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Mass spectra of meson molecular states for heavy and light sectors
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Abstract:

We obtain mass spectra of the light and heavy meson-antimeson (molecular states) sectors by using a

nonrelativistic potential model with Coulomb and one pion exchange potential terms for meson-meson interaction.

The digamma decay widths are also obtained for the light sector. We compare our results with available experimental

and theoretical data.
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1 Introduction

Recent experimental data indicate a number of new
exotic states of mesons [1-3] which cannot be consid-
ered as simple qqq and qg forms. They are suspected to
have a molecular character. Meson-antimeson molecules
are very interesting objects from the theoretical point of
view and have been considered for a long time. Jaffe
suggested that there should be hadronic resonances with
qqqq flavor quantum numbers and also that some of the
observed hadronic resonances should be interpreted in
this way [4]. Hanhart et al. analyzed two-photon decays
of hadronic molecules [5]. Liu and Zhu studied Y (3930)
and Y (4143) as heavy molecular candidates and con-
cluded that both of them are very good molecular states
composed of a pair of vector charm mesons [6]. Based
on the meson exchange model, Liu et al. performed a
systematic study of three types of possible heavy molec-
ular states: PP, PV, VV including DD/BB, D*D/B*B
and D*D*/B*B* respectively [7]. In 1976, Voloshin and
Okun studied the interaction between a pair of charmed
mesons and proposed the possibility of molecular states
involving charmed quarks [8]. The charmonium-like res-
onance X (3915) has been investigated as a molecular
bound state by Li and Voloshin [9]. Y (4143), Y (3940)
and Y (4140) have also been investigated as molecular
bound states [10-12]. Braaten et al. studied XY Z
mesons as bound states in Born-Oppenheimer potentials
for a heavy quark and antiquark [13]. Brodsky et al.
presented a dynamical picture to explain the nature of
the exotic XY Z states based on a diquark-antidiquark
open-string configuration [14]. Based on a diquark-
antidiquark model, the hidden charm tetraquark spectra
and the decay widths of the hidden charm tetraquarks
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into two charmed mesons were studied by Zhu [15]. Our
aim in this work is to study some of the properties of
hadronic molecules in the light and heavy sectors, includ-
ing mass, binding energy and digamma decay widths, by
considering a molecular-like interaction. We use a pseu-
doscalar and a vector meson for the molecular meson-
antimeson system. Thus three possible combinations
are considered: pseudoscalar—pseudoscalar (PP state),
pseudoscalar—vector (PV state) and vector-vector (VV
state). In the next section, we first consider the Hamil-
tonian of the system including the Coulomb and One
Pion Exchange Potential (OPEP) and evaluate the wave
function and energy of the meson-antimeson system. We
add a spin-dependent interaction as the perturbative
term. Then we evaluate the masses, binding energies and
digamma decay widths of some heavy and light meson-
antimeson systems. Section 3 includes our results and
discussion. In the final section we present our conclu-
sions.

2 Formalism

We consider the molecular system as a meson-meson
bound state. V(r) includes the molecular interaction
VO(r) with a pion exchange potential V, as

V(r)=V°(r)+V.+Vsp, (1)

where V, is the OPEP. We study the meson-antimeson
systems (hadronic molecules) which are molecular bound
state systems. These loosely bound states are similar to
the deuteron-like (proton—neutron) system. To study the
mesons or multiquark spectra, different potentials like
Coulombic, confinement, spin dependent and combina-
tions of these have been applied. Each of the potentials
should be capable of describing the bound state proper-
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ties at short range and long distances. We do not include
the confinement potential for the dimesonic systems.
Dimesonic systems can be considered as molecular-type
bound state systems. Therefore we need a molecular
interaction-like Coulomb potential. Short-range nucleon-
nucleon interactions can be considered to be a residual
color force extending outside the boundary of the pro-
ton or neutron. Hence we consider the meson-antimeson
interaction as the Coulomb potential:

p

VO(T):?""’% (2)

where 3 = —a, [16] and v is a scale parameter of the
potential. In fact v is a regularization dependent mass
term. We obtained v=0.02 GeV, —0.02 GeV, 0 GeV,
0.01 GeV and —0.05 GeV in the case of the heavy
charmed, heavy bottom, and light sectors for PP, light
sector for PV, and light sector for VV dimeson states by |

fitting the mass of each of these systems with other theo-

retical or available experimental data. More explanation

is given in Section 3. g, the strong running coupling

constant, is defined as [17, 18]

~ 4

My=7— . NP+ M2
11——-ny 1n#

3 A%

(3)

a,(

magmy

with M =2y where = pr—— being the reduced mass
of the di-mesonic system and Mp=1 GeV. In Eq. (3),
Ag is the QCD scale, taken as 0.413 GeV, and n; stands
for the number of ?avours. In our calculations we have
taken the input masses of mesons as given in Table 1.
We have tabulated values of the parameters used in our
model for di-mesonic systems in Table 2. We use OPEP
perturbatively for all meson-antimeson combinations. In
the meson-antimeson case, the OPEP takes the form [19]

Table 1. Masses of mesons (in GeV) [28].
meson K+ KO n n o w K* ¢
mass 0.4936 0.4976 0.5478 0.9577 0.7754 0.7826 0.8959 1.0194
meson BO B* BO B D* D* DT D:F
mass 5.2795 5.3252 5.3667 5.4154 1.8696 2.0069 1.9683 2.1121
Table 2. Values of the parameters used in our | where the square of the wave function at the origin is
model for dimesonic systems.
i o= () ™
. =
a8 Mp/GeV Ag/GeV k Ag/fm—1 27 dr ’
0.67 ! 0.413 0.81 2.87 with p the reduced mass of the di-mesonic system. One
might expect that the effect of the spin dependent inter-
1g2 m2 action and the one pion exchange potential have small
Ve=c2 —2— (Ta-T)(04.04) corrections compared to the effect of the other terms in
34m \ dm,my

e 2 A
x<e _<ﬁ> c ) (4)
r My r

where m,o = 0.134 GeV and Z—i =0.67 [19]. Also, the
OPEP depends on the explicit cut of A,. A, is the form
factor. It appears due to the dressing of quarks and is
assumed to be proportional to the exchange meson mass
and the flavor independent parameter A, as [19]

An:kmﬂ+/10, (5)

where k=0.81 and A, =2.87! fm~! [19]. The values of
the spin-isospin factor are taken as (7,.7)(04.04)=—3,1
for I = 0, 1 in PV states. We assume the values
(Ta-T)(04.05) = —6,—3,3 when I =0 and spin S =0, 1,
2 while when I'=1 and S=0,1,2, we have (7,.7,)(0,.03) =
2, 1, —1 in the case of V'V states. Now let us consider
the spin-dependent interaction as [20]

8 Qg

VSD:§ §1'§2|1/1(0)|27

(6)

mMey

the Hamiltonian. In fact, spin splittings arise from ad-
ditional terms in the Hamiltonian that can be treated as
perturbations [13]. Therefore the spin dependent inter-
action [13, 16, 21] and one pion exchange potential [22]
may be treated perturbatively. The Schrédinger equa-
tion is solved for the parent part (Coulomb potential).
By considering the Coulomb potential and ., (r)= "%(”")
we can write
2

ddz;l’l+ri2[—l(H—1)—2u5r+2u(En,l—'y)r2]un,z:O. (8)
Then by using the NU (Nikiforov-Uvarov) method
[23, 24], the energy and wave function of the system be-
come the following:

)

pB°
En,l: )2 +77

2(nti+1 )

wn l(T) = Nn LT7%+\/i+l(l+1)ei\/72H(E"‘l7'”7.

1
<LV 3 2 (B, ),

n

(10)
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where N, ; is the normalization constant and L™ (x) rep-
resents the Laguerre polynomial. We have calculated the
S-wave state masses of the low-lying and heavy meson-
antimeson states. The normalization constant is calcu-
lated as

(212)*

N =
Lo 32

(11)

for the n=1 and S-wave state. For the ground state of
1(0) we can write

V=B
22

The mass of the meson-antimeson, M, including both
low-lying and heavy states, is given by

$(0)= (12)

M=m,+my+E,;+Vsp)ni+(Va)ni- (13)
where (Vsp)n.i, (Va)n, can be defined as
(Vsp)ni=(¥n1(r)|Vsp[thni (1)), (14)
and
(V) ni = (Wn 1 (1) V[t (1)), (15)

respectively. By replacing Eq. (9) in Eq. (13) and using
Egs. (14), (15) for the case of n=1 and the S-wave state,
we arrive at

M = ma+mb+7—%+<¢1,o(r) |Vspltbr,0(r))
+<¢1,O(T)|Vﬂ|1/)1,0(7’)>a (16)

where the spin dependent interaction and OPEP are
added separately. To calculate the spectra of the ex-
cited states, we can obtain the wave function and energy
of the system for other values of n. For example, one can
account for the exited mass spectra in the case of n=2,
3 and so on. m, and m; are the masses of the first me-
son and second meson respectively in dimesonic systems.
For example, in the dimesonic molecular system D—Dy,
m, is the mass of meson D and m, is the mass of meson
D,, which are m, =1.8696 GeV and m;, = 1.9683 GeV
respectively, as listed in Table 1. The binding energy is

B.E.=F; o+ (Vsp)1.0+(Vi)1.o, (17)

for the n=1 and S-wave state. The two-photon decay
for the light sector of exotic states like aq(980), f,(980),
f3(1525), f2(1565), a2(1700) has been observed exper-
imentally. Studies of the two-photon decay of scalars
could distinguish among different scenarios for scalar me-
son structure. In this field, light scalar mesons a(980)
and f,(980) are the most studied. Predictions of various
models for these cases are different within the molecular
model for scalars. They vary from 0.2 keV in Ref. [25] to
0.6 keV in Ref. [26], to 6 keV in Ref. [27], to 0.285 keV
[16] and to (0.2240.07) keV [5]. Using the wave function
at the origin and masses of the dimesonic systems, we

can obtain the digamma decay width as follows [26, 27]

o )
=" o) (18)

2

where a=$-~(137)"" is the fine-structure constant.

3 Results and discussion

The input masses of Table 1 are taken from Ref. [28].
In Table 3 we have reported our calculated masses of
some D-D bound states and compared them with Refs.
[1, 28-31]. Our calculations for bottom meson-antimeson
systems are shown in the third column of Table 4. Table
5 shows our results for the case of PP states in the light
sector. In Table 6 we show the masses of the light meson-
antimeson sector for PV states. In Table 7 we report our
results for V'V states for the light meson-antimeson sec-
tor. We have calculated the excited spectra of heavy
charmed meson-antimeson states for n =2 in Table 8.
In Table 3, we get v=0.02 GeV by using the value of
the mass of D;—D*(1(177)), 3.969 GeV [30]. By us-
ing MB* =B (07" —=10.604 GeV [32], v becomes —0.02
GeV in Table 4. In the case of PP states of the light sec-
tor, y=0 GeV is taken as M7=K"©7(07") =1 0255 GeV
[33]. v=0.01 GeV is taken for PV states of the light sec-
tor by using M°~KO~ 077 =1.266 GeV [33]. If we con-
sider MK ~K* (0707 =1 799 GeV [28], we get y=—0.05
GeV for V'V states of the light sector. The charge con-
jugation and parity of the meson—antimeson system are
given by C = (—1)%12t512 and P = P, P,(—1)*12 respec-
tively, where L, is the relative orbital momentum and
S1o is the relative total spin of the system. G-parity is
also defined as G = (—1)127512+/ We summarize the
results of the paper as follows:

(1) K—K bound state candidates for f,(980). The
state of fo(980) is I¢(JPC) = 0*(0**) with mass
0.990GeV. Also, the decay of f,(980) to KK has been
observed [28]. We have stated that I¢(J7¢)=07(0"+)
for K-K and obtained 0.977 GeV for this case. Thus we
have identified f,(980) as the dimesonic molecular state
K—K. Rathaud and Rai [33] have reported the mass of
this dimesonic system as 0.9768 GeV. Our result (0.977
GeV) is in agreement with experiment (0.990 GeV) and
the Rathaud and Rai result [33]. In this case the uncer-
tainty of our result with Ref. [33] is 0.02% and 1.31% in
comparison with experiment. They predicted 07+ and
—18.38 MeV for the state and B. E. respectively of K—K
[33]. We have obtained -17.861 MeV for the B. E., which
is close to their result.

(2) K—K* can be a candidate for h,(1380). In Ref.
[33] Rathaud and Rai suggested that h,(1380) is a P-V
K—K*state. They have reported M (K—K*)= 1.383 GeV
[33]. We have obtained M (K—K*)=1.385 GeV, which is
in agreement with h,(1380) and Ref. [33].

093105-3



Chinese Physics C  Vol. 41, No. 9 (2017) 093105

Table 3. Masses of heavy charmed meson-antimeson states in GeV (y=0.02 GeV).

system I1G(JPC) ours/GeV Exp. [28] others/GeV (0)/(GeV2) B.E./MeV B.E./MeV [30] (Vsp)i.0/MeV (Vi)1.0/MeV

D-D ot(ott) 3.734 - 3.733 [30], 0.056 -4.824 -5.776 0 0
3.738 [29]
D-Ds  3(0+F) 3.833 - 3.832 [30] 0.057 -4.855 -15.95 0 0
D-D* 0-(1t) 3.873 - 3.876 [31], 0.058 -3.802 -5.6 0 1.064
3.871 [30]
D-D* 1t(1t7) 3.871 - 3.871 [30] 0.058 -5.221 -5.6 0 -0.354
D*—D* 1—(2t71) 4.009 - 4.062 [29] 0.059 -4.216 -4.47 0.35 0.346
D*-D* 0~ (11t7) 4.009 (4.04)  4.0089 [30] 0.059 -4.223 -5.06 -0.35 1.04
D*-D* ot(0t+) 4.01 - 4.0083 [30] 0.059 -3.533 -5.658 -0.7 2.08
D*-D* 1~(0t*) 4.007 - 4.0083 [30] 0.059 -6.307 -5.658 -0.7 -0.693
D*-D* 1t(1t7) 4.008 - 4.0089 [30] 0.059 -5.61 -5.06 -0.35 -0.346
D*-D* ot(2t+) 4.008 - 4.0094 [30] 0.059 -5.603 -4.47 0.35 -1.04
D¢—D} 0= (1t7) 4.076 - 4.075 [30] 0.06 -3.905 -5.519 0 1.028
D*-D; 1(0FH) 4.113 - 4.113 [30] 0.06 -5.631 -5.458 -0.684 0
Ds—Ds 0t(0tt) 3.931 - 3.931 [30] 0.058 -4.888 -5.692 0 0
D-D; 1(1t7) 3.976 - 3.976 [30] 0.059 -4.898 -5.345 0 0
Df-D} ot(2tt) 4.218 - - 0.062 -5.654 - 0.334 -1.005
D:-Df 0=(117) 4.22 - - 0.062 -4.312 - -0.334 1.005
Df—Dx ot(ott) 4.22 - - 0.062 -3.642 - -0.668 2.01
Df-D} 1-(0tt) 4.218 - - 0.062 -6.323 - -0.668 -0.67
D:-Df 1t(1t7) 4.218 - - 0.062 -5.653 - -0.334 -0.335
D:-Df 17(2t1) 4.22 - - 0.062 -4.314 - 0.334 0.335

Table 4. Masses of heavy bottom meson-antimeson states in GeV (y=-0.02).

system  IG(JFC) ours (32] ¥(0)/(GeVz)  B.E./MeV  B.E./MeV/[32]  (Vep)io/MeV  (Vi)1o/MeV
B-B 0t (0tt) 10.51 10.516 0.136 -48.494 -43.06 0 0
B-Bq 1(0%H) 10.597  10.594 0.137 -48.5524 -51.44 0 0
B-B* 0—(1*t~)  10.556  10.542 0.137 -47.963 -62.54 0 0.561
Bs—B* 1a+) 10.643 - 0.138 -48.583 - 0 0
B*-B* 1t(1t—)  10.601  10.586 0.137 -48.915 -58.27 -0.173 -0.186
B*-B* ot(o+t+)  10.603  10.542 0.137 -47.782 -88.68 -0.346 1.119
B*-B* 0—(177) 10.602  10.567 0.137 -48.169 -74.84 -0.173 0.559
B*-B* 1=(0t+)  10.601  10.585 0.137 -49.275 -54.45 -0.346 -0.373
B*-B* 1= (2++)  10.602 10.59 0.137 -48.195 -66.29 0.173 0.186
Bs—B? 0—(177) 10.734  10.727 0.139 -48.087 -54.27 0 0.555
Bs—Bs ot(ot+)  10.685 10.69 0.138 -48.611 -43.46 0 0
B:-B: ot(o+t+)  10.783  10.752 0.139 -47.911 -66.59 -0.343 1.108
BB 0—(177) 10.782  10.771 0.139 -48.294 -54.53 -0.171 0.554
B -B: ot(2+t+)  10.782  10.799 0.139 -49.059 -34.02 0.171 -0.554
BB 1—(0t+)  10.781  10.787 0.139 -49.389 -37.11 -0.343 -0.369
BB 1+tat) 10.782  10.787 0.139 -49.033 -40.33 -0.171 -0.184
B -B: 1=(2t+)  10.782  10.787 0.139 -48.319 -47.17 0.171 0.184
B-B: (1) 10.646 - 0.138 -48.584 - 0 0

Table 5. Masses of light meson-antimeson sector for PP states in GeV (y= 0 GeV).

PP states IG(JPC) ours Exp. [28] others 1(0)/(GeV2) B.E./MeV B. E. (other) (Vsp)i.0/MeV (Vi)1.0/MeV I’y /keV
0 — nO ot(0t+) 0.262 - 0.2703 [33] 0.002 -5.967 0.3931 [33] 0 0 0.0175
n— 1= (0tt) 0.671 - 0.6829 [33] 0.006 -10.988  0.1107 [33] 0 0 0.0136
Kt— K+ ot(0t*) 0.969 - 0.9692 [33] 0.016 -17.774 -18.09 [33] 0 0 0.0466
K-K 0f(0t+) 0977 099  0.9768 [33] 0.016 -17.861 -20.87 [16] 0 0 0.0467
n—K Lo*t+t) 1.023 - 1.0294 [33] 0.019 -21.692 -16.01 [33] 0 0 0.0611
n—7 0t (0TT) 1.069 - 1.0789 [33] 0.023 -26.747  -26.24 [16] 0 0 0.0827
n—i 0T (0tt) 1.475 - 1.458 [16] 0.031 -29.962 -46.75 [16] 0 0 0.0738
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Table 6. Masses of light meson-antimeson sector for PV states in GeV (y= 0.01 GeV).
PV states IG(JPC) ours Exp. [28] [others] 1(0)/(GeVZ) B.E./MeV B. E. (other) (Vsp)i.0/MeV (Vi)1.0/MeV Iy /keV
n—@ 0-(17—) 1.314 - 1.330 [33] 0.0285 16315  -63.22 [16], 0 2.677 0.0788
0.0504 [33)]
n—p  1T(1+-) 1.308 - 1.259 [16],  0.0247 -14.824  -63.82 [16], 0 -0.696 0.06
1.323 [33] 0.0504 [33)]
K—-K* 0~(1t—) 1.385 1.386  1.330 [16], 0.0217 -8.822 -13.60 [33] 0 1.568 0.0414
1.383 [33]
K-K* 1+(1+~) 1.382 - 1.330 [16] 0.0217 -10.913  -13.60 [33] 0 -0.522 0.0415
- 0-(1F~) 1721 1594  1.646 [16] 0.0382 -19.535  -93.45 [16] 0 2.597 0.0828
n—é 0 (1T7) 1.549 - 1.493 [16] 0.0317 17.73 ~73.50 [16] 0 2.492 0.0701
n—p 1t(1+T) 1.715 - 1.639 [16] 0.0332 21743 -94.25 [16] 0 -0.679 0.0628
Table 7. Masses of light meson-antimeson sector for VV states in GeV (y= -0.05 GeV).

VV states IS (JPC) ours Exp. [28] [16] w(O)/(GeV%) B. E./MeV B.E. [16] (Vsp)1,0/MeV  (Va)1,0/MeV Iy, /keV
p—p ot(t+) 1.481 1.505 1.489 0.0266 -70.018 -55.39 -1.409 3.365 0.054
p—p 0-(1t—) 1.48 - 1.492 0.0266 -70.996 -55.00 -0.704 1.682 0.0541
p—p ot (2t+) 1.478 - 1.5 0.0266 -72.952 -54.10 0.704 -1.682 0.0542
p—p 1+H(a+t-) 1477 - 1.493 0.0266 -73.24 -54.40 -0.704 -0.56 0.0542
p—p 1=(2t+) 1.48 - 1.499 0.0266 -70.709 -54.70 0.704 0.56 0.054
p—p 1=(0t+) 1.476 - 1.49 0.0266 -74.506 -54.25 -1.409 -1.121 0.0543
w—w ot(t+) 1.486 - 1.502 0.0348 -78.671 -55.77 -2.822 5.388 0.0921
w—w 0~ (1T~) 1.485 - 1.506 0.0348 -79.954 -55.31 -1.411 2.694 0.0923
w—w ot(2++) 1.483 - 1.514 0.0348 -82.52 -54.40 1.411 -2.694 0.0926
w—w 1=(0t+)  1.479 - - 0.0348 -85.856 - -2.822 -1.796 0.093
W= 1H(1t-)  1.482 - - 0.0348 -83.546 - -1.411 -0.898 0.0927
w—w 1=(2t+) 1.486 - - 0.0348 -78.928 - 1.411 0.898 0.0921
p—w 0t(0t+) 1.484 - 0.0302 -73.745 -1.964 4.221 0.0697
p—@ 1=(0t+) 1.479 1.474 1.497 0.0302 -79.373 -54.40 -1.964 -1.407 0.0702
p—w 1=(2t+) 1.484 - 1.506 0.0302 -74.316 -54.85 0.982 0.703 0.0697
p—w 0—(1T—) 1.483 - - 0.0302 -74.873 - -0.982 2.11 0.0698
p—@ ot(2tt+) 1.481 - - 0.0302 -77.13 - 0.982 -2.11 0.07
p—w 1t@at-) 148 - - 0.0302 -77.687 - -0.982 -0.703 0.07

Table 8. Excited spectra of heavy charmed meson-antimeson states for n=2 in GeV (y= 0.02 GeV).

system IG(JFC) ours/GeV $(0)/(GeV3) B. E./MeV (Vsp)a,0/MeV (Vr)2,0/MeV
D-D ot(ott) 3.748 0.084 8.967 0 0
D-Ds 1(0++) 3.847 0.086 8.953 0 0
D-D* 0-(1t-) 3.888 0.086 11.339 0 2.391
D-D* 1H(a+) 3.885 0.086 8.15 0 -0.797
D*—D* 1—(2t1) 4.029 0.089 15.687 5.98 0.779
D*-D* 0-(1t-) 4.019 0.089 5.283 -5.98 2.337
D*—D* ot(ott) 4.015 0.089 1.64 -11.961 4.674
D*—D* 1-(0t+) 4.009 0.089 -4.592 -11.961 -1.558
D*-D* 1+(1+-) 4.016 0.089 2.167 -5.98 -0.779
D*—D* ot(2tt) 4.026 0.089 12.57 5.98 -2.337
Ds—D? 0—(1t-) 4.092 0.09 11.228 0 2.31
D*-D} 1t 4.116 0.091 -2.775 -11.687 0
Ds—Ds ot(ott) 3.945 0.088 8.938 0 0
D-Dz 1(17) 3.991 0.088 8.934 0 0
DD} ot (2++) 4.236 0.093 12.352 5.714 -2.258
Df-D} 0-(1t-) 4.23 0.093 5.439 -5.714 2.258
DX -D? ot(ott) 4.226 0.093 1.982 -11.429 4.516
D:-D¢ 1= (0t+) 4.22 0.093 -4.038 -11.429 -1.505
D -D} 1+H(1t-) 4.227 0.093 2.428 -5.714 -0.752
DX -D? 1—(2t1) 4.239 0.093 15.363 5.714 0.752

093105-5



Chinese Physics C  Vol. 41, No. 9 (2017) 093105

(3) p—p and p—o have structures like f,(1500) and
ao(1450) respectively. The quantum number and mass
of fo(1500) are I¢(JPC)=0%(0"") and M =1.505 GeV
[28]. We have compared f,(1500) as p—p with a state
of 07(0"") and M = 1.481 GeV. The observed state
a0 (1450) is identified as 17(07F) with M =1.474 GeV
[28]. Its two-photon decay has been observed. We have
obtained M =1.479 GeV and I',,=0.0702 KeV for p—w
(1-(0+1).

(4) We have calculated the masses of the D* —D?
(0T (271),07(177), 07 (0™ 1)) bound states as 4.218 GeV,
4.220 GeV and 4.220 GeV respectively, which are in
agreement with the reported value 4.43+£0.16 GeV by
Wang [12]. In Ref. [12], this bound state is a candidate
for Y(4140).

(5) In addition to the observed molecular resonances
Z,(10650) and Z,(10610) with I¢=1%, there should ex-
ist two or four molecular bottomonium-like states with
quantum numbers like /¢ = 1~ [34]. In this case we
have considered the B*— B* molecular state with ¢ =
1~ where we have reported the mass and binding en-
ergy of B*—B* as 10.602 GeV and -48.195 MeV re-
spectively. Rathaud and Rai reported 10.590 GeV and
—66.29 MeV for these quantities [32]. We have obtained
(0)=0.137 GeV?/2, which is smaller than (0)=0.856
GeV?®? [32]. We have identified the 1*(17~) result in
B*—B* with X(10650), which has quantum numbers
I¢JP =?7t1% according to the 2015 Review of Parti-
cle Physics. Namely, the bottomonium-like resonances
Z,(10610) and Z,(10650) are respectively B*B—BB* and
B*B* molecules [35]. The molecular interpretation of
these states is supported by the recent observation of
a high rate of their decay into the corresponding heavy
meson pair: Z,(10610) — B*B(BB*), Z,(10650) — B*B*
[36].

(6) Liu and Zhu concluded that Y (4143) is probably
a molecular state DX —D* with J©¢=0** or 2++ [6, 10].
We have concluded the quantum numbers of the molec-
ular state D =D are J7¢ =0+ or 2*+. We have also
concluded that the quantum number of D*—D; can be
1+,

(7) The value of the mass of X (3823) is (3823.1+1.8+
0.7) MeV [28]. We have identified X (3823) as a D—D,
molecular state and reported mass and quantum num-
bers of this state as 3.833 GeV and J¥¢ =0%* respec-
tively. Further, Rathaud and Rai have reported 3.8324
GeV for the mass of this state. They suggested X (3823)
as a P-P state D—D, [30].

(8) (4040) has quantum numbers 1¢J¥¢ =0"1"~
according to the 2015 Review of Particle Physics. We
have identified it as D*—D* with 0~(17~) and a mass
of 4.009 GeV. However, its parity is not in agreement

with ¢(4040) but I, G, J and C' are in agreement with
1 (4040). Rathaud and Rai suggested that Y (4008) can
be considered as aD* —D* state [30], where they re-
ported M (D*—D*)=4.0089 GeV and we have obtained
M (D*~D*)=4.009 GeV.

The D*D* and D:D! bound states can be consid-
ered as the resonances X (3915) and Y'(4140) respec-
tively. Several authors [6, 10, 11, 30, 37] have investi-
gated these states. It is interesting that in the case of a
heavy quark system, the small kinetic term yields more
possibilities for the formation of molecules [38].

The differences between our results and Ref. [32] for
the masses of B —B? in the different states in Table 4
are 31 MeV, 11 MeV, 17 MeV, 6 MeV and 5 MeV.

We have reported our results for the 71°° di-mesonic
system. However, the obtained B. E. (—5.967 MeV)
is slightly smaller than the B. E. of Ref. [33] (0.3931
MeV), although the obtained wave function at the ori-
gin (0.002 GeV?®/?) and mass (0.262 GeV) of ours are
close to (0.0035 GeV?3/2) and (0.2703 GeV) respectively
[33]. Our two-gamma decay width is 0.0175 keV while
the result of Ref. [33] is (0.0091 keV). The reason for
the differences may be the different choices of potential
models, different approaches to solving the Schrodinger
equations, and so on.

We have reported the binding energy of the states.
In fact some of these states have not been observed yet.
They may be accessible at future experiments like LHCb
and the forthcoming Bellell and be confirmed as loosely
bound molecular states. Our results provide useful ref-
erences to explore these in future experiments. The
simplicity of our approach has another advantage. We
have observed that our calculated masses for the heavier
meson-antimeson systems are close to the experimental
data, as reported in Tables (3)—(7). We have calculated
the contributions of the spin-dependent and OPEP, the
binding energy and the wave function at the origin for
every system. Di-gamma decay widths are also presented
in the final columns of Tables 5-7.

4 Conclusions

We have computed the masses, binding energies and
wave functions of meson-antimeson systems in the light
and heavy meson sectors for s-wave states. We compared
the results with the experimentally observed data and
predicted theoretically systems which did not include
qg-structure. Our results are comparable with the avail-
able data.

The authors wish to thank the kind referees for valu-
able suggestions for improving the paper.
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