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Abstract: The initial single pion emission (ISPE) mechanism is applied to the processes Υ(5S)→πB (∗) B̄(∗) , whose
details have been recently reported at ICHEP2012, and we obtain reasonable agreement with Bell’s measurements;
that is, we succeed in reproducing the enhancement structures of Zb (10610) and Zb (10650). Inspired by this success,
we also predict the corresponding enhancement structures in open charm one-pion decays of higher charmonia near
the thresholds of D∗ D̄ and D∗ D̄∗ .
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Introduction

Two charged bottomonium-like structures, Zb (10610)
and Zb (10650), were reported by the Belle Collaboration in the hidden-bottom decays of Υ(5S) [1]. As indicated by the analysis of the corresponding π± Υ(nS)
(n=1,2,3) and π± hb (mP ) (m=1,2) invariant mass spectra, Zb (10610) and Zb (10650) are two narrow structures
with masses and widths MZb (10610) =(10607.2±2.0) MeV,
ΓZb (10610) = (18.4 ± 2.4) MeV, MZb (10650) = (10652.2 ±
1.5) MeV, and ΓZb (10650) =(11.5±2.2) MeV, respectively
[1]. In addition, the spin-parity quantum numbers are
J P = 1+ for both Zb (10610) and Zb (10650) due to the
analysis of charged pion angular distributions [2].
Observation of these two structures has inspired the
interest of many theorists. Various theoretical explanations were proposed after the Belle’s observation. In the
following paper, we will briefly review the research status
on Zb (10610) and Zb (10650).
Considering that Zb (10610) and Zb (10650) are
charged and close to BB̄∗ and B∗ B̄∗ thresholds, respectively, many theoretical efforts have been made to answer

the question of whether these newly observed structures
are real exotic states or not. Before the discovery of
Zb (10610) and Zb (10650), the authors in Refs. [3, 4] predicted the existence of loosely bound S-wave BB̄∗ molecular states. The heavy quark spin structure that was developed by Bondar et al. [5], the chiral constituent quark
model approach in Ref. [6], the effective Lagrangian approach via the one-boson exchange in Ref. [7], and the
study of the line shape in the vicinity of B(∗) B̄(∗) thresholds, as well as two-body decay rates using effective field
theory in Ref. [8], have all shown that Zb (10610) and
Zb (10650) can be the BB̄∗ and B∗ B̄∗ molecular states,
respectively. The authors in Ref. [6] further showed that
their quantum numbers are I(J P ) = 1(1+ ). The QCD
sum rule (QSR) analysis that was developed by Zhang
et al. [9] suggested that Zb (10610) could be a BB̄∗ molecular state. Using the Bethe-Salpeter equation, the problem of whether Zb (10610) is a BB̄∗ molecular state was
studied in Ref. [10], which claimed that BB̄∗ molecular state with isospin I = 1 cannot be formed when the
contribution of the σ exchange is small [10].
Apart from these studies on mass spectrum, there are
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also some theoretical papers that have been dedicated
to the production and decay behavior of Zb (10610) and
Zb (10650). Under the frameworks of BB̄∗ and B∗ B̄∗
molecular states, the radiative decay of Υ(5S) into
molecular bottomonium was calculated [11], and the processes of Zb (10610) and Zb (10650) decaying into bottomonium and pion were also recently investigated [12].
In Ref. [13], the properties of Zb (10610) and Zb (10650)
were studied, assuming that they are BB̄∗ and B∗ B̄∗
molecular states. Dong et al. [14] performed the calculation of molecular hadrons, Zb (10610) and Zb (10650),
decaying into Υ(nS) and π+ by the effective Lagrangian
approach.
A tetraquark explanation for Zb (10610) and
Zb (10650) has also been proposed. In Ref. [15], the
masses of tetraquark states bub̄d̄ and bdb̄ū with J P =1+
were obtained by the chromomagnetic interaction Hamiltonian, and they are compatible with the corresponding
masses of Zb (10610) and Zb (10650). Using the QSR approach, the authors in Ref. [16] calculated the mass of
the tetraquark states with the configuration [bd][b̄ū] and
found that Zb (10610) and Zb (10650) can be described by
tetraquark. Ali et al. also gave a tetraquark interpretation for Zb (10610) and Zb (10650) and studied the decay
of a tetraquark state Yb (10890) into Zb (10610)±π∓ or
Zb (10650)± π∓ , and the decays of Zb (10610)/Zb(10650)
into π± Υ(nS) and π± hb (mP ) [17].
Besides proposing exotic states to understand these
structures, theorists have also tried to explain why
Zb (10610) and Zb (10650) were observed in the hiddenbottom decays of Υ(5S). Bugg suggested that the two
observed structures of Zb (10610) and Zb (10650) are due
to cusp effects [18]. The authors in Ref. [19] indicated
that newly observed Zb (10610) and Zb (10650) play an
important role in describing Belle’s previous observa+ −
tion of the anomalous
√ Υ(2S)π π production near the
peak of Υ(5S) at s = 10.87 GeV [20], where the resulting distributions, dΓ (Υ(5S)→Υ(2S)π+π− )/dmπ+ π−
and dΓ (Υ(5S)→Υ(2S)π+ π− )/dcosθ, agree with Belle’s
measurements after inclusion of these Zb states [19].
Later, the initial single pion emission (ISPE) mechanism was proposed in the Υ(5S) hidden-bottom dipion decays, where the line shapes of dΓ (Υ(5S) →
Υ(nS)π+ π− ))/dmΥ(nS)π+ (n = 1,2,3) and dΓ (Υ(5S) →
hb (mP )π+ π− ))/dmhb (mP )π+ (m = 1,2) are given [21].
The sharp structures obtained around 10610 MeV and
10650 MeV in the theoretical line shapes of these distributions could naturally correspond to the Zb (10610) and
Zb (10650) structures that were newly observed by Belle
[21].
Although there have been many theoretical efforts
to clarify Zb (10610) and Zb (10650), further study of
these two Zb states is still an interesting research topic.
For instance, it is crucial to distinguish between different explanations for Zb (10610) and Zb (10650). Very re-

cently, the Belle Collaboration has reported new results
on Zb (10610) and Zb (10650) at the ICHEP2012 conference, and have found that these Zb structures also
exist in the BB̄∗ and B∗ B̄∗ invariant mass spectra of
Υ(5S) → πBB̄∗ , πB∗ B̄∗ decays [22]. This new experimental phenomenon of Zb (10610) and Zb (10650) can
provide an important platform to test the explanations
for Zb (10610) and Zb (10650) that have been proposed so
far. This process also motivates us to apply the ISPE
mechanism.
In this work, we will explain why two charged structures Zb (10610) and Zb (10650) can appear in the BB̄∗
and B∗ B̄∗ invariant mass spectra of the Υ(5S) → πBB̄∗,
πB∗ B̄∗ decays. We find that the ISPE mechanism proposed in Ref. [21] can be well applied to the Υ(5S) →
πBB̄∗ , πB∗ B̄∗ processes, which can further test this
mechanism. Other than explaining the Belle’s new observation, we will extend our study of the open-charm
decays of higher charmonia with the emission of a single pion because of the similarity between bottomonium
and charmonium [23]. As a result of our study, we
will give the corresponding prediction of two charged
charmonium-like structures close to the D∗ D̄ and D∗ D̄∗
thresholds, which can be found in the invariant mass
spectra mD∗ D̄ and mD∗ D̄∗ of the open-charm decays of
higher charmonia with the emission of a single pion.
This work is organized as follows. After a brief explanation, we introduce the ISPE mechanism and its application to Υ(5S) → πBB̄∗ . The next section will examine πB∗ B̄∗ decays. In addition, the relevant numerical results will be presented. In Section 3, we extend
the ISPE mechanism to study the open-charm decays of
higher charmonia with the emission of a single pion and
give the corresponding predictions. This paper ends with
summary in Section 4.

2

The ISPE mechanism
Υ(5S)→πB(∗) B̄(∗) decays

and

the

The ISPE mechanism was first proposed to study
the Υ(5S) → Υ(nS)π+ π− (n = 1,2,3) and Υ(5S) →
hb (mP )π+ π− (m=1,2) decays [21]. It also explains why
two Zb structures can be observed in these processes.
Via the ISPE mechanism, the hidden-bottom dipion decays of Υ(5S) can occur through two steps. First, Υ(5S)
decays into the B(∗) B̄(∗) plus one pion, where the emitted pion has continuous energy distribution. Secondly,
the B(∗) and B̄(∗) mesons with low momentum can easily
interact with each other to convert into the final state
Υ(nS)π or hb (mP )π via the B(∗) meson exchange [21].
In this paper, we would like to apply the ISPE mechanism to the open-bottom decays of Υ(5S) with the emission of a single pion. In Figs. 1 and 2, we present the
typical diagrams describing Υ(5S)→πB(∗)B̄(∗) via the
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Fig. 1. (color online.) The typical diagrams for the Υ(5S) → B∗0 B− π+ decays via the ISPE mechanism. One can
obtain the other diagrams by replacing π0 and ρ0 with η and ω, respectively.

Fig. 2. (color online.) The schematic diagrams for
the Υ(5S)→B∗0 B∗− π+ decays by the ISPE mechanism. Replacing the exchanged π0 by η and ρ0
by ω, one can generate the other diagrams.

ISPE mechanism, where the intermediate B(∗) and B̄(∗)
meson can be converted into BB̄∗ or B∗ B̄∗ final state by
exchanging light mesons, such as π, η, ρ and ω.
In the following paper, we will write out the decay amplitudes corresponding to the diagrams listed in
Figs. 1 and 2. The effective Lagrangians that are relevant
to our study are given by
LΥ(5S)B(∗) B(∗) π = −igΥ0 BBπ εµναβ Υµ ∂ν B∂α π∂β B̄
+gΥB∗Bπ Υµ (BπB̄µ∗ +Bµ∗ πB̄)
−igΥB∗B∗ π εµναβ Υµ Bν∗ ∂α πB̄β∗
−ihΥB∗B∗ π εµναβ ∂µ Υν Bα∗ πB̄β∗ ,

(1)

↔

LB(∗) B(∗) V = −igBBV B̄ ∂ µ B(V µ )−2fBB∗V µναβ
↔α

↔α

×(∂ V ν )(B̄ ∂ B ∗β −B̄ ∗β ∂ B)
µ

↔

+igB∗B∗ V B̄ ∗ν ∂ µ Bν∗ (V µ )

LB∗ B(∗) P

+4ifB∗ B∗ V B̄ ∗µ (∂µ Vν −∂ν Vµ )B ∗ν , (2)
= −igB∗BV (B̄i ∂µ Pij Bj∗µ −B̄i∗µ ∂µ Pij Bj )
↔α
1
ν
+ gB∗ B∗ P µναβ B̄i∗µ ∂ Pij ∂ Bj∗β , (3)
2

where V and P are 3×3 matrices corresponding to the
pseudoscalar and vector octets, which satisfy
 0

ρ
ω
√ +√
ρ+
K ∗+
 2

2


0


ω
ρ
V =
ρ−
− √ + √ K ∗0  ,


2
2
∗−
∗0
K
K̄
φ
 0

π
√ +αη+βη 0
π+
K+
 2



0
 , (4)
π
P =
−
0
0


√
π
−
+αη+βη
K


2
−
0
0
K
K̄
γη+δη
the parameters α, β, γ and δ can be related to the mixing
angle θ by
√
√
sinθ+ 2cosθ
cosθ− 2sinθ
√
√
, β=
,
α=
6
6
√
√
−2cosθ− 2sinθ
−2sinθ+ 2cosθ
√
√
γ=
, δ=
.
(5)
6
6
In the present work we adopt θ=−19.1◦ [24, 25], which is
determined from J/ψ decay. These effective Lagrangians
are constructed by considering heavy quark limit and chiral symmetry. The coupling constants in the above La√
grangians can be defined as gB∗ B∗ π =√gB∗ Bπ / mB mB∗ =
2g/fπ and gBBω√= gB∗ B∗ ω = βgV / 2, fB∗ B∗ ρ /mB∗ =
fBB∗ ρ = λmρ /( 2fπ ), where gV = mρ /fπ , β = 0.9,
λ=0.56 GeV−1 and fπ =132 MeV.
Using the above Lagrangians, we obtain the decay
amplitudes for Υ(5S) → B∗0 B− π+ , corresponding to the
five diagrams shown in Fig. 1 as
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d4 q
−g µρ +pµ1 pρ1 /m2B∗
1
1
µ
ν ν
∗
∗
∗
[g

][−ig
(iq
)][−ig
(−iq
)
]
F 2 (q 2 ,m2π ),
∗
ΥB Bπ Υ
B Bπ
ρ
B Bπ
B
(2π)4
p21 −m2B∗
p22 −m2B q 2 −m2B

d4 q
[gΥB∗ Bπ µΥ ][−igBBρ (−ip1ρ +ip4ρ )][igB∗ B∗ ρ (ip5β −ip2β )νB∗ gαν +4ifB∗ B∗ ρ (−iqα gνβ
(2π)4
1
−g µα +pµ2 pα2 /m2B∗ −g ρβ +q ρ q β /m2ρ 2 2 2
+iqβ gνα )νB∗ ] 2
F (q ,mρ ),
2
p1 −mB
p22 −m2B∗
q 2 −m2ρ
Z 4
d q
3
Mc = (i)
[gΥB∗ Bπ µΥ ][−2fB∗ Bρ ερλαβ (iq ρ )(−ipα1 −ipα4 )][−2fB∗ Bρ εθφδν (−iq θ )(ipδ5 +ipδ2 )νB∗ ]
(2π)4

Mb = (i)

3

−g µβ +pµ1 pβ1 /m2B∗
1
−g λφ +q λ q φ /m2B∗ 2 2 2
F (q ,mρ ),
p2 −m2B∗
p22 −m2B
q 2 −m2B∗
Z 41
d q
3
Md = (i)
[−igΥB∗ B∗ π εµναβ µΥ (ipα3 )−ihΥB∗ B∗ π εαµνα (−ipα0 )µΥ ][−2fB∗− B− ρ0 εδτ θφ (iq δ )(−ipθ1 −ipθ4 )]
(2π)4
×[igB∗0 B∗0ρ0 ((ip5ρ +ip2ρ )gλω ωB∗ )+4ifB∗0 B∗0 ρ0 (−iqλ gρω +iqω gλρ )ωB∗ ]
×

−g βφ+pβ1 pφ1 /m2B∗ −g νλ +pν2 pλ2 /m2B∗ −g τ ρ +q τ q ρ /m2ρ 2 2 2
F (q ,mρ ),
p21 −m2B∗
p22 −m2B∗
q 2 −m2ρ
Z 4
d q
3
Me = (i)
[−igΥB∗ B∗ π εµναβ µΥ (ipα3 )−ihΥB∗ B∗ π εαµνα (−ipα0 )µΥ ][igB∗− B− π0 (−iq ρ )]
(2π)4
×

×[−gB∗0 B∗0 π0 εδωθφ (ipδ5 )ωB∗ (−ipθ2 )]

−g βρ +pβ1 pρ1 /m2B∗ −g νφ +pν2 pφ2 /m2B∗
1
F 2 (q 2 ,m2π ).
p21 −m2B∗
p22 −m2B∗
q 2 −m2π

(6)

Similarly, one also gets the amplitudes corresponding to the two diagrams listed in Fig. 2 as
Z 4
d q
3
M1 = (i)
[−igΥB∗ B∗ π εµλαβ µΥ (ipα3 −ipα0 )][−gB∗ B∗ π εδτ θν (−ipδ1 )(ipθ4 )νB∗ ][−gB∗ B∗ π εφρζκ (ipφ5 )ρB̄∗ (−ipζ2 )]
(2π)4
−g λτ +pλ1 pτ1 /m2B∗ −g βκ +pβ2 pκ2 /m2B∗
1
F 2 (q 2 ,m2π ),
p21 −m2B∗
p22 −m2B∗
q 2 −m2π
Z 4
d q
3
M2 = (i)
[−igΥB∗ B∗ π εµλαβ µΥ (ipα3 −ipα0 )][igB∗ B∗ ρ (ip4δ +ip1δ )νB∗ gνθ +4ifB∗B∗ ρ (iqθ gνδ −iqν gθδ )νB∗ ]
(2π)4
−g λθ +pλ1 pθ1 /m2B∗
×[igB∗ B∗ ρ (−ip2τ −ip5τ )ρB̄∗ gρζ +4ifB∗ B∗ ρ (−iqζ gρτ +iqρ gζτ )ρB̄∗ ]
p21 −m2B∗
−g βζ +pβ2 pζ2 /m2B∗ −g δτ +q δ q τ /m2ρ 2 2 2
×
F (q ,mρ ).
p22 −m2B∗
q 2 −m2ρ
×

In these expressions for decay amplitudes, the dipole
form factor (FF)
 2
2
Λ −m2
2
2
F(q ,m )= 2
q −m2

is introduced to describe the structure effect of the
B(∗) B(∗) π and B(∗) B(∗) ρ interaction vertices in Figs. 1
and 2. The parameter Λ introduced in the FF can be
parameterized as Λ = m+αΛQCD with ΛQCD = 220 MeV,
and m denotes the mass of the exchanged light meson.
In the amplitudes a unique parameter α is introduced.
The total decay amplitudes are expressed as
A1 = Ma +Mb +Mc +M0a +M0b +M0c ,
0
d
0
1

0
e
0
2

A2 = Md +Me +M +M ,
A3 = M1 +M2 +M +M ,

(7)
(8)
(9)

where M0i ,{i = a − e,1 − 2} are the corresponding am-

plitudes with η and/or ω exchange. The amplitudes
A1 and A2 correspond to Υ(5S) → B∗0 B− π+ with the
intermediate BB̄∗ + h.c. and B∗ B̄∗ , respectively, while
A3 corresponds to Υ(5S) → B∗0 B∗− π+ with the intermediate B∗ B̄∗ . The general differential decay width for
Υ(5S)(p0 )→π(p3 )B(∗) (p4 )B∗ (p5 ) is
dΓi =

1 1
1
|Ai |2 dm2B∗ B(∗) dm2B∗ π ,(i=1,2,3)
3 (2π)3 32m3Υ(5S)
(10)

with m2B∗ B(∗) = (p4 +p5 )2 and m2B∗ π = (p3 +p5 )2 , where
the overline indicates the sum over the polarization of
Υ(5S) in the initial state and the polarizations of B∗ or
B̄∗ meson in the final state.
Here, we emphasize that some other decay mechanisms might also work in the hidden bottom pion decays
of Υ(5S) and the interferences between different mecha-
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nisms can affect the lineshapes of BB̄∗ and B∗ B̄∗ invariant mass spectra. However, in the present work, we consider only the ISPE mechanism to check whether we can
produce some enhancements near the thresholds of BB̄∗
and B∗ B̄∗ with this mechanism, as we have shown for
the hidden-bottom dipion decays of Υ(5S) and hiddencharm dipion decays of higher charmonia.
The lineshapes of the BB̄∗ and B∗ B̄∗ invariant mass
spectra distributions of Υ(5S)→B∗0 B− π+ and Υ(5S)→
B∗0 B∗− π+ decays are evaluated in an effective Lagrangian approach; however, the interference effects between A1 and A2 are not considered in this work. The
coupling constants between Υ(5S) and the intermediate B∗ B̄(∗) π are common factors appearing in front of
the amplitudes Ai ,{i = 1,2,3}; thus, they cannot affect
the lineshapes. Furthermore, the shapes of the invariant
mass distributions are weakly dependent on the parameter α introduced in the form factor. In the present work,
we set α=1. Calculating the distributions of Eq. (10), we
can see whether there exist the enhancement structures
close to the BB̄∗ and B∗ B̄∗ thresholds originating from

the ISPE mechanism. In the present work, the interferences between ISPE mechanisms with different intermediate states are not included. Hence, direct comparison between present theoretical results and experimental
measurements is not appropriate. Consequently, we only
present the lineshapes of B∗ B̄(∗) invariant mass spectra
separately in Fig. (3). By comparing them with the experimental measurements, one can see that the positions
of the peaks of our theoretical curves nicely match with
those of the experimental enhancement structures.

3

The open-charm decays of higher charmonia with a single pion emission

Being inspired by the success of the former section,
we would like to apply the ISPE mechanism to the
open charm decays of higher charmonia with a single
pion emission; for example, to the processes ψ(4415) →
π+ D∗0 D(∗)− and ψ(4160)→π+D∗0 D− .
What we need in this section is to replace Υ(5S), B,
and B∗ in Figs. 1 and 2 with ψ(4415)/ψ(4160), D, and

Fig. 3. (color online) The theoretical curves for distributions of dΓ (Υ(5S) → B∗0 B− π+ )/dmBB̄∗ (left) and
dΓ (Υ(5S)→B∗0 B∗− π+ )/dmB∗ B̄∗ (right) (see diagrams (a)–(c)). Here, the maximum of the theoretical line shape
is normalized to be 1 and the typical value of α=1 is taken in our calculation. Diagrams (a) and (b) correspond
to Υ(5S)→B∗0 B− π+ via the intermediates BB̄∗ +h.c. and B∗ B̄∗ , respectively, by the ISPE mechanism. Diagram
(c) reflects the distribution dΓ (Υ(5S) → B∗0 B∗− π+ )/dmB∗ B̄∗ of Υ(5S) → B∗0 B∗− π+ . To compare our theoretical
results with the experimental data, we also show Belle’s data (the blue dots with error) for the Υ(5S) → B B̄∗ π
(left) and Υ(5S)→B∗ B̄∗ π (right) [22]. The thresholds of BB̄∗ and B∗ B̄∗ are marked by the dashed lines.
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πB∗ B̄(∗) , there are two significant enhancement structures near the thresholds of D∗ D̄ and D∗ D̄∗ in the invariant mass spectra mD∗ D̄ and mD∗ D̄∗ of ψ(4415)→πD∗D̄(∗) .
For ψ(4160) → πD∗ D̄, only one enhancement near the
D∗ D̄ threshold is predicted and the threshold of D∗ D̄∗ is
out of the range of the invariant mass spectra mD∗ D̄ of
this process.

4

Fig. 4. The theoretical curves for D∗ D̄(∗) invariant mass spectrum in open charm pion decays
of higher charmonia ψ(4415) and ψ(4160). The
curves for dΓ (ψ(4415) → D∗0 D− π+ )/dmD∗D̄ via
D∗0 D− and D∗0 D∗− in the ISPE framework correspond to diagrams (a) and (b), respectively. Diagram (c) indicates the ISPE mechanism prediction for dΓ (ψ(4415) → D∗0 D∗− π+ )/dmD∗ D̄∗ via
D∗0 D∗− intermediate. For ψ(4160) only D∗ Dπ
process is allowed, and diagrams (d) and (e)
express dΓ (ψ(4160) → D∗0 D− π+ )/dmD∗ D̄ via
D∗0 D− and D∗0 D∗− , respectively.

D∗ , respectively. We also need to replace the corresponding fields in the effective Lagrangians in Eqs. (1–3). The
parameters have, of course, new definitions. The resultant curves are shown in Fig. 4. Similarly to Υ(5S) →
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Summary

Very recently, the Belle Collaboration has reported new results on Zb (10610) and Zb (10650) at the
ICHEP2012 conference, which stated that these Zb structures also exist in the BB̄∗ and B∗ B̄∗ invariant mass spectra of Υ(5S) → πBB̄∗, πB∗ B̄∗ decays [22]. This has motivated us to apply the ISPE mechanism, especially because these are the typical processes for this mechanism
to be applied. Using the effective Lagrangian approach
among hadrons, as well as chiral particles, we have computed the theoretical curves of the invariant mass spectra of B∗ B̄(∗) for the above processes, which are shown
in Figs. 3, and have achieved successful agreement with
experimental enhancement structures of Zb (10610) and
Zb (10650).
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