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Abstract: The initial single pion emission (ISPE) mechanism is applied to the processes T(E)S)—>7'EB(")]§‘)(*)7 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 Zy(10610) and Zy,(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*D and D*D*.

Key words:
PACS: 13.25.Gv, 14.40.Pq, 13.75.Lb

1 Introduction

Two charged bottomonium-like structures, Z,(10610)
and Z,(10650), were reported by the Belle Collabora-
tion in the hidden-bottom decays of T(55) [1]. As in-
dicated by the analysis of the corresponding =Y (nS)
(n=1,2,3) and 7th;,(mP) (m=1,2) invariant mass spec-
tra, Z,(10610) and Z,,(10650) are two narrow structures
with masses and widths Mz, (10610)=(10607.2+£2.0) MeV,
Iz, 10610y = (18.4£2.4) MeV, Mgz, (10650) = (10652.2+
1.5) MeV, and Iz, (10650) = (11.5+2.2) MeV, respectively
[1]. In addition, the spin-parity quantum numbers are
JP =17 for both Z,(10610) and Z,(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 explana-
tions were proposed after the Belle’s observation. In the
following paper, we will briefly review the research status
on Z,(10610) and Z,(10650).

Considering that Z,(10610) and Z,(10650) are
charged and close to BB* and B*B* thresholds, respec-
tively, many theoretical efforts have been made to answer
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the question of whether these newly observed structures
are real exotic states or not. Before the discovery of
Z,,(10610) and Z,,(10650), the authors in Refs. [3, 4] pre-
dicted the existence of loosely bound S-wave BB* molec-
ular states. The heavy quark spin structure that was de-
veloped by Bondar et al. [5], the chiral constituent quark
model approach in Ref. [6], the effective Lagrangian ap-
proach via the one-boson exchange in Ref. [7], and the
study of the line shape in the vicinity of B®)B®*) thresh-
olds, as well as two-body decay rates using effective field
theory in Ref. [8], have all shown that Z,(10610) and
7Z,(10650) can be the BB* and B*B* molecular states,
respectively. The authors in Ref. [6] further showed that
their quantum numbers are I(J”) =1(17). The QCD
sum rule (QSR) analysis that was developed by Zhang
et al. [9] suggested that Z,(10610) could be a BB* molec-
ular state. Using the Bethe-Salpeter equation, the prob-
lem of whether Z,(10610) is a BB* molecular state was
studied in Ref. [10], which claimed that BB* molecu-
lar state with isospin I =1 cannot be formed when the
contribution of the o 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 Z,,(10610) and
Z,(10650). Under the frameworks of BB* and B*B*
molecular states, the radiative decay of Y(55) into
molecular bottomonium was calculated [11], and the pro-
cesses of Z,(10610) and Z,(10650) decaying into bot-
tomonium and pion were also recently investigated [12].
In Ref. [13], the properties of Z,,(10610) and Z,(10650)
were studied, assuming that they are BB* and B*B*
molecular states. Dong et al. [14] performed the calcu-
lation of molecular hadrons, Z,(10610) and Z,(10650),
decaying into Y(nS) and 7t by the effective Lagrangian
approach.

A tetraquark explanation for Z,(10610) and
Z,(10650) has also been proposed. In Ref. [15], the
masses of tetraquark states bubd and bdbt with JZ=1%
were obtained by the chromomagnetic interaction Hamil-
tonian, and they are compatible with the corresponding
masses of Z,,(10610) and Z,,(10650). Using the QSR ap-
proach, the authors in Ref. [16] calculated the mass of
the tetraquark states with the configuration [bd][bt] and
found that Zy,(10610) and Z;,(10650) can be described by
tetraquark. Ali et al. also gave a tetraquark interpreta-
tion for Z,,(10610) and Zy,(10650) and studied the decay
of a tetraquark state Y,(10890) into Z;,(10610)*7t¥ or
7,(10650)* 7T, and the decays of Z,(10610)/Z,(10650)
into Y (nS) and nth, (mP) [17].

Besides proposing exotic states to understand these
structures, theorists have also tried to explain why
7,,(10610) and Zy,(10650) were observed in the hidden-
bottom decays of T(55). Bugg suggested that the two
observed structures of Z,,(10610) and Zy,(10650) are due
to cusp effects [18]. The authors in Ref. [19] indicated
that newly observed Z,(10610) and Z,(10650) play an
important role in describing Belle’s previous observa-
tion of the anomalous Y (2S)7tt7t~ production near the
peak of YT (5S5) at /s =10.87 GeV [20], where the re-
sulting distributions, dI"(T(55) =Y (2S)mtm™) /dm e+ -
and dI'(Y(55)— Y (2S)mtt ) /dcosh, agree with Belle’s
measurements after inclusion of these Z, states [19].
Later, the initial single pion emission (ISPE) mech-
anism was proposed in the Y(5S) hidden-bottom di-
pion decays, where the line shapes of dI'(T(5S5) —
Y (nS)mtn))/dmymsy+ (n=1,2,3) and dI'(Y(55) —
hy(mP)rtn)) /dmy, (mpy=+ (m = 1,2) are given [21].
The sharp structures obtained around 10610 MeV and
10650 MeV in the theoretical line shapes of these distri-
butions could naturally correspond to the Z;,(10610) and
7Z,,(10650) structures that were newly observed by Belle
[21].

Although there have been many theoretical efforts
to clarify Z,(10610) and Z,(10650), further study of
these two Z,, states is still an interesting research topic.
For instance, it is crucial to distinguish between differ-
ent explanations for Z,,(10610) and Z,,(10650). Very re-

cently, the Belle Collaboration has reported new results
on Zy(10610) and Z,(10650) at the ICHEP2012 con-
ference, and have found that these Z, structures also
exist in the BB* and B*B* invariant mass spectra of
Y(559) — nBB*, mB*B* decays [22]. This new exper-
imental phenomenon of Z,(10610) and Z,(10650) can
provide an important platform to test the explanations
for Z,,(10610) and Z,,(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 struc-
tures Zy,(10610) and Z,(10650) can appear in the BB*
and B*B* invariant mass spectra of the Y(55) —nBB*,
nB*B* decays. We find that the ISPE mechanism pro-
posed in Ref. [21] can be well applied to the T(55) —
nBB*, mB*B* processes, which can further test this
mechanism. Other than explaining the Belle’s new ob-
servation, we will extend our study of the open-charm
decays of higher charmonia with the emission of a sin-
gle 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*D and D*D*
thresholds, which can be found in the invariant mass
spectra mp-p and mpsp« of the open-charm decays of
higher charmonia with the emission of a single pion.

This work is organized as follows. After a brief ex-
planation, we introduce the ISPE mechanism and its ap-
plication to Y(5S) — nBB*. The next section will ex-
amine TB*B* decays. In addition, the relevant numer-
ical 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
Y (58)—nB®B®™ decays

and the

The ISPE mechanism was first proposed to study
the T(55) — Y(nS)m*n~ (n = 1,2,3) and Y(55) —
hy,(mP)mtm~ (m=1,2) decays [21]. It also explains why
two 7 structures can be observed in these processes.
Via the ISPE mechanism, the hidden-bottom dipion de-
cays of T(5S5) can occur through two steps. First, T(55)
decays into the B®B® plus one pion, where the emit-
ted pion has continuous energy distribution. Secondly,
the B™® and B®) mesons with low momentum can easily
interact with each other to convert into the final state
Y (nS)m or hy,(mP)m via the B®) meson exchange [21].

In this paper, we would like to apply the ISPE mecha-
nism to the open-bottom decays of Y(55) with the emis-
sion of a single pion. In Figs. 1 and 2, we present the
typical diagrams describing Y(55)—nB®B® via the
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Fig. 1.

(b)

(©)
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(color online.) The typical diagrams for the T(55) —B*°B~n" decays via the ISPE mechanism. One can

obtain the other diagrams by replacing 7° and p° with 1 and w, respectively.

B*() B*()

Fig. 2.
the T(55)—B**B*~ 7" decays by the ISPE mech-
anism. Replacing the exchanged m° by 1 and p°
by w, one can generate the other diagrams.

(color online.) The schematic diagrams for

ISPE mechanism, where the intermediate B®) and B®
meson can be converted into BB* or B*B* final state by
exchanging light mesons, such as 7, 1, p and w.

In the following paper, we will write out the de-
cay amplitudes corresponding to the diagrams listed in
Figs. 1 and 2. The effective Lagrangians that are relevant
to our study are given by

—igvisBre" Y 0, 89,15 B
+ v T (BB +B; 1)
_igTB*B*WEHVa'BTHBzaaT[B;
—ihypepe "0, T, BB,

LT(SS)B(*)B(*MT =

(1)

Lipery = —igesvB0, BV*) =2 fs5+v€umas
x(3"V¥)(Ba B*—B°9 B)
+iggepvB 9B (V*)
+4ifgegey B0, V,—0,V,) B, (2)

ACB*B(*M) = _igB*Bv(BiaupijB;M_B:HauPiij)

1 % v < *
+§gB*B*7’€MuaﬁBiua 'P”a Bjﬁ, (3)

where V and P are 3x3 matrices corresponding to the
pseudoscalar and vector octets, which satisfy

w
4 + K*+
V= P P LY g |
V2 V2
K*7 K*O (b
m + +
—=+an+8n T K
7 n+06n 0
73 - — 7t / 0 (4)
s ———4an+ K ’
i n+06n
K- K° 1461’

the parameters «, (3, v and § can be related to the mixing
angle 6 by

cosf—+/2sinf
a= ,
V6
—2cosf—+/2sind —2sinf++/2cosf
= , 0= . (5)
V6 V6

In the present work we adopt §=—19.1° [24, 25], which is
determined from J /1 decay. These effective Lagrangians
are constructed by considering heavy quark limit and chi-
ral symmetry. The coupling constants in the above La-
grangians can be defined as gg:p+x = gp+pr//MpMp* =
29/f~ and gppw = gBrBrw = 59\//\/5, fepep/mps =
feBp = /\mp/(\/ﬁfﬂ)v where gv = m,/fr, B = 0.9,

A=0.56 GeV ! and f,=132 MeV.
Using the above Lagrangians, we obtain the decay
amplitudes for T(55)—B**B~nt, corresponding to the

five diagrams shown in Fig. 1 as

B sinf++/2cosf
\/6 )
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Similarly, one also gets the amplitudes corresponding to the two diagrams listed in Fig. 2 as

a3 [ dg
M= 0 [
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In these expressions for decay amplitudes, the dipole
form factor (FF)
A2—m? > ?

q2_m2

f(qz,mz)—<

is introduced to describe the structure effect of the

B®B®™r and B®B®™p interaction vertices in Figs. 1

and 2. The parameter A introduced in the FF can be

parameterized as A=m+adqep with Agep =220 MeV,

and m denotes the mass of the exchanged light meson.

In the amplitudes a unique parameter « is introduced.
The total decay amplitudes are expressed as

A = M AMy+MAM +M +M
Ay = Mg+MAM+M., (8)
As = Mi+Mo+ M+ M), 9)

where M/, {i = a—e,1—2} are the corresponding am-

(7)

B GocH4ifaene o (—1qcgpr Hiqpgcr ) €5

m2).

2/ 2 2
pz_mB* qg_mgj: (q 7m7'r)'

[—igrB*B*WEWwE?(ipg’f—ipg)] [_gB*B*T(EéT@u(_iptls)(ipi)eg* ] [_gB*B*ngdmCﬁ(ip?)epB* (—ipg)]
F(q*,m3),

[—1g7B*B*nEuras€y (iP5 —1PG)|[igB+ B+ p (iPas+iP1s) €G- Gro+4ifBeB o (190 Gvs —iqu gos ) €5+ ]

o ] - 4pyp] /mi.
pl_mB*

plitudes with n and/or w exchange. The amplitudes
A, and A, correspond to Y(55) — B**B-n" with the
intermediate BB* 4+ h.c. and B*B*, respectively, while
Aj corresponds to Y(55) — B*°B*~7mtt with the inter-
mediate B*B*. The general differential decay width for
Y (55)(po) = 7(ps)B™ (pa)B* (ps) is

1 1

1 .
dFi*§(2 =E Wg()|Ai|2dm2B*B(*)dm2B*w7(7’:17273)
(55
(10)
with m?, ., = (pa+ps)* and m3. . = (ps+ps)®, where

the overline indicates the sum over the polarization of
T (5S) in the initial state and the polarizations of B* or
B* meson in the final state.

Here, we emphasize that some other decay mecha-
nisms might also work in the hidden bottom pion decays
of T(55) and the interferences between different mecha-
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nisms can affect the lineshapes of BB* and B*B* invari-
ant mass spectra. However, in the present work, we con-
sider only the ISPE mechanism to check whether we can
produce some enhancements near the thresholds of BB*
and B*B* with this mechanism, as we have shown for
the hidden-bottom dipion decays of T(55) and hidden-
charm dipion decays of higher charmonia.

The lineshapes of the BB* and B*B* invariant mass
spectra distributions of Y(55)—B**B~7nt* and T(55)—
B*°B*~7nt" decays are evaluated in an effective La-
grangian approach; however, the interference effects be-
tween A; and A, are not considered in this work. The
coupling constants between Y(55) and the intermedi-
ate B*B™)m are common factors appearing in front of
the amplitudes A;,{i =1,2,3}; thus, they cannot affect
the lineshapes. Furthermore, the shapes of the invariant
mass distributions are weakly dependent on the parame-
ter o introduced in the form factor. In the present work,
we set a=1. Calculating the distributions of Eq. (10), we
can see whether there exist the enhancement structures
close to the BB* and B*B* thresholds originating from

the ISPE mechanism. In the present work, the inter-
ferences between ISPE mechanisms with different inter-
mediate states are not included. Hence, direct compari-
son between present theoretical results and experimental
measurements is not appropriate. Consequently, we only
present the lineshapes of B*B™) invariant mass spectra
separately in Fig. (3). By comparing them with the ex-
perimental 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 char-
monia 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 1(4415) —
7 D** D™~ and P(4160) —»7D*°D~.

What we need in this section is to replace Y(55), B,
and B* in Figs. 1 and 2 with (4415)/{(4160), D, and

7,(10610) Z,(10650) 7,(10650)
a4 * F*R*
2 40 ,++ + B*Brn [ + BB ] .
2 +
< % H i ++++ 1%
3 20
§ + ++H~+ +++ L + + 410
AN dat 4 T+
0 [ (TWW oy | 1 2 an sa ol 0
10.60 10.65 10.70 10.64 1066 1068 1070 10.72
rM(n)/GeV rM(n)/GeV
thy.g | thygs | (@) thygs ()
1.0 | - - 410
1 y
|
05 | - {105
0 : 1 1 : 1 1 1 1 0
ok ®) - 10.64 1066 1068 1070 10.72
1 Mys:/GeV
! I
ost | :
! 1
! 1
10.60 10.65 10.70
Mys:/GeV

Fig. 3.

(color online) The theoretical curves for distributions of dI'(Y(5S) — B**B~n")/dmgg. (left) and

dr(Y(58)—B*B*~n")/dmg«g~ (right) (see diagrams (a)—(c)). Here, the maximum of the theoretical line shape
is normalized to be 1 and the typical value of a=1 is taken in our calculation. Diagrams (a) and (b) correspond
to Y(58) —=B**B~ 7" via the intermediates BB*+h.c. and B*B*, respectively, by the ISPE mechanism. Diagram
(c) reflects the distribution dI'(Y(5S) —B*°B*~n")/dmg.g« of Y(55) —B**B*~n". To compare our theoretical
results with the experimental data, we also show Belle’s data (the blue dots with error) for the Y(55) — BB*n
(left) and Y(55)—B*B*m (right) [22]. The thresholds of BB* and B*B* are marked by the dashed lines.

053102-5



Chinese Physics C  Vol. 38, No. 5 (2014) 053102

W(4415) y(4160)

thywp thyyspe (a)

thyep (d)

0.5

L 1 L s
39 4.0 4.1 42 3.90 3.95 4.00

M/ GeV My GeV

M/ GeV

Fig. 4. The theoretical curves for D*D™ invari-
ant mass spectrum in open charm pion decays
of higher charmonia 1{(4415) and 1{(4160). The
curves for dI'({(4415) — D**D~ ") /dmp«p via
D**D~ and D**D*~ in the ISPE framework cor-
respond to diagrams (a) and (b), respectively. Di-
agram (c) indicates the ISPE mechanism predic-
tion for dI'({(4415) — D**D*~") /dmp«p- via
D*°D*~ intermediate. For {(4160) only D*Dm
process is allowed, and diagrams (d) and (e)
express dI'(P(4160) — D**D~wt)/dmp.p via
D*°D~ and D*°D*~, respectively.

D~, respectively. We also need to replace the correspond-
ing fields in the effective Lagrangians in Egs. (1-3). The
parameters have, of course, new definitions. The resul-
tant curves are shown in Fig. 4. Similarly to Y(55) —
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