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distribution from ∆E sidebands (|∆E ± 0.070| < 0.034 GeV). Here a strong enhancement
is evident near M(πψ′) ∼4.43 GeV.
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FIG. 2: The M(π+ψ′) distribution for events in the Mbc-∆E signal region and with the K∗ veto

applied. The shaded histogram show the scaled results from the ∆E sideband. The solid curves
show the results of the fit described in the text.

We perform a binned maximum-likelihood fit to the M(πψ′) invariant mass distribution
using a relativistic S-wave Breit-Wigner (BW) function to model the peak plus a smooth
phase-space-like function fcont(M), where fcont(M) = Ncontq∗(Q1/2 + A1Q3/2 + A2Q5/2).
Here q∗ is the momentum of the π+ in the πψ′ rest frame and Q = Mmax − M , where
Mmax = 4.78 GeV is the maximum M(πψ′) value possible for B → Kπψ′ decay. The
normalization Ncont and two shape parameters A1 and A2 are free parameters in the fit.
This form for fcont(M) is chosen because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. (Since the M(πψ′) distribution for the non-peaking B-
decay events and the ∆E sideband events have a similar shape, we represent them both
with a single function.)

The results of the fit, shown as smooth curves in Fig. 2, are tabulated in Table I. The
fit quality is χ2 = 80.2 for 94 degrees of freedom. The significance of the peak, determined
from the change in log likelihood when the signal and its associated degrees of freedom are
removed from the fit, is 6.5σ.

TABLE I: Results of the fit shown in Fig. 2.

Nsig Ncont BW Mass (GeV) Γ (GeV)

121 ± 30 766± 39 4.433 ± 0.004 0.045+0.018
−0.013
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If I could remember the names of all these particles, I'd be a botanist. 
- E. Fermi

Quarkonium Spectroscopy Progress

14

First discoveries of long-predicted conventional quarkonia
Many discoveries are difficult to explain by quarkonium model
Several states have non-zero charge, cannot be a cc/bb pair

Exotics at Belle II  – Bryan FULSOM (PNNL)  – SCGP Workshop  – 2018 05 29
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Various interpretations of the exotic states

hadroquarkonium

tetra-quark
qq-gluon “hybrid”−

diquark-diantiquark

D-D* “molecule”−

Theoretical models

Tetra-quark

• Hadro-quarkonium: compact quarkonium-like 
core surrounded by light quarks 
• Diquark-onium: compact diquark and anti-

diquark substructures
• Compact tetra-quark: Compact four quarks 

states
• Hadronic molecules: heavy and light quarks 

and anti-quarks combined to form a hadron 
pair 
• Hybrids: both gluons and quarks act as active 

degrees of freedom (contribute to quantum 
numbers) 
• Kinematical effects: threshold re-scattering
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diquark substructures
• Compact tetra-quark: Compact four quarks 

states
• Hadronic molecules: heavy and light quarks 

and anti-quarks combined to form a hadron 
pair 
• Hybrids: both gluons and quarks act as active 

degrees of freedom (contribute to quantum 
numbers) 
• Kinematical effects: threshold re-scattering

17.03.18 HEIPA2018 6Notable question on the exotic states
• What are the nature of these states? Quantum numbers?
• Why are they surprisingly narrow, even though they are above threshold?
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X(3872) observed at Belle

X(3872) confirmed at D0, CDF

X(3915) [as Y (3940)] observed at Belle

Y (4260) observed at BaBar

�c2(2P ) [as Z(3930)] observed at Belle

Y (4260) confirmed at CLEO-c

X(3940), Y (4008), Y (4660) observed at Belle

Y (4360) observed at BaBar

Y (4360) confirmed at Belle

X(3915) [as Y (3940)] confirmed at BaBar

X(3940) confirmed at Belle

Z±(4050), X(4160), Z±(4250), Z±(4430), X(4630)

observed at Belle
Y (4140) observed at CDF

X(3915), X(4350), Yb(10888) observed at Belle

�c2(2P ) [as Z(3930)] confirmed at BaBar

Y (4274) observed at CDF

X(3915) confirmed at BaBar

Zb(10610)± observed and confirmed at Belle

Zb(10650)± observed and confirmed at Belle

X(3823) [likely  2(1D)], Zb(10610)0 observed and confirmed at Belle

Zc(3900)±, Zc(4020)± observed at BESIII

Zc(3900)± confirmed at Belle

Zc(3900)0 observed at CLEO-c

Zc(4020)0 observed at BESIII

Y (4140) confirmed at D0, CMS

Y (4274) confirmed at CMS

Y (4660) confirmed at BaBar

Zc(4020)± confirmed at BESIII

Z±(4200) observed at Belle

Z±(4240) observed at LHCb

Z±(4430) confirmed at LHCb

X(3823) [likely  2(2D)], Zc(3900)0, Zc(4020)0 confirmed at BESIII

Zc(4055)± observed at Belle

Y (4230) observed at BESIII

P+
c (4380), P+

c (4450) observed at LHCb

Yb(10888) no longer observed at Belle

X(5568)± observed at D0

X(5568)± NOT observed at LHCb

Y (4140), Y (4274) confirmed at LHCb

X(4500), X(4700) observed at LHCb
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Figure 7: Timeline of discoveries of heavy-quark exotic candidates.

17

Belle’s contribution to XYZ physics

Belle observed the first exotic state 
X(3872), and contributes to almost 
half of the observations 
(confirmations) for the following XYZ 
states ! 

PRL 91, 262001 (2003), cited by ~1400 records, most quoted paper at Belle! 

17.03.18 HEIPA2018 7

• History	of	the	quarkonium-like	exotic	
states	

• Belle	accounts	for	~1/2	of	the	discoveries,	
including	the	very	first	one,	X(3872)

adapted from Lebed, Mitchell, Swanson, PPNP 93, 143 (2017)



Overview

Introduction  

Action items for Belle II 

• Charmonium-like exotics  

• Bottomonium-like exotics  

Closing remarks 
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SuperKEKB																									Belle	II

injector		
to	Linac



Quarkonium production in e+e−
B decays 

•        only 
• all quantum numbers 
Initial-state radiation (ISR) 

• JPC = 1−− 
two-photon process 

• JPC = 0−+, 0++, 2++ 
double charmonium 

• e.g.  
quarkonium transitions

 8

Quarkonium production at e+e- colliders

15

B decays
Charmonium only
All quantum numbers available

Direct production / Initial State Radiation (ISR)
ECM or below
JPC=1--

Two-photon interaction
JPC = 0-+, 0++, 2++

Double charmonium production
Seen for JPC=1-- (J/y, y(2S)) plus J=0 states

Quarkonium transitions
Hadronic/radiative decays between states

Exotics at Belle II  – Bryan FULSOM (PNNL)  – SCGP Workshop  – 2018 05 29

Belle, PRL 98, 082001 (2007)



Charmonium-like exotics
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X(3872) — action items for Belle II
Nature of X(3872)? 

• Search for a charged partner of X(3872) 
• can give crucial input, if found, for the nature of X(3872) 
• existing search (and null results) by BaBar  
• isovector hypothesis of X(3872) is excluded; 

null hypothesis over isovector by a factor 1.1×104 
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of the B candidate in the !!4S" frame. Signal events should
have mES # mB, where mB is the mass of the B-meson
[15], and j"Ej # 0.

Before the data were analyzed, the selection criteria
were optimized and fixed separately for the charged and
neutral B mode using a Monte Carlo (MC) simulation of
signal and known backgrounds. The number of recon-
structed MC signal events nmc

s and the number of recon-
structed MC background events nmc

b (scaled to the
integrated luminosity) were used to estimate the sensitivity
ratio nmc

s =!a=2$
!!!!!!!!

nmc
b

p " [16], where a, the number of
standard deviations of significance desired, was set to 3.
Note that the maximum of this ratio is independent of the
unknown signal branching fraction. This ratio was maxi-
mized by varying the selection criteria on "E, mES, the
X% ! J= !%!0 mass, the K0

S!!$!%" mass, the K0
S

decay-length significance, the !0!""" mass, and the
particle-identification criteria for electrons, muons, and
charged kaons. The selections jmES %mBj< 5 MeV=c2,
j"Ej< 20 MeV (signal-box region), and
jm!J= !%!0" % 3872j< 12 MeV=c2 were found to be
optimal for selecting signal events. When there was more
than one candidate per event after applying the optimized
cuts (on average there were 1.3 candidates/event), the
candidate with the smallest value of j"Ej was chosen.
The plots that follow include only one candidate per event,
except for the plots showing "E itself.

The "E and mES distributions for the neutral and
charged B modes after we apply all the optimized cuts,
except the cut for the variable plotted, are shown in
Figs. 1(a)–1(d).

A clear peak is observed at zero in the "E distribution
and near 5:279 GeV=c2 in the mES distribution. The other
feature in the "E plots is a wide peak near 0.2 GeV which

is due to B! J= K& decays combined with a random
pion.

The Dalitz plots in Fig. 2 for the charged- and neutral-B
modes use events in the signal-box region and include a
mass cut of 0:67<m!!%!0"< 0:78 GeV=c2 to select the
#% mass region. There are clear bands for K0

1!1270" !
K$#% and K%

1 !1270" ! K0
S#

% corresponding to the de-
cays B% ! J= K%

1 and B0 ! J= K0
1 previously observed

by Belle [17].
The J= !%!0 mass spectra from the neutral and

charged B modes are shown in Fig. 3 without a # mass
cut. No charged signal, X% ! J= !%!0, is evident at
3:872 GeV=c2.

Extracting an upper limit for X% ! J= !%!0 requires
examining the J= !%!0 mass,mES, and "E distributions.
A signal from B! X%K, X% ! J= !%!0 should pro-
duce signal peaks in all three distributions. Background
from B! J= !%!0K in which the J= !%!0 is nonre-
sonant would produce peaks in the mES and "E distribu-
tions but have a flat J= !%!0 mass distribution near
3:872 GeV=c2. The combinatoric background will not cre-
ate peaks in any of the three distributions and should
produce an mES distribution whose shape can be parame-
trized by an ARGUS function [18]. To estimate the number
of signal events !nS", we count the number of observed
events !nobs" in the signal region and subtract the estimated
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FIG. 1. The "E (a) and mES (b) distributions for the B0 !
J= !%!0K$ mode and the "E (c) and mES (d) distributions for
the B% ! J= !%!0K0

S mode using the optimized cuts. The
dotted line shows the same with the additional cut 0:67<
m!!%!0"< 0:87 GeV=c2.
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FIG. 2. The m2!J= #%" versus the m2!#%K$" distributions
(a) for B0 ! J= !%!0K$ and the m2!J= #%" versus the
m2!#%K0

S" distributions (b) for B% ! J= !%!0K0
S. A B!

J= K1 signal can be seen; however, there is no indication for
an enhancement in the J= #% mass spectrum.
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of the B candidate in the !!4S" frame. Signal events should
have mES # mB, where mB is the mass of the B-meson
[15], and j"Ej # 0.

Before the data were analyzed, the selection criteria
were optimized and fixed separately for the charged and
neutral B mode using a Monte Carlo (MC) simulation of
signal and known backgrounds. The number of recon-
structed MC signal events nmc

s and the number of recon-
structed MC background events nmc

b (scaled to the
integrated luminosity) were used to estimate the sensitivity
ratio nmc
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standard deviations of significance desired, was set to 3.
Note that the maximum of this ratio is independent of the
unknown signal branching fraction. This ratio was maxi-
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j"Ej< 20 MeV (signal-box region), and
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optimal for selecting signal events. When there was more
than one candidate per event after applying the optimized
cuts (on average there were 1.3 candidates/event), the
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is due to B! J= K& decays combined with a random
pion.
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charged B modes are shown in Fig. 3 without a # mass
cut. No charged signal, X% ! J= !%!0, is evident at
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X(3872) -- still puzzling

Properties:
• Narrow state near to !∗#$!#. JPC = 1++

• Good candidate for molecule.
• Produced in B decay, ee annihilation, pp 

collision
• Decay to %#&/( , )&/( , !∗#$!# . 

Probably can be produced in radiative 
decay of Y(4260)

Opportunity at BelleII:
• Confirm the Y(4260) production, it may 

indicate both Y(4260) and X(3872) are a 
combination of molecular and * ̅*.

• BelleII will get 4 times more data in this 
region from ISR by 2024. 

• Search for flavor analogy exotic states Xb

17.03.18 HEIPA2018 17

Phys. Rev. Lett. 112 (2014) 092001 

-.(0102 → 45(3872))

BESIII 
data sets

Effective Luminosity via ISR 
in Belle and BelleII by C.Z. Yuan

Nature of X(3872)? 
Connection with Y(4260)? 

• Y(4260) ➔ Zc(3900)± π∓  is observed 
• Y(4260) ➔ γ X(3872) studied by BESIII 
• Detailed study of these by Belle II is necessary 
• ×4 effective luminosity from Belle II with 

50ab−1 
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5
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are data.
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Nature of X(3872)? 
Connection with Y(4260)? 
Absolute branching fractions? 
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• Absolute measurement of BF(B+ ➔ X(3872) K+) is useful to obtain BF of 
X(3872) to a specific final state, hence understand its properties. 

• This can be done in e+e− B-factory, by Mmiss. 

• Proof of principle by BF(B+ ➔ D(*) π+)

D0, respectively. The validity of the beam-energy correc-
tion is checked using high-statistics samples Bþ→Dð#Þ0πþ,
Bþ → Dð#Þ0πþπþπ−, and Bþ → J=ψKþ samples. We di-
vide the samples into two sets with Mbc smaller or larger
than the nominal Bþ mass [10]. The peak positions in the
MmissðhÞ distribution for both data sets without the beam-
energy correction are significantly different from their
expected masses and are consistent within uncertainty after
the correction. We blinded the missing mass distribution in
the range 3.3 GeV=c2 < MmissðKþÞ < 4.0 GeV=c2 until the
analysis procedure was fixed. Branching fractions are
obtained using the following equations,

B ¼
Nsig

2NB&ϵ
; ð2Þ

NB& ¼ Nϒð4SÞBðϒð4SÞ → BþB−Þ; ð3Þ

where Nsig is the signal yield obtained from the fit to the
missing mass distribution, ϵ is the reconstruction efficiency
for Btag and pion or kaon in Bsig, and Nϒð4SÞ is the number
of accumulated ϒð4SÞ events. We use a value of 0.514 for
Bðϒð4SÞ → BþB−Þ [10]. The factor of two in Eq. (2)
originates from the inclusion of the charge-conjugate mode.

IV. ANALYSIS OF B+ → D̄ð#Þ0π + DECAY

Figure 2 shows the observed MmissðπþÞ distribution,
where clear peaks corresponding to D̄0 and D̄#0 are visible.
In order to extract the signal D̄ð#Þ0 yields, a binned
likelihood fit is performed. The probability density function
(PDF) for the signal peak is the sum of three Gaussian
functions based on a study of large simulated samples of
signal decays. The mean value for one Gaussian function is
allowed to differ from that of the other two to accommodate
for the tail in high-mass regions resulting from Btag decays
with photons. The relative weights of the three Gaussian
functions are fixed to the values obtained from the signal
MC. We introduce two parameters: the global offset of the
mean ðμdata − μMCÞ and the global resolution scale factor
ðσdata=σMCÞ to accommodate for a possible difference in the
shape in the signal MC and data. The PDF for background
events is represented by a second-order exponential:
expðaxþ bx2Þ, where a and b are free parameters in the
fit. The validity of using this function as a background
PDF is confirmed by fitting to the background MC and
sideband data, which is defined within the region
5.22 GeV=c2 < Mbc < 5.26 GeV=c2. The fit returns a
reasonable χ2=ndf, where ndf is number of degree of
freedom. χ2 is not improved by increasing the exponential
order. The mass range above 2.3 GeV=c2 is not included in
the fit to avoid contributions from excited D mesons.
Table I summarizes the branching fraction measure-

ments for Bþ → πþD̄ð#Þ0. The values of ðμdata − μMCÞ
and ðσdata=σMCÞ are found to be quite consistent at
0 MeV=c2 and 1, respectively, indicating that the signal
MC describes the signal shape well. The measured branch-
ing fractions are consistent with the world averages [10]
within 1.1σ taking into account the fact that almost all past
measurements assumed Bðϒð4SÞ → BþB−Þ ¼ 0.5.

V. ANALYSIS OF B+ → Xcc̄K + DECAY

Figure 3 shows the observed and fitted MmissðKþÞ dis-
tributions. We again perform a binned likelihood fit to
extract the signal Xcc̄ yields. In the analysis of the high-
statistics sample of Bþ → D̄ð#Þ0πþ, we confirm that the
signal shape is consistent between data and MC. Therefore,
we fix the signal PDF to be the histogram PDF from signal
MC generated with the mass and natural width of the Xcc̄
states fixed to the world averages [10]. We consider nine
Xcc̄ in the fit: ηc, J=ψ , χc0, χc1, ηcð2SÞ, ψð2SÞ, ψð3770Þ,
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FIG. 2. Observed MmissðπþÞ distribution. Points with error bars
represent data. The solid, dashed, and dotted lines represent the
total fit result, the contribution from D̄0 and D̄#0, and the
contribution from the background, respectively.

TABLE I. Summary of the branching fraction measurements for Bþ → D̄ð#Þ0πþ decays. The first uncertainties for the branching
fractions are statistical and the second are systematic.

Mode Nsig ðμdata − μMCÞ ðMeV=c2Þ ðσdata=σMCÞ ϵ ð10−3Þ B ð10−3Þ
World average for
B (10−3) [10]

Bþ → πþD̄0 8550& 190 −0.5& 0.8 0.994& 0.025 2.48& 0.02 4.34& 0.10& 0.25 4.80& 0.15
Bþ → πþD̄#0 9980& 250 −0.8& 0.8 1.035& 0.029 2.61& 0.02 4.82& 0.12& 0.35 5.18& 0.26
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D0, respectively. The validity of the beam-energy correc-
tion is checked using high-statistics samples Bþ→Dð#Þ0πþ,
Bþ → Dð#Þ0πþπþπ−, and Bþ → J=ψKþ samples. We di-
vide the samples into two sets with Mbc smaller or larger
than the nominal Bþ mass [10]. The peak positions in the
MmissðhÞ distribution for both data sets without the beam-
energy correction are significantly different from their
expected masses and are consistent within uncertainty after
the correction. We blinded the missing mass distribution in
the range 3.3 GeV=c2 < MmissðKþÞ < 4.0 GeV=c2 until the
analysis procedure was fixed. Branching fractions are
obtained using the following equations,

B ¼
Nsig

2NB&ϵ
; ð2Þ

NB& ¼ Nϒð4SÞBðϒð4SÞ → BþB−Þ; ð3Þ

where Nsig is the signal yield obtained from the fit to the
missing mass distribution, ϵ is the reconstruction efficiency
for Btag and pion or kaon in Bsig, and Nϒð4SÞ is the number
of accumulated ϒð4SÞ events. We use a value of 0.514 for
Bðϒð4SÞ → BþB−Þ [10]. The factor of two in Eq. (2)
originates from the inclusion of the charge-conjugate mode.

IV. ANALYSIS OF B+ → D̄ð#Þ0π + DECAY

Figure 2 shows the observed MmissðπþÞ distribution,
where clear peaks corresponding to D̄0 and D̄#0 are visible.
In order to extract the signal D̄ð#Þ0 yields, a binned
likelihood fit is performed. The probability density function
(PDF) for the signal peak is the sum of three Gaussian
functions based on a study of large simulated samples of
signal decays. The mean value for one Gaussian function is
allowed to differ from that of the other two to accommodate
for the tail in high-mass regions resulting from Btag decays
with photons. The relative weights of the three Gaussian
functions are fixed to the values obtained from the signal
MC. We introduce two parameters: the global offset of the
mean ðμdata − μMCÞ and the global resolution scale factor
ðσdata=σMCÞ to accommodate for a possible difference in the
shape in the signal MC and data. The PDF for background
events is represented by a second-order exponential:
expðaxþ bx2Þ, where a and b are free parameters in the
fit. The validity of using this function as a background
PDF is confirmed by fitting to the background MC and
sideband data, which is defined within the region
5.22 GeV=c2 < Mbc < 5.26 GeV=c2. The fit returns a
reasonable χ2=ndf, where ndf is number of degree of
freedom. χ2 is not improved by increasing the exponential
order. The mass range above 2.3 GeV=c2 is not included in
the fit to avoid contributions from excited D mesons.
Table I summarizes the branching fraction measure-

ments for Bþ → πþD̄ð#Þ0. The values of ðμdata − μMCÞ
and ðσdata=σMCÞ are found to be quite consistent at
0 MeV=c2 and 1, respectively, indicating that the signal
MC describes the signal shape well. The measured branch-
ing fractions are consistent with the world averages [10]
within 1.1σ taking into account the fact that almost all past
measurements assumed Bðϒð4SÞ → BþB−Þ ¼ 0.5.

V. ANALYSIS OF B+ → Xcc̄K + DECAY

Figure 3 shows the observed and fitted MmissðKþÞ dis-
tributions. We again perform a binned likelihood fit to
extract the signal Xcc̄ yields. In the analysis of the high-
statistics sample of Bþ → D̄ð#Þ0πþ, we confirm that the
signal shape is consistent between data and MC. Therefore,
we fix the signal PDF to be the histogram PDF from signal
MC generated with the mass and natural width of the Xcc̄
states fixed to the world averages [10]. We consider nine
Xcc̄ in the fit: ηc, J=ψ , χc0, χc1, ηcð2SÞ, ψð2SÞ, ψð3770Þ,
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FIG. 2. Observed MmissðπþÞ distribution. Points with error bars
represent data. The solid, dashed, and dotted lines represent the
total fit result, the contribution from D̄0 and D̄#0, and the
contribution from the background, respectively.

TABLE I. Summary of the branching fraction measurements for Bþ → D̄ð#Þ0πþ decays. The first uncertainties for the branching
fractions are statistical and the second are systematic.

Mode Nsig ðμdata − μMCÞ ðMeV=c2Þ ðσdata=σMCÞ ϵ ð10−3Þ B ð10−3Þ
World average for
B (10−3) [10]

Bþ → πþD̄0 8550& 190 −0.5& 0.8 0.994& 0.025 2.48& 0.02 4.34& 0.10& 0.25 4.80& 0.15
Bþ → πþD̄#0 9980& 250 −0.8& 0.8 1.035& 0.029 2.61& 0.02 4.82& 0.12& 0.35 5.18& 0.26
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BðBþ → Xð3872ÞKþÞ < 2.6 × 10−4, which is more strin-
gent than the one determined by BABAR [11] (3.2 × 10−4).
The lower limit of BðXð3872Þ → fÞ is based on BABAR’s
measurement. Our result improves these lower limits. We
set the 90% C.L. upper limit of BðBþ → Xð3915ÞKþÞ <
2.8 × 10−4 for the first time.
We measure BðBþ→ηcKþÞ¼ð12.0%0.8%0.7Þ×10−4

and BðBþ → ηcð2SÞKþÞ ¼ ð4.8 % 1.1 % 0.3Þ × 10−4,
which are the most accurate measurements to date. In
particular, this is the first significant measurement for
BðBþ → ηcð2SÞKþÞ. The current world average of
Bðηcð2SÞ → KK̄πÞ is ð1.9% 0.4% 1.1Þ% [10], where the
second uncertainty is dominated by the measurement of
BðBþ → ηcð2SÞKþÞ ¼ ð3.4% 1.8Þ × 10−4 by BABAR
[11]. Our measurement significantly improves the precision
of Bðηcð2SÞ → KK̄πÞ. In addition, this measurement can
contribute to many other decays involving the ηcð2SÞ such
as ψð2SÞ → γηcð2SÞ by BESIII [23] and ηcð2SÞ → pp̄ by
LHCb [24]. Finally, we measure BðBþ → D̄0πþÞ ¼
ð4.34% 0.10% 0.25Þ × 10−3 and BðBþ → D̄&0πþÞ ¼
ð4.82% 0.12% 0.35Þ × 10−3, which are consistent with
the world averages [10]. The latter is the most precise
measurement from a single experiment.
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Nature of X(3872)? 
Connection with Y(4260)? 
Absolute branching fractions? 
For other exotics 

• Lineshape, e.g. for Y(4260) 
• Determine JPC (not determined for many exotic states) 
• dependence on production mechanism?
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X(3872) — action items for Belle II



C even exotic states in ⁄"# $ final states

% → ⁄'(, ( → *+ , -- → ⁄( → *+ ,

3.2.

• Why were they only observed in one 
production process ? 

• Not appeared in /0/1 annihilation 
Prospect at BelleII
• 4 ab-1 data is sufficient to confirm X(4350) at 

BelleII (estimated by eye, assume same bg. ) 
• Will have 4~8 time larger data set here at 

BelleII via /0/1 → ⁄-234-*+ ,

~2.3 fb-1 around 4.26 GeV
/0/1 → ⁄-*+ ,

Y(4140),

X(4350)

17.03.18 HEIPA2018 22

Phys. Rev. Lett. 118, 022003 (2017) Phys. Rev. Lett. 104 (2010) 112004

Phys.Rev. D91 (2015) 3, 032002

Y(4274) X(4500)

X(4700)
X(4350)?

Production mechanism?
Belle two-photon 

• observed X(4350) in γγ ➔ J/ψ ϕ 

LHCb amplitude analysis of             
B ➔ J/ψ ϕ K 

• several resonant structures: Y(4140), 
Y(4274), X(4500), X(4700) 

• but did not see X(4350) 

Belle II should revisit this mode in 
all ways possible (B, ISR, 2γ)
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FIG. 2: A scatter plot of M(ℓ+ℓ−) versus M(K+K−) for the selected K+K−ℓ+ℓ− events. The
size of the boxes is proportional to the number of events.

Figure 3 shows the φJ/ψ invariant mass distribution [25], together with the background
estimated from the normalized J/ψ and φ mass sidebands. No Y (4140) signal is evident.
Assuming that there is no background within the Y (4140) mass region and the number of
signal events follows a Poisson distribution with a uniform prior probability density function,
a Bayesian upper limit on the number of the Y (4140) signal events is estimated to be 2.3
at the 90% C.L. [26]. However, there is a clear enhancement at 4.35 GeV/c2, where the
background level estimated from the normalized J/ψ and φ mass sidebands is very low.
Other possible backgrounds that are not included in the sidebands, such as γγ → φJ/ψ+X
and e+e− → φJ/ψ +X where X may indicate one or more particles, and γγ → φJ/ψ with
the J/ψ and φ decaying into final states other than lepton pairs and K+K−, are found to
be very small after applying all of the event selection criteria.
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shows the experimental data. The fit to the φJ/ψ invariant mass distribution from 4.2 to 5.0
GeV/c2 is described in the text. The solid curve is the best fit, the dashed curve is the background,
and the shaded histogram is from normalized φ and J/ψ mass sidebands. The arrow shows the

expected position of the Y (4140).

In order to obtain resonance parameters for the structure at 4.35 GeV/c2, an unbinned
extended maximum likelihood method is applied to the φJ/ψ mass spectrum in Fig. 3. The
distribution is fitted in the range 4.2 to 5.0 GeV/c2 with an acceptance-corrected Breit-
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Bottomonium-like exotics
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exotic states:              
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                                     proceeds via one of 
two intermediate exotic states,        and      
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FIG. 2: Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the
Υ(1S) (a,b), Υ(2S) (c,d), and Υ(3S) (e,f) signal regions. The
hatched histogram shows the background component.

available phase space is significantly smaller and contri-
butions from the f0(980) and f2(1270) channels are not
well constrained. Since the fit to the Υ(3S)π+π− signal
is insensitive to the presence of these two components,
we fix their amplitudes at zero. Due to the very limited
phase space available in the Υ(5S) → Υ(3S)π+π− decay,
there is a significant overlap between the two processes
Υ(5S) → Z+

b π
− and Υ(5S) → Z−

b π
+.

Results of the fits to Υ(5S) → Υ(nS)π+π− signal
events are shown in Fig. 2, where one-dimensional pro-
jections of the data and fits are compared. Numerical
results are summarized in Table I, where the relative nor-
malization is defined as aZ2

/aZ1
and the relative phase

as δZ2
− δZ1

. The combined statistical significance of the
two peaks exceeds 10 σ for all tested models and for all
Υ(nS)π+π− channels.
The main source of systematic uncertainties in the

analysis of Υ(5S) → Υ(nS)π+π− channels is due to un-
certainties in the parameterization of the decay ampli-
tude. We fit the data with modifications of the nom-
inal model (described in Eq. 1). In particular, we vary
the M(π+π−) dependence of the non-resonant amplitude
Anr, include a D-wave component into Anr, include the
f0(600) state, etc. The variations in the extracted Zb

parameters determined from fits with modified models
are taken as estimates of the model uncertainties. Other
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FIG. 3: The (a) hb(1P ) and (b) hb(2P ) yields as a function
of Mmiss(π) (points with error bars) and results of the fit
(histogram).

major sources of systematic error include variation of the
reconstruction efficiency over the Dalitz plot and uncer-
tainty in the c.m. energy. Systematic effects associated
with uncertainties in the description of the combinato-
rial background are found to be negligible. The overall
systematic errors are quoted in Table I.

To study the resonant substructure of the Υ(5S) →
hb(mP )π+π− (m = 1, 2) decays we measure their yield
as a function of the hb(1P )π± invariant mass. The decays
are reconstructed inclusively using the missing mass of
the π+π− pair, Mmiss(π+π−). We fit the Mmiss(π+π−)
spectra in bins of hb(1P )π± invariant mass, defined as the
missing mass of the opposite sign pion, Mmiss(π∓). We
combine the Mmiss(π+π−) spectra for the corresponding
Mmiss(π+) and Mmiss(π−) bins and we use half of the
available Mmiss(π) range to avoid double counting.

Selection requirements and the Mmiss(π+π−) fit pro-
cedure are described in detail in Ref. [3]. We consider all
well reconstructed and positively identified π+π− pairs
in the event. Continuum e+e− → qq̄ (q = u, d, s)
background is suppressed by a requirement on the ra-
tio of the second to zeroth Fox-Wolfram moments R2 <
0.3 [13]. The fit function is a sum of peaking compo-
nents due to dipion transitions and combinatorial back-
ground. The positions of all peaking components are
fixed to the values measured in Ref. [3]. In the case of
the hb(1P ) the peaking components include signals from
Υ(5S) → hb(1P ) and Υ(5S) → Υ(2S) transitions, and
a reflection from the Υ(3S) → Υ(1S) transition, where
the Υ(3S) is produced inclusively or via initial state ra-
diation. Since the Υ(3S) → Υ(1S) reflection is not well
constrained by the fits, we determine its normalization
relative to the Υ(5S) → Υ(2S) signal from the exclu-
sive µ+µ−π+π− data for every Mmiss(π) bin. In case of
the hb(2P ) we use a smaller Mmiss(π+π−) range than
in Ref. [3], Mmiss(π+π−) < 10.34GeV/c2, to exclude
the region of the K0

S → π+π− reflection. The peak-
ing components include the Υ(5S) → hb(2P ) signal and
a Υ(2S) → Υ(1S) reflection. To constrain the normal-
ization of the Υ(2S) → Υ(1S) reflection we use exclu-
sive µ+µ−π+π− data normalized to the total yield of the
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FIG. 2: Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the
Υ(1S) (a,b), Υ(2S) (c,d), and Υ(3S) (e,f) signal regions. The
hatched histogram shows the background component.

available phase space is significantly smaller and contri-
butions from the f0(980) and f2(1270) channels are not
well constrained. Since the fit to the Υ(3S)π+π− signal
is insensitive to the presence of these two components,
we fix their amplitudes at zero. Due to the very limited
phase space available in the Υ(5S) → Υ(3S)π+π− decay,
there is a significant overlap between the two processes
Υ(5S) → Z+

b π
− and Υ(5S) → Z−

b π
+.

Results of the fits to Υ(5S) → Υ(nS)π+π− signal
events are shown in Fig. 2, where one-dimensional pro-
jections of the data and fits are compared. Numerical
results are summarized in Table I, where the relative nor-
malization is defined as aZ2

/aZ1
and the relative phase

as δZ2
− δZ1

. The combined statistical significance of the
two peaks exceeds 10 σ for all tested models and for all
Υ(nS)π+π− channels.
The main source of systematic uncertainties in the

analysis of Υ(5S) → Υ(nS)π+π− channels is due to un-
certainties in the parameterization of the decay ampli-
tude. We fit the data with modifications of the nom-
inal model (described in Eq. 1). In particular, we vary
the M(π+π−) dependence of the non-resonant amplitude
Anr, include a D-wave component into Anr, include the
f0(600) state, etc. The variations in the extracted Zb

parameters determined from fits with modified models
are taken as estimates of the model uncertainties. Other
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FIG. 3: The (a) hb(1P ) and (b) hb(2P ) yields as a function
of Mmiss(π) (points with error bars) and results of the fit
(histogram).

major sources of systematic error include variation of the
reconstruction efficiency over the Dalitz plot and uncer-
tainty in the c.m. energy. Systematic effects associated
with uncertainties in the description of the combinato-
rial background are found to be negligible. The overall
systematic errors are quoted in Table I.

To study the resonant substructure of the Υ(5S) →
hb(mP )π+π− (m = 1, 2) decays we measure their yield
as a function of the hb(1P )π± invariant mass. The decays
are reconstructed inclusively using the missing mass of
the π+π− pair, Mmiss(π+π−). We fit the Mmiss(π+π−)
spectra in bins of hb(1P )π± invariant mass, defined as the
missing mass of the opposite sign pion, Mmiss(π∓). We
combine the Mmiss(π+π−) spectra for the corresponding
Mmiss(π+) and Mmiss(π−) bins and we use half of the
available Mmiss(π) range to avoid double counting.

Selection requirements and the Mmiss(π+π−) fit pro-
cedure are described in detail in Ref. [3]. We consider all
well reconstructed and positively identified π+π− pairs
in the event. Continuum e+e− → qq̄ (q = u, d, s)
background is suppressed by a requirement on the ra-
tio of the second to zeroth Fox-Wolfram moments R2 <
0.3 [13]. The fit function is a sum of peaking compo-
nents due to dipion transitions and combinatorial back-
ground. The positions of all peaking components are
fixed to the values measured in Ref. [3]. In the case of
the hb(1P ) the peaking components include signals from
Υ(5S) → hb(1P ) and Υ(5S) → Υ(2S) transitions, and
a reflection from the Υ(3S) → Υ(1S) transition, where
the Υ(3S) is produced inclusively or via initial state ra-
diation. Since the Υ(3S) → Υ(1S) reflection is not well
constrained by the fits, we determine its normalization
relative to the Υ(5S) → Υ(2S) signal from the exclu-
sive µ+µ−π+π− data for every Mmiss(π) bin. In case of
the hb(2P ) we use a smaller Mmiss(π+π−) range than
in Ref. [3], Mmiss(π+π−) < 10.34GeV/c2, to exclude
the region of the K0

S → π+π− reflection. The peak-
ing components include the Υ(5S) → hb(2P ) signal and
a Υ(2S) → Υ(1S) reflection. To constrain the normal-
ization of the Υ(2S) → Υ(1S) reflection we use exclu-
sive µ+µ−π+π− data normalized to the total yield of the
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Bottomonia from e+e− B-factories
Important past contributions 

• discovery of hb, ηb 
• anomalous ππ and η transitions 
• discovery of Zb: exotic (charged), around              threshold 

Operation energies 

• With ~1.5 ab−1 @ ϒ(4S) existing, it might be sensible to run for 
non-B physics in early Belle II operations
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδnf5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×

ffiffiffi
s

p
, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
ffiffiffi
s

p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at

ffiffiffi
s

p
¼ 10.866 GeV: Bð&ÞB̄ð&ÞðπÞ and

Bð&Þ
s B̄ð&Þ

s . As the relative rates of the different event types are
only known at the on resonance point, we take the average
of the highest and lowest efficiencies as ϵbb̄ and the
difference divided by

ffiffiffiffiffi
12

p
as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is

Ni ¼ Li ×
"
σbb̄;iϵbb̄;i þ σqq̄;iϵqq̄;i þ

X
σISR;iϵISR;i

#
ð4Þ

FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
s

p
is not included.

M5S (MeV=c2) Γ5S (MeV) M6S (MeV=c2) Γ6S (MeV) ϕ6S − ϕ5SðδÞ (rad) χ2=dof

R0
b 10881.8þ1.0

−1.1 ( 1.2 48.5þ1.9þ2.0
−1.8−2.8 11003.0( 1.1þ0.9

−1.0 39.3þ1.7þ1.3
−1.6−2.4 −1.87þ0.32

−0.51 ( 0.16 56=50
RΥðnSÞππ 10891.1( 3.2þ0.6

−1.7 53.7þ7.1 þ1.3
−5.6 −5.4 10987.5þ6.4þ9.0

−2.5−2.1 61þ9 þ2
−19−20 −1.0( 0.4þ1.4

−0.1 51=56

D. SANTEL et al. PHYSICAL REVIEW D 93, 011101(R) (2016)
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action items for bb-like @ Belle II
Energy scan — motivations 

• ϒ(10860) has been interpreted to be a pure 
S-wave, JPC = 1−− 

• But ∃ several questions to this: 
peak	shifts,	anomalously	high	rates	to	ϒ(nS)ππ,	
non-suppression	of	spin-flip	processes,	etc.	

• Moreover, all cross sections around ϒ(10860) 
and ϒ(11020) show similar structure 
✓ Just	two	peaks	—	“5S”	and	“6S”	

✓ This	difference,	to	charmonia,	is	not	understood	

• The exclusive scan results (top 3) are certainly 
limited by statistics 
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Energy scan — recent Belle results
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4

Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.
Using MC simulation, we find that combining a ran-

dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is incorpo-
rated within the combinatorial background and results
in minor corrections in the hb(1P ) and hb(2P ) yields of
0.99 ± 0.01 and 0.995 ± 0.005, respectively. The π+π−

pairs originating from the Υ(2S) → Υ(1S)π+π− transi-
tions with the Υ(2S) produced inclusively or via ISR re-
sult in a peak at Ec.m.− [mΥ(2S) −mΥ(1S)] that is inside
the hb(2P ) fit interval for the c.m. energies close to the
Υ(5S). The shape of this peaking background is found
to be a Gaussian with σ = 11MeV/c2. Its normalization
is floated in the fit.
To determine the reconstruction efficiency, we use

phase-space-generatedMC, weighted in Mmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.
At each energy, the Born cross section is determined

according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.
The systematic uncertainties in the signal yields origi-

nate from the signal and background shapes. The relative
uncertainty due to the Mmiss(ππ) resolution is correlated
among different energy points and is equal to 1.4% for
the hb(1P ) and 3.3% for the hb(2P ). The uncertainties
due to the hb(nP ) masses and ISR tail shapes are found
to be negligible. To estimate the background-shape con-
tribution, we vary the fit interval limits by about 50MeV
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FIG. 1. (colored online) The cross sections for the e+e− →
hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

and the polynomial order for each fit interval. The cor-
responding uncertainties are considered uncorrelated and
are 1.1% and 2.5% for the on-resonance cross sections in
Eqs. (3) and (4), respectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-
tions. We perform a simultaneous fit of the shapes,
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FIG. 3. (colored online) The Mmiss(ππ) spectrum in the
hb(2P ) interval for the combined data samples of five energy
points near the Υ(6S). The legend is the same as in Fig. 2.

fit the Mmiss(ππ) spectra in bins of Mmiss(π) to measure
the hb(nP )π+π− yields as functions of Mmiss(π). The
distribution of the phase-space-generated signal events
in the Mmiss(π+) vs. Mmiss(π−) plane has the shape
of a narrow slanted band; each structure at high val-
ues of Mmiss(π±) produces a “reflection” at small values
of Mmiss(π∓). We combine the Mmiss(ππ) spectra for
the corresponding Mmiss(π+) and Mmiss(π−) bins and
consider the upper half of the available Mmiss(π) range.
Thereby, we consider all signal events and avoid dou-
ble counting. The yields, corrected for the reconstruc-
tion efficiencies, are shown in Fig. 4. The data are not
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FIG. 4. The efficiency-corrected yields of hb(1P )π+π− (a)
and hb(2P )π+π− (b) as functions of Mmiss(π) for the com-
bined data samples of five energy points in the Υ(6S) region.
Points represent data; the solid histogram represents the fit
result with the Zb signal shape fixed from the Υ(5S) analysis;
the dashed histogram represents the result of the fit with a
phase space distribution.

distributed uniformly in phase space; they populate the

Zb(10610) and Zb(10650) mass region. We fit the data
to a shape where the Zb(10610) and Zb(10650) parame-
ters are fixed to the Υ(5S) → Zbπ → hb(1P )π+π− re-
sult and the non-resonant contribution is set to zero [14].
Such a model describes the data well: the confidence
levels of the fits are 65% and 77% for the hb(1P ) and
hb(2P ), respectively. The phase space hypothesis is ex-
cluded relative to this model at the 3.6σ and 4.5σ levels
in the hb(1P )π+π− and hb(2P )π+π− channels, respec-
tively. The single Zb(10610) hypothesis is excluded at
the 3.3σ level in the hb(1P )π+π− channel, while the sin-
gle Zb(10650) hypothesis cannot be excluded at a signif-
icant level. In the hb(2P )π+π− channel, the Zb(10610)±

and Zb(10650)± signals overlap with the Zb(10650)∓ and
Zb(10610)∓ reflections, respectively, which obscures the
determination of the relative yields. The exclusion levels
are determined using pseudo-experiments from the χ2

differences of the two hypotheses being compared, and
include systematic uncertainty.
In conclusion, we have measured the energy depen-

dence of the e+e− → hb(nP )π+π− (n = 1, 2) cross sec-
tions. We find two peaks corresponding to the Υ(5S) and
Υ(6S) states and measure their parameters, which agree
with the results from Ref. [11]. The data are consistent
with no continuum contribution.
We report first evidence for Υ(6S) → hb(1P )π+π−

and first observation of the Υ(6S) → hb(2P )π+π− tran-
sitions. We study their resonant substructures and find
evidence that they proceed entirely via the intermediate
isovector states Zb(10610) and Zb(10650). Their relative
fraction is loosely constrained by the current data: the
hypothesis that only Zb(10610) is produced is excluded at
the 3.3σ level, while the hypothesis that only Zb(10650)
is produced is not excluded at a significant level.
The shapes of the e+e− → hb(nP )π+π− and e+e− →

Υ(nS)π+π− cross sections look similar. The only signif-
icant difference is a smaller relative yield of Υ(nS)π+π−

at the Υ(6S). Since the hb(nP )π+π− final states are pro-
duced only via intermediate Zb while Υ(nS)π+π− at the
Υ(5S) are produced both via Zb and non-resonantly, this
difference indicates that the non-resonant contributions
in Υ(nS)π+π− are suppressed at the Υ(6S).
We thank the KEKB group for excellent operation

of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
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MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC (Aus-
tralia); FWF (Austria); NSFC and CCEPP (China);
MSMT (Czechia); CZF, DFG, EXC153, and VS (Ger-
many); DST (India); INFN (Italy); MOE, MSIP, NRF,
BK21Plus, WCU and RSRI (Korea); MNiSW and NCN
(Poland); MES, RFAAE and RSF under Grant No. 15-
12-30014 (Russia); ARRS (Slovenia); IKERBASQUE
and UPV/EHU (Spain); SNSF (Switzerland); MOE and
MOST (Taiwan); and DOE and NSF (USA).

single Zb(10610) hypothesis is excluded at 3.3σ
single Zb(10650) hypothesis is not excluded
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For	more	on	Belle	energy	scan	results	(esp.	1806.06203),	see	L.	Piilonen	talk.
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a 3S1 state or in a 3D1 one. In terms of the H ! SLB
decomposition, the former is 1"H ! 0þSLB and the latter is
1"H ! 2þSLB, since the angular momentum of the b !b pair is
relegated to the SLB system. However, the D-wave contri-
bution in the production of the resonance is small inasmuch
as the heavy quarks are nonrelativistic at the energy of the
"ð5SÞ resonance and can be neglected. It is thus reasonable
to assume that the spin structure of "ð5SÞ in terms of a
H ! SLB decomposition is dominated by 1"H ! 0þSLB.

To a certain extent, the assumed spin structure of the
resonance can be tested against the available data on its
decays. Namely, the relative yield of the meson-antimeson
pairs B& !B&, B& !Bþ B !B&, and B !B significantly depends
on this structure. In the limit, where the interaction of
the heavy quark spin is considered as small for a pure
1"H ! 0þSLB state, the ratio of the yield in these channels is
7:3:1 [5] (see also the review in[6]). In the real world, there
are finite effects due to the spin-dependent interaction both
in the decay amplitudes and in the kinematical P-wave
factors p3 due to the mass splitting between the B& and B
mesons due to the same interaction. If only the phase space
factors p3 are taken into account, the ratio becomes
4:2:2:4:1. However, given the absence of a full calculation
in the first order in the spin effects, it may be more
reasonable to compare the lowest order theoretical result
with the experimental data. Thus, the spread between the
expected ratio with and without the kinematical factors
illustrates the range of current theoretical uncertainty.

The fraction for the yield in each of the three meson-
antimeson channels at the "ð5SÞ resonance as mea-
sured by Belle [7] corresponds to fðB& !B&Þ ¼ ð37:5þ2:1

"1:9 (
3:0Þ%, fðB& !Bþ B !B&Þ ¼ ð13:7( 1:3( 1:1Þ%, fðB !BÞ ¼
ð5:5þ1:0

"0:9 ( 0:4Þ%, which reasonably agrees with the 7:3:1
ratio, and given the errors, with the kinematically modified
ratio. In either case, the suggested spin structure 1"H ! 0þSLB
of the "ð5SÞ resonance appears to not contradict the data.
Another test of the suggested spin structure of "ð5SÞ

is provided by its decays into the channels B& !B&!,
ðB& !Bþ B !B&Þ!, and B !B!. The energy above the threshold
for the heavy meson pair in these processes is small so
that only the lowest possible partial wave amplitude can
be retained when considering these decays. This is in
agreement with the observed [7] suppression of the chan-
nel B !B!: fðB !B!Þ ¼ ð0:0( 1:2( 0:3Þ%, since this pro-
cess cannot go in the S wave unlike the other two. In the S
wave, the states of the heavy meson pair in terms of the
H ! SLB decomposition can be read off the formulas (6)
for B& !B& and (7) for ðB& !BþB !B&Þ. The heavy quark spin
state is conserved so that the decays from "ð5SÞ pro-
ceed only to the 1"H ! 0"SLB component of the states
of these heavy meson pairs. In other words, the under-
lying process can be viewed as factorized into the tran-
sition ð1"HÞ"ð5SÞ ! ð1"HÞfinal for the heavy spin and
ð0þSLBÞ"ð5SÞ ! ð0"SLBÞfinal þ ! for the rest degrees of free-
dom. Clearly, since the states (6) and (7) contain the spin
state 1"H ! 0"SLB with the same amplitude (up to the sign),
the ratio of the decay amplitudes of the observed processes
can be found as

!!!!!!!!
A½"ð5SÞ ! B& !B&!ðp2Þ*

A½"ð5SÞ ! ðB& !Bþ B !B&Þ!ðp1Þ*

!!!!!!!!¼
E2

E1
; (10)

where p1 and p2 are the momenta of the pion in these
two decays, and E1 and E2 are the corresponding energies.
(The proportionality of the S-wave amplitude to the pion
energy is dictated by the chiral algebra. One can also
note that the mechanism, where the discussed decays go
through a pair with one virtual B or B& meson with a
subsequent emission of the pion by the heavy meson,
"ð5SÞ ! Bð&Þ !Bð&Þ ! Bð&Þ !Bð&Þ!, results in higher partial
waves, and its amplitude is proportional to the product of
the pion spatial momentum and that of one of the heavy
mesons. Such a contribution is expected to be suppressed at
small available energy in the considered decays. This
expectation is supported by the observed strong suppres-
sion of the channel "ð5SÞ ! B !B!, which is forbidden in
the Swave and is generally allowed if higher partial waves
are present.) Also, in Eq. (10), it is implied that state
ðB& !Bþ B !B&Þ is theG ¼ þ1 state of the heavy meson pairs
normalized to one. In these processes, the kinematical
effect of the mass splitting between the B& and B mesons
is considerably enhanced by a very small released kinetic
energy: about 75 MeV in the decay "ð5SÞ ! B& !B&!
and about 120 MeV in "ð5SÞ ! ðB& !Bþ B !B&Þ!. It thus

FIG. 1. The expected family of six isotriplet resonances at the
B !B, B& !B and B& !B& thresholds and their likely decay modes to
bottomonium and a light meson. The excited bottomonium states
can be present in the decays instead of the shown lower states
ð"b;"; hb;#bÞ, where kinematically possible. The dashed ar-
rowed lines show the discussed radiative transitions from "ð5SÞ.
(The mass splitting to "ð5SÞ is shown not to scale.)
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action items for bb-like @ Belle II
Energy scan 
Run at 6S 
“Energy frontier” ( > 11.24 GeV) 

• Previously unexplored 
• To study potentially interesting baryon-antibaryon dynamics 

• Transitions from new vector states possibly provide a way of producing 
partners of X(3872), Zb(106*0), etc.  
Necessary to go beyond ~11.5 GeV to access such transitions 
kinematically 
But, it requires a Linac upgrade, which costs a lot.
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action items for bb-like @ Belle II
Energy scan 
Run at 6S 
“Energy frontier” ( > 11.24 GeV) 
Full amplitude analyses to determine JP of exotics
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Closing remarks
There is no consensus about the interpretation for the 
observed exotic states, and different assumed structures lead 
to different predictions.  

∴ A lot of work is waiting for Belle II, to complete our 
experimental knowledge of the exotic states. 

Belle II shall search for missing quarkonia and for expected 
partners of exotic states, search for new decay channels of 
known states, and detailed measurement of all accessible 
properties, including JP, absolute BF, line-shapes, etc.

 24
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Back-up
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1 Quarkonium(like) Physics

Table 9: Missing bottomonium levels below the BB̄ threshold, their quantum numbers,

potential model predictions for masses [205], light hadrons emitted in the transitions

from vector bottomonium-like states to the considered bottomonia and thresholds of these

transitions [359].

Name L S JPC Mass, MeV/c2 Emitted hadrons [Threshold, GeV/c2]

⌘b(3S) 0 0 0�+ 10336 ! [11.12], � [11.36]

hb(3P ) 1 0 1+� 10541 ⇡+⇡� [10.82], ⌘ [11.09], ⌘0 [11.50]

⌘b2(1D) 2 0 2�+ 10148 ! [10.93], � [11.17]

⌘b2(2D) 2 0 2�+ 10450 ! [11.23], � [11.47]

⌥J(2D) 2 1 (1, 2, 3)�� 10441� 10455 ⇡+⇡� [10.73], ⌘ [11.00], ⌘0 [11.41]

hb3(1F ) 3 0 3+� 10355 ⇡+⇡� [10.63], ⌘ [10.90], ⌘0 [11.31]

�bJ(1F ) 3 1 (2, 3, 4)++ 10350� 10358 ! [11.14], � [11.38]

⌘b4(1G) 4 0 4�+ 10530 ! [11.31], � [11.55]

⌥J(1G) 4 1 (3, 4, 5)�� 10529� 10532 ⇡+⇡� [10.81], ⌘ [11.08], ⌘0 [11.49]

����bJ(1P ) ! ����⌥ (1S) corresponds to dominant transitions and can be used for exclu- 2195

sive reconstruction, with ⌥ (1S) ! e�e� or µ+µ�. More details on the bottomonium decays 2196

can be found in e.g. Ref. [205]. 2197

Search for molecular states near B(⇤)
(s) B̄

(⇤)
(s) thresholds The Zb(10610) and Zb(10650)

Table 10: Expected molecular states with the structure BB̄, BB̄⇤ and B⇤B̄⇤ [359].

IG(JP ) Name Content Co-produced particles Decay channels

[Threshold, GeV/c2]

1+(1+) Zb BB̄⇤ ⇡ [10.75] ⌥ (nS)⇡, hb(nP )⇡, ⌘b(nS)⇢

1+(1+) Z 0
b B⇤B̄⇤ ⇡ [10.79] ⌥ (nS)⇡, hb(nP )⇡, ⌘b(nS)⇢

1�(0+) Wb0 BB̄ ⇢ [11.34], � [10.56] ⌥ (nS)⇢, ⌘b(nS)⇡

1�(0+) W 0
b0 B⇤B̄⇤ ⇢ [11.43], � [10.65] ⌥ (nS)⇢, ⌘b(nS)⇡

1�(1+) Wb1 BB̄⇤ ⇢ [11.38], � [10.61] ⌥ (nS)⇢

1�(2+) Wb2 B⇤B̄⇤ ⇢ [11.43], � [10.65] ⌥ (nS)⇢

0�(1+) Xb1 BB̄⇤ ⌘ [11.15] ⌥ (nS)⌘, ⌘b(nS)!

0�(1+) X 0
b1 B⇤B̄⇤ ⌘ [11.20] ⌥ (nS)⌘, ⌘b(nS)!

0+(0+) Xb0 BB̄ ! [11.34], � [10.56] ⌥ (nS)!, �bJ(nP )⇡+⇡�, ⌘b(nS)⌘

0+(0+) X 0
b0 B⇤B̄⇤ ! [11.43], � [10.65] ⌥ (nS)!, �bJ(nP )⇡+⇡�, ⌘b(nS)⌘

0+(1+) Xb BB̄⇤ ! [11.39], � [10.61] ⌥ (nS)!, �bJ(nP )⇡+⇡�

0+(2+) Xb2 B⇤B̄⇤ ! [11.43], � [10.65] ⌥ (nS)!, �bJ(nP )⇡+⇡�

2198

states situated near the BB̄⇤ and B⇤B̄⇤ thresholds, respectively, were observed in pionic 2199

transitions from the ⌥ (5S) and ⌥ (6S): ⌥ (nS) ! Zb⇡ (see Table 2). It is expected [311] that 2200

there are other molecular states near the BB̄, BB̄⇤ and B⇤B̄⇤ thresholds (see Table 10), 2201

however there are di�culties with producing them at the ⌥ (5S) or ⌥ (6S). Indeed, all other 2202

than Z(

0
)

b isovector states have negative G-parity, therefore they can not be produced with 2203

the emission of a single pion, but require emission of a ⇢ meson. Production of isosinglet 2204
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