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Production of exotic 
hadrons and charmonium 

at e+e– B-factories 

Kay Kinoshita 
University of Cincinnati 

Ø Studies in the ϒ(5S) –ϒ(6S) region 
 At ϒ(5S) 
 Energy scan ϒ(5S)�ϒ(6S) 

Ø Charmonia in B decays at ϒ(4S) 
Ø Charmonia in ϒ(1S) 
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Data, this talk 
•  KEKB/Belle  

–  1999-2010  8.5 GeV e- + 3.5 GeV e+ 
–  772M ϒ(4S) events(B pair), ~37M b-pair@ϒ(5S),  

 ~31 fb–1 ϒ(5S) scan, 5.7 fb–1 ϒ(1S) 
•  PEP-II/Babar  

–  1999-2008 9 Gev e- + 3 GeV e+ 

–  471M ϒ(4S) 

�ϒ(5S)” 

ϒ(4S) 

�ϒ(6S)” 
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Bottomonia 

Bottomonium:  
§  Atomic-like b-pair 

bound state 

“Bottomonium-like:” 
§  additional quark 

pair 
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History of bottomonium-like states 

•  Unexpectedly high rate to ϒ(nS)π+π– (n=1,2,3), x102, at ϒ(5S) 
–  PRL 100, 112001 (2008)  

•  σ(ϒ(nS)ππ), σ(bb) vs CMS energy: ”ϒ(5S)” peaks offset by 9±4 MeV 
–  PRD 82, 091106 (2010) 

•  Bottomonium-like Zb
±(10610), Zb

± (10650) in 5 channels at ϒ(5S): 
 ϒ(nS)π±, hb(mP)π± (m=1,2) 

–  PRL 108, 122001 (2012) 
•  Neutral Bottomonium-like Zb

0(10610) to ϒ(nS)π0 at ϒ(5S) 
–  PRD 88, 052016 (2013) 

•  Zb
±(10610), Zb

± (10650)→ϒ(nS)π± amplitude analysis yields JP=1+ 

–  PRD 91, 072003 (2015) 

[Using “ϒ(5S)”, “ϒ(6S)” as shorthand for ϒ(10860), ϒ(11020)] 
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Recent developments on bottomonium-like states 

•  Zb
±(10610)→B*B , Zb

± (10650)→B*B*  observed 
–  PRL 116, 212001 (2016) 

B* 
π± 

B(*) Exclusive events B*B(*)π± 

Ø  Fully reconstructed B0/± + π� 
Ø  Sign of π± correlates w B flavor 
Ø  “wrong sign” – background + mixed B0 

Ø  Bπ missing mass: peaks at MB*, MB*+ΔM 

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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Select BπB*, B*πB* events 
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Recent developments on bottomonium-like states 

•  Zb
±(10610)→B*B , Zb

± (10650)→B*B*  observed 
–  PRL 116, 212001 (2016) 

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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Recent developments on bottomonium-like states 

•  Zb
±(10610)→B*B , Zb

± (10650)→B*B*  observed 
–  PRL 116, 212001 (2016) 

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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JSPS, and Nagoya’s TLPRC (Japan); ARC and DIISR
(Australia); FWF (Austria); NSFC (China); MSMT
(Czechia); CZF, DFG, and VS (Germany); DST (India);
INFN (Italy); MEST, NRF, GSDC of KISTI, and WCU
(Korea); MNiSW and NCN (Poland); MES and RFAAE
(Russia); ARRS (Slovenia); IKERBASQUE and UPV/
EHU (Spain); SNSF (Switzerland); NSC and MOE
(Taiwan); and DOE and NSF (U.S.).
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TABLE II. Summary of results on three-body cross sections.
The first (or sole) uncertainty is statistical, the second is
systematic.

Parameter BBπ BB!π B!B!π

Nf , events 13( 25 357( 30 161( 21

Bf , 10−6 293( 22 276( 21 223( 17

η 1.0 1.066 1.182
1þ δISR 0.720( 0.017 0.598( 0.016 0.594( 0.016
σ, pb < 2.9 17.4( 1.6( 1.9 8.75( 1.15( 1.04

TABLE III. B branching fractions for the Zþ
b ð10610Þ and

Zþ
b ð10650Þ decays. The first quoted uncertainty is statistical,

the second is systematic.

Channel Fraction, %
Zbð10610Þ Zbð10650Þ

ϒð1SÞπþ 0.54þ0.16þ0.11
−0.13−0.08 0.17þ0.07þ0.03

−0.06−0.02
ϒð2SÞπþ 3.62þ0.76þ0.79

−0.59−0.53 1.39þ0.48þ0.34
−0.38−0.23

ϒð3SÞπþ 2.15þ0.55þ0.60
−0.42−0.43 1.63þ0.53þ0.39

−0.42−0.28
hbð1PÞπþ 3.45þ0.87þ0.86

−0.71−0.63 8.41þ2.43þ1.49
−2.12−1.06

hbð2PÞπþ 4.67þ1.24þ1.18
−1.00−0.89 14.7þ3.2þ2.8

−2.8−2.3

BþB̄!0 þ B̄0B!þ 85.6þ1.5þ1.5
−2.0−2.1 ) ) )

B!þB̄!0 ) ) ) 73.7þ3.4þ2.7
−4.4−3.5

PRL 116, 212001 (2016) P HY S I CA L R EV I EW LE T T ER S
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Favors “meson molecule” configuration model  
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No continuum: expect same for other  
Zb-dominated events – hb(mP)ππ, B*B(*)π 

ϒ(nS)ππ+hb(mP)ππ+BB*π+B*B*π  
Saturate “ϒ(5S)” 

 Breakdown of fit Mutually incompatible�simple fit 
model for Rb should not be used 

for ϒ(5S) mass, width 

ϒ(5S) 

ϒ(6S) 
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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 absorbed
in the polynomial of 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−

transitions with the Υ(2S) produced inclusively or via
ISR result 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 from exclusively reconstructed Υ(1S) → µ+µ−

data to be a Gaussian with σ = 11MeV/c2. Its normal-
ization is floated in the fit.

To determine the reconstruction efficiency, we use
phase-space-generated MC, weighted inMmiss(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 orig-
inate from the signal and background shapes. The un-
certainties due to the hb(nP ) masses and ISR tail shapes
are found to be negligible. 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 background-shape contribu-
tion is the only uncorrelated systematic uncertainty. It
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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.

is estimated by varying the fit interval limits by about
50MeV and the polynomial order for each fit interval.
The corresponding uncertainties are 1.1% and 2.5% for
the on-resonance cross sections in Eqs. (3) and (4), re-
spectively.

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-

No continuum  
– consistent with expectation  
from ϒππ scan, hbππ at ϒ(5S) ϒ(5S) ϒ(6S)  

hb(1P)π+π– 

hb(2P)π+π– 

5

tions. We perform a simultaneous fit of the shapes,
adding in quadrature the statistical and uncorrelated sys-
tematic uncertainties at each energy point. We use the
coherent sum of two Breit-Wigner amplitudes:

An Φn(s) |FBW(s,M5,Γ5)+a eiφ FBW(s,M6,Γ6)|
2, (5)

where s ≡ E 2
c.m., Φn(s) is the phase space calculated

numerically, taking into account the measured Zb line
shape [14], and FBW(s,M,Γ) = MΓ/(s − M2 + iMΓ)
is a Breit-Wigner amplitude. The fit parameters M5,
Γ5, M6, Γ6, a and φ are common for the two channels,
while only the normalization coefficients An are differ-
ent. Equation (5) is convolved with the Ec.m. resolution
of (5.0 ± 0.4)MeV, which is found using exclusively re-
constructed Υ(5S) → Υ(nS)π+π− events. The fitted
functions are shown in Fig. 1. The confidence level of
the fit is 93%. The fit results are:

M5 = (10884.7+3.6
−3.4

+8.9
−1.0)MeV/c2, (6)

Γ5 = (40.6+12.7
− 8.0

+ 1.1
−19.1)MeV, (7)

M6 = (10999.0+7.3
−7.8

+16.9
− 1.0)MeV/c2, (8)

Γ6 = (27+27
−11

+ 5
−12)MeV, (9)

a = 0.65+0.36
−0.12

+0.17
−0.10 and φ = (0.1+0.4

−0.8 ± 0.3)π. (10)

The measured masses and widths agree with the results
of the Υ(nS)π+π− scan [11].

The first error in the fit results is not purely statisti-
cal but includes uncorrelated systematic uncertainties in
the cross sections. The contributions of other considered
sources are listed in Table I.

TABLE I. The systematic uncertainties in the Υ(5S) and
Υ(6S) masses (in MeV/c2), widths (in MeV), amplitude a,
and phase φ (in units of π).

M5 Γ5 M6 Γ6 a φ

Fit model +8.9
−0.1

+ 0.4
−19.1

+16.7
− 0.0

+ 0.0
−11.5

+0.12
−0.00

+0.09
−0.00

Zb substructure +0.2
−0.0

+0.0
−0.2

+0.1
−0.0

+0.7
−0.0

+0.11
−0.00

+0.00
−0.29

√
s scale 1.0 1.0 +3.0

−1.0
+4.7
−1.0

+0.00
−0.10

+0.25
−0.00

Resolution 0.0 +0.3
−0.2 0.1 0.6 0.0 +0.01

−0.00

Total +8.9
−1.0

+ 1.1
−19.1

+16.9
− 1.0

+ 4.8
−11.5

+0.17
−0.10

+0.27
−0.29

To study systematic uncertainties due to the fit model,
we introduce a non-resonant continuum amplitude, b ei δ.
The significance of this contribution is only 1.6σ. How-
ever, the shifts in the fit results are large, and this is
the dominant source of systematic uncertainty. We also
consider the possibility that the parameters a and φ are
different in the hb(1P )π+π− and hb(2P )π+π− channels.
We find that the values in the two channels agree and
the shifts in masses and widths are small. Using MC
pseudo-experiments, we find that there is no significant
fit bias.

If the resonant substructures of the Υ(5S) and Υ(6S)
decays are different, the Υ(5S) and Υ(6S) amplitudes

in Eq. (5) are not fully coherent, and the interference
term is suppressed by a decoherence factor k [11]. If
only Zb(10610) is produced at the Υ(6S), k is calculated
numerically to be 0.62; if only Zb(10650) is produced, k is
0.80. We introduce these factors in the fit and take into
account that the efficiency of the Zb mass requirement is
smaller for a single Zb state compared to two Zb states
by 12% since the two Zb states interfere destructively
outside their signal region.

We account for an uncertainty in the Ec.m. scale and
the uncertainty in the Ec.m. resolution. We add in
quadrature the contributions of the various sources to
determine the total systematic uncertainties.

To study the resonant substructure of the Υ(6S) →
hb(nP )π+π− transitions, we combine the data samples
of the five highest-energy points. The corresponding
Mmiss(ππ) spectra are fitted using the same procedure as
described above (see Figs. 2 and 3). The hb(nP ) signal
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FIG. 2. (colored online) The Mmiss(ππ) spectrum in the
hb(1P ) region for the combined data samples of five energy
points near the Υ(6S). In (a) the data are the points with er-
ror bars with the fit function (solid curve) and background
(red dashed curve) overlaid. (b) shows the background-
subtracted data (points with error bars) with the signal com-
ponent of the fit overlaid (solid curve).

density functions are determined by averaging over the
data samples that are combined; we use weights propor-
tional to the integrated luminosity and the cross section
at each energy. We note that the hb(1P ) and hb(2P )
peaks are shifted by about 2.5MeV/c2, and the width
of the hb(2P ) peak is narrower by 1.2σ compared to
the fit. The shift could be due to a miscalibration of
the c. m. energy, and is accounted for in the system-
atic uncertainty. The narrow width is likely a statisti-
cal fluctuation. The confidence levels of the fits are
50% and 52%, respectively. From Wilks’ theorem [25],
we find that the significances of the hb(1P ) and hb(2P )

Ø  Select hb(mP) via π+π– 
missing mass 
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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 absorbed
in the polynomial of 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−

transitions with the Υ(2S) produced inclusively or via
ISR result 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 from exclusively reconstructed Υ(1S) → µ+µ−

data to be a Gaussian with σ = 11MeV/c2. Its normal-
ization is floated in the fit.

To determine the reconstruction efficiency, we use
phase-space-generated MC, weighted inMmiss(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 orig-
inate from the signal and background shapes. The un-
certainties due to the hb(nP ) masses and ISR tail shapes
are found to be negligible. 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 background-shape contribu-
tion is the only uncorrelated systematic uncertainty. It
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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.

is estimated by varying the fit interval limits by about
50MeV and the polynomial order for each fit interval.
The corresponding uncertainties are 1.1% and 2.5% for
the on-resonance cross sections in Eqs. (3) and (4), re-
spectively.

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-

ϒ(5S) ϒ(6S)  

Combine 5 scan points in 
ϒ(6S) region 

hb(1P)π+π– 

hb(2P)π+π– 

Ø  Search for Zb
±:  Plot π± 

missing mass in  
     hb(mP)π+π– events→ 

Ø  Significance at ϒ(6S) 
•  hb(1P)π+π– 3.5σ 
•  hb(2P)π+π– 5.3σ 
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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.

signals are 3.5σ and 5.3σ, respectively, including sys-
tematic uncertainty, determined by varying the poly-
nomial order. Thus, we find the first evidence for the
Υ(6S) → hb(1P )π+π− transition and observe for the first
time the Υ(6S) → hb(2P )π+π− transition.

We release the requirement of an intermediate Zb and
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
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
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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.

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).
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ϒ(6S)→hb(1P)π+π– ϒ(6S)→hb(2P)π+π– 

Ø  Events saturated by Zb
± states, no nonresonant contribution 

Ø  Relative rates to Zb(10610), Zb (10650) loosely constrained;  
Ø  Hypothesis of only Zb (10610) excluded at 3.3σ 
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News on bottomonium-like states 
•  Bs production:  

–  BELLE-CONF-1605 

Bs*Bs* 

BsBs* 

BsBs
 

2283±63 
B & Bs 

background 

continuum background 

continuum background 

B & Bs  
background 

Invariant mass 

Bs momentum 

121.4 fb–1 at ϒ(5S) 
Reconstructed Bs modes 
Ds(*)�π± 

J/ψK+K– 

J/ψπ+π– 

ψ(2S)K+K– 

Relative rates  
Bs*Bs* : BsBs* : BsBs 
7 : 0.853±0.106±0.53 : 0.638±0.094±0.033 
 
from HQ symmetry  
7:4:1  
[PRL 38, 317 (1977); PRD 85, 034024 (2012)] 
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News on bottomonium-like states 
•  Bs

* spin analysis 
–  BELLE-CONF-1605 

Bs*Bs* 

BsBs* 

BsBs
 

2283±63 
B & Bs 

background 

continuum background 

continuum background 

B & Bs  
background 

Bs*production angle (                       ) 

S=0 S=2 

Bs
* pair spin analysis 

r=0 

fit: r=0.175 ± 0.057 ± 0.020 

From HQ symmetry 
r=0.0476  [PRD 87, 094033 (2013)] 
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News on bottomonium-like states 
•  Bs cross section  vs CMS energy 

–  BELLE-CONF-1605 

Bs
(*)Bs

(*) Bs*Bs* exclusive 

fit w ϒ(5S) only (+ISR) 

coherent sum ϒ(5S) & ϒ(6S) 

Ø  Consistent with no continuum production 
Ø  Clear peak at the ϒ(5S) 
Ø  ϒ(6S) signal is considerably weaker 
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Charmonia in B Decays 
•  First Observation of B0→ψ(2S)π0 

–  PRD 93, 031101 (2016) 

` = µ, e

B(B0 !  (2S)⇡0) = (1.17± 0.17± 0.08)⇥ 10�5

into open charm and charmless final states. We refer to
these as combinatorial background. We study their distri-
butions fromϒð4SÞ data in the dilepton andΔM sidebands.
The J=ψ sideband is defined as Mlþl− ∈ ð2.60; 2.80Þ∪
ð3.20; 3.40Þ GeV=c2, the ψð2SÞ sideband as Mlþl− ∈
ð3.45; 3.53Þ∪ð3.80; 3.90Þ GeV=c2, and the ΔM sideband
as ΔM ∈ ð0.49; 0.53Þ∪ð0.64; 0.68Þ GeV=c2.
In all sidebands, theM0

bc PDF is an ARGUS distribution.
In the leptonic sidebands, we model the ΔE combinatorial
background distribution with a sum of Chebyshev poly-
nomials up to the first order. The combinatorial ΔE PDF in
the ΔM sideband is a sum of Chebyshev polynomials up to
the second order. We verify that the models in the lower and
upper sidebands are in agreement and thus the combined
model provides a reliable description of the events in the
signal region.
The total extended likelihood is given by

L≡
Y

m

e−
P

c
Nm

c

Nm!

YNm

i¼1

X

c

NcPm
c ðM0 i

bc;ΔEiÞ; ð4Þ

where i indexes the events, c the categories and m the
decay modes.
The B0 → ψð2SÞπ0 branching fraction is a free param-

eter in the fit to the data and is obtained by transforming the
signal yields according to

Nm
Sig ¼ BðB0 → ψð2SÞπ0ÞNBB̄ϵ

m
Sig; ð5Þ

where NBB̄ is the number of BB̄ pairs collected by the Belle
detector and ϵmSig is the detection efficiency, including
daughter branching fractions for each subcategory. The
misreconstructed-signal yields are fixed from MC relative
to the two hadronic-mode signal yields. Only the muonic
hadronic mode’s yield is free in the cc̄ background
category, while the yields of the three remaining decay
modes are fixed from MC relative to it. The four combi-
natorial-background yields are free.
We study the fit performance using pseudoexperiments

in a linearity test covering the region of the expected
branching fraction. There is no bias in experiments where
the events are generated according to the total PDF.
However, a bias at the level of 10% of the statistical error
tending towards higher values is observed in experiments
generated by selecting random events from the MC samples
that have passed the full selection. This indicates that the
bias is not due to a low signal yield but rather to
imperfections in the modeling of correlations. We apply
a fit correction of the full bias and consider half the
correction as a systematic uncertainty.
The contribution of peaking background that originates

from decays to the same final state as the signal is studied in
the J=ψ , ψð2SÞ and Δm sidebands. We define the com-
binatorial background as nonpeaking inM0

bc and ΔE, while
we assume that a potential peaking background has the

same shape as the correctly reconstructed signal. Using the
combinatorial background and the signal PDFs in a
common fit to the sidebands, we extract two yields: one
for the combinatorial background and the other for the
peaking background. The peaking-background yield is
consistent with zero for all modes except for the muonic
signal mode in the ΔM sideband, where it has a statistical
significance of 3.7σ. We extrapolate the expected peaking
background yield into the signal region and subtract the
obtained value from the signal yield obtained from the data.
We determine the M0

bc and ΔE signal model correction
factors from a control sample with a similar decay top-
ology, Bþ → J=ψK%þ, where the K%þ candidates are
reconstructed from a Kþ and a π0 candidate. To ensure
a high momentum of the π0, replicating the kinematic
conditions of B0 → ψð2SÞπ0, we require the angle between
the π0 momentum vector and the vector opposite the B
flight direction in the K%þ rest frame to be smaller than
1.5 rad. For the J=ψ and π0 candidates, we use the same
selection criteria as for the B0 → ψð2SÞπ0 mode. Only K%þ

candidates fulfilling MKþπ0 ∈ ð0.793; 0.990Þ GeV=c2 are
retained. Using a model similar to B0 → ψð2SÞπ0 for the
control sample, we obtain a Bþ → J=ψK%þ signal yield of
3681& 71 events and the signal correction factors from the
fit to the data.
From the fit to the data containing 1090 B0 → ψð2SÞπ0

candidates, we obtain the bias-corrected branching fraction

BðB0 → ψð2SÞπ0Þ ¼ ð1.17& 0.17Þ × 10−5: ð6Þ

The branching fraction corresponds to 85& 12 signal
events, of which 38& 8 are leptonic and 47& 9 are
hadronic, 628& 65 events originate from other b →
ðcc̄Þq decays and 377& 103 events belong to the combi-
natorial background. All uncertainties here are statistical.
Fit projections to the data are shown in Fig. 1.
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FIG. 1. Projections of the fit to the B0 → ψð2SÞπ0 data in the
entire fit region onto M0

bc (left) and ΔE (right). Points with error
bars represent the data and the solid black curves represent the fit
results. Green hatched curves show the B0 → ψð2SÞπ0 signal
component, blue dash-dotted curves show the cc̄ background
component, and red dotted curves indicate the combinatorial
background.
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Charmonia in B Decays 
•  Decays to χc1 and χc2 

–  PRD 93, 052016 (2016) 
B(B ! �c1X) = (3.03± 0.05± 0.24)⇥ 10�3Inclusive 

B(B ! �c2X) = (0.70± 0.06± 0.10)⇥ 10�3

Exclusive �c2/�c1

In order to understand the dynamics of the production of
χcJ in four-body B decays, we examine the background-
subtracted SPlot distribution of MχcJππ , MχcJπ! , MKππ ,
MKþπ− , and Mπþπ− , which are shown in Figs. 6–7 for
the Bþ → χcJπþπ−Kþ decay mode. No narrow resonance
can be seen in the MχcJπþπ− and MχcJπ! distributions with
the current statistics. There seems to be an enhancement of
signal events around 4.1 − 4.2 GeV=c2 in MχcJππ that is
due to cross feed; the same effect is seen in our B → J=ψX
MC sample that is used to study the background. HigherK#

resonances are seen in the MKþπ−πþ and MKþπ− distribu-
tions shown in Fig. 7 similar to the ones seen in the Bþ →
J=ψπþπ−Kþ decay mode [27]. There is a peaking structure
near 1680 MeV=c2 due to the K#ð1680Þþ. Further, a
K#ð892Þ0 peak is found in MKþπ− . Here again, the contrast
between Bþ → χc2πþπ−Kþ decays and those to χc1 is
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FIG. 6. Background subtracted efficiency corrected SPlot (a) Mχc1πþπ− , (b) Mχc1π! , (c) Mχc2πþπ− and (d) Mχc2π! distributions for the
Bþ → χcJπþπ−Kþ decay modes.
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FIG. 7. Background subtracted efficiency corrected SPlot (a and d) MKþπþπ− , (b and e) MKþπ− and (c and f) Mπþπ− distributions for
Bþ → χc1πþπ−Kþ decay (upper) and Bþ → χc2πþπ−Kþ decay (lower), respectively.
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FIG. 8. The χc1πþπ− invariant mass spectrum for Bþ →
χc1πþπ−Kþ candidates. Two vertical red lines show the !3σ
window to search for Xð3872Þ → χc1πþπ−. The curves show the
χc1ð2PÞ signal (red dashed) and the background (green dotted)
and the overall fit (blue solid).

V. BHARDWAJ et al. PHYSICAL REVIEW D 93, 052016 (2016)

052016-10

Search for  
B±→X(3872)K±, 
X(3872)→χc1π+π– 

χc2 
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Charmonia in B Decays (preliminary) 
•  absolute branching fractions of two-body decays B→KXcc 

I. Garzia, HADRON 2015! 8 

Charmonium mass regions 

Low mass charmonium region! High mass charmonium region!

BaBar Preliminary!

!  Signal parameters: fixed to MC values 
!  Bkg shape: fourth-degree polynomial 
!  5 free parameters: J/! and ηc yields, and 3 

parameters used for bkg description!

!  Region blinded during the analysis 
!  Signal: 8 gaussians of fixed position 

(PDG) and width from MC 
!  Bkg. shape: fourth-degree polynomial 
!  11 free parameters: 3 for bkg description, 

and the yield of the 8 gaussians!

Excited D** 
mesons!

NO X(3872), !(3770) and "c2!

BaBar Preliminary!

"1 signal: unknown admixture 
of "c1 and hc states!

From I. Garzia @Hadron 2015  

Branching fractions x 104 

Charmonia (neutral) 
Ø  χc0           4.4±0.9 
Ø  χc1           7.0±1.3±1.0 
Ø  χc2           <1.2 (90%CL) 
Ø  ηc(2S)      6.0±2.1±0.4 
Ø  ψ’             6.2±2.0±0.6 
Ø  ψ(3770)   <2.0 
Ø  X(3872)   <4.4 
 
Charged Charmonium-like 
Ø  Z±(3900)   < 3 (90%CL) 
Ø  Z±(4050)   < 3 (90%CL) 
Ø  Z±(4430)   < 5 (90%CL) 

1st B – full reconstruction 
2nd B – K from 2-body decay is monoenergetic in CMS 
 

⌥(4S) ! BB̄



20 

Charmonium-like states 
•  Search for ϒ(1S) to XYZ  

–  PRD 93, 112013 (2016) 
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Summary 

from e+e– B-factory experiments 
Ø ϒ(5S): rich in Zb, observed in 7+ channels 

•  Dominant in B*B(*), favors “meson molecule” model 
•  First spin analysis of Bs

*Bs
* events 

Ø Explorations of energy region ϒ(5S)–ϒ(6S)  
•  No continuum w ϒ(nS)ππ, hb(mP)ππ, Zbπ, Bs

*Bs 
(*) events 

•  Evidence does not support a simple continuum; additional 
structure probable 

Ø Observations/limits on B decays to charmonium(-like) 
Ø New limits on ϒ(1S) decays to charmonium-like XYZ 


