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We report the analysis of the three-body eþe− → BB̄π�, BB̄�π�, and B�B̄�π� processes, including the
first observations of the Z�

b ð10610Þ → ½BB̄� þ c:c:�� and Z�
b ð10650Þ → ½B�B̄��� transitions that are found

to dominate the corresponding final states. We measure Born cross sections for the three-body production
of σðeþe− → ½BB̄� þ c:c:��π∓Þ ¼ ½17.4� 1.6ðstatÞ � 1.9ðsystÞ� pb and σðeþe− → ½B�B̄���π∓Þ ¼
½8.75� 1.15ðstatÞ � 1.04ðsystÞ� pb and set a 90% C.L. upper limit of σðeþe− → ½BB̄��π∓Þ < 2.9 pb.
The results are based on a 121.4 fb−1 data sample collected with the Belle detector at a center-of-mass
energy near the ϒð10860Þ peak.
DOI: 10.1103/PhysRevLett.116.212001

Two new charged bottomoniumlike resonances,
Zbð10610Þ and Zbð10650Þ, have been observed recently
by the Belle Collaboration in eþe− → ϒðnSÞπþπ−,
n ¼ 1, 2, 3 and eþe− → hbðmPÞπþπ−, m ¼ 1, 2 [1,2].
Analysis of the quark composition of the initial and final
states reveals that these hadronic objects have an exotic
nature: Zb should be composed of (at least) four quarks

including a bb̄ pair. Several models [3] have been
proposed to describe the internal structure of these
states. In Ref. [4], it was suggested that Zbð10610Þ
and Zbð10650Þ states might be loosely bound BB̄� and
B�B̄� systems, respectively. If so, it is natural to expect
the Zb states to decay to final states with Bð�Þ mesons at
substantial rates.
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Evidence for the three-body ϒð10860Þ → BB̄�π decay
has been reported previously by Belle, based on a data
sample of 23.6 fb−1 [5]. In this analysis, we use a data
sample with an integrated luminosity of 121.4 fb−1 col-
lected near the peak of the ϒð10860Þ resonance
(

ffiffiffi
s

p ¼ 10.866 GeV) with the Belle detector [6] at the
KEKB asymmetric-energy eþe− collider [7]. Note that
we reconstruct only three-body Bð�ÞB̄ð�Þπ combinations
with a charged primary pion. For brevity, we adopt the
following notations: the set of BþB̄0π− and B−B0πþ final
states is referred to as BBπ; the set of BþB̄�0π−, B−B�0πþ,
B0B�−πþ and B̄0B�þπ− final states is referred to as BB�π;
and the set of B�þB̄�0π− and B�−B�0πþ final states is
denoted as B�B�π. The inclusion of the charge conjugate
mode is implied throughout this Letter.
We use Monte Carlo (MC) events generated with

EVTGEN [8] and then processed through a detailed
detector simulation implemented in GEANT3 [9]. The
simulated samples for eþe− → qq̄ (q ¼ u, d, s, c, or b) are
equivalent to 6 times the integrated luminosity of the data
and are used to develop criteria to separate signal events
from backgrounds, identify types of background events,
determine the reconstruction efficiency, and parametrize
the distributions needed for the extraction of the signal
decays.
B mesons are reconstructed in the following decay

channels: Bþ→J=ψKð�Þþ, Bþ→ D̄ð�Þ0πþ, B0 → J=ψKð�Þ0,
B0 → Dð�Þ−πþ. We use Belle standard techniques [10] to
reconstruct primary particles such as photons, pions, kaons,
and leptons. The K�0 (K�þ) is reconstructed in the Kþπ−

(K0πþ) final state; the invariant mass of the K� candidate is
required to be within 150 MeV=c2 of the nominal K� mass
[11]. The invariant mass of a J=ψ → lþl− candidate is
required to be within 30 ð50Þ MeV=c2 for l ¼ e (μ), of the
nominal J=ψ mass. Neutral (charged) D mesons are
reconstructed in the K−πþ, K−πþπ0, and K−π−πþπþ
(K−πþπþ) modes. To identify D� candidates, we require
jMðDπÞ −MðDÞ − ΔmD� j < 3 MeV=c2, where MðDπÞ
and MðDÞ are the reconstructed masses of the D� and D
candidates, respectively, and ΔmD� ¼ mD� −mD is the
difference between the nominal D� and D masses. The
mass windows for narrow states quoted above correspond
to a �2.5σ requirement.
The dominant background comes from eþe− → cc̄

continuum events, where true D mesons produced in
eþe− annihilation are combined with random particles to
form a B candidate. This type of background is suppressed
using variables that characterize the event topology. Since
the momenta of the two B mesons produced from a three-
body eþe− → Bð�ÞBð�Þπ decay are low in the center-of-
mass (c.m.) frame (below 0.9 GeV=c), the decay products
of different B mesons are essentially uncorrelated so that
the event tends to be spherical. In contrast, hadrons from
continuum events tend to exhibit a back-to-back jet

structure. We use θthr, the angle between the thrust axis
of the B candidate and that of the rest of the event, to
discriminate between the two cases. The distribution of
j cos θthrj is strongly peaked near j cos θthrj ¼ 1.0 for cc̄
events and is nearly flat for Bð�ÞBð�Þπ events. We require
j cos θthrj < 0.80 for the B → Dð�Þπ final states; this elim-
inates about 81% of the continuum background and retains
73% of the signal events.
We identify B candidates by their reconstructed invariant

mass MðBÞ and momentum PðBÞ in the c.m. frame. We
require PðBÞ < 1.35 GeV=c to retain B mesons produced
in both two-body and multibody processes. The MðBÞ
distribution for B candidates is shown in Fig. 1(a). We
perform a binned maximum likelihood fit of the MðBÞ
distribution to the sum of a signal component parametrized
by a Gaussian function and two background components:
one related to other decay modes of B mesons and one due
to continuum eþe− → qq̄ processes, where q ¼ u, d, s, c.
The shape of the B-related background is determined from
a large sample of generic MC simulations, and the shape of
the qq̄ background is parametrized with a linear function.
The parameters of the signal Gaussian, the normalization
of the B-related background, and the parameters of the qq̄
background float in the fit. We find 12263� 168 fully
reconstructed B mesons. The B signal region is defined by
requiringMðBÞ to be within 30–40 MeV=c2 (depending on
the B decay mode) of the nominal B mass.
Reconstructed Bþ or B̄0 candidates are combined with

π−’s–the right-sign (RS) combination–and the missing
mass MmissðBπÞ is calculated as MmissðBπÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð ffiffiffi

s
p

− EBπÞ2=c4 − P2
Bπ=c

2
p

, where EBπ and PBπ are the
measured energy and momentum of the reconstructed Bπ
combination. Signal eþe− → BB�π events produce a nar-
row peak in theMmissðBπÞ spectrum around the nominal B�

mass while eþe− → B�B�π events produce a peak at
mB� þ ΔmB� , where ΔmB� ¼ mB� −mB, due to the missed
photon from the B� → Bγ decay. It is important to note here
that, according to signal MC simulations, BB�π events,
where the reconstructed B is the one from the B�, produce a
peak in the MmissðBπÞ distribution at virtually the same

(a) (b)

FIG. 1. (a) Invariant mass and (b) M�
missðBπÞ distribution for B

candidates in the B signal region. Points with error bars represent
the data. The open histogram in (a) shows the result of the fit to
data. The solid line in (b) shows the result of the fit to the RS Bπ
data; the dashed line represents the background level.
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position as BB�π events, where the reconstructed B is the
primary one. To remove the correlation betweenMmissðBπÞ
and MðBÞ and to improve the resolution, we use M�

miss ¼
MmissðBπÞ þMðBÞ −mB instead of MmissðBπÞ. The M�

miss
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB�π and B�B�π signals
are evident. Combinations with πþ—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B → J=ψK0 mode is
not included in the WS sample, but both combinations
with πþ and π− are added to the RS sample.) We apply a
factor of 1.19� 0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M�

miss distribution, shown as a hatched
histogram in Fig. 1(b). Because of B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as B̄0

given by 0.5x2d=ð1þ x2dÞ ¼ 0.1861� 0.0024, where xd is
the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons produced

in events with initial-state radiation (ISR), eþe− → γBB̄,
overlaps significantly with that for B mesons from the three-
body eþe− → Bð�ÞBð�Þπ processes. However, ISR events do
not produce peaking structures in the M�

miss distribution.
A binned maximum likelihood fit is performed to fit the

M�
miss distribution to the sum of three Gaussian functions to

represent three possible signals and two threshold compo-
nents Akðxk −M�

missÞαk expfðM�
miss − xkÞ=δkg (k ¼ 1, 2) to

parametrize the qq̄ and two-body Bð�ÞB̄ð�Þ backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters Ak,
αk, δk of the background functions are free parameters of
the fit; the threshold parameters xk are fixed from the
generic MC simulations. ISR events produce an M�

miss
distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB�π and B�B�π, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields NBBπ¼13�25, NBB�π¼357�30,
and NB�B�π ¼ 161� 21 signal events. The statistical sig-
nificance of the observed BB�π and B�B�π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is calcu-
lated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.
For the subsequent analysis, we require jM�

miss −mB� j <
15 MeV=c2 to select BB�π signal events and jM�

miss−
ðmB� þ ΔmBÞj < 12 MeV=c2, where ΔmB ¼ mB� −mB,
to select B�B�π events. For the selected Bð�ÞB�π candidates,
we calculate MmissðπÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð ffiffiffi

s
p

− EπÞ2=c4 − P2
π=c2

p
,

where Eπ and Pπ are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

frame. The MmissðπÞ distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to theWS sample due to mixing. To fit
the MmissðπÞ spectrum, we use the function

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ�ϵðmÞFPHSPðmÞ; ð1Þ

where m≡MmissðπÞ, fsig ¼ 1.0 (0.1366� 0.0032 [14])
for the RS (WS) sample, SðmÞ and BðmÞ are the signal
and background probability density function, respectively,
and FPHSPðmÞ is the phase space function. To account for
the instrumental resolution, we smear the function FðmÞ
with a Gaussian function with σ ¼ 6.0 MeV=c2 that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as ϵðmÞ ∼ exp½ðm −m0Þ=
Δ�ð1 −m=m0Þ3=4, where m0 ¼ 10.718� 0.001 GeV=c2

is an efficiency threshold and Δ ¼ 0.094� 0.002 GeV=c2.
The distribution of background events is parametrized as

BBð�ÞB�πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð�Þ þmB�Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB�π and
(b) B�B�π candidate events. Normalization factor is applied
for the WS distributions.
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AZb
, are parametrized with Breit-Wigner functions

AZb
¼ aZeiϕZ=ðm2 −m2

Z − iΓZmZÞ. The masses and
widths of the Zb states are fixed at the values obtained
from the analyses of eþe− → ϒðnSÞπþπ− and eþe−→
hbðmPÞπþπ−: MZbð10610Þ ¼10607.2�2.0MeV=c2,
ΓZbð10610Þ ¼ 18.4� 2.4 MeV and MZbð10650Þ ¼ 10652.2�
1.5 MeV=c2, ΓZbð10650Þ ¼ 11.5� 2.2 MeV [1].
We first analyze the BB�π [B�B�π] data with the simplest

hypothesis, model 0, which includes only the Zbð10610Þ
[Zbð10650Þ] amplitude. Results of the fit are shown in
Fig. 2; the numerical results are summarized in Table I. The
fraction fX of the total three-body signal attributed to a
particular quasi-two-body intermediate state is calculated
as fX ¼ R jAXj2dm=

R
SðmÞdm, whereAX is the amplitude

for a particular component X of the three-body amplitude.
Next, we extend the hypothesis to include a possible
nonresonant component, model 1, and repeat the fit to
the data. Then the BB�π data are fit to a combination of two
Zb amplitudes, model 2. In both cases, the addition of an
extra component to the amplitude does not give a sta-
tistically significant improvement in the data description:
the likelihood value is only marginally improved (see
Table I). The addition of extra components to the amplitude
also produces multiple maxima in the likelihood function.
As a result, we use model 0 as our nominal hypothesis.
Finally, we fit both samples to a pure nonresonant ampli-
tude (model 3). In this case, the fit is significantly worse.
If the parameters of the Zb resonances are allowed to

float, the fit to the BB�π data with model 0 gives 10605�
6 MeV=c2 and 25� 7 MeV for the Zbð10610Þ mass and
width, respectively, and the fit to the B�B�π data gives
10648� 13 MeV=c2 and 23� 8 MeV for the Zbð10650Þ
mass and width, respectively. The large errors here reflect
the strong correlation between the resonance parameters.
The three-body Born cross sections are calculated as

σðeþe− → fÞ ¼ Nf

LBfαηð1þ δISRÞj1 − Πj2 ; ð3Þ

where Nf is the three-body signal yield and L ¼
121.4 fb−1 is the total integrated luminosity. The effi-
ciency-weighted sum of B-meson branching fractions Bf

is determined using both signal MC and two-body eþe− →
Bð�ÞB̄ð�Þ events in data. To avoid the large systematic
uncertainties associated with the determination of
reconstruction efficiencies for B andD decays to multibody
final states, we select a subset of two-body modes,
Bþ → D̄0½Kþπ−�πþ and B → J=ψ ½lþl−�K, and calculate
Bf ¼ Bsel

f × Nall
Bð�ÞB̄ð�Þ=Nsel

Bð�ÞB̄ð�Þ , where the superscripts “sel”
and “all” refer to quantities determined for the selected
subset of B decay modes and for the full set of modes,
respectively. Two-body eþe−→Bð�ÞB̄ð�Þ events are selected
with the requirement 0.90 < PðBÞ < 1.35 GeV=c; the B
yield is determined from the fit to the MðBÞ distribution.
We find Nall

Bð�ÞB̄ð�Þ ¼10131�152 and Nsel
Bð�ÞB̄ð�Þ ¼ 2406� 62.

(MC studies show no significant dependence of the
reconstruction efficiency on the B momentum.) To account
for the nonuniform distribution of signal events over the
phase space, we introduce an efficiency correction factor η
determined from the MC simulation with signal events
generated according to the nominal model. Since we do not
observe a signal in the BBπ final state, no correction is
made for this channel. A factor α ¼ 0.897� 0.002 is
introduced to correct for the effect of neutral B-meson
oscillations that is determined using the known B0 mixing
parameter xd and the yield ratio in data of two-body events
with a reconstructed neutral versus charged B meson.
The ISR correction, 1þ δISR, for the Bð�ÞB�π final states
is calculated using recent results on σ(eþe− →
hbðmPÞπþπ−) [15] and an observation that the ϒð5SÞ →
hbðmPÞπþπ− transitions are saturated by the intermediated
Zb production [1]; for the BBπ final state we assume
constant cross section. For the vacuum polarization cor-
rection we use 1=j1 − Πj2 ¼ 0.928 [16]. The results are
summarized in Table II.
The dominant sources of systematic uncertainties for the

three-body production cross sections are the uncertainties

TABLE I. Summary of fit results to the MmissðπÞ distributions for the three-body BB�π and B�B�π final states.

Mode Parameter Model 0 Model 1 Model 2 Model 3
Solution 1 Solution 2 Solution 1 Solution 2

BB�π fZbð10610Þ 1.0 1.45� 0.24 0.64� 0.15 1.01� 0.13 1.18� 0.15 � � �
fZbð10650Þ � � � � � � � � � 0.05� 0.04 0.24� 0.11 � � �

ϕZbð10650Þ, radians � � � � � � � � � −0.26� 0.68 −1.63� 0.14 � � �
fnr � � � 0.48� 0.23 0.41� 0.17 � � � � � � 1.0

ϕnr, radians � � � −1.21� 0.19 0.95� 0.32 � � � � � � � � �
2 logL −304.7 −300.6 −300.5 −301.4 −301.4 −344.5

B�B�π fZbð10650Þ 1.0 1.04� 0.15 0.77� 0.22 � � �
fnr � � � 0.02� 0.04 0.24� 0.18 1.0

ϕnr, radians � � � 0.29� 1.01 1.10� 0.44 � � �
2 logL −182.4 −182.4 −182.4 −209.7
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in the signal yield extraction (6.9% for BB�π and 8.7% for
B�B�π), in the reconstruction efficiency (7.6%) (including
secondary branching fractions [11]), in the correction factor
α (1%), in the integrated luminosity (1.4%), and in the ISR
correction (2.7%). The overall systematic uncertainties for
the three-body cross sections are estimated to be 7.9%,
10.8%, and 12.0% for the BBπ, BB�π, and B�B�π final
states, respectively.
Using the results of the fit to the MmissðπÞ spectra

with the nominal model (model 0 in Table I) and the results
of the analyses of eþe− → ϒðnSÞπþπ− [1] and eþe− →
hbðmPÞπþπ− [15,17], we calculate the ratio of the
branching fractions B½Zþ

b ð10610Þ → B̄0B�þ þ BþB̄�0�=
B½Zþ

b ð10610Þ → bottomonium� ¼ 5.93þ0.99þ1.01
−0.69−0.73 and

B½Zþ
b ð10650Þ→B�þB̄�0�=B½Zþ

b ð10650Þ→bottomonium�¼
2.80þ0.69þ0.54

−0.40−0.36 . We also calculate the relative fractions for Zb

decays, assuming that they are saturated by the already
observed ϒðnSÞπ, hbðmPÞπ, and Bð�ÞB� channels. The
results are presented in Table III.
To summarize, we report the first observations of the

three-body eþe− → BB�π and eþe− → B�B�π processes
with a statistical significance above 8σ. Measured
Born cross sections are σðeþe− → ½BB̄� þ c:c:��π∓Þ ¼
ð17.4� 1.6� 1.9Þ pb and σðeþe− → ½B�B̄���π∓Þ ¼
ð8.75� 1.15� 1.04Þ pb. For the eþe− → BBπ process,
we set a 90% confidence level upper limit of σðeþe− →

½BB̄��π∓Þ < 2.9 pb. The analysis of the Bð�ÞB� mass
spectra indicates that the total three-body rates are domi-
nated by the intermediate eþe− → Zbð10610Þ∓π� and
eþe− → Zbð10650Þ∓π� transitions for the BB�π and
B�B�π final states, respectively.
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