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Abstract:

For a system of current interest (composed of charm, anticharm and a pair of light quarks), we show

trends in phenomenological implications of QCD-based improvements to a simple quark model treatment. We employ

a resonating group method to render this difficult four-body problem manageable. We use a quadratic confinement
so as to be able to improve beyond the Born approximation. We report the position of the pole corresponding to the

DD% molecule for the best fit of a model parameter to the relevant QCD simulations. We point out the interesting

possibility that the pole can be shifted to 3872 MeV by introducing another parameter Iy that changes the strength

of the interaction in this one component of X (3872). The revised value of this second parameter can guide future

trends in modeling of the full exotic meson X (3872). We also report the changes with Ip in the S-wave spin averaged

cross sections for D’D** — wJ /P and D°D% — pJ/p. These cross sections are important regarding the study of

QGP (quark gluon plasma).
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1 Introduction

Considering the difficulties in solving quantum chro-
modynamcis (QCD) for the relevant energies, hadron
phenomenology and hadron-hadron scattering is stud-
ied mostly through models or effective Lagrangian den-
sities. But as far as possible, continuum hadronic mod-
els should agree with lattice simulations of QCD and
give phenomenological implications which have a good
comparison with the corresponding hard experimental
results. For multiquark systems, a common approach,
which has a fairly good phenomenological record, is the
sum of pair-wise interaction model [1-13]. The need for
improvement in it is indicated even phenomenologically
by noting that this model predicts color van der Waals
interaction of the inverse-power type between separated
hadrons, for which there is no experimental evidence. At
the quark level, good lattice-based improvements [14-17]
to this sum of two-body potential model are available
which modify it at large distances. These improvements
introduced a space dependent form factor f (appearing
in Egs. (9), (10) and (11) below) in off-diagonal elements
in the overlap, potential and kinetic energy matrices of
the model. The additional parameter in f minimizes the
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difference between the two quark two antiquark bind-
ing in the improved model to the binding resulting from
relevant lattice-generated QCD simulations by UKQCD
[18-21]. The exponential form of f keeps the model in
agreement with the pair-wise interaction model in the
small distance limit while getting a fairly good agree-
ment to the QCD simulations and solving the van der
Waals problem.

It is necessary to find testable implications of
these improvements at the meson level in form of
multiquark energies (binding) and meson-meson cross-
sections. Without these improvements, the D°D% and
its coupling to wJ /P or pJ /P has been studied [7, 8, 22].
Refs. [7, 8] report the resulting pJ /\ to D°D%* cross sec-
tions, along with many others. Ref. [22] reports meson-
meson potential and eigenvalues for DD* and BB* four-
quark states and find molecular states in the resulting
combinations. We are now calculating revised implica-
tions for the D°D* system. These implications address
some experimental issues of wide interest, for example
understanding exotic mesons [23-25]. An important such
state is the meson X(3872) which is now generally consid-
ered [26-32] as a mixture of D°D%, D*D~* and cc. Any
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effort to understand it, thus, should understand quan-
tities depending upon its components. A direct lattice
QCD study of it would have to calculate many Wilson
loops before arriving at any conclusion. A more man-
ageable route could be to make separate models of its
components, find out their consequences and then com-
bine the models to understand X(3872). Our work is the
first step in this scheme; we take up the D°D°* system
whose flavor content has an overlap with both isovector
pJ /1 and isoscalar wJ/\Pp and we study its coupling to
both channels.

Ref. [33] addresses the possibility that X(3872) is
a molecular bound state of neutral charm mesons and
Refs. [34-38] assume so. Ref. [4] says that D°D% to
wJ/P (and pJ/P) interaction is needed to understand
models of X(3872). D°D% — w(p)J/\P scattering is
needed to understand the final state interaction in the
X(3872) decaying to J/Wp or J/Ppw through the inter-
mediate D°D%. Refs. [39, 40] describe the role of this
final state interaction through the effective Lagrangian
approach. We present results that may have implica-
tions for these final state interactions while being closer
to QCD in giving a quark level description. Refs. [41, 42]
use the sub-process D°D% — D°D?* for the final state
interaction in the net B — D°D%K process. Our com-
ments also apply to this channel and we show below our
results for D°D% — D°D% scattering as well. In a
recent paper, Braaten and Kang [43] say that “in case
of 17+ quantum numbers of X(3872), effects of scatter-
ing between wJ/1P and charm meson pairs could be sig-
nificant.” Moreover, D°D%* — w(p)J/{ scattering is
needed for studying the effect of final state interactions
between the comovers in relativistic heavy ion collision
experiments [44].

For the D°D%* system, another improvement beyond
the quark-antiquark pair-wise interaction implemented
is Ref. [4]. This adds a point-wise meson interaction
to the coupling resulting from one gluon exchange and
calculates the resulting D°D%* to wJ/1 scattering am-
plitudes. We, in this paper, present D°D* to wJ/{
and pJ /1 cross-sections along with an analysis of D°D%*
binding resulting from the f model [14, 15, 17] that bet-
ter fits the available QCD simulations than the one gluon
exchange model. In a previous work [45], we used the
Born approximation to calculate the meson-level conse-
quences of the most developed geometrical form of the f
factor. In the present paper, we use a resonating group
formalism to avoid the Born approximation used in Refs.
[45—48] for meson-meson scattering and thus the reported
results can be compared with the Born approximation
[49]. This is essential to be able judge how good the
approximation is. To get analytic expressions for the re-
sulting scattering amplitudes, now we use a quadratic
confinement and a simpler form of the f factor. We in-

corporate the spin and flavour dependence. A similar
realistic meson-meson treatment for lighter quarks was
published earlier [50]. We now address a system (D°D°*)
of current interest and give a much more thorough anal-
ysis of the meson-meson binding. Moreover, we include
the meson-meson cross-sections that are not in Ref. [50]
at all.

These cross sections can be useful in experimen-
tal studies of quark-gluon plasma (QGP) in relativistic
heavy ion collisions. One of the promising signatures of
QGP in heavy ion collision experiments is the suppres-
sion of J/W¥ caused by color Debye screening. However,
the observed suppression may be affected by the inter-
action of J/¥ with the comoving hadrons, mainly 7t and
p mesons, after the hadronization of QGP. The effect of
the interactions with the comovers can be significant as
the density of these mesons is very high. Thus an esti-
mate of these cross sections can help in identifying any
contribution of QGP in the observed production rate of
J/¥ in heavy ion collision experiments.

This paper is organized as follows. In Section 2 we
have specified our q>q%> Hamiltonian and written the spin
and flavor wave functions and the form of the position
wave function of our system. The section ends with the
integral equations for the unknown position factors of
our total wave function, as in a resonating group for-
malism. In Section 3, we solve our integral equations
for the amplitudes of transition between two channels of
our multiquark system. In Section 4 we report the best
fit values of the parameters used in our formalism along
with describing how they are fixed. In Section 5, we
present our results for the scattering cross-sections and
bindings and give our conclusions.

2 The Hamiltonian matrix and the wave
functions

We use the adiabatic approximation to first define
the potential for fixed positions of two quarks and two
antiquarks. The model we use (that of Ref. [15], with
position dependence as that of the model I, in Ref. [14])
improves the kinetic, potential and overlap matrices in
the color basis

|1>c:|11‘3124>c7 |2>c:|11412‘3>c' (1)
They fit to the lattice simulations a parameter k; intro-
duced in the off-diagonal position dependent elements of
these matrices, while keeping the small distance limit of
the model agreeing to the pair-wise model. To avoid the
Born approximation, we had to use the simplest form

Jf=exp <_bskfzri2j> . (2)

i<j
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in the off-diagonal elements that is used in the otherwise
more developed model version in Ref. [15].

In the next step of the adiabatic approximation, we
calculate the quark position wave functions. For this,
we start by writing our total state vector as a sum
over k of the product of the gluonic states |k),, known
spin and flavor states and the corresponding quark po-
sition wave function ¥*(ry,rs,73,73). |k), is defined as
the QCD eigenstate that approaches the corresponding
colour state | k). in the small distance limit. The position
dependence of the overlaps and potential energy matrices
in the {|k),} basis are taken from the abovementioned
Refs. [14, 15]. For the kinetic energy matrices we use the
non-relativistic prescriptions used in Ref. [16]; there it is
justified through the effective hadron Hamiltonian [51] in
(space-)lattice QCD. To these we add (after multiplying
the appropriate identity matrices) the sum of the cor-
responding constituent quark masses m; (i = 1,2,3,4),
fixed [52] to meson spectroscopy, to get the total meson-
meson Hamiltonian matrix; this semi-relativistic pre-
scription is already used in Refs. [1, 2, 16, 50]. The
resulting matrices are improvements to the matrices in
the basis of Eq. (1) of the Hamiltonian appearing in Ref.
[1], i.e.

F; is the set of color matrices (of SU(3).) for the ith

particle. F' has 8 components F, = 7“ for a quark and

*
a

for an anti quark F, =——-=, a=1,2,3,---,8. For using

our analytic formalism beyond the Born approximation
we employed a simple harmonic potential already used
in Refs. [1, 16, 50]

v(ry;) =v; =Cr},+C with i,j=1,2,3,4, (4)

rather than more sophisticated forms of Refs. [22, 53, 54].
Our neglect of the hyperfine interaction is less serious in
D°D% — w(p)J/P processes; Ref. [4] shows that this
amplitude is dominated by the confinement interaction.

This specifies our formula of color interactions be-
tween different quarks. The explicit color dependent fac-
tor in it is F;.F; and that is flavor independent, consis-
tent with the color charge on a quark on any flavor being
same. Its quadratic confining coefficient Cr?, + C is to
replace the more sophisticated forms of Refs. [22, 53, 54],
in which the coefficient of the confining term, the QCD
string tension, is everywhere taken to be flavor indepen-
dent; the string tension models the energy density of the
gluonic field originating from color charges, and color
charges are the same for each flavor. The confining term
we use is Cr7; and its coefficient C'is accordingly taken to

be flavor independent. This gluonic field energy density
is calculated in the lattice QCD simulations of Ref. [55]
and this work advocates a flavor independent string ten-
sion. The constant term C is added to the flavor de-
pendent sum of constituent quark masses in our actual
formulas for meson masses, for example in Eq. (43) be-
low.

As in the resonating group method, we factorize
V¥ into known and unknown factors to utilize the well
known SHO position wave functions & (yx) and ¢ (z)
within each quark antiquark subsystem

|Lp(7’1,7’2,7’§,7’1;g)>

=D k) lk) 1) W (Re) i (R )i (i )G (20)- - (5)

|k); are the flavor states and |k), are the spin states.
Here R. is the c.m. position vector. The inter-cluster
vector R, and in-cluster vectors y, and z, are shown in
Figs. 1 and 2, which also define the topologies k =1,2.
For example,

(ritrrg—rry—7y)

(1+7)

R, = (6)

me

Here r = , with m,m. being the constituent masses

3

of the light (up or down) and charm quarks respectively.

Fig. 2. Topology 2

The sizes dj; and di, of the known quark antiquark
clusters are also parameters of our model. dj; is defined
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by

6w = ——exp( L) @

)= ex .
dyo replaces di;, in (y(z;). The unknown inter-cluster
factor xx(Ry) is our variational function found by solv-
ing the integral Eq. (8) for it. To get this equation, we
set the overlap of an arbitrary variation [8¥), in |¥) of
Eq. (5), with (H—E.)|¥) as zero and reading off the co-
efficients of the arbitrary variations x(Ry) with k=1,2.
This gives

2
Z/d3ykd3zk £ED (KT
=1

§k(yk)6k(zk)g<k|ﬁ—Ec|l>gxz(Rl)§z(yl)Cz(zz) =0. (8)

V={Vul={,(k|V|),}
—g(’vlg-i-UzZ)

§f(1)12 + U5z — V13 —Vag —

K= {Ku} =, (KK Dy =N ()2, (Z_ z ) N
(1)

For D°D%* (chosen as channel 1 with k= 1), the total
spin is 1. Angular momentum conservation tells that in
the quark exchanged channels (wJ/{ and pJ/1 corre-
sponding to k = 2) the total spin should be 1. These
spin states are denoted by

11)s =PizVer) (12)

|2>s:|‘/11‘/2§>3 (13)

where P represents a pseudo-scalar and V represents
a vector meson. We utilize the rotational symmetry
of our problem to write each of these S=1 states as

1
7 (|1,1)+11,0)+|1,—1)) with the second label as the

S, quantum number. We then use the completeness of
the meson and then quark spins, along with the required
Clebsch-Gordan coefficients, to arrive at the following for
(K[D), in Eq.(3)

1

312523 2132_ 14
(1]2). =. (2[1) 7 (14)
The flavor content of our channel-1 is unique

1)y = leu)|cu). (15)

For the second channel, it depends on our choice of

Uiz — UQE)

The trivial integration over the c.m. position R, could
be performed to give a finite result (implied in the above
equation) using, say, a box normalization. It is to be
noted that our total meson-meson Hamiltonian is an
identity operator in the flavor and spin basis because it
differs from that in Eq. (3) only through the position de-
pendent f and we are neglecting the spin-spin hyperfine
interaction.

We use ,(k|l),, ,(k|V|l), and ,(k|K|l), of Refs.
[15, 16] to get the ,(k|H — E,|l), required in Eq. (8).
These form the matrices:

Ly
N={Ng={&D3=| ; 3 |, ©
3/ 1

4
— f (V12433 — V13 — Va7 — V17 — Vo3)
9 (10)

mesons in it:

1 _
7 |lut+dd)|ce)  for

wJ/P  mesons

|2>f = 1 B
7 |lua—dd)|ce) for  pJ/ip  mesons
(16)
This gives in Eq. (8)
1
H(12)y=— (17)

V2
for both wJ/{ and pJ/1 in channel 2.
3 Solving the integral equations

When Egs. (9)-(11) and Eqgs. (14), (17) are substi-
tuted in Eq. (8), we get the following equation

/ &R, {Kkk(Rk,R;)JrV;k(Rk,R;)

+ (Zm —Ec> Nkk(RkaR;c):| Xk (Ry)

+/ d*R, |:Kkl(Rk;Rl)+‘/;cl(Rk;Rl)
£k

+ <Z m; —EC> NM(R,C,RI)} xi(R)=0,  (18)

with  the kernels Ky (Ry, R;), V(R R;) and
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Ny (R, R)) defined, in the notation of Eq. (8), by

/dgykdgzk&c (yk)Ck (Zk)Kkl Xi(Ri)& (’!JL)Q (Zl)

2
S Outl

[ ¢ BiKu (B R)(R) (19)
/dgykdgzkfk(yk)@(zk)v}cz Xl(Rl)gl (M)Q(Zl)

_ 2
TS+l

/dSRZ‘/kL(RkaRZ)XL(R;) (20)

/d3ykd3zk§k (Yr)Ci (21) Nia xa (B) & (1) G (210)

2
S Sl

/ &R Ny(Ry, R)xi(R)). (21)

The factor

takes care of the off-diagonal spin and
Om+1

1
flavor overlap factors, both = 75 The spatial integra-

tions on the left hand side of Egs. (19-21) and result-
ing kinetic energy, interaction and normalization kernels
are reported in Appendix A. A comparison of kernels
themselves can have a dynamical result; Ref. [56] tells
that if the interaction kernel is proportional to the nor-
malization kernel, the interaction does not contribute to
the interaction between mesons. Eqgs. (A2) and (A8)
in Appendix A show that such is the case in our cal-
culations for a single channel completely described by
the diagonal terms in kernels in these equations. For
quadratic confinement in the one channel approximation
Ref. [56] also gets the same result for the interaction be-
tween the mesons. But with an improved model for the
two channel meson-meson interaction our full results are
obtained by substituting diagonal as well as off-diagonal
terms in Eq. (18) and in our case the interaction ker-
nel is not proportional to the normal kernel and hence
the quadratic confinement contributes to the interaction
between mesons. This is a non-trivial result that can
be compared with the baryon-baryon interaction where
Refs. [57, 58] report the quark-exchange kernel gener-
ated by purely quadratic confinement being proportional
to the norm kernel and thus in this case the quadratic
confinement does not contribute to (the baryon baryon)
interaction. If confinement contributes to the meson-
meson interaction, it may worsen the van der Waals force
problem between isolated mesons that results by a sum
of the two-body potential, but this is against the em-
pirical evidence. But, as mentioned in the Introduction,
we are finding meson level dynamical implications of the
quark potential model improvements [14, 15, 17] that
use multi-quark interactions in form of the f factor to
avoid this problem; many works, including Ref. [59],

closely related to Ref. [57], had earlier suggested that a
many-body interaction is needed to avoid this long range
interaction between mesons.

Using all the kernels, we get two integral equations
for k=1,2; we write here one of them:

3 s 8 -
[Z(wm +w22) - ﬁZ?b - gC _4C[d31 +d32]

+2m(r+1)— Ec} X2 (Rs)

11
+lo/d3R1 l—%g |:’]"21R?+7”22R3+7"20:|

1 ., 1 8 -
+§ [anl—i—no} ~5 (Ec+§C—2m(r+1))

Here s, ws, I's, n’s and s depend upon the constituent
quark masses, sizes of mesons, the parameter k; and
bs; see Appendix. It is clear from this equation that
off-diagonal parts vanish for large values of R; and R,.
With no interaction in this limit between the two mesons,
the total center of mass energy in the large separation
limit will be the sum of kinetic energies of the relative
motion of mesons and masses of the two mesons. This
gives an alternative mesonic form for the diagonal terms
surviving at large distance (no interaction limit), which
can be utilized to write our integral equations as

1
|:Mx + M,y — ng - Ec:| X2 (R2)

. 11
+lo/d3R1 l—%g[rglR?+T22Rg+rzoj|

+% [an?‘Fno} —%(Ec+§c_2m(r+l))

exp(—llRf _ZZRS)XI(Rl) 207 (23)

with x = w,p, and a similar one with the diagonal
1

Mp+ Mpo- — Vi —EC}

ppopo-

the Fourier transform of Eq. (23), we get

term as By taking

1
M3 /A

|:MX+MJ/11)+2 P;_Ec:| X2(Pz)

1 r
—%%Amzl)ﬂ(&,m

g E)a

— 5 T B | Fu(Poy) =0, (24)
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where E! = E.+ gé —2m(r+1). In these equations
Ak(u):lO/d3RkeXp[—uRi]xk(Rk) (25)
Bk(u):lo/d3RkeXp[—uRi]Rixk(Rk) (26)
d*Ry,
Fa(Pk,u)E/—];exp[iPk.Rk]exp[—uRz]
(2m)2
1 p?
S 1 27
(2u)? Xpl 4u] 27)
d3
Fy(Py,u) E/ R’; expli P. Ry | R exp[—uR;}]
)
) 1], P2
—Fa(Pk,’LL) [%] [3—%] (28)

For the incoming waves in the first channel, our two in-
tegral equations (Eq. (24) and the other one; we now
write both) can be formally solved [16] as (see Appendix
B for details)

5(p1—pe(1)) L

— _ (1) (1)
X1 (pn) =B s [ a1+ WL B0
(29)
1
=—— WP A)+WPB(1)]. (30
()= =g WA )+ W B()] - (0)
Here
p2
Ai(pr) = L + Mpo + Mpo. — E, —ie (31)
2/,6]30]50*
for an infinitesimal e. Similarly,
p2
As(p2) = —2—+ M+ My, — E.—ic (32)
24/
pe(1) = v/ 2ppopo- (B — Mpo — Mpo-) (33)
Pe(2) =/ 2ts g (B = M= My ). (34)
1 r n
(vny__ |~ "o
W =[5 B+ 2| Rpe(1),0)
1 T10 Un Eé
g 2 - R ) (35)

1 r
W =——"2p (p.(1),1 36
s 5 6 (Pe(1),01) (36)
W = L2 0) 1)
! 2m 6 e
1 T20 U E’
o 2T Tel o (pa(2),1
[ om 6 | 2 6} +(Pe(2),l2) (37)
1 r n
@ _[_ 21 1
W =gt @) (39)

From Egs. (29) and (30) we can read off the T-matrix
elements T, and Ty, [16] as co-efficients of Green’s func-

tion operators — respectively. So,

and !
—— and ————
Al(pl) Az(pz)

we have

7T
T1 = 2pp0p0- 5pe(1) [Wl(l)A2(l2) +W2<1>B2(12)} (39)

s v
Tor = 2gpan oe(1) | 2 [ Wi 44 (1) + W Bu(1)], (40)

where v; = p.(1)/ppopo- and va = p.(2)/pxgy. Similarly
T, and T}, can be found for the incoming waves in the
2nd channel, with the V5 in Appendix B changed accord-
ingly. These are

Tt
Thy = 2#xe1’ _pc(2) [W1(2)A1 (ll) + W2(2)B1 (ll):|

- (41)

7t v
Tio = 2pipopo- 5 e(2), /U_1 {Wfl)Az(lz)—i-WQ(l)Bz(lz)} . (42)
2

4 Parameter fixing

At the quark level we adopt the model of Refs.
[14, 15], that includes the parameters k; and by in the
gluonic field overlap factor f. We take the value of
ks =10.075 [15] and b, as 0.18 GeV? [55]. Our own con-
tribution is in using the meson wave functions to find the
hadron level implications for our chosen channels. These
are eigenfunctions of potential of Eq. (4) which has pa-
rameters C' and C, whose numerical values we find by
equating relevant terms in the large distance limit of Eq.
(22) to the J/1 meson mass; see Eq. (23). This gives

3 4 _ o
MJ/w:Zw22—§C—4cd22+2mC. (43)
Comparing Eqs. (10) and (4) with the standard form of
potential of a simple harmonic oscillator gives —4C/3 =
Lecwiy /2. Using this and wey = 1/m.d32,, we can elimi-
nate C and the size d,, in favor of wyy to get

3 4 -
MJ/w = 5&)22 — §C+2mc (44)
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This equation tells that in our model the dynamics
of quarks, incorporating the effects of the gluonic field in
the form of the potential, causes the mass of the quark
antiquark cluster (a meson) to be a few percent different
to the mere sum 2m, of quark masses. Our choice in Eq.
(4) of using a simple harmonic oscillator potential with
a known total energy allows us to write kinetic energy
as known total energy minus potential energy. Thus the
origin of clustering, or charm-anticharm quark binding,
is in the parameters C and C of the potential in Eq. (4).

4 _
The factor —3 in Eq. (44) multiplying C is a color factor

which is the color expectation value of the F;-F}; opera-
tor in Eq. (3). We have defined C' by —4C/3 = p.cw3, /2
with positive wq, making C' to be negative. Below we
replace C' by wy, as our model parameter.

There is no spin dependence in this modeled origin
of the quark-antiquark clustering or binding; our neglect
of the hyperfine interaction is responsible for this spin-
independence. Thus, we do not make separate mod-
els of two different spin states of otherwise one quark-
antiquark clustering of, say, a specified angular momen-
tum between a quark and an antiquark. Specifically, this
means that we are not able to model the mass difference
of J/(15) and 7, which have the same quark antiquark
angular momentum L =0 and differ only in spin depen-
dence. Thus we fit our remaining parameters w,, and C,
mentioned in the above paragraph, to the spin averaged
masses of charmonium in the state 15 and the state 25.
This replaces Eq. (44) by

My, (1 M, (1 _
3My .y ( S)4+ ne S):gwm_gc.;_zmc_ (45)

For a comparison, Ref. [60] uses the spin averaged bb
spectrum in its Fig. 1. An explicit formula for spin av-
eraged mass can be seen as Eq. (3.1) of Ref. [61].

For the 2S state, 3/2 is replaced by 7/2 because of
the 3-d SH.O. E,j,,, = waa(4n+21+3)/2 [62], for this
n=1and [ =0. The corresponding equation is

3M,(25)+ M, (2S) 7

4

Setting the values of masses M;/,(15) = 3.0969 GeV,
M,.(15) = 2.9803 GeV, M, (25) = 3.6861 GeV and
M,.(25) = 3.6370 GeV from (PDG) Ref. [63] in Egs.
(45) and (46) and solving them simultaneously, we get
C = 0.2592 GeV and wy = 0.3030 GeV for a charm-
anticharm cluster. We use the constituent quark masses
values m, = 1.4794 GeV and m = 0.33 GeV (for light
quarks) from Ref. [52]. For the angular frequencies w’s
and hence sizes of heavy-light and light-light clusters, we
used the S.H.O. property that size squared is inversely
proportional to the square root of the relevant reduced
mass (that is of the quark and antiquark in the meson).

5 Results and conclusion

According to Eqgs. (39), (40), (41) and (42), the T-
matrix elements are given in terms of the elements of
Vi and V5 column matrices which satisfy the inhomoge-
neous equation Eq. (B7). These solutions of Eq. (B7)
are finite if detW = 0. Using the numerical values of
our parameters, we calculate the T" matrix elements as a
function of energy, which in turn give the spin averaged
cross-sections using the following relation [64]

_4m (2J+1)
00 = pz(i/) ; (251 —|—1)(232+1)

c

|Tiwr (47)

where J is the total angular momentum of the mesons
and s; and s, are the spin of the two incoming mesons.
(For the definition of p?(i'), see Eqs. (33) and (34)
above.) Here 4,i’ = 1,2 label our channels. In Fig. 3
we show the spin averaged cross sections versus 1. =
E. — Mgo — Mpo- for the process D°D% — D°D°* and
T.=E.— M, — M, for the processes D°D%* — wJ /1,
wJ/Pp — DD and wJ/Pp — wl/P for the QCD-
based model that we are using, which means the param-
eter k; is taken as 0.075. The cross sections are smooth
(without any peak), relatively small and decrease very
rapidly with T.. In Fig. 4 the cross sections of the same
processes are given for the sum of two-body potential
model, that is setting the value of the parameter k; as
zero. The cross sections in this case are smooth, rela-
tively large and again decrease rapidly with 7.. To find
the cross sections of the processes given in Figs. 3 and 4,
we assume that channels 1 and 2 are D°D°* and wJ/{
respectively. However, if channel 2 is taken as pJ/i
then we can obtain the cross sections of the processes
D°D% — D°D%, D°D% — pJ /b, pJ /Ap — D°D%* and
pJ/Y» — pJ/P. Here T, = E. — M, — M;,y, for all the
processes excluding the process D°D%* — D°D%*, where
we have taken T, = E. — Mpo — Mpo~. The plots of these
cross sections are given in Figs. 5 and 6 for k; = 0.075
and 0 respectively. We again find that the cross sections
are suppressed when the Gaussian f factor is included.
The first process D°D% — DD which is common in
both sets of processes, was found to have the same cross
section whereas the values of cross sections of other pro-
cesses are somewhat different.

At det W =0 the solution of Eq. (B7) diverges, which
corresponds to a pole of scattering amplitude and repre-
sents a bound state (resonance) with respect to a given
process if its energy is less (greater) than the process
threshold which is equal to the total rest mass of the fi-
nal (inital) particles in case of endothermic (exothermic)
processes respectively. In order to calculate the energy
where the pole exists for our q2g? system we simply have
to solve det W =0 for the energy variable. We find that
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detW # 0 for all T, > 0 when k; = 0 and k; = 0.075.
These results are consistent with the plots in Figs. 3-6
of the cross sections in which no resonating peak appears
for these values of k;.

1.4 1

D'D* DD
------------- DD — oy 1
_____ mJ/\y—>]§°DO*
—-—-— oly—oly

0.6 0.8 1.0
T./GeV
Fig. 3. Total spin averaged cross sections for Gaus-

sian form of f with ky = 0.075 versus Tc when
channel 2 is taken as wJ /.

EUDO*HBODO*
-------------- D°D**—wmlAy
————— ©Jhy—D’D* 1
—-— - oly—al\y

0.2 0.3 0.4 0.5
T./GeV

Fig. 4. Total spin averaged cross sections for ky =0
versus T when channel 2 is taken as wJ/.

i DD DODo*
1.5 "‘\\ """"""" I_)OD”*—>pJ/\y b
N ——— pJ/y—DDo
— —— —— pIy—plly
2 LOg N 1
B N
\ AN
05F N . i
AN .
~ o L
o == ety — CLFEI
0 0.2 0.4 0.6 0.8 1.0
T./GeV
Fig. 5. Total spin averaged cross sections for Gaus-

sian form of f with ky = 0.075 versus Tc when
channel 2 is taken as pJ /1.

D'D*—DODO* ]
------------- DD —pl/y
————— pJy—D’D* ]
————— pIy—plhy
0?2—‘ B 0.3 0.4 0.5
T./GeV

Fig. 6.
versus T, when channel 2 is taken as pJ/\.

Total spin averaged cross sections for k£ =0

As Refs. [33-38] have pointed out that D°D%* may
form a bound state, it is worth examining if by changing
the strength of our interaction we can get a meson-meson
bound state or resonance. To do this analysis we intro-
duce a parameter [, as in Ref. [50], changing the net
strength of our meson-meson interaction. Physically,
this parameter I, tells how far we are from getting a
bound state at 3872 MeV if we study only one compo-
nent D°D°* of the full exotic meson X(3872) along with
using other approximations. Any deviation of Iy from
1 suggests how much can we improve modeling of this
exotic meson. We implemented this re-scaling of the in-
teraction strength by multiplying the off-diagonal terms
of our potential, kinetic energy, and normalization ma-
trices by lo. For this, we multiplied [/, from Eq. (22) and
the other coupled integral equation by I,. A value of I
away from 1 (for all the above results) changes the energy
where condition det W =0 is satisfied. The energy of the
bound state generally depends on the strength parame-
ter Iy of the interaction in two possible ways [65]; either
the energy of the bound state increases or decreases with
the strength parameter. In the former case it is usually
called a virtual state whereas in the latter case we call it
a proper bound state. In Fig. 7 we show the dependence
of the c.m. energy at pole on the strength parameter I,
subject to the constraint detW = 0, by different curves
for k; =0, 0.05, 0.075, and 0.1 respectively. While solv-
ing det W =0 we note that the solution can be obtained
conveniently if we put the value of E. and other kine-
matical variables and solve it for I, rather than solving
it for E.. In this way we find that the resultant equation
is quadratic in Iy, which means we may have two values
of I corresponding to one value of E.. However, we
find that one of the two roots is always complex and
the real root is found to be a continuous function of
FE., as indicated by the continuous curves in Fig. 7, in
which solid and dashed segments correspond to the first
and second real root respectively. These curves show
that corresponding to each k;, the resonance energy E.
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4.05 T T T T T T T ]
> 3.95f / o ]
[} ’

S
=
=390 / // ]
_______ k=0 005007501 ]
3.85f : ]
3.80 L . . . . . . p
0 1 2 3 4 5 6 7

Iy

Fig. 7. Total centre of mass energy at pole versus
strength parameter Io, for different values of ky,
for the 2nd channel being wJ/¥.

4'05 T T T T T T T =

E./GeV

3.80 b L L L L L L 1

Iy

Fig. 8. Total centre of mass energy at pole versus
strength parameter Io, for different values of ky,
for the 2nd channel being pJ/¥.

Table 1. Critical Iy for different values of k.

channel 2 (wJ /1) channel 2 (pJ /1)

ky critical Iy critical Ip
0 1.3863 1.3487
0.05 2.3253 2.2610
0.075 2.8950 2.8164
0.1 3.5357 3.4422

increases with I provided that I, is greater than a criti-
cal value, which depends on the value of k;. For example
for k; = 0.075 the critical I, = 2.89 for the 2nd channel
being wJ/P. It means that the pole of the scattering
amplitude does not exist at Iy < 2.89 when the f factor

Appendix A

Here we show how we perform the spatial integrations on
the left hand side of Egs. (19-21) to read our kernels. From
Figs. (1) and (2) we see that y1,21, R1 and y2,22, R2 form

is included at k; =0.075. Similarly for &£y =0 the critical
I, =1.38. This explains why no resonating peak appears
in the plots of the cross sections when I, is taken as 1,
irrespective of the value of k;. The curves given in Fig.
7 are produced by assuming that channels 1 and 2 are
D°D% and wJ/1{ respectively. We find similar results
when channel 2 is taken as pJ /i, as shown in Fig. 8. In
Table 1 we give the critical values of I corresponding to
different values of k; for the two choices of channel 2. It
is also noted that the minimum FE. at which detW =0
is 3.881 and 3.872 GeV for channel 2 being wJ/1{ and
pJ /1 respectively, irrespective of the value of k;. These
values are slightly greater than or equal to mpo +mp+o
(3.872 GeV), my +myy (3.88 GeV), and m, + my,y,
(3.872 GeV). This implies that in our case the pole of the
scattering amplitude corresponds to a resonance in the
system. Thus, we conclude that the ccutu system can-
not resonate whether we assume the sum of two-body
approach (i.e., k; = 0) or include QCD effects in terms
of gluonic field overlap factor f at I, = 1. However, the
resonance may be produced if the interaction strength I
is increased by at least a factor of 1.38 (1.35) and 2.89
(2.82) for k; = 0 and 0.075 respectively when channel
2 is wJ/P (pJ/P). It is tempting to associate the res-
onance in 2G> with the D°D°* component of X(3872).
The result that this resonance appears only when interac-
tion strength parameter I, is greater than a critical value
may be related to the use of various approximations used
in this work, including ignoring the annihilation effects
of light quark flavors and using quadratic confinement.
As for the full X(3872), our neglect of its ¢ component
[26-32] may also be responsible for deviation of the pa-
rameter Iy away from 1. If future improvements beyond
our approximations are equivalent to an effective I, that
is less than one, our work would imply that D°D% does
not form a bound state and hence there can not be a role
for the D°D% molecule in the structure of X(3872). If
the resulting effective I, is increased beyond the critical
values mentioned in Table 1, the D°D%* bound state may
represent X(3872).
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two linearly independent sets. Thus for the diagonal terms
=1in Eq. (8), xi(R:) can be taken outside the integra-
tion on the RHS of Eq. (21). Thus, normalization of &x(yx),
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defined in Eq. (7) and a similar (x(zx), gives
[ RN (B RO (R =R o (A

Ny, (Ry, Ry) = 5(Ry, Ry,). (A2)
For kinetic energy, in Eq. (11) we can write for k=1or k=2

4

Ay
P

i=1

1
:_%[Skﬁzﬁr%vz +6Y2,]  (A3)

—Yk

with m the constituent mass of the light quark, up or down
and
r+1 _r+1

= — :t =
r+1’ n=h r 5 2r

2
S1 5 QQIQ, to=—.
r
(A4)
By using Eq. (A3) in Eq. (19) and doing the required space
differentiations and integrations, we get

3 Sk .
Kkk(RkvR;c):é(RkvR;c) Z(wkl +Wk2)—%2?3k with
(A5)
W1 = _ % _ and W = t—k (A6)
2mdz, 2md3,

For the potential energy matrix, by using Eqgs. (4) and (10)
we get

47 -
Vie=—z [2C+ Cy? + c,zi] . (A7)
Using this in Eq. (20) and doing the required integrations,
we get

8 _
Vi (Ri, By) = 8(Ri, BY) | - 5C —4CTd +dhal | (A8)

Now for the off-diagonal elements we have to replace y;1 and
z1 by R2 and g1, where

g1=yY1+2z1. (A9)

Only g1 is integrated. The rest is a function of Ry and R,
(constant in this integration). Similarly we replace y2 and z2
by R: and g2, where

g2 =y2+r22. (A10)

Only g2 is integrated. The rest is a function of R; and Ro
(constant in this integration). We get from Egs. (9), (2), (21)
after doing all the integrations other than R,

l
N12(R17R2)2N21(R27R1):—Oexp(—l1R%—lzR§). (All)

3v2
Here
9 —15 3 9, =3
lo=(r+1)ir s 24(nad”) 2 (A12)
1 r41y2 32
h=(5) b5 (AL3)
- 1 2r
l2—4k+ﬁ ——) (A14)

where k = ksbs,

2 T 2 ]
a:SEdZ[T ng]+1+r73 G B (A15)
T i 2(r+1) |

_ arr?—1 o[ o2o1
—8kd?| Tl4rT |2 A16
o [ 2 ] | V2(r+1) (A16)
2 2
7 +1 =3[ (r—1)
—8kd?| Tlre | L2 4. A17
7 [ 2 ] 2(r+1) (A17)

Now for the off-diagonal kinetic energy kernel, Eq. (11)
gives

1 Lo
Kklzg\/f Z_zmi N (A18)

Substituting in Eq. (19) and using Eq. (A9) and Eq. (A10),
we get

l 1
K12(R17R2):—ﬁﬁ[7’11R%+7‘12R%+7‘10]
exp(—L R} — 12 R5) (A19)
lo 1 5 )
Kzl(R?le):—%ﬁ[7’21R1—|—r22R2+r20]
exp(—L R} — 12 R3) (A20)
where
r N4 8(r—1)% ) fr—1 8k 1+rF
T11_< 2 ) (T+1)3 <T+1)((r_1)2+(7‘—1)2d2>
7 2
B r—1y\/2k 1
(a 7’—|—1)( r +2d2\/F(1+\/;))}
32r r—1 2% 1
2 (1) B o)
2
B or—1\/-r 41 4

rn=-3 (r—gl)z{gglgi (o)
et ()
N e
o ()

6(r+1) (.- 1 [ 2r
2r <2k+2d2 r+1

(A22)
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(A23)

2
r+1 - 1 2r
=4 %+ —/
2 (zr )( tog r+1>

T22 =T12

(A24)
o= i (5 2 (b ) o (et

.
i

ot (5 )+ (o i

r+1) - 1 2r
‘67{2’”@ ﬁ} (A25)
and
_ 2] (1-BV (ry L
ww{(l Bz
B 2
—|—r<1+a> 4d2 } (A26)
Appendix B

Because of the spherical symmetry of the S-wave (I =0),
P; is replaced with p; (magnitude) with ¢ = 1,2. Using the
Parseval relation, Eqgs. (25) and (26) give

Ak(u):47'[10/dpkpZFa(phu)Xk(pk) (B1)

Bu(u) = 4l / Apup? Fy(pre )Xk (pr). (B2)

Multiplying Eq. (29) by 47p?Fa(p1,l1) and integrating
w.r.t. p1 and using Eq. (B1) we get

Ay(l)
lo

— 4nF( )= As(l2) WD = Ba(l2) Wy

pe(1) 1y (B3)

Similarly, multiplying Eq. (29) by 47mpiFy(p1,l1) and inte-
grating w.r.t. p1 and using Eq. (B2), we get

Bi(l1)
0

= 4rtFy(pe(1),11) — A2(l2) Wiy — Ba(l2) Wy (BA)

In the same way, multiplying Eq. (30) by 47p3Fy(p2,12) and
4mtp3 Fy(p2,12) and integrating w.r.t. po and using Eqs. (B1)
and (B2), we get

As(l2) _

=— A (L)W} = Bi ()W) (B5)

lo

2 :—Al(l1)W2(12)—B1(ll)W2(22) (B6)

where the W’s in the above equations depend on the I's,n’s,
rs, E., C' and the constituent quark mass of light quarks.

Lastly, for the potential energy kernel with k # [, using Egs.
(4) and (10) in Eq. (20), changing variables and doing all the
integrations, we get

Via(R1,R2) = Va1 (R2, R1)
—lo [anf +n0] exp(—1R? —1LR2),  (A27)
with
8 (r+1\2d?
-2 4 A2
o 30( r ) o ( 8)
4 (e (B r-1)
T r—
m__gc{ - }(a M). (A29)

Putting the expressions from Egs. (A5), (A8), (A2), (A19),
(A27) and (A11) in Eq. (18), we get the first integral equa-
tion for k=1 and by putting the expressions from Eqgs. (A5),
(A8), (A2), (A20), (A27) and (All) in (18), we get the sec-
ond integral equation for k =2, that we have shown as Eq.
(22).

Equations (B3), (B4), (B5) and (B6) can be written in ma-
trix form as follows

WVi=Vs (B7)
with
LYoo Wy Wy
0 it wy wy
w @ @ g1 (B8)
Wll W12 l() 0
Wi w0 !
Ai(ly)
Bi(l
vi=| B (B9)
As(ls)
Bs(ls)
Fa(pe(1),11)
Fy(pe(1),1
Vo =dm ”(p(()) ! (B10)
0
From Eq. (B7)), we can have
Vi=W ', (B11)

which gives the values of Ai(l1),Bi1(l1),A2(l2) and Ba(l2)
needed in Egs. (39) and (40).
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