
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In 782! and 122, the §~© have to be replaced by
8" A/2 and one obtains —4/9 (4/9) for Mz and Mg,
(Map and M;3z). This is what is expected from color
counting. From the Kronecker deltas follow that only
the quark line diagrams shown in Fig. 1 give nonzero
contributions to the matrix elements. All other possi-
ble diagrams are forbidden in our case of four different
quarks since they do not have the proper flavor content
of the final states.
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