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In the framework of the one-boson-exchange model, we have studied the interaction of theB∗B̄ and B∗B̄∗

system. After considering the S-wave and D-wave mixing, we notice that bothZb(10610)± andZb(10650)± can
be interpreted as theB∗B̄ andB∗B̄∗ molecular states quite naturally. Within the same framework, there also exist
several molecular charmonia includingX(3872) and several other molecular bottomonia, which are the partners
of Zb(10610) andZb(10650). The long-range one-pion-exchange force alone is strong enough to form these
loosely bound molecular states, which ensures the numerical results quite model-independent and robust.
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I. INTRODUCTION

Very recently, the Belle Collaboration announced two
charged bottomonium-like statesZb(10610) andZb(10650).
These two states were observed in the invariant mass spectra
of hb(nP)π± (n = 1, 2) andΥ(mS )π± (m = 1, 2, 3) of the cor-
respondingΥ(5S ) → hb(nP)π+π− andΥ(5S ) → Υ(mS )π+π−

hidden-bottom decays [1]. With the above five hidden-bottom
decay channels, Belle extracted theZb(10610) andZb(10650)
parameters. The obtained averages over all five channels are
MZb(10610) = 10608.4 ± 2.0 MeV/c2, ΓZb(10610) = 15.6 ± 2.5
MeV/c2, MZb(10650) = 10653.2 ± 1.5 MeV/c2, ΓZb(10650) =

14.4± 3.2 MeV/c2 [1]. In addition, the analysis of the angu-
lar distribution indicates bothZb(10610) andZb(10650) favor
IG(JP) = 1+(1+).

If Zb(10610) andZb(10650) arise from the resonance
structures, they are good candidates of non-conventional
bottomonium-like states. The masses of theJPC = 1++ and
JPC = 1+− bb̄qq̄ tetraquark states were found to be around
10.1 ∼ 10.2 GeV in the framework of QCD sum rule for-
malism [2], which are significantly lower than these two
chargedZb states. Therefore, it’s hard to accommodate them
as tetraquarks. If comparing the experimental measurement
with theBB̄∗ andB∗B̄∗ thresholds, one notices thatZb(10610)
andZb(10650) are close to thresholds ofBB̄∗ and B∗B̄∗, re-
spectively. One plausible explanation is that bothZb(10610)
andZb(10650) are eitherB∗B̄∗ or B∗B̄∗ molecular states re-
spectively.

Before the observations of two chargedZb(10610) and
Zb(10650) states, there have been many theoretical works
which focused on the molecular systems composed ofB(∗)
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and B̄(∗) meson pair and indicated that there probably exist
loosely bound S-waveB∗B̄∗ or B∗B̄∗ molecular states [3, 4].
To some extent, such studies were stimulated by a series of
near-threshold charomonium-likeX, Y, Z states in the past
eight years.

Molecular states involving charmed quarks were first pro-
posed by Voloshin and Okun more than thirty years ago [5].
Later, De Rujula, Georgi and Glashow speculatedψ(4040) as
a D∗D̄∗ molecular charmonium [6]. Tönqvist calculated the
possible deuteron-like two-meson bound states such asDD̄∗

andD∗D̄∗ using the quark-pion interaction model [7, 8]. The
observations ofX(3872), three charged charomonium-like
statesZ+(4350),Z+1 (4050),Z+(4250) andY(4140),Y(4274)
etc. again inspired theorists’ interest in the molecular system
composed of charmed meson pair (see Refs. [3, 4, 9–37] for
details).

As the first observed charged bottomonium-like states,
Zb(10610) andZb(10650) have attracted the attention of
many theoretical groups. The authors discussed the spe-
cial decay behavior of theJ = 1 S-waveBB̄∗ and B∗B̄∗

molecular states based on the heavy quark symmetry in
Ref. [38]. Chen, Liu and Zhu [39] found that the inter-
mediateZb(10610) andZb(10650) contribution toΥ(5S ) →
Υ(2S )π+π− naturally explains Belle’s previous observation of
the anomalousΥ(2S )π+π− production near the peak ofΥ(5S )
at
√

s = 10.87 GeV [40], where the resultingdΓ(Υ(5S ) →
Υ(2S )π+π−)/dmπ+π− and dΓ(Υ(5S ) → Υ(2S )π+π−)/d cosθ
distributions agree with Belle’s measurement after inclusion
of theseZb states [39]. The authors of Ref. [41] tried to repro-
duce the masses ofZb(10610) andZb(10650) using a molec-
ular bottomonium-like current in the QCD sum rule calcu-
lation. Yanget al. studied the mass spectra of the S-wave
[b̄q][bq̄], [ b̄q]∗[bq̄], [ b̄q]∗[bq̄]∗ in the chiral quark model and
indicated thatZb(10610) andZb(10650) are good candidates
of the S-waveBB̄∗ and B∗B̄∗ bound states [42]. Bugg pro-
posed a non-exotic explanation ofZb(10610) andZb(10650),
which are interpreted as the orthogonal linear combinations of
theqq̄ and meson-meson states, namelybb̄+BB̄∗ andbb̄+B∗B̄∗
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[43], respectively. Nieves and Valderrama suggested the pos-
sible existence of two positive C-parity isoscalar states:a
3S 1 −3 D1 state with a binding energy of 90-100 MeV and
a 3P0 state located about 20-30 MeV below theBB̄∗ threshold
[44]. Unfortunately, the quantum number of the above states
does not match those of these two chargedZb states. Danilkin,
Orlovsky and Simonov studied the interaction between a light
hadron and heavy quarkonium through the transition to a pair
of intermediate heavy mesons. Based on the above coupled-
channel effect, the authors discussed the resonance structures
close to theB(∗)B̄∗ threshold [45]. Using the chromomagnetic
interaction, the authors of Ref. [46] discussed the possibility
of Zb(10610) andZb(10650) being tetraquark states. In con-
trast, thebb̄qq̄ tetraquark states were predicted to be around
10.2 ∼ 10.3 GeV using the color-magnetic interaction with
the flavor symmetry breaking corrections [47], consistent with
the values extracted from the QCD sum rule approach [2].

As emphasized in Ref. [39], future dynamical study of the
mass and decay pattern of the S-waveBB̄∗ andB∗B̄∗ molec-
ular states are very desirable. In this work, we perform more
thorough study of theBB̄∗ andB∗B̄∗ systems using the One-
Boson-Exchange (OBE) model. Different from our former
work in Refs. [3, 4], we not only consider S-wave interaction
but also include D-wave contribution betweenB(∗) and B̄(∗).
Such a study will be helpful to answer whether theBB̄∗ and
B∗B̄∗ molecular bottomonia exist or not.

This paper is organized as follows. After the introduction,
we present the formalism of the study of theBB̄∗ and B∗B̄∗

systems, which includes the relevant effective Lagrangian and
coupling constants, the derivation of the effective potential of
the BB̄∗ andB∗B̄∗ system, the numerical results etc.. Finally,
the paper ends with the discussion and conclusion.

II. DEDUCTION OF EFFECTIVE POTENTIAL

A. Flavor wave function

We list the flavor wave functions of theBB̄∗ andB∗B̄∗ sys-
tems constructed in Refs. [3, 4]. TheBB̄∗ systems can be
categorized as the isovector and isoscalar states with the cor-
responding flavor wave functions



|Z(T )
BB̄∗
+〉 = 1√

2

(
|B∗+B̄0〉 + cB+B̄∗0

)
,

|Z(T )
BB̄∗
−〉 = 1√

2

(
|B∗−B̄0〉 + cB−B̄∗0

)
,

|Z(T )
BB̄∗

0〉 = 1
2

[(
|B∗+B−〉 − B∗0B̄0

)
+ c

(
B+B∗− − B0B̄∗0

)]
,

(1)

|Z(S )
BB̄∗

0〉 = 1
2

[(
|B∗+B−〉 + B∗0B̄0

)
+ c

(
B+B∗− + B0B̄∗0

)]
, (2)

wherec = ± corresponds to C-parityC = ∓ respectively [3,
4]. The flavor wave functions of theB∗B̄∗ systems can be
constructed as



|Z(T )
B∗B̄∗

[J]+〉 = |B∗+B̄∗0〉
|Z(T )

B∗B̄∗
[J]−〉 = |B∗−B̄∗0〉

|Z(T )
B∗B̄∗

[J]0〉 = 1√
2

(
|B∗+B∗−〉 − |B∗0B̄∗0〉

) (3)

for the isovector states, and

|Z(S )
B∗B̄∗

[J]0〉 = 1
√

2

(
|B∗+B∗−〉 + |B∗0B̄∗0〉

)
(4)

for the isoscalar state. In the above expressions, the super-
scriptsT andS in Eqs. (1)-(4) are applied to distinguish the
isovector and isoscalar states, respectively. The total angular
momentum of the S-waveB∗B̄∗ systems isJ = 0, 1, 2. Thus,
we use the extra notation [J] in Eqs. (3)-(4) to distinguish the
B∗B̄∗ systems with different total angular momentumJ.

Belle indicated that bothZb(10610) andZb(10650) belong
to the isotriplet states. IfZb(10610) andZb(10650) are theBB̄∗

or B∗B̄∗ molecular states respectively, they should correspond
to Z(T )

BB̄∗
andZ(T )

B∗ B̄∗
[1] in Eqs. (1) and (3), respectively. Since

Zb(10610)0 is ofC-odd parity, i.e.,C = −1, thus the coefficient
c = +1 is taken in Eq. (1). The choice of the coefficientc = −1
andC = +1 leads toX(3872) and its partners, whereX(3872)
corresponds toZ(S )

DD̄∗
′
listed in Table. I.

In Table I, we summarize the quantum numbers of the states
when we discuss whether there exist theBB̄∗ andB∗B̄∗ molec-
ular states. Moreover, we extend the same formalism to study
theDD̄∗ andD∗D̄∗ systems, where the flavor wave function of
theDD̄∗ andD∗D̄∗ systems can be obtained with replacement
B(∗) → D̄(∗) andB̄(∗) → D(∗).

TABLE I: A summary of theBB̄∗, B∗B̄∗, DD̄∗, D∗D̄∗ systems. If tak-
ing c = −1 in Eqs. (1) and (2), we obtain the flavor wave functions of
Z(T )

BB̄∗
′
andZ(S )

BB̄∗
′
, which are the partners ofZ(T )

BB̄∗
andZ(S )

BB̄∗
respectively.

BB̄∗/B∗B̄∗ systemsDD̄∗/D∗D̄∗ systems IG(JPC)

Z(T )
BB̄∗

Z(T )
DD̄∗

1+(1+)

Z(S )
BB̄∗

Z(S )
DD̄∗

0−(1+−)

Z(T )
B∗ B̄∗

[J] Z(T )
D∗ D̄∗

[J] 1−(0+),1−(2+),1+(1+)

Z(S )
B∗ B̄∗

[J] Z(S )
D∗ D̄∗

[J] 0+(0++),0+(2++),0−(1+−)

Z(T )
BB̄∗
′

Z(T )
DD̄∗

′
1−(1+)

Z(S )
BB̄∗
′

Z(S )
DD̄∗

′
0+(1++)

B. Effective Lagrangian and coupling constant

In order to obtain the effective potential of theBB̄∗ and
B∗B̄∗ system, we employ the OBE model, which is an ef-
fective framework to describe theBB̄∗ or B∗B̄∗ interaction by
exchanging the light pseudoscalar, scalar and vector mesons.
In terms of heavy quark limit and chiral symmetry, the inter-
actions of light pesudoscalar, vector and scalar mesons inter-
acting with S-wave heavy flavor mesons were constructed in
Refs. [28, 48–53]

LHHP = ig〈H(Q)
b γµAµ

baγ5H̄(Q)
a 〉

+ig〈H̄(Q̄)
a γµAµ

abγ5H(Q̄)
b 〉, (5)
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LHHV = iβ〈H(Q)
b vµ(Vµ

ba − ρ
µ

ba)H̄(Q)
a 〉

+iλ〈H(Q)
b σµνF

µν(ρ)H̄(Q)
a 〉

−iβ〈H̄(Q̄)
a vµ(Vµ

ab − ρ
µ

ab)H(Q̄)
b 〉

+iλ〈H(Q̄)
b σµνF

′µν(ρ)H̄(Q̄)
a 〉, (6)

LHHσ = gs〈H(Q)
a σH̄(Q)

a 〉 + gs〈H̄(Q̄)
a σH(Q̄)

a 〉, (7)

where the multiplet fieldH(Q) is composed of the pseudoscalar
P and vectorP∗ with P(∗)T = (D(∗)+,D(∗)0) or (B̄(∗)0, B(∗)−).
And H(Q) andH̄(Q) are defined by

H(Q)
a =

1+ /v
2

[P∗aµγµ − Paγ5], (8)

H̄(Q)
a = [P∗†aµγµ + P†aγ5]

1+ /v
2

. (9)

Here,H̄ = γ0H†γ0 andv = (1, 0).
As given in Refs. [28, 54], the anti-charmed or bottom me-

son fields̃P(∗)T = (D(∗)−, D̄(∗)0) or (B(∗)0, B(∗)+) satisfy

P̃∗aµ = −CP∗aµC−1, P̃a = CPaC−1. (10)

The multiplet fieldH(Q̄) with the heavy antiquark can be de-
fined as

H(Q̄)
a = C(CH(Q)

a C−1)TC−1 = [P̃∗µa γµ − P̃aγ5]
1− /v

2
,(11)

H̄(Q̄)
a =

1− /v
2

[P̃∗µa γµ + P̃aγ5]. (12)

If considering the following charge conjugation transforma-
tion,

CξC−1 = ξT , CVµC−1 = −VT
µ ,

CAµC−1 = AT
µ , CρµC−1 = −ρµT , (13)

one obtains the Lagrangian relevant to the mesons with heavy
antiquarkQ̄ which is converted from the one related to the
meson with heavy quarkQ, where the Lagrangians are given
in Eqs. (5)-(7) [28, 54]. In the above expressions, theP(P̃)
andP∗(P̃∗) satisfy the normalization relations〈0|P|Qq̄(0−)〉 =
〈0|P̃|Q̄q(0−)〉 =

√
MP and〈0|P∗µ|Qq̄(1−)〉 = 〈0|P̃∗µ|Q̄q(1−)〉 =

ǫµ
√

MP∗ . The axial current isAµ = 1
2(ξ†∂µξ − ξ∂µξ†) =

i
fπ
∂µP + · · · with ξ = exp(iP/ fπ) and fπ = 132 MeV.

ρ
µ

ba = igVV
µ

ba/
√

2, Fµν(ρ) = ∂µρν − ∂νρµ + [ρµ, ρν], F′µν(ρ) =
∂µρν − ∂νρµ − [ρµ, ρν] andgV = mρ/ fπ, with gV = 5.8. Here,
P andV are two by two pseudoscalar and vector matrices

P =



1√
2
π0 +

η√
6

π+

π− − 1√
2
π0 +

η√
6

 , (14)

V =



ρ0
√

2
+ ω√

2
ρ+

ρ− − ρ0
√

2
+ ω√

2

 . (15)

By expanding Eqs. (5)-(7), one further obtains the effective
Lagrangian of the light pseudoscalar mesonsP with the heavy

flavor mesons

LP∗P∗P = −i
2g
fπ
εαµνλvαP∗µb P

∗λ†
a ∂νPba

+i
2g
fπ
εαµνλvαP̃∗µ†a P̃∗λb ∂

ν
Pab, (16)

LP∗PP = −
2g
fπ

(PbP
∗†
aλ + P

∗
bλP†a)∂λPba

+
2g
fπ

(P̃∗†aλP̃b + P̃†aP̃∗bλ)∂λPab. (17)

The effective Lagrangian depicting the coupling of the light
vector mesonsV and heavy flavor mesons reads as

LPPV = −
√

2βgVPbP†av · Vba +
√

2βgVP̃†aP̃bv · Vab,

(18)

LP∗PV = −2
√

2λgVvλελµαβ(PbP
∗µ†
a + P∗µb P

†
a)(∂αVβ)ba

−2
√

2λgVvλελµαβ(P̃∗µ†a P̃b + P̃†aP̃
∗µ
b )(∂αVβ)ab,

(19)

LP∗P∗V =
√

2βgVP∗b · P∗†a v · Vba

−i2
√

2λgVP∗µb P
∗ν†
a (∂µVν − ∂νVµ)ba

−
√

2βgVP̃∗†a P̃∗bv · Vab

−i2
√

2λgVP̃∗µ†a P̃∗νb (∂µVν − ∂νVµ)ab. (20)

The effective Lagrangian of the scalar mesonσ interacting
with the heavy flavor mesons can be expressed as

LPPσ = −2gsPbP
†
bσ − 2gsP̃bP̃

†
bσ, (21)

LP∗P∗σ = 2gsP∗b · P
∗†
b σ + 2gsP̃∗b · P̃

∗†
b σ. (22)

As shown in Eqs. (16)-(20), the terms for the interactions
between the anti-heavy flavor mesons and light mesons can
be obtained by taking the following replacements in the cor-
responding terms for the interactions between the heavy flavor
mesons and light mesons:

v→ −v, a→ b, b→ a,

P∗µ → P̃∗†µ , P → −P̃†,
P∗†µ → P̃∗µ, P† → −P̃.

g = 0.59 is extracted from the experimental width ofD∗+

[55]. The parameterβ relevant to the vector meson can be
fixed asβ = 0.9 by the vector meson dominance mechanism
while λ = 0.56 GeV−1 was obtained by comparing the form
factor calculated by light cone sum rule with the one obtained
by lattice QCD. As the coupling constant related to the scalar
mesonσ, gs = gπ/(2

√
6) with gπ = 3.73 was given in Refs.

[4, 53].

C. Effective potential

With the above preparation, we deduce the effective poten-
tials of theBB̄∗ andB∗B̄∗ systems in the following . Generally,
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the scattering amplitudeiM(J, JZ) is related to the interaction
potential in the momentum space in terms of the Breit approx-
imation

VB(∗)B̄(∗)

E (q) = −M(B(∗)B̄(∗) → B(∗)B̄(∗))√∏
i 2Mi

∏
f 2M f

,

whereMi and M j denote the masses of the initial and final
states respectively. The potential in the coordinate spaceV(r)
is obtained after performing the Fourier transformation

VB(∗)B̄(∗)

E (r) =
∫

dp
(2π)3

eip·rVB(∗)B̄(∗)

E (q)F 2(q2,m2
E), (23)

where we need to introduce the monopole form factor (FF)
F (q2,m2

E) = (Λ2 − m2
E)/(Λ2 − q2) to reflect the structure ef-

fect of the vertex of the heavy mesons interacting with the
light mesons. mE denotes the exchange meson mass. For
q2 → 0 we can treat FF as a constant while forΛ ≫ m FF
approaches unity. The behavior of FF indicates [3] (1) when
the distance becomes infinitely large, the interaction vertex
looks like a perfect point corresponding of the constant FF;
(2) when the distance is very small, the inner structure would
manifest itself. In reality, the phenomenological cutoff Λ is
around one to several GeV, which also plays the role of regu-
lating the effective potential.

In this work, we consider both S-wave and D-wave interac-
tions betweenB(∗) and B̄(∗) mesons. In general, theBB̄∗ and
B∗B̄∗ states can be expressed as

∣∣∣Z(α)
BB̄∗

(′)〉
=



∣∣∣∣BB∗(3S 1)
〉

∣∣∣∣BB∗(3D1)
〉

 ,
∣∣∣Z(α)

B∗ B̄∗
[0]

〉
=



∣∣∣∣B∗B̄∗(1S 0)
〉

∣∣∣∣B∗B̄∗(5D0)
〉
,



∣∣∣Z(α)
B∗ B̄∗

[1]
〉
=



∣∣∣∣B∗B̄∗(3S 1)
〉

∣∣∣∣B∗B̄∗(3D1)
〉

∣∣∣∣B∗B̄∗(5D1)
〉


,
∣∣∣Z(α)

B∗ B̄∗
[2]

〉
=



∣∣∣∣B∗B̄∗(5S 2)
〉

∣∣∣∣B∗B̄∗(1D2)
〉

∣∣∣∣B∗B̄∗(3D2)
〉

∣∣∣∣B∗B̄∗(5D2)
〉



(24)

with α = S , T , where we use the notation2S+1LJ to denote the
total spinS , angular momentumL, total angular momentum
J of the BB̄∗ or B∗B̄∗ system. IndicesS andD indicate that
the couplings betweenB∗ and B̄∗ occur via theS -wave and
D-wave interactions, respectively.

Thus, the total effective potentials of theBB̄∗ andB∗B̄∗ sys-
tems are

V
Z(α)

BB̄∗
(′)

Total =

〈
Z(α)

BB̄∗
(′))∣∣∣∣

∑

E=π,η,σ,ρ,ω

VBB̄∗
E (r)

∣∣∣Z(α)
BB̄∗

(′)〉
, (25)

V
Z(α)

B∗ B̄∗ [J]

Total =

〈
Z(α)

B∗ B̄∗
[J]

)∣∣∣∣
∑

E=π,η,σ,ρ,ω

VB∗ B̄∗
E (r)

∣∣∣Z(α)
B∗ B̄∗

[J]
〉
, (26)

which are 2×2 and (J +2)× (J+2) matrices respectively. We
impose the following constraint

∣∣∣∣BB̄∗
(2S+1

LJ

)〉
=

∑

m,mL,mS

CJM
1m,LmL

ǫm
n YLmL , (27)

∣∣∣∣B∗B̄∗
(2S+1

LJ

)〉
=

∑

m,m′,mL,mS

CJM
S mS ,LmL

CS mS

1m,1m′ǫ
m′
n′ ǫ

m
n YLmL ,

(28)

to the effective potential obtained from the scattering ampli-
tude. CJM

1m,LmL
, CJM

S mS ,LmL
andCS mS

1m,1m′ are the Clebsch-Gordan
coefficients. YLmL is the spherical harmonics function. The
polarization vector for the vector heavy flavor meson is de-
fined asǫm

± = ∓ 1√
2
(ǫm

x ± iǫm
y ) andǫm

0 = ǫ
m
z . Here, the polariza-

tion vector in Eqs. (27)-(28) is just the one appearing in the
effective potentials which will be presented later.

1. The BB̄∗ system

The general expressions of the total effective potentials of
the isoscalar and isovectorBB̄∗ systems are

VZ(T )
BB̄∗

(′)

= VDirect
σ − 1

2
VDirect
ρ +

1
2

VDirect
ω +

c
4

(
− 2VCross

π

+
2
3

VCross
η − 2VCorss

ρ + 2VCross
ω

)
, (29)

VZ(S )
BB̄∗

(′)

= VDirect
σ +

3
2

VDirect
ρ +

1
2

VDirect
ω +

c
4

(
6VCross

π

+
2
3

VCross
η + 6VCorss

ρ + 2VCorss
ω

)
, (30)

where the subpotentials from theπ, η, σ, ρ andω meson ex-
changes are written as

VCross
π = − g2

f 2
π

[
1
3

(ǫ2 · ǫ†3)Z(Λ2,m2, r)

+
1
3

S (r̂, ǫ2, ǫ
†
3)T (Λ2,m2, r)

]
, (31)

VCross
η = − g2

f 2
π

[
1
3

(ǫ2 · ǫ†3)Z(Λ3,m3, r)

+
1
3

S (r̂, ǫ2, ǫ
†
3)T (Λ3,m3, r)], (32)

VDirect
σ = −g2

s(ǫ2 · ǫ†4)Y(Λ,mσ, r), (33)

VDirect
ρ = −1

2
β2g2

V(ǫ2 · ǫ†4)Y(Λ,mρ, r), (34)

VCross
ρ = 2λ2g2

V

[
2
3

(ǫ2 · ǫ†3)Z(Λ0,m0, r)

−1
3

S (r̂, ǫ2, ǫ
†
3)T (Λ0,m0, r)

]
, (35)

VDirect
ω = −1

2
β2g2

V(ǫ2 · ǫ†4)Y(Λ,mω, r), (36)

VCross
ω = 2λ2g2

V

[
2
3

(ǫ2 · ǫ†3)Z(Λ1,m1, r)

−1
3

S (r̂, ǫ2, ǫ
†
3)T (Λ1,m1, r)

]
. (37)

In the above expressions, we define

Λ2
2 = Λ

2 − (mB∗ − mB)2, m2
2 = m2

π − (mB∗ − mB)2,
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Λ2
3 = Λ

2 − (mB∗ − mB)2, m2
3 = m2

η − (mB∗ − mB)2,

Λ2
0 = Λ

2 − (mB∗ − mB)2, m2
0 = m2

ρ − (mB∗ − mB)2,

Λ2
1 = Λ

2 − (mB∗ − mB)2, m2
1 = m2

ω − (mB∗ − mB)2,

andS (r̂, a, b) = 3(r̂ · a)(r̂ · b) − a · b. Additionally, functions
Y(Λ,m, r), Z(Λ,m, r) andT (Λ,m, r) are defined as

Y(Λ,mE , r) =
1

4πr
(e−mE r − e−Λr) −

Λ2 − m2
E

8πΛ
e−Λr, (38)

Z(Λ,mE , r) = ▽2Y(Λ,mE , r) =
1
r2

∂

∂r
r2 ∂

∂r
Y(Λ,mE , r),(39)

T (Λ,mE , r) = r
∂

∂r
1
r
∂

∂r
Y(Λ,mE , r). (40)

In Eqs. (29)-(30),c = +1 corresponds to theZ(T )
BB̄∗

andZ(S )
BB̄∗

states including these two chargedZb states observed by Belle
collaboration while takingc = −1 corresponds to theZ(T )

BB̄∗
′

andZ(S )
BB̄∗
′
states which are partner states of X(3872).

As indicated in Eq. (24), we consider both S-wave and D-
wave interactions between theB and B̄∗ mesons. Finally the
total effective potential can be obtained by making the replace-
ment in the subpotentials

(ǫ2 · ǫ†3)

(ǫ2 · ǫ†4)





1 0

0 1

 , S (r̂, ǫ2, ǫ
†
3) 


0 −

√
2

−
√

2 1

 ,

which results in the total effective potential of theBB̄∗ system,
i.e, a two by two matrix.

The effective potential of theDD̄∗ system is similar to that
of BB̄∗ system. Theη, σ, ρ andω meson exchange potentials
of DD̄∗ system can be easily obtained by replacing the param-
eters for theBB̄∗ system with the ones forDD̄∗ system. Since
the mass gap ofm∗D andmD is larger than the mass ofπ, which
is different from the case of theBB̄∗ system, theπ exchange
potential of theDD̄∗ system is [3, 4]

VCross
π = − g2

f 2
π

[
1
3

(ǫ2 · ǫ†3)ZDD∗
π (Λ4,m4, r)

+
1
3

S (r̂, ǫ2, ǫ
†
3)T DD∗

π (Λ4,m4, r)

]
, (41)

where

YDD∗
π (Λ4,m4, r) =

1
4πr

(
− e−Λ4r −

r(Λ2
4 + m2

4)

2Λ4
e−Λ4r

+ cos(m4r)

)
, (42)

ZDD∗
π (Λ4,m4, r) = ▽2YDD∗

π (Λ4,m4, r) =
1
r2

∂

∂r
r2 ∂

∂r
×YDD∗

π (Λ4,m4, r), (43)

T DD∗
π (Λ4,m4, r) = r

∂

∂r
1
r
∂

∂r
YDD∗
π (Λ4,m4, r). (44)

In the present case, the parametersΛ4 andm4 are defined as

Λ4 =
√
Λ2 − (mD∗ − mD)2, (45)

m4 =

√
(mD∗ − mD)2 − m2

π. (46)

2. The B∗B̄∗ system

For the isoscalar and isovectorB∗B̄∗ systems, the general
expressions of the total effective potentials are

VZ(T )
B∗ B̄∗

(′)

= Wσ −
1
2

Wρ +
1
2

Wω −
1
2

Wπ +
1
6

Wη, (47)

VZ(S )
B∗ B̄∗

(′)

= Wσ +
3
2

Wρ +
1
2

Vω +
3
2

Wπ +
1
6

Wη, (48)

respectively, where theπ, η, σ, ρ andω meson exchanges
can contribute to the effective potentials. The corresponding
subpotentials are expressed as

Wπ = −
g2

f 2
π

[
1
3

(ǫ1 × ǫ†3) · (ǫ2 × ǫ†4)Z(Λ,mπ, r)

+
1
3

S (r̂, ǫ1 × ǫ†3, ǫ2 × ǫ
†
4)T (Λ,mπ, r)

]
, (49)

Wη = −
g2

f 2
π

[
1
3

(ǫ1 × ǫ†3) · (ǫ2 × ǫ†4)Z(Λ,mη, r)

+
1
3

S (r̂, ǫ1 × ǫ†3, ǫ2 × ǫ
†
4)T (Λ,mη, r)

]
, (50)

Wσ = −g2
s(ǫ1 · ǫ

†
3)(ǫ2 · ǫ†4)Y(Λ,mσ, r), (51)

Wρ = −
1
4

{
2β2g2

V (ǫ1 · ǫ†3)(ǫ2 · ǫ†4)Y(Λ,mρ, r)

−8λ2g2
V

[
2
3

(ǫ1 × ǫ†3) · (ǫ2 × ǫ†4)Z(Λ,mρ, r)

−1
3

S (r̂, ǫ1 × ǫ†3, ǫ2 × ǫ
†
4)T (Λ,mρ, r)

]}
, (52)

Wω = −
1
4

{
2β2g2

V (ǫ1 · ǫ†3)(ǫ2 · ǫ†4)Y(Λ,mω, r)

−8λ2g2
V

[
2
3

(ǫ1 × ǫ†3) · (ǫ2 × ǫ†4)Z(Λ,mω, r)

−1
3

S (r̂, ǫ1 × ǫ†3, ǫ2 × ǫ
†
4)T (Λ,mω, r)

]}
. (53)

Here, the definitions ofY(Λ,m, r), Z(Λ,m, r), T (Λ,m, r) and
S (r̂, a, b) are given in Sec. II C 1.

In this work, we consider both S-wave and D-wave interac-
tions between theB∗ and B̄∗ mesons, which are illustrated in
Eq. (24). Thus, the total effective potential of theB∗B̄∗ with
J = 0, 1, 2 is 2×2, 3×3, 4×4 matrices, which can be obtained
by replacing the corresponding terms in the subpotentials,i.e.,

(ǫ1 · ǫ†3)(ǫ2 · ǫ†4) 


1 0

0 1

 , (54)

(ǫ1 × ǫ†3) · (ǫ2 × ǫ†4) 


2 0

0 −1

 , (55)

S (r̂, ǫ1 × ǫ†3, ǫ2 × ǫ
†
4) 


0
√

2
√

2 2

 (56)
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for theB∗B̄∗ states withJ = 0,

(ǫ1 · ǫ†3)(ǫ2 · ǫ†4) 



1 0 0

0 1 0

0 0 1


, (57)

(ǫ1 × ǫ†3) · (ǫ2 × ǫ†4) 



1 0 0

0 1 0

0 0 −1


, (58)

S (r̂, ǫ1 × ǫ†3, ǫ2 × ǫ
†
4) 



0 −
√

2 0

−
√

2 1 0

0 0 1


(59)

for theB∗B̄∗ states withJ = 1, and

(ǫ1 · ǫ†3)(ǫ2 · ǫ†4) 



1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1



, (60)

(ǫ1 × ǫ†3) · (ǫ2 × ǫ†4) 



−1 0 0 0

0 2 0 0

0 0 1 0

0 0 0 −1



, (61)

S (r̂, ǫ1 × ǫ†3, ǫ2 × ǫ
†
4) 



0
√

2
5 0 −

√
14
5√

2
5 0 0 − 2√

7

0 0 −1 0

−
√

14
5 −

2√
7

0 − 3
7



(62)

for theB∗B̄∗ states withJ = 2.
The potentials of theD∗D̄∗ system andB∗B̄∗ system have

the same form. We only need to replace the parameters for
theB∗B̄∗ system with the ones for theD∗D̄∗ system.

III. NUMERICAL RESULTS

With the obtained effective potentials, we can find
the bound state solution by solving the coupled-channel
Schrödinger equation. Corresponding to the systems in Eqs.
(29)-(30), the kinetic terms for theZ(α)

BB̄∗
′

and Z(α)
B∗ B̄∗

[J] (J =
0, 1, 2) systems are

KZ(α)
BB̄∗
′ = diag

 −
△

2m̃1
, − △2

2m̃1

, (63)

KZ(α)
B∗ B̄∗ [0] = diag

 −
△

2m̃2
, − △2

2m̃2

, (64)

KZ(α)
B∗ B̄∗ [1] = diag

 −
△

2m̃2
, − △2

2m̃2
, − △2

2m̃2

, (65)

KZ(α)
B∗ B̄∗ [2] = diag

 −
△

2m̃2
, − △2

2m̃2
, − △2

2m̃2
, − △2

2m̃2

,(66)

respectively. Here,△ = 1
r2

∂
∂r r2 ∂

∂r , △2 = △ − 6
r2 . m̃1 =

mBmB∗/(mB+mB∗) andm̃2 = mB∗/2 are the reduced masses of
theZ(i)

b1 andZ(i)
b2 systems, wheremB andmB∗ denote the masses

of the pseudoscalar and vector bottom mesons [59], respec-
tively. Of course, the kinematic terms for theDD̄∗ andD∗D̄∗

systems are of the same forms as those for theBB̄∗ andB∗B̄∗

systems, where we replace the mass ofD(∗) with that ofB(∗).
In this work, the FESSDE program [56, 57] is adopted

to produce the numerical values for the binding energy and
the relevant root-mean-squarer with the variation of the cut-
off in the region of 0.8 ≤ Λ ≤ 5 GeV. Moreover, we also
use MATSCE [58], a MATLAB package for solving coupled-
channel Schrödinger equation, to perform an independent
cross-check.

Throughout this work, we will first present the numerical
results of the obtained bound state solutions when all typesof
the one-meson-exchange (OME) potentials are included. The
one-pion-exchange force contributes to the long range inter-
action between the heavy meson pair, which is clear and well-
known. In contrast, the scalar and vector meson exchanges
are used to mimic the intermediate and short range interaction
between the heavy mesons, which are not determined very
precisely. In order to find out whether the existence of the
possible bound molecular states is sensitive to the detailsof
the short-range interaction, we will also study the case when
only the one-pion-exchange (OPE) contribution is considered.
In the following illustration, we use OME and OPE to distin-
guish such two cases. If the OPE force alone is strong enough
to form a loosely bound state, such a case is particularly inter-
esting phenomenologically.

A. The BB̄∗ and DD̄∗ systems

In the following, we first present the numerical results for
theZ(T )

BB̄∗
andZ(S )

BB̄∗
states whereZ(T )

BB̄∗
corresponds toZb(10610)

observed by Belle [1]. As shown in Table I, there exist two
systems withc = −1 andC = +1 in the flavor wave functions,
where are marked asZ(T )

BB̄∗
′
andZ(S )

BB̄∗
′
.

1. In Table II, we present the numerical results of the ob-
tained bound state solutions in both OME and OPE
cases. We find the bound state solutions for the two
isoscalarZ(S )

BB̄∗
andZ(S )

BB̄∗
′
with reasonableΛ values (Λ ∼

1 GeV), which indicates the existence of theZ(S )
BB̄∗

and

Z(S )
BB̄∗
′
molecular states.

2. For theZ(T )
BB̄∗

state, we also find the bound state so-
lution with Λ around 2.2 GeV. Our result shows that
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Z(T )
BB̄∗

could be as a molecular state with a very shallow
binding energy. In addition, its binding energy is not
strongly dependent onΛ. Thus, it is quite natural to in-
terpretZb(10610) as aBB̄∗ molecular state with isospin
I = 1.

3. For theZ(T )
BB̄∗
′

system, the bound state solution can be
found in the regionΛ > 4.7 GeV. To some extent, the
value ofΛ for theZ(T )

BB̄∗
′
seems a little large compared to

1 GeV.

4. We also discuss the case when we only consider the
OPE potential. For the{Z(T )

BB̄∗
, Z(T )

BB̄∗
′
, Z(S )

BB̄∗
′} or Z(S )

BB̄∗
, we

need to decrease or increase theΛ value to obtain the
same binding energy as that from OME. The one pion
meson exchange potential indeed plays the crucial role
in the formation of theBB∗ bound states.

TABLE II: The obtained bound state solutions (binding energy E and
root-mean-square radiusrRMS) for theBB̄∗ systems. Here, we discuss
two situations, i.e., including all one meson exchange (OME) contri-
bution and only considering one pion exchange (OPE) potential.

OME OPE

IG(JPC) State Λ E (MeV) rRMS (fm) Λ E (MeV) rRMS (fm)

1+(1+) Z(T )
BB̄∗

2.1 -0.22 3.05 2.2 -8.69 0.62

2.3 -1.64 1.31 2.4 -20.29 0.47

2.5 -4.74 0.84 2.6 -38.54 0.36

1−(1+) Z(T )
BB̄∗
′

4.9 -0.14 3.64 4.5 -17.79 0.56

5.0 -0.41 2.45 4.6 -22.65 0.52

5.1 -0.85 1.80 4.7 -28.29 0.48

0−(1+−) Z(S )
BB̄∗

1.0 -0.28 3.35 1.8 -10.09 0.96

1.05 -1.81 1.71 1.9 -15.11 0.84

1.1 -5.36 1.18 2.0 -21.53 0.76

0+(1++) Z(S )
BB̄∗
′

0.8 -0.95 1.84 1.0 -7.68 0.82

0.9 -6.81 0.91 1.1 -15.30 0.65

1.0 -19.92 0.65 1.2 -26.53 0.53

We extend the formalism in Sec. II to study theDD̄∗ sys-
tems. As shown in Table III, we can exclude the existence of
theZ(T )

DD̄∗
andZ(T )

DD̄∗
′
since we do not find any bound state solu-

tion for theZ(T )
DD̄∗

andZ(T )
DD̄∗
′

states. For the two isoscalarZ(S )
DD̄∗

andZ(S )
DD̄∗
′
, there exist loosely bound states with reasonableΛ

values. If only considering the OPE exchange potential, we
notice: (1) the bound state solution of theZ(T )

DD̄∗
appears when

Λ ∼ 4.6 GeV, which largely deviates from 1 GeV; (2) there
still does not exist any bound state solution forZ(T )

DD̄∗
′
; (3) for

Z(S )
DD̄∗

andZ(S )
DD̄∗
′
, Λ becomes larger in order to find the bound

state solution. The comparison between the OME and OPE
results also reflects the importance of one pion exchange in

theDD̄∗ systems. We need to specify thatZ(S )
DD̄∗
′
with 0+(1++)

directly corresponds to the observedX(3872) [60].
The BaBar Collaboration measured the radiative de-

cay of X(3872) and found a ratio ofB(X(3872) →
ψ(2S )γ)/B(X(3872)→ J/ψγ) = 3.4± 1.4 [61], which contra-
dicts the prediction with a purelyDD̄∗ molecular assignment
to X(3872) [13]. However, very recently Belle reported a new
measurement of the radiative decay ofX(3872), where only
the decay modeX(3872)→ J/ψγ was observed and the upper
limit B(X(3872)→ ψ(2S )γ)/B(X(3872)→ J/ψγ) < 2.1 was
given [62]. The inconsistence between the Belle and BaBar
results indicate that the study ofX(3872) is still an important
research topic. Our numerical results suggest that the mass
of the loosely bound molecular stateZ(S )

DD̄∗
′

is consistent with
that of X(3872). The assignment ofX(3872) as a molecular
candidate is still very attractive.

TABLE III: The obtained bound state solutions (binding energy E
and root-mean-square radiusrRMS) for DD̄∗ systems. Here, we dis-
cuss two situations, i.e., including all one meson exchange(OME)
contribution and only considering one pion exchange (OPE) poten-
tial to BB̄∗ systems.

OME OPE

IG(JPC) State Λ E (MeV) rRMS (fm) Λ E (MeV) rRMS (fm)

1+(1+−) Z(T )
DD̄∗

- - -

4.6 -0.85 1.46

4.7 -3.42 1.17

4.8 -7.18 0.93

4.9 -12.40 0.75

1−(1++) Z(T )
DD̄∗

′
- - - - - -

0−(1+−) Z(S )
DD̄∗

1.3 - - 3.4 -0.11 1.74

1.4 -1.56 1.61 3.5 -2.03 1.50

1.5 -12.95 0.98 3.6 -4.79 1.26

1.6 -35.73 0.69 3.7 -9.62 1.06

0+(1++) Z(S )
DD̄∗

′

1.1 -0.61 1.7 -3.01 1.37

1.2 -4.42 1.38 1.8 -7.41 1.06

1.3 -11.78 1.05 1.9 -14.15 0.84

1.4 -21.88 0.86 2 -23.82 0.68

B. The B∗B̄∗ and D∗D̄∗ systems

The numerical results of theB∗B̄∗ systems are presented in
Table IV, which include the obtained binding energy and the
corresponding root-mean-square radius. We find the bound
state solution for all theB∗B̄∗ states with reasonableΛ values:

1. A loosely bound state exists forZ(T )
B∗B̄∗[1] corresponding

to the observedZb(10650) withΛ slightly above 2 GeV.
Only considering the OPE potential, the obtained bind-
ing energy becomes deeper with the sameΛ value.
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2. In addition, theB∗B̄∗ can form loosely bound molecu-
lar statesZ(S )

B∗ B̄∗[0], Z(T )
B∗ B̄∗[0], Z(S )

B∗ B̄∗[1] andZ(S )
B∗ B̄∗[2] with

very reasonableΛ values. Comparing the results be-
tween OME and OPE cases, one notices again that the
one pion exchange indeed is very important to form the
B∗B̄∗ bound state.

3. For theZ(T )
B∗B̄∗[2] state, the existence of the loosely bound

state requires the value ofΛ around 4.4 GeV.

TABLE IV: The obtained bound state solutions (binding energy E
and root-mean-square radiusrRMS) for B∗B̄∗ systems. Here, we dis-
cuss two situations, i.e., including all one meson exchange(OME)
contribution and only considering one pion exchange (OPE) poten-
tial to BB̄∗systems.

OME OPE

IG(JPC) State Λ E (MeV) rRMS (fm) Λ E (MeV) rRMS (fm)

1+(0+) Z(T )
B∗B∗ [0]

1.2 - - 1 - -

1.4 -1.44 1.24 1.2 -0.32 1.53

1.6 -6.16 0.77 1.4 -5.69 0.78

1.8 -15.15 0.54 1.6 -18.82 0.50

0−(0+−) Z(S )
B∗B∗ [0]

0.9 - - 1 - -

1 -0.81 2.11 1.2 -0.52 2.76

1.1 -9.98 1.02 1.4 -5.74 1.12

1.2 -35.16 0.70 1.6 -20.92 0.77

1+(1+) Z(T )
B∗B∗ [1]

2.2 -0.81 1.38 2 -2.17 1.15

2.4 -3.31 0.95 2.2 -8.01 0.68

2.6 -7.80 0.68 2.4 -19.00 0.48

2.8 -14.94 0.52 2.6 -36.36 0.38

0−(1+−) Z(S )
B∗B∗ [1]

1. -0.01 2.07 1.4 -0.51 1.90

1.1 -5.50 1.17 1.6 3.65 -1.32

1.2 -21.76 -0.75 1.8 -10.26 0.96

1.3 -53.68 0.55 2.0 -21.81 0.75

1+(2+) Z(T )
B∗B∗ [2]

4.4 -0.44 1.59 3.6 -2.82 1.12

4.6 -1.59 1.28 3.8 -6.21 0.85

4.8 -3.42 1.01 4.0 -11.41 0.68

5. -6.16 0.81 4.2 -18.77 0.57

0−(2+−) Z(S )
B∗B∗ [2]

0.8 -2.33 1.32 0.8 -1.81 1.48

0.9 -10.45 0.84 0.9 -5.64 1.01

1.0 -27.14 0.63 1.0 -12.28 0.76

In the following, we also present the numerical results for
theD∗D̄∗ systems in Table V. Our calculation indicates:

1. We find the bound state solutions for the three isoscalar
statesZ(S )

D∗ D̄∗
[0], Z(S )

D∗D̄∗
[1] and Z(S )

D∗ D̄∗
[2], where the cor-

respondingΛ is around 1 GeV. If only considering the
OPE contribution for theZ(S )

D∗D̄∗
[0], Z(S )

D∗D̄∗
[1] states, we

need to largely increaseΛ value in order to obtain a
loosely bound state. Here, eitherZ(S )

D∗D̄∗
[0] or Z(S )

D∗D̄∗
[2]

could correspond to the observedY(3930) by Belle [63]
and BaBar [64], which is consistent with the conclusion
in Ref. [35].

2. There does not exist the bound stateZ(T )
D∗D̄∗

[2]. The value
of Λ is about 3.6 GeV in order to form a bound state
Z(T )

D∗ D̄∗
[0]. In the range 0.8 < Λ < 5 GeV, we cannot

find the bound state solution forZ(T )
D∗D̄∗

[1] in the OME

case. Thus, we exclude the existence of theZ(T )
D∗D̄∗

[1]
molecular state.

TABLE V: The obtained bound state solutions (binding energyE and
root-mean-square radiusrRMS) for D∗D̄∗ systems. Here, we discuss
two situations, i.e., including all one meson exchange (OME) con-
tribution and only considering one pion exchange (OPE) potential to
D∗D̄∗ systems.

OME OPE

IG(JPC) State Λ E (MeV) rRMS (fm) Λ E (MeV) rRMS (fm)

1+(0+) Z(T )
D∗D∗ [0]

3.6 -0.94 1.74 2.8 -2.03 1.47

3.8 -6.16 1.00 2.9 -6.10 1.00

4 -16.44 0.66 3 -12.51 0.74

4.2 -33.23 0.49 3.1 -21.56 0.59

0−(0+−) Z(S )
D∗D∗ [0]

1.4 -1.72 1.62 3 -5.70 1.24

1.5 -17.98 0.88 3.1 -12.15 0.96

1.6 -54.60 0.47 3.2 -21.83 0.78

1+(1+) Z(T )
D∗D∗ [1] - - -

4.7 -6.96 0.94

4.8 -12.29 0.73

4.9 -19.36 0.60

5 -28.31 0.51

0−(1+−) Z(S )
D∗D∗ [1]

1.3 - 3.6 -9.91 1.01

1.4 -3.44 1.44 3.7 -15.25 0.87

1.5 -16.57 0.90 3.8 -22.07 0.76

1.6 -41.25 0.66 3.9 -30.53 0.68

1+(2+) Z(T )
D∗D∗ [2] - - - - -

0−(2+−) Z(S )
D∗D∗ [2]

1.1 -0.61 1.72 1.6 -3.89 1.28

1.2 -7.50 1.19 1.7 -9.64 0.98

1.3 -19.22 0.89 1.8 -18.38 0.77

1.4 -35.93 0.73 1.9 -30.71 0.64
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IV. SUMMARY

Stimulated by the newly observed bottomonium-like states
Zb(10610) andZb(10650), we have carried out a systemati-
cal study of theBB̄∗ and B∗B̄∗ system using the one boson
exchange model in our work. We have considered both the S-
wave and D-wave interaction between theB(∗) andB̄∗ mesons,
which results in the mixing of theS -wave andD-wave contri-
bution as discussed in Sec. II. Our numerical results indicate
that theZb(10610) andZb(10650) signals can be interpreted
as theBB̄∗ andB∗B̄∗ molecular states withIG(JP) = 1+(1+)
respectively.

As a byproduct, we also predict the existences of six other
BB̄∗ and B∗B̄∗ bound states (see Table VI) within the same
framework. We want to stress that the long-range interac-
tion between the heavy meson pair arises from the one-pion-
exchange force, which is clearly known. This OPE force alone
is strong enough to form the above loosely bound molec-
ular states, which makes the present results quite model-
independent and robust.

The observation of theseZb(10610) andZb(10650) states
shows that the hidden-bottom decay are very important de-
cay channels, which is characteristic and helpful to the search
of the molecular bottomonium. After taking into account of
the phase space [59, 65–67] and the conservation of quan-
tum number, theZ(S )

BB̄∗
, Z(S )

BB̄∗
′
, Z(T )

B∗ B̄∗
[0], Z(S )

B∗ B̄∗
[0], Z(S )

B∗ B̄∗
[1] and

Z(S )
B∗ B̄∗

[2] molecular states can decay into

{
Υ(1S )η,Υ(2S )η, hb(1P)η, ηb(1S )ω

}
,

{
Υ(1S )ω, χb0(1P)η, χb1(1P)η, χb2(1P)η

}
,

{
χb1(1P)π, χb1(2P)π,Υ(1S )ρ, ηb(1S )π

}
,

{
Υ(1S )ω, χb1(1P)η, ηb(1S )η

}
,

{
χb0(1P)ω,Υ(1S )η,Υ(2S )η, ηb(1S )ω, hb(1P)η

}
,

{
Υ(1S )ω, χb1(1P)η, χb2(1P)η, ηb(1S )η

}
,

respectively. The above modes can be used in the future
experimental search of the partner states ofZb(10610) and
Zb(10650).

We also extend our formalism to study the molecular char-
monia. The observed possible molecular charmonia are listed
in Table VI. The possible hidden-charm decay channels of the
molecular statesZ(S )

DD̄∗
, Z(S )

D∗D̄∗
[0], Z(S )

D∗D̄∗
[1] andZ(S )

D∗D̄∗
[2] are

{
ηc(1S )ω, J/ψ(1S )η

}
,

{
J/ψω, ηc(1S )η

}
,

{
ηc(1S )ω, J/ψ(1S )η

}
,

{
J/ψ(1S )ω, ηc(1S )η

}
,

respectively. Due to the limit of phase space, the hidden-
charm decays for the other oneZ(S )

DD̄∗
′

molecular state are
J/ψ(1S ) or ηc(1S ) plus multi-pions.

Acknowledgment

This project is supported by the National Natural Sci-
ence Foundation of China (Grants No. 11075004, No.
11021092, No. 11035006, No. 11047606, No. 10805048),
and the Ministry of Science and Technology of China (No.
2009CB825200), and the Ministry of Education of China
(FANEDD under Grants No. 200924, DPFIHE under Grants
No. 20090211120029, NCET under Grants No. NCET-10-
0442, the Fundamental Research Funds for the Central Uni-
versities under Grants No. lzujbky-2010-69).

[1] I. Adachi et al. [Belle Collaboration], arXiv:1105.4583 [hep-
ex].

[2] W. Chen and S. L. Zhu, Phys. Rev. D83, 034010 (2011)
[arXiv:1010.3397 [hep-ph]].

[3] Y. R. Liu, X. Liu, W. Z. Deng and S. L. Zhu, Eur. Phys. J. C56,
63 (2008) [arXiv:0801.3540 [hep-ph]].

[4] X. Liu, Z. G. Luo, Y. R. Liu and S. L. Zhu, Eur. Phys. J. C61,
411 (2009) [arXiv:0808.0073 [hep-ph]].

[5] M. B. Voloshin and L. B. Okun, JETP Lett.23, 333 (1976)
[Pisma Zh. Eksp. Teor. Fiz.23, 369 (1976)].

[6] A. De Rujula, H. Georgi and S. L. Glashow, Phys. Rev. Lett.
38, 317 (1977).

[7] N. A. Tornqvist, Nuovo Cim. A 107, 2471 (1994)
[arXiv:hep-ph/9310225].

[8] N. A. Tornqvist, Z. Phys. C 61, 525 (1994)
[arXiv:hep-ph/9310247].

[9] F. E. Close and P. R. Page, Phys. Lett. B578, 119 (2004)
[arXiv:hep-ph/0309253].

[10] M. B. Voloshin, arXiv:hep-ph/0602233.
[11] C. Y. Wong, Phys. Rev. C 69, 055202 (2004)

[arXiv:hep-ph/0311088].
[12] E. S. Swanson, Phys. Lett. B588, 189 (2004)

[arXiv:hep-ph/0311229].
[13] E. S. Swanson, Phys. Lett. B598, 197 (2004)

[arXiv:hep-ph/0406080].
[14] N. A. Tornqvist, Phys. Lett. B 590, 209 (2004)

[arXiv:hep-ph/0402237].
[15] M. Suzuki, Phys. Rev. D 72, 114013 (2005)

[arXiv:hep-ph/0508258].
[16] X. Liu, Y. R. Liu and W. Z. Deng, arXiv:0802.3157 [hep-ph].
[17] Y. R. Liu and Z. Y. Zhang, arXiv:0805.1616 [hep-ph].
[18] Y. R. Liu and Z. Y. Zhang, Phys. Rev. C80, 015208 (2009)

[arXiv:0810.1598 [hep-ph]].
[19] Y. R. Liu and Z. Y. Zhang, Phys. Rev. C79, 035206 (2009).
[20] Y. R. Liu, M. Oka, M. Takizawa, X. Liu, W. Z. Deng and

S. L. Zhu, Phys. Rev. D82, 014011 (2010) [arXiv:1005.2262
[hep-ph]].

[21] C. E. Thomas and F. E. Close, Phys. Rev. D78, 034007 (2008)
[arXiv:0805.3653 [hep-ph]].

[22] I. W. Lee, A. Faessler, T. Gutsche and V. E. Lyubovitskij, Phys.
Rev. D80, 094005 (2009) [arXiv:0910.1009 [hep-ph]].

[23] C. Meng and K. T. Chao, arXiv:0708.4222 [hep-ph].
[24] X. Liu, Y. R. Liu, W. Z. Deng and S. L. Zhu, Phys. Rev. D77,

034003 (2008) [arXiv:0711.0494 [hep-ph]].

http://arxiv.org/abs/1105.4583
http://arxiv.org/abs/1010.3397
http://arxiv.org/abs/0801.3540
http://arxiv.org/abs/0808.0073
http://arxiv.org/abs/hep-ph/9310225
http://arxiv.org/abs/hep-ph/9310247
http://arxiv.org/abs/hep-ph/0309253
http://arxiv.org/abs/hep-ph/0602233
http://arxiv.org/abs/hep-ph/0311088
http://arxiv.org/abs/hep-ph/0311229
http://arxiv.org/abs/hep-ph/0406080
http://arxiv.org/abs/hep-ph/0402237
http://arxiv.org/abs/hep-ph/0508258
http://arxiv.org/abs/0802.3157
http://arxiv.org/abs/0805.1616
http://arxiv.org/abs/0810.1598
http://arxiv.org/abs/1005.2262
http://arxiv.org/abs/0805.3653
http://arxiv.org/abs/0910.1009
http://arxiv.org/abs/0708.4222
http://arxiv.org/abs/0711.0494


10

TABLE VI: A summary of theBB̄∗, B∗B̄∗, DD̄∗, D∗D̄∗ systems. Here, we useX and× to mark the corresponding systems with and without the
bound states solution when taking a reasonableΛ value, respectively. The criteria of the choice of the reasonableΛmay be strongly biased.

IG(JP) System Remark Experiment [1]System Remark Experiment

1+(1+) Z(T )
BB̄∗

X Zb(10610) Z(T )
DD̄∗

×

0−(1+−) Z(S )
BB̄∗

X Z(S )
DD̄∗

X

1−(1+) Z(T )
BB̄∗
′ × Z(T )

DD̄∗
′ ×

0+(1++) Z(S )
BB̄∗
′

X Z(S )
DD̄∗

′
X X(3872) [60]

1−(0+) Z(T )
B∗ B̄∗

[0] X Z(T )
D∗D̄∗

[0] ×

0+(0++) Z(S )
B∗ B̄∗

[0] X Z(S )
D∗D̄∗

[0] X Y(3930) [65–67]

1+(1+) Z(T )
B∗ B̄∗

[1] X Zb(10650) Z(T )
D∗D̄∗

[1] ×

0−(1+−) Z(S )
B∗ B̄∗

[1] X Z(S )
D∗D̄∗

[1] X

1−(2+) Z(T )
B∗ B̄∗

[2] × Z(T )
D∗D̄∗

[2] ×

0+(2++) Z(S )
B∗ B̄∗

[2] X Z(S )
D∗D̄∗

[2] X Y(3940) [65–67]

[25] X. Liu, Y. R. Liu, W. Z. Deng and S. L. Zhu, Phys. Rev. D77,
094015 (2008) [arXiv:0803.1295 [hep-ph]].

[26] G. J. Ding, arXiv:0711.1485 [hep-ph].
[27] G. J. Ding, W. Huang, J. F. Liu and M. L. Yan, Phys. Rev. D79,

034026 (2009) [arXiv:0805.3822 [hep-ph]].
[28] G. J. Ding, Phys. Rev. D79, 014001 (2009) [arXiv:0809.4818

[hep-ph]].
[29] G. J. Ding, J. F. Liu and M. L. Yan, Phys. Rev. D79, 054005

(2009) [arXiv:0901.0426 [hep-ph]].
[30] G. J. Ding, Eur. Phys. J. C64, 297 (2009) [arXiv:0904.1782

[hep-ph]].
[31] G. J. Ding, Phys. Rev. D80, 034005 (2009) [arXiv:0905.1188

[hep-ph]].
[32] X. Liu, Eur. Phys. J. C54, 471 (2008) [arXiv:0708.4167 [hep-

ph]].
[33] L. L. Shen, X. L. Chen, Z. G. Luo, P. Z. Huang, S. L. Zhu,

P. F. Yu and X. Liu, Eur. Phys. J. C70, 183 (2010)
[arXiv:1005.0994 [hep-ph]].

[34] B. Hu, X. L. Chen, Z. G. Luo, P. Z. Huang, S. L. Zhu, P. F. Yu
and X. Liu, Chin. Phys. C35, 113 (2011) [arXiv:1004.4032
[hep-ph]].

[35] X. Liu and S. L. Zhu, Phys. Rev. D80, 017502 (2009)
[arXiv:0903.2529 [hep-ph]].

[36] X. Liu, Z. G. Luo and S. L. Zhu, Phys. Lett. B699, 341 (2011)
[arXiv:1011.1045 [hep-ph]].

[37] Z. C. Yang, J. He, X. Liu and S. L. Zhu, arXiv:1105.2901 [hep-
ph].

[38] A. E. Bondar, A. Garmash, A. I. Milstein, R. Mizuk and
M. B. Voloshin, arXiv:1105.4473 [hep-ph].

[39] D. Y. Chen, X. Liu and S. L. Zhu, arXiv:1105.5193 [hep-ph].
[40] K. F. Chenet al. [Belle Collaboration], Phys. Rev. Lett.100,

112001 (2008) [arXiv:0710.2577 [hep-ex]].
[41] J. R. Zhang, M. Zhong and M. Q. Huang, arXiv:1105.5472

[hep-ph].
[42] Y. Yang, J. Ping, C. Deng and H. S. Zong, arXiv:1105.5935

[hep-ph].
[43] D. V. Bugg, arXiv:1105.5492 [hep-ph].
[44] J. Nieves and M. P. Valderrama, arXiv:1106.0600 [hep-ph].
[45] I. V. Danilkin, V. D. Orlovsky and Yu. A. Simonov,

arXiv:1106.1552 [hep-ph].
[46] T. Guo, L. Cao, M. Z. Zhou and H. Chen, arXiv:1106.2284

[hep-ph].
[47] Y. Cui, X. L. Chen, W. Z. Deng and S. L. Zhu, High Energy

Phys. Nucl. Phys.31, 7 (2007) [arXiv:hep-ph/0607226].
[48] H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin,

T. M. Yan and H. L. Yu, Phys. Rev. D47, 1030 (1993)
[arXiv:hep-ph/9209262].

[49] T. M. Yan, H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin and
H. L. Yu, Phys. Rev. D46, 1148 (1992) [Erratum-ibid. D55,
5851 (1997)].

[50] M. B. Wise, Phys. Rev. D45, 2188 (1992).
[51] G. Burdman and J. F. Donoghue, Phys. Lett. B280, 287 (1992).
[52] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto,

F. Feruglio and G. Nardulli, Phys. Rept.281, 145 (1997)
[arXiv:hep-ph/9605342].

[53] A. F. Falk and M. E. Luke, Phys. Lett. B292, 119 (1992)
[arXiv:hep-ph/9206241].

[54] B. Grinstein, E. E. Jenkins, A. V. Manohar, M. J. Sav-
age and M. B. Wise, Nucl. Phys. B380, 369 (1992)
[arXiv:hep-ph/9204207].

[55] C. Isola, M. Ladisa, G. Nardulli and P. Santorelli, Phys. Rev. D
68, 114001 (2003) [arXiv:hep-ph/0307367].

[56] A. G. Abrashkevich, D. G. Abrashkevich, M. S. Kaschiev,I. V.
Puzynin, Comput. Phys. Commun.85, 65 (1995).

[57] A. G. Abrashkevich, D. G. Abrashkevich, M. S. Kaschiev,I. V.
Puzynin, Comput. Phys. Commun.115, 90 (1998).

[58] V. Ledoux, M. van Daele and G. Vanden Berghe, Comput. Phys.
Commun.176, 191 (1998)

[59] K. Nakamuraet al. [Particle Data Group], J. Phys. G37, 075021
(2010).

[60] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett.91,
262001 (2003) [arXiv:hep-ex/0309032].

[61] B. Aubertet al. [BABAR Collaboration], Phys. Rev. Lett.102,
132001 (2009) [arXiv:0809.0042 [hep-ex]].

[62] V. Bhardwaj, K. Trabelsi, J. B. Singh, S. K. Choi and S. L.O. al
[Belle Collaboration and Belle Collaboration and Belle Collab-
oration an], arXiv:1105.0177 [hep-ex].

[63] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett.94, 182002
(2005) [arXiv:hep-ex/0408126].

[64] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.101,
082001 (2008) [arXiv:0711.2047 [hep-ex]].

[65] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett.

http://arxiv.org/abs/0803.1295
http://arxiv.org/abs/0711.1485
http://arxiv.org/abs/0805.3822
http://arxiv.org/abs/0809.4818
http://arxiv.org/abs/0901.0426
http://arxiv.org/abs/0904.1782
http://arxiv.org/abs/0905.1188
http://arxiv.org/abs/0708.4167
http://arxiv.org/abs/1005.0994
http://arxiv.org/abs/1004.4032
http://arxiv.org/abs/0903.2529
http://arxiv.org/abs/1011.1045
http://arxiv.org/abs/1105.2901
http://arxiv.org/abs/1105.4473
http://arxiv.org/abs/1105.5193
http://arxiv.org/abs/0710.2577
http://arxiv.org/abs/1105.5472
http://arxiv.org/abs/1105.5935
http://arxiv.org/abs/1105.5492
http://arxiv.org/abs/1106.0600
http://arxiv.org/abs/1106.1552
http://arxiv.org/abs/1106.2284
http://arxiv.org/abs/hep-ph/0607226
http://arxiv.org/abs/hep-ph/9209262
http://arxiv.org/abs/hep-ph/9605342
http://arxiv.org/abs/hep-ph/9206241
http://arxiv.org/abs/hep-ph/9204207
http://arxiv.org/abs/hep-ph/0307367
http://arxiv.org/abs/hep-ex/0309032
http://arxiv.org/abs/0809.0042
http://arxiv.org/abs/1105.0177
http://arxiv.org/abs/hep-ex/0408126
http://arxiv.org/abs/0711.2047


11

101, 071801 (2008) [Erratum-ibid.102, 029901 (2009)]
[arXiv:0807.1086 [hep-ex]].

[66] B. Aubertet al. [BABAR Collaboration], Phys. Rev. Lett.103,
161801 (2009) [arXiv:0903.1124 [hep-ex]].

[67] I. Adachi et al. [Belle Collaboration], arXiv:1103.3419 [hep-
ex].

http://arxiv.org/abs/0807.1086
http://arxiv.org/abs/0903.1124
http://arxiv.org/abs/1103.3419

