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If I could remember the names of 
all these particles, I'd be a botanist. 

- E. Fermithreshold
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to the resonance shapes. The fits are repeated, and
the variations on the shape parameters are included as the
systematic uncertainties. In addition to the uncertainties on
the cross sections, the beam energy around the!ð10 860Þ is
measured byM!ðnSÞ þ"M in the!ðnSÞ!þ!$ events, and
an uncertainty of %1 MeV (comprising the uncertainties
of M!ðnSÞ given in Ref. [14] and of "M in Ref. [6]) is
included. For the scan data, a common energy shift is also
obtained from the fit to !ðnSÞ!þ!$ events. The relative
beam energies are further checked using the Mð"þ"$Þ
distributions of "-pair samples.

We also determine the resonance parameters for the
!ð10 860Þ using b #b hadronic events from the energy scan
at

ffiffiffi
s

p
between 10.80 and 11.02 GeV. We measure the

fraction Rb ¼ #b=#
0
"", where #b ¼ NR2<0:2

b ðsÞ=L$bðsÞ
is the eþe$ ! b #b hadronic cross section. The number of

eþe$ ! b #b events with R2 < 0:2 (NR2<0:2
b ) is estimated by

subtraction of non-b #b events scaled from a data set col-
lected at

ffiffiffi
s

p ’ 10:52 GeV, where R2 denotes the ratio of
the second to zeroth Fox-Wolframmoments [15]. Selection
criteria for hadronic events are described in Ref. [16].

The acceptance for eþe$ ! b #b [$bðsÞ)] is found to vary
slightly from 68.1% to 70.5% over the range of scan
energies. The line shape used to model our data is
given by jAnrj2 þ jA0 þ A10 860e

i%10860BWð"10 860;$10 860Þ
þA11 020e

i%11020BWð"11 020;$11 020Þj2; this parametrization
is the same as that used in Ref. [17]. We perform a &2

fit to our Rb measurements as shown in Fig. 3(a).
The shapes for !ð11 020Þ (%11020, "11020, and $11020) are
fixed to the values in Ref. [17], since our data points
are not able to constrain the !ð11 020Þ parameters.
The resulting shape parameters for the !ð10 860Þ are
%10 860 ¼ 2:33þ0:26

$0:24 rad, "10 860 ¼ 10 879% 3 MeV=c2,
and $10 860 ¼ 46þ9

$7 MeV=c2. These values are consistent
with those obtained in Ref. [17]. The quality of the fit is
&2 ¼ 4:4 for 9 degrees of freedom (corresponding to a
confidence level of 88%).
Figure 3(b) shows the ratio between #½eþe$ !

!ðnSÞ!þ!$( and #½eþe$ ! b #b( as a function of
ffiffiffi
s

p
.

As shown in Fig. 3(c), an alternative fit applied to the
!ðnSÞ!þ!$ cross sections and Rb measurements, simul-
taneously, with common floated values of " ¼ "!!! ¼
"10 860 and $ ¼ $!!! ¼ $10 860 increases the &2 by 8.7
and the degrees of freedom by two. This corresponds to a
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FIG. 2 (color online). The energy-dependent cross sections for
eþe$ ! !ðnSÞ!þ!$ (n ¼ 1; 2; 3) processes normalized to
the leading-order eþe$ ! "þ"$ cross sections. The results
of the fits are shown as smooth curves. The vertical dashed
line indicates the energy at which the hadronic cross section is
maximal.

TABLE II. Cross sections at peak (#peak), mean ("), width
($), phase (%), and the amplitude for the constant component
(R0) from the fit to the energy-dependent eþe$ ! !ð1SÞ!þ!$,
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FIG. 3 (color online). (a) Rb and (b) the ratio between
#½eþe$ ! !ðnSÞ!þ!$( and #½eþe$ ! b #b( as a function offfiffiffi
s

p
; (c) the energy-dependent cross section ratios for eþe$ !

!ðnSÞ!þ!$ events, the result of fits with resonant parameters
from Rb or PDG averages are superimposed. The horizontal
dotted line in (a) is the noninterfering jAnrj2 contribution in the
fit. The vertical dashed line indicates the energy at which the
hadronic cross section is maximal.
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“b(5S)”  is  very  different  from  other  b states  

Belle PRL100,112001(2008) 

*(MeV) 

X10--2 

Anomalous production of b(nS) S+S- 

��

Bf (8(4S)oS�S �8(1S))  (0.008 r 0.0003 )%
Bf (Y (5S)oS �S �8(1S))  (0.53 r 0.06)%

PRL 100, 112001 (2008) BELLE

≈2 orders of 
magnitude

greater
?!?

Perhaps the “          ” is an admixture of      and the
     ...  the counterpart of  Y(4260) in charmonium.
Anyway, let’s do something useful with this “          ”.

            has anomalously high rates to           ,
          , and 
�(5S) �(1S)
�(2S) �(3S)

�(5S)
Yb

bb̄

�(5S)
21

bigger by  
O(102)??



The width of                                     is unusually 
large, given the spin flip of a     quark 

⌥(5S) ! hb(nP)⇡
+⇡�

b

�[⌥(5S) ! hb(nP)⇡+⇡�]

�[⌥(5S) ! ⌥(2S)⇡+⇡�]
=

(
0.46± 0.08± 0.07

0.12 for hb(1P)

0.77± 0.08± 0.22
0.17 for hb(2P)

↑↓

↑↑

↑↑

↑↑

bb̄

bb̄ bb̄

bb̄⤴

⤴

It should be suppressed as 
          something unusual here ...

⇠ (⇤QCD/mb)
2

)

25

Spin-flip puzzle with hb(nP)
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Use missing-mass technique to find      andhb hb(2P)

BELLE

PRL 108, 032001 (2012)
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hb(2P)

after background subtraction
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by missing mass

Use missing-mass technique to find      andhb hb(2P)

BELLE
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Then there are exotic       states
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                                  proceeds via 2 resonances! ⌥(5S) ! hb(nP)⇡
+⇡�
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PRL 108, 122001 (2012)

26

and then we’ve found neutral counterpart Zb(10610)0 too



Then there are exotic       states
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                                     proceeds via one of 
two intermediate exotic states,        and      
�(5S)� hb(nP )�+��
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b2Z+
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spin-flip
suppressed
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Bottomonium transition 
(1) ϒ(4S) ➔ η hb(1P) & hb and ηb parameters 
Energy scan near ϒ(5S) and ϒ(6S) &  

(2)  
(3)  
Bottomonium-like exotic states 

(4) via amplitude analysis of  
(5) Zb(10610) & Zb(10650) decaying to B mesons

Recent results
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are fixed according to the MC simulation. The parameters
of the non-Gaussian tails, which account for the effects of
the soft initial state radiation (ISR), are calculated assuming
the next-to-leading order formula for the ISR emission
probability [36] and by modeling the ϒð4SÞ as a Breit-
Wigner resonance with Γ ¼ ð20.5$ 2.5Þ MeV=c2 [34].
The MmissðηÞ spectrum is fitted in two separate intervals:
(9.30, 9.70) and ð9.70; 10.00Þ GeV=c2. In the first (second)
interval, the combinatorial background is described with a
sixth-order (11th) Chebyshev polynomial. The polynomial
order is determined maximizing the confidence level of the
fit and is validated using sideband samples. Figure 1 shows
the background-subtractedMmissðηÞ distribution, with a bin
size 50 times larger than that used for the fit. The
confidence levels of the fits are 1% in the lower interval
and 19% in the upper one. The transition ϒð4SÞ →
ηhbð1PÞ is observed with a statistical significance of
11σ, calculated using the profile likelihood method [37],
and no signal is observed in the γγ-mass control regions.
The hbð1PÞ yield is Nhbð1PÞ ¼ 112469$ 5537. From the
position of the peak, we measure Mhbð1PÞ ¼ ð9899.3$
0.4$ 1.0Þ MeV=c2 (hereinafter, the first error is statistical
and the second is systematic). We calculate the branching
fraction of the transition as

B½ϒð4SÞ → ηhbð1PÞ& ¼
Nhbð1PÞ

Nϒð4SÞϵηhbð1PÞB½η → γγ&
;

where Nϒð4SÞ ¼ ð771.6$ 10.6Þ × 106 is the number of
ϒð4SÞ, ϵηhbð1PÞ ¼ ð16.96$ 1.12Þ% is the reconstruction
efficiency and B½η → γγ& ¼ ð39.41$ 0.21Þ% [34]. We
obtain B½ϒð4SÞ→ηhbð1PÞ&¼ð2.18$0.11$0.18Þ×10−3,
in agreement with theoretical predictions [21]. No
evidence of ϒð4SÞ → ηϒð1SÞ is present, so we set the
90% confidence level (C.L.) upper limit B½ϒð4SÞ →
ηϒð1SÞ& < 2.7 × 10−4, in agreement with the previous

experimental result by BABAR [16]. All the upper limits
presented in this Letter are obtained using the CLs
technique [38,39] and include systematic uncertainties.
Using our measurement of Mhbð1PÞ, we calculate the
corresponding 1P hyperfine (HF) splitting, defined as
the difference between the χbJð1PÞ spin-averaged mass
msa

χbJð1PÞ
and the hbð1PÞ mass, and obtain ΔMHFð1PÞ ¼

ðþ0.6$ 0.4$ 1.0Þ MeV=c2; the systematic error includes
the uncertainty on the value of msa

χbJð1PÞ
[34].

As validation of our measurement, we study the η →
πþπ−π0 mode. The π0 candidate is reconstructed from a γγ
pair with invariant mass within 17 MeV=c2 of the nominal
π0 mass [34] while the π$ candidates tracks are required
to be associated with the primary interaction vertex
and not identified as kaons by the particle identification
algorithm. We observe an excess in the signal region
with statistical significance of 3.5σ and measure
B½ϒð4SÞ→ηhbð1PÞ&η→πþπ−π0¼ð2.3$0.6Þ×10−3, which is
in agreement with the result from the γγ mode.
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FIG. 1 (color online). MmissðηÞ distribution after the background subtraction. The solid blue curve shows the fit with the signal PDFs,
while the dashed red curve represents the background only hypothesis. The inset shows theMmissðηÞ distribution before the background
subtraction.

TABLE I. Systematic uncertainties in the determination of
B½ϒð4SÞ → ηhbð1PÞ&, in units of %, and on Mhbð1PÞ, in units
of MeV=c2.

Source B Mhbð1PÞ

Fit range and background PDF order $2.4 $0.1
Bin width $2.5 $0.1
ISR modeling $2.8 $0.7
Peaking backgrounds $0.5 $0.4
γ energy calibration $1.2 $0.3
Reconstruction efficiency $6.6 ( ( (
Nϒð4SÞ $1.4 ( ( (
Beam energy $0.0 $0.4
B½η → γγ& $0.5 ( ( (
Total $8.2 $1.0
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The contributions to the systematic uncertainty in our
measurements are summarized in Table I. To estimate
them, we first vary—simultaneously—the fit ranges within
!100 MeV=c2 and the order of the background polyno-
mial between 7 (4) and 14 (8) in the upper (lower) interval.
The average variation of the fitted parameters when the
fitting conditions are so changed is adopted as the fit-range
or model systematic uncertainty. Similarly, we vary the
bin width between 0.1 and 1 MeV=c2, and we treat the
corresponding average variations as the bin-width system-
atic error. The ISR modeling contribution is due to the
ϒð4SÞ width uncertainty [34]. The presence of peaking
backgrounds is studied using MC samples of inclusive BB̄
events and bottomonium transitions. While no peaking
background due to B meson decay has been identified,
the as-yet-unobserved transitionsϒð4SÞ → γγϒð13D1;2Þ →
γγηϒð1SÞ can appear as a peak in the MmissðηÞ
spectrum; this contribution is modeled as a CB PDF with
a peak at MmissðηÞ ¼ 9.877 GeV=c2 and a resolution of
10.6 MeV=c2. No significant ϒð4SÞ → γγϒð13D1;2Þ →
γγηϒð1SÞ signal is observed under these assumptions,
and we obtain an upper limit on the product of branching
fractions B½ϒð4SÞ → γγϒð13D1;2Þ& × B½ϒð13D1;2Þ →
ηϒð1SÞ& < 0.8 × 10−4 (90% C.L.). The uncertainty on
the photon energy calibration factors is determined by
varying both F enðEÞ and F resðEÞ within their errors. The
uncertainty on the reconstruction efficiency includes con-
tributions from several sources. Using 121.4 fb−1 collected
at the ϒð5SÞ energy, the ϒð5SÞ → πþπ−ϒð2SÞ transition is
reconstructed; the comparison of the R2 distribution
obtained from this data sample with the simulation suggests
a !3% uncertainty related to the continuum rejection. A
!1% uncertainty is assigned for the efficiency of the
hadronic event selection. The uncertainty on the photon
reconstruction efficiency is estimated using D → K!π∓π0
events to be !2.8% per photon, corresponding to !5.6%
per η. The number of ϒð4SÞ mesons is measured with a
relative uncertainty of !1.4% from the number of hadronic
events after the subtraction of the continuum contribution
using off-resonance data. The absolute value of accelerator
beam energies are calibrated by fully reconstructed B
mesons. The uncertainty on the B meson mass [34] limits
the precision on Mhbð1PÞ to !0.4 MeV=c2, while it has a
negligible effect on the branching ratio measurement.
Finally, we include an uncertainty in the branching fraction
due to the uncertainty in B½η → γγ& [34].
The study of the ηbð1SÞ is performed by reconstructing

the transitions ϒð4SÞ → ηhbð1PÞ → ηγηbð1SÞ. To extract
the signal, we measure the number of ϒð4SÞ → ηhbð1PÞ
events Nhbð1PÞ as a function of the variable ΔMmiss ¼
MmissðηγÞ −MmissðηÞ, whereMmissðηγÞ is the missing mass
of the ηγ system. The signal transition will produce a peak
in Nhbð1PÞ at mηbð1SÞ −mhbð1PÞ. The radiative photon arising
from the hbð1PÞ decay is reconstructed with the same

criteria used in the η → γγ selection, and the hbð1PÞ yield
in each ΔMmiss bin is measured with the fitting procedure
described above. To assure the convergence of the
MmissðηÞ fit in each ΔMmiss interval, the hbð1PÞ mass is
fixed to 9899.3 MeV=c2, the range is reduced to
ð9.80; 9.95Þ GeV=c2 and the order of the background
PDF polynomial is decreased to seven. The hbð1PÞ yield
as a function of ΔMmiss, shown in Fig. 2, exhibits an excess
at ΔMmiss ¼ Mηbð1SÞ −Mhbð1PÞ with a statistical signifi-
cance of 9σ. The ηbð1SÞ peak is described by the con-
volution of a double-sided CB PDF, whose parameters are
fixed according to the MC simulation, and a nonrelativistic
Breit-Wigner PDF that accounts for the natural ηbð1SÞ
width. The background is described by an exponential. We
measure Mηbð1SÞ−Mhbð1PÞ ¼ð−498.6!1.7!1.2ÞMeV=c2,
Γηbð1SÞ ¼ ð8þ6

−5 ! 5Þ MeV=c2, and the number of ϒð4SÞ →
ηhbð1PÞ → ηγηbð1SÞ events Nηbð1SÞ ¼ 33116! 4741. The
confidence level of the fit is 50%. We calculate the
branching fraction of the radiative transition as

B½hbð1PÞ → γηbð1SÞ& ¼
Nηbð1SÞϵηhbð1PÞ
Nhbð1PÞϵηγηbð1SÞ

;

where ϵηhbð1PÞ=ϵηγηbð1SÞ ¼ 1.887! 0.053 is the ratio of the
reconstruction efficiencies for ϒð4SÞ → ηhbð1PÞ and
ϒð4SÞ → ηhbð1PÞ → ηγηbð1SÞ. We obtain B½hbð1PÞ →
γηbð1SÞ& ¼ ð56! 8! 4Þ%. To estimate the systematic
uncertainties reported in Table II, we adopt the methods
discussed earlier. Uncertainties related to the MmissðηÞ fit
are determined by changing the fit range, the bin width, the
background-polynomial order, and the fixed values of
Mhbð1PÞ used in the fits. Similarly, the uncertainties arising
from the ΔMmiss fit are studied by repeating it with different
ranges and binning. The calibration uncertainty accounts for
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FIG. 2 (color online). ΔMmiss distribution. The blue solid curve
shows our best fit, while the dashed red curve represents the
background component.
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the errors on the photon energy calibration factors. The
uncertainty due to the ratio of the reconstruction efficiencies
arises entirely from the single-photon reconstruction efficiency.
The ηbð1SÞ annihilates into two gluons, while the hbð1PÞ
annihilates predominantly into three gluons, but the MC
simulation indicates no significant difference in the R2

distribution. Therefore, the continuum suppression cut does
not contribute to the uncertainty arising from the reconstruction
efficiency ratio. We calculate the ηbð1SÞ mass as
Mηbð1SÞ¼Mhbð1PÞþΔMmiss¼ð9400.7%1.7%1.6ÞMeV=c2.
Assuming mϒð1SÞ¼ð9460.30%0.26ÞMeV=c2 [34], we cal-
culate ΔMHFð1SÞ ¼ ð59.6% 1.7% 1.6Þ MeV=c2.
A summary of the results presented in this Letter is

shown in Table III. We report the first observation of a
single-meson transition from spin-triplet to spin-singlet
bottomonium states, ϒð4SÞ → ηhbð1PÞ. This process is
found to be the strongest known transition from the ϒð4SÞ
meson to lower bottomonium states. A new measurement
of the hbð1PÞ mass is presented. The corresponding 1P
hyperfine splitting is compatible with zero, which can be
interpreted as evidence of the absence of sizable long range
spin-spin interactions. Exploiting the radiative transition
hbð1PÞ → γηbð1SÞ, we present a new measurement of
the mass difference between the hbð1PÞ and the ηbð1SÞ
and, assuming our measurement of Mhbð1PÞ, we calculate
Mηbð1SÞ. Our result is in agreement with the value obtained

with the ϒð5SÞ → πþπ−hbð1PÞ → πþπ−γηbð1SÞ process
[4] but exhibits a discrepancy with the measurements based
on theM1 transitions ϒð2S; 3SÞ → γηbð1PÞ [22–24]. From
the theoretical point of view, our result is in agreement
with the predictions of many potential models and lattice
calculations [40], including the recent lattice result in
Ref. [41]. Our measurement of B½hbð1PÞ → γηbð1SÞ'
agrees with the theoretical predictions [42,43]. All the
direct measurements presented in this Letter are indepen-
dent of the previous results reported by Belle [3], which
were obtained by reconstructing different transitions and
using a different data sample. Furthermore, all the results,
except for ΔMHFð1SÞ and ΔMHFð1PÞ, are obtained using
the new analysis described in this Letter and are, therefore,
uncorrelated with the existing world averages.
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TABLE II. Systematic uncertainties in the determination of
the ηbð1SÞ mass and width in units of MeV=c2, and on
B ¼ B½hbð1PÞ → γηbð1SÞ in units of %.

Source ΔMmiss Γηbð1SÞ B

MmissðηÞ fit range %0.8 %3.0 %2.8
MmissðηÞ bin width %0.0 %0.1 %0.0
MmissðηÞ polynomial order %0.1 %1.9 %1.6
Mhbð1PÞ %0.0 %0.8 %1.1
ΔMmiss fit range %0.0 %0.7 %2.2
ΔMmiss bin width %0.8 %2.8 %5.2
γ energy calibration %0.5 %0.3 %1.2
Reconstruction efficiency ratio ( ( ( ( ( ( %2.8
Total %1.2 %4.7 %7.2

TABLE III. Summary of the results of the searches for
ϒð4SÞ → ηhbð1PÞ and hbð1PÞ → γηbð1SÞ.

Observable Value

B½ϒð4SÞ → ηhbð1PÞ' ð2.18% 0.11% 0.18Þ × 10−3

B½hbð1PÞ → γηbð1SÞ' ð56% 8% 4Þ%
Mhbð1PÞ ð9899.3% 0.4% 1.0Þ MeV=c2

Mηbð1SÞ −Mhbð1PÞ ð−498.6% 1.7% 1.2Þ MeV=c2

Γηbð1SÞ ð8þ6
−5 % 5Þ MeV=c2

Mηbð1SÞ ð9400.7% 1.7% 1.6Þ MeV=c2

ΔMHFð1SÞ ðþ59.6% 1.7% 1.6Þ MeV=c2

ΔMHFð1PÞ ðþ0.6% 0.4% 1.0Þ MeV=c2
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Energy scan — motivations

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

But several recent measurements bring questions to this 

• peak shifts, anomalously high decay rates to ϒ(nS)ππ, 
non-suppression of spin-flip process, etc. 

Moreover, unlike the charmonium cases, 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

16



• essentially, no continuum 
contribution 

• Interference between ϒ(5S) and 
ϒ(6S) is taken into account in 
the fit 

• Measure resonance parameters 
of ϒ(5S) and ϒ(6S) using this 
cross section

17
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Only b(5S) and b(6S) peaks in all cross sections.

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
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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
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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
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is not included.
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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
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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 ×
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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.
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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
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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

#
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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
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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
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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.
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where Li is the integrated luminosity of data set i and the
sum is over the three Υ states produced via ISR. The
contribution from σðqq̄Þ, which scales as 1=s, is estimated
from the data taken at

ffiffiffiffiffi
sct

p
, where σbb̄ ¼ 0, and is corrected

for luminosity and energy differences. The subtracted
quantity

~Rb;i ¼
1

ϵbb̄

"
Ni

Liσ0μμ;i
−

Nct

Lctσ0μμ;ct

ϵqq̄;i
ϵqq̄;ct

#
ð5Þ

includes a residual contribution from ISR, which differs
from qq̄ continuum in its s-dependence. For comparison
with a previous measurement by BABAR [17], we define Rb
to include the ISR events; we use Ref. [18] and measured
electronic widths of ΥðnSÞ to calculate σISR. Although the
nature of the bb̄ continuum is not known, it is known that
the ISR contribution is not flat in

ffiffiffi
s

p
, so we also calculate

R0
b;i ≡ Rb;i −

P
σISR;i=σ0μþμ−;i. These measurements yield

the visible cross sections and include neither corrections
due to ISR events containing fbb̄g final states above BB̄
threshold nor the vacuum polarization necessary to obtain
the Born cross section [19].
Both fRb;ig and fR0

b;ig are fitted to F (Eq. (1); the fitting
range is restricted to 10.82–11.05 GeV to avoid compli-
cated threshold effects below 10.8 GeV [20]. The resulting
masses, widths, and relative phase for fR0

b;ig are shown in
Table I; they do not differ significantly between fRb;ig and
fR0

b;ig. Those for Rb are consistent with those from earlier
measurements by Belle [8] and BABAR [17]. The R0

b data
and fit are shown in Fig. 1.
That the ΥðnSÞπþπ− occurs only in resonance events in

the Υð5SÞ region, i.e., the continuum components Ac and
Aic are consistent with zero, is in marked contrast to the
large resonance-continuum interference reflected in the R0

b
fit. The relationship of the various bb̄ final states to the
resonance and continuum may help to elucidate the nature
of the resonance and of bb̄ hadronization in this complex
threshold region. As a first probe, we evaluate the rates atffiffiffi
s

p
¼ 10.866 of ΥðnSÞπþπ− and other states known to

have essentially no continuum content, to be compared
with the resonance rate obtained from R0

b. The “Υð5SÞ
resonance rate” corresponds to the term that includes jf5Sj2
in Eqs. (3) and (1). We calculate Pn ≡ jA5SðnSÞf5Sj2 × Φn
(n ¼ 1, 2, 3) and Pb at the on resonance energy point
(

ffiffiffi
s

p
¼ 10.866 GeV) using the results from the fits to

RΥðnSÞππ and R0
b, respectively. We find P≡P

nPn=Pb ¼ 0.170% 0.009. We argue that a number of
known related final states measured in the PEAK data are
expected to behave similarly, i.e., to contain very little
continuum: ΥðnSÞπ0π0 [21], which is related by isospin to
ΥðnSÞπþπ−; hbðmPÞπþπ− (m ¼ 1, 2), which is found to be
saturated by Z%

b π
∓ [6,7] a state included in ΥðnSÞπþπ−;

hbðmPÞπ0π0, which is expected by isospin symmetry to
occur at half the rate of hbðmPÞπþπ−. Assuming isospin

symmetry and taking the rate of hbðmPÞπþπ− (m ¼ 1, 2)
measured in PEAK data, [6], we include these states and
obtain P ¼ 0.42% 0.04. Another class of states that is
likely to be similarly resonance-dominated is B&Bð&Þπ [22]:
preliminary evidence indicates that ½B&Bð&Þ(%π∓ is consis-
tent with originating exclusively from Z%

b π
∓. Taking the

preliminary measurement and again assuming that isospin
symmetry holds for ½B&Bð&Þ(0π0, we find P ¼ 1.09% 0.15.
A value of P ¼ 1 corresponds to the saturation of the

“5S” amplitude by the contributing channels. It is surpris-
ing to findP so close to unity, as it implies little room in the
resonance for other known final states such as Bð&Þ

ðsÞB̄
ð&Þ
ðsÞ ,

which comprise nearly 20% of bb̄ events at the peak [23].
More significantly, it is inconsistent with the large reso-
nance-continuum interference found in the fit to R0

b (Fig. 1)
because the channels contributing to P include little or no
continuum. It has long been known that a flat continuum
distribution in this complex region that includes many fbb̄g
mass thresholds is overly simplistic [20], and we conclude
that this internal inconsistency of the R0

b fit, elucidated by
P, is likely due to the model’s naïveté. This finding leads to
the conclusion that masses and widths for the Υð10860Þ
and Υð11020Þ obtained from Rð0Þ

b carry unknown system-
atic uncertainties due to the unknown shape of the
continuum and its interaction with the resonance, which
may vary with energy. The results reported here for the
masses, widths, and relative phase of the Υð10860Þ and
Υð11020Þ are thus from the ΥðnSÞπþπ− analysis, which
are robust due to the low continuum content.
We have considered the following sources of systematic

uncertainty: integrated luminosity, event selection effi-
ciency, energy calibration, reconstruction efficiency, sec-
ondary branching fractions, and fitting procedure. The
effects of the uncertainties in Rð0Þ

b and RΥðnSÞππ on Υð5SÞ
and Υð6SÞ parameters depend on whether they are corre-
lated or not over the data sets at different energy points. The
overall uncertainty in the integrated luminosity is 1.4%,
while the uncorrelated variation is 0.1%–0.2%. The uncer-
tainty in the bb̄ event selection efficiency, ϵbb̄, stems from
uncertainties in the mix of event types, containing Bð&Þ,
Bð&Þ
s , and bottomonia and is estimated to be 1.1% (uncorre-

lated). The uncertainty on RΥðnSÞππ for each ΥðnSÞ is
dominated by those on the branching fractions,
BðΥðnSÞ → μþμ−Þ [11]: %2%, %10%, and %10% for
n ¼ 1, 2, and 3, respectively. The uncertainties from
possible nonzero Ac and/or Aic in RΥðnSÞππ are obtained
by allowing them to float in the fit and taking the variation
of the fitted values of the other parameters with respect to
default results. Possible biases due to constraints on kn and
δn in the fit are estimated by taking the shifts found by
varying the constraints and included as systematic errors.
The lower end of the fit range is varied between 10.63 and
10.82 GeV. Approximate radiative corrections to the visible
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magnetic field. An iron flux-return located outside of the
coil is instrumented to detect K0

L mesons and to identify
muons (KLM).
The data consist of 121.4 fb−1 from three energy points

very near the Υð5SÞ peak (
ffiffiffi
s

p
¼ 10.866$ 0.002 GeV);

approximately 1 fb−1 at each of the six energy points above
10.80 GeV, studied in Ref. [8]; 1 fb−1 at each of 16 new
points between 10.63 and 11.02 GeV; and 50 pb−1 at each
of 61 points taken in 5 MeV steps between 10.75
and 11.05 GeV. For each energy point the data will be
categorized as PEAK (on resonance), HILUM
(
R
L ∼ 1 fb−1) or LOLUM (

R
L ∼ 50 pb−1). We measure

RΥðnSÞππ at the 16 new HILUM sets as well as the six
previous HILUM sets and three PEAK sets. We measure Rb
in each of the 61 LOLUM sets and in the 16 new HILUM
sets. The nonresonant qq̄ continuum ðq ∈ fu; d; s; cgÞ
background is obtained using a 1.03 fb−1 data sample
taken below the BB̄ threshold, at

ffiffiffiffiffi
sct

p ≡ 10.520 GeV
(where ct denotes the continuum point). This “qq̄ con-
tinuum” background is distinct from the nonresonant bb̄
continuum signal that might be present in our data.
The collision center-of-mass (CMS) energy is calibrated

in the PEAK set via the ΥðnSÞπþπ−fΥðnSÞ → μþμ−g
(n ¼ 1, 2, 3) event sample. For these events, the resolution
on the mass difference ΔM ≡MðμμππÞ −MðμμÞ is domi-
nated by the resolution on the momenta of the two pions,
which is narrow due to their relatively low momenta. The
world-average ΥðnSÞ masses [11] are used to arrive at the
CMS energy with an uncertainty of [$0.2ðstatÞ $ 0.5ðsysÞ]
MeV over the three Υ states for each of the three PEAK
sets. The remaining data sets are calibrated using dimuon
mass in eþe− → μþμ− events. The peak value of M0

μμ

differs from
ffiffiffi
s

p
, primarily due to initial state radiation

(ISR). The difference is determined via Monte Carlo
simulation based on the KK2F generator [12] and fitted
to a straight line at 13 values of

ffiffiffi
s

p
between 10.75 and

11.05 GeV. A constant correction is set by requiring that the
Υð1SÞπþπ− and μ-pair calibrations match for the PEAK
set. The systematic uncertainty from this correction on the
μ-pair calibrations is 1.0 MeV. The statistical uncertainties
on

ffiffiffi
s

p
are shown in the Supplemental Material [13].

Candidate ΥðnSÞ½→ μþμ−'πþπ− events are required to
have exactly four charged tracks satisfying track quality
criteria, with distances of closest approach to the interaction
point (IP) of less than 1 cm and 5 cm in the transverse
and longitudinal directions, respectively, and with
pT > 100 MeV=c, including two oppositely charged
tracks with an invariant mass above 8 GeV=c2, each
consistent with the muon and inconsistent with the kaon
hypothesis and two oppositely charged tracks, each con-
sistent with the pion and inconsistent with the electron
hypothesis. Radiative muon pair events with photon con-
versions, eþe− → γμþμ−½γ → eþe−', are suppressed by
requiring the μþμ− and πþπ−-candidate vertices be

separated in the plane transverse to the eþ beam by less
than 3 (4.5) mm for Υð1S; 2SÞ [Υð3SÞ]. We require
jMðμþμ−πþπ−Þ −

ffiffiffi
s

p
i=c2j < 200 MeV=c2, where i

denotes the data set and the resolution is ≈60 MeV=c2.
Signal candidates are selected by requiring
δΔM ≡ jΔM − ð ffiffiffiffi

si
p

=c2 −mΥðnSÞÞj < 25 MeV=c2, where
the ΔM resolution is ≈7 MeV=c2. We select sideband
events in the range 50 MeV=c2 < jδΔMj < 100 MeV=c2

to estimate background.
Reconstruction efficiencies are estimated via MC sim-

ulation. Because the relative contributions of intermediate
resonances such as the Z$

b may vary with
ffiffiffi
s

p
, the efficiency

is modeled analytically as a function of s1 ≡M2ðΥπþÞ,
s2 ≡M2ðΥπ−Þ, and

ffiffiffi
s

p
using MC data sets generated at six

values of
ffiffiffi
s

p
, with the

ffiffiffi
s

p
-dependence of the efficiency

parameters modeled by second-order polynomials. The
efficiencies are 42.5%–44.5%, 31%–41%, and 15%–35%
over the range of

ffiffiffi
s

p
for Υð1SÞ, Υð2S), and Υð3S),

respectively. Candidates are summed event-by-event after
correcting for reconstruction efficiency for each of the
signal and sideband samples. The net signal NΥðnSÞππ;i is
equal to the signal sum minus half the sideband sum. We
then evaluate RΥðnSÞππ;i ¼ NΥðnSÞπþπ−;i=ðLiBðΥðnSÞ →
μþμ−Þσ0μμð

ffiffiffi
s

p
iÞÞ.

The distributions and fits are shown in Fig. 1. Previous
results for Υð5SÞ and Υð6SÞ have been based on measure-
ments of Rb, where the fitted form is a coherent sum of two
S-wave Breit-Wigner amplitudes and a constant (con-
tinuum), plus an incoherent constant:

F ð
ffiffiffi
s

p
Þ ¼ jAicj2 þ jAc þ A5Seiϕ5Sf5Sð

ffiffiffi
s

p
Þ

þ A6Seiϕ6Sf6Sð
ffiffiffi
s

p
Þj2; ð1Þ

where fnS ¼ MnSΓnS=½ðs −M2
nSÞ þ iMnSΓnS' and Ac and

Aic are coherent and incoherent continuum terms, respec-
tively. For RΥðnSÞππ we adapt this function to accommodate
possible differences in resonance substructure between the
Υð5SÞ and Υð6SÞ and the phase space volume of
ΥðnSÞπþπ− near the mass threshold. Ac and Aic are found
to be consistent with, and are thus fixed to, zero in all three
channels. Assuming the resonance substructures are not
identical, the relative phase between the respective (nor-
malized) amplitudes, D5S;nðs1; s2Þ and D6S;nðs1; s2Þ, varies
over the Dalitz space ðs1; s2Þ. The cross term between the
two resonances from Eq. (1) is

2knA5S;nA6S;nℜ½eiδnf5Sf(6S'; ð2Þ

where kneiδn ≡
R
D5S;nðs1; s2ÞD(

6S;nðs1; s2Þds1ds2 and the
decoherence coefficient kn is in the range 0 < kn < 1. If the
resonance substructures are identical, kn is unity and
δn ≡ ϕ5S − ϕ6S. Given the rich structure found at

ffiffiffi
s

p
¼

10.866 GeV [7], some deviation of both kn and δn from this
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• Strong interference between 
ϒ(5S) and continuum 

• ϒ(5S) peak is saturated by 

  

➔ leaving nearly no room for 
other final states ?? 

• What about large resonance-
continuum interference? 

• Flat continuum assumption in 
this region is too much 
simplistic
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Using relativistic kinematics the physical masses and
widths are given by the eigenvalues of a mass matrix
M (s), whose imaginary part is given by unitarity

»iMij2(&)= —}qpc g &;cn(&)&j,ca(&)
CD

(4.2)

where the functions 8;CD(s} are given by the QPC model
and phase space pcD(s):

y &, ( )=&' ~H ~&D&p ' '( ). (4.3)

The real part of M is composed of the eigenvalues of the
naive model (bare mass) and a mass shift term

p ~ ImMj2(s')
ReM,j (s)=M; b,„5,)——J ds' . (4.4)

SSa S—S'
The unitarity partial-wave amplitudes between channels

BB,M ', etc., can then be written
FIG. 3. The contribution to R from Bq3q, BqS f+c.c.,

Bg 8q as predicted by the QHM model. =Ye}pc g 3; zjj(s)[Mrj (s) s] 9 j—,cD(s) . (4.5}

0=
O 0 +

Hqpc
O

(4.1)

where the two sectors of Hilbert space are the confined
Qg states and the continuum two meson states (e.g., BB,
BB', etc.). The part H@ is the naive quark-model Ham-
iltonian, while Hh„contains only a kinetic term for the
two-meson sector and Hqp~ describes the quark-pair-
creation (QPC or Po) model. '

0.1-
BsBs

0 05-
Bsas BsBs ~ c

o /
10.6 10.7 108 10 9 11

Energy (GeV)

FIG. 4. Same ss F1g. 3 but from Bgltg, Bg~ g +c c y Bg +s ~

IV. THE UNITARIZED QUARK MODEL (UQM}

As is well known in nuclear-reaction theory (see, e.g.,
Ref. 23) the presence of coupled channels shifts the
masses, introduces mixings between resonance states, and
distorts the cross section from naive expectations. Since
the couplings to channels allowed by the OZI rule are
large the predictions of the naive quark model can be sub-
stantially modified in a more complete theory. In order to
study these effects systematically we use the UQM, which
was described in more detail previously. ' ' One as-
sumes that the Hamiltonian can be decomposed as

For the e+e channel the corresponding 9', + (s) is
defined as in Eq. (4.3), but with (i

~ He}pc ~
CD ) replaced

by a constant. Because of the smallness of this coupling
the e+e channel can be neglected in the unitarity sum
Eq. (4.2).
The simpler nonunitarized model discussed in the pre-

vious section can be considered as an approximation
where (i}off-diagonal matrix elements of Mj 2 are neglect-
ed and put equal to zero, (ii) the function ReM;i(s) is re-
placed by constants absorbed into the bare masses, but
Imi/f&;(s) is kept unchanged, and (iii) interference terms
between the resonances obtained in

~

T
~

' are neglected
Sometimes the unitarization modifies dramatically

naive expectations, in particular when the resonances are
broad. But narrow resonance widths can also change sub-
stantially due to the mixing induced through the off-
diagonal matrix elements of M~j . An example is the
Y(4S) width which is reduced by almost a factor of 2.
The greatest uncertainty in the UQM comes from the

matrix elements of Hypo evaluated far off resonance for
large s. Through the dispersion relation of Eq. (4.4) this
means that ReM,&(s) could be modified by a nearly con-
stant piece. Thus the absolute value of a mass shift is
more uncertain than a relative mass splitting like
Y(5S)-Y(4S). Therefore, in Table I we show the mass
shifts relative to the 5S. The uncertainty in the off-
diagonal matrix elements of ReM; means that the mix-
ing induced by the model could be incorrectly described.
In Fig. 11(a) we compare the UQM with measurement of
R. In Figs. 11(b) and 11(c) we show individual contribu-
tions to R from 88,88', . . . , respectively. The result
for S is given in Fig. 12. Further discussion of the de-
tails of the fit is in Appendix A 3.

&. BSmixing effects

In Sec. III we have shown that the QHM model can
reproduce R between Y(4S) and Y(6S) well. Using this
model we compute the quantity S of Eq. (2.6). The result

Ono, Sanda, Tornqvist 
PRD 34, 186 (1986)

by Quarkonium-Hybrid-Mixing (QHM) model
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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
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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
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ffiffiffi
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p
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ffiffiffi
s
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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

#
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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
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−0.1 51=56

D. SANTEL et al. PHYSICAL REVIEW D 93, 011101(R) (2016)

011101-4

RAPID COMMUNICATIONS

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
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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
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We report only the parameters from Rϒ(nS)ππ as our official results.
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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 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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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 (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 nu-
merically 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 fits to the corre-
sponding Mmiss(ππ) spectra in the hb(1P ) and hb(2P )
intervals are shown in Figs. 2 and 3. The hb(nP ) sig-
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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).

nal density functions are determined by averaging over
the data samples that are combined; we use weights pro-
portional to the integrated luminosity and the cross sec-
tion at each energy. 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 )
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
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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

-2

0

2

4

10.5 10.6 10.7 10.8

(a)

Mmiss(π), GeV/c2

h b(
1P

) y
ie

ld
, 1

03  / 
40

 M
eV

/c
2

-5

0

5

10

15

10.7 10.8

(b)

Mmiss(π), GeV/c2

h b(
2P

) y
ie

ld
, 1

03  / 
40

 M
eV

/c
2

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
SINET4 network support. We acknowledge support from
MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC (Aus-
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hb(1P) and hb(2P) from the five data points near ϒ(6S)

First evidence (S = 3.5σ) of First observation (S = 5.3σ) of
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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).
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fit to theMmissðπþπ−Þ distributions with a sum of a Crystal
Ball function [11] for theϒðnSÞ signal and a linear function
for the combinatorial background component. The Crystal
Ball function is used to account for the asymmetric shape
of the ϒðnSÞ signal due to initial state radiation of soft
photons. All parameters (seven in total) are free parameters
of the fit. Results of the fits are shown in Fig. 2 and
summarized in Table I.
For the subsequent analysis, we select events around the

respectiveϒðnSÞmass peak as specified in Table I. After all
the selections are applied, we are left with 1905, 2312, and
635 candidate events for the ϒð1SÞπþπ−, ϒð2SÞπþπ−,
and ϒð3SÞπþπ− final state, respectively. The fractions of
signal events in the selected samples are determined using
results of the fit to the corresponding Mmissðπþπ−Þ spec-
trum (see Table I). For selected events, we perform a mass-
constrained fit of the μþμ− pair to the nominal mass of the

correspondingϒðnSÞ state to improve theϒðnSÞπ invariant
mass resolution.

IV. AMPLITUDE ANALYSIS

In the limit of negligible ϒðnSÞ width, the process
eþe− → ϒðnSÞπþπ− → μþμ− is described by six indepen-
dent parameters. A set of physics observables is not
unique and, in particular, depends on whether there is a
resonant state in the πþπ− or in the ϒðnSÞπ system. As an
example, a convenient set of observables for the process
eþe− → Zþ

b π− → ϒðnSÞπþπ− is the following: masses
MðϒðnSÞπþÞ andMðπþπ−Þ, the angle between the prompt
pion and the beam axis in the c.m. frame (θ1), the angle
between the Zþ

b and the μþ momenta calculated in the
ϒðnSÞ rest frame [that is, theϒðnSÞ → μþμ− helicity angle,
θhelμμ ], the angle between the plane formed by the πþπ−

system and the ϒðnSÞ decay plane in the Zb rest frame (ϕ),
and, finally, the angle between the plane formed by the
prompt pion and the beam axis and the ϒðnSÞ decay plane
calculated in the Zb rest frame (ψ). However, this set of
observables is not convenient to parametrize amplitudes
with a resonant state in the πþπ− system [such as
eþe− → ϒðnSÞf0ð980Þ]; thus, we use these parameters
only for visualization of fit results. The transition amplitude
is written in Lorentz-invariant form as discussed in detail in
the Appendix. The six parameters in this case are invariant
masses of six independent two-particle combinations com-
posed of four final state particles [two pions and two muons
from the ϒðnSÞ → μþμ−] and initial state electron and
positron.
The amplitude analysis of the eþe− → ϒðnSÞπþπ−

transitions reported here is performed by means of an
unbinned maximum likelihood fit. Before analyzing events
in the signal region, one needs to determine the distribution
of background events over the phase space. Samples of
background events are selected in ϒðnSÞ mass sidebands
and then fit to the nominal mass of the corresponding
ϒðnSÞ state to match the phase space boundaries for the
signal. Definitions of the mass sidebands and the event
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FIG. 1. Scatter plot of all the eþe− → ϒðnSÞπþπ− candidate
events passed through initial selection criteria. The region
between the two diagonal lines is defined as the signal region.
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yields are given in Table I. Dalitz plots for the sideband
events are shown in Figs. 3(a), 3(b), and 3(c), where
MðϒðnSÞπÞmax is the maximum invariant mass of the two
ϒðnSÞπ combinations; here the requirement onMðπþπ−Þ is
relaxed. For visualization purposes, we plot the Dalitz
distributions in terms of MðϒðnSÞπÞmax in order to com-
bine ϒðnSÞπþ and ϒðnSÞπ− events. As is apparent from
these distributions, there is a strong enhancement in the

level of the background just above the πþπ− invariant
mass threshold. This enhancement is due to conversion of
photons into an eþe− pair in the innermost parts of the
Belle detector. Due to their low momenta, conversion
electrons and positrons are poorly identified by the CDC
and so pass the electron veto requirement. We exclude
this high background region by applying a requirement
on Mðπþπ−Þ as given in Table I. The distribution of

TABLE I. Summary of results from the analysis of theMmissðπþπ−Þ distribution. Quoted uncertainty is statistical
only.

Final state ϒð1SÞπþπ− ϒð2SÞπþπ− ϒð3SÞπþπ−

Mðπþπ−Þ Signal, GeV=c2 > 0.45 > 0.37 > 0.32
Nsignal 2090$ 115 2476$ 97 628$ 41

ϒ Peak, MeV=c2 9459.9$ 0.8 10023.4$ 0.4 10356.2$ 0.7
σ, MeV=c2 8.34 7.48 6.85
Mmissðπþπ−Þ Signal, GeV=c2 (9.430, 9.490) (10.000, 10.050) (10.335, 10.375)
Nevents 1905 2312 635
fsig 0.937$ 0.071 0.940$ 0.060 0.918$ 0.076
Mmissðπþπ−Þ Sidebands, GeV=c2 (9.38, 9.43) (9.94, 9.99) (10.30, 10.33)

(9.49, 9.53) (10.06, 10.11) (10.38, 10.41)
Nevents 272 291 91
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FIG. 3. Dalitz plots for ϒðnSÞπþπ− events in sidebands of the (a)ϒð1SÞ, (b) ϒð2SÞ, and (c)ϒð3SÞ. Dalitz plots for ϒðnSÞπþπ− events
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nominal model: JP = 1+ for both Zb states (solid) 
comparison: JP = 2+ for both Zb states (dashed)

the χ2 test for data with enough statistics and is applicable
for multidimensional fits with a small data sample. From
this analysis, we find that the nominal model and the data
are consistent at 27%, 61%, and 34% confidence levels for

the ϒð1SÞπþπ−, ϒð2SÞπþπ−, and ϒð3SÞπþπ− final states,
respectively.
As an alternative approach, we calculate χ2 values for

one-dimensional projections shown in Fig. 4, combining
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FIG. 4. Comparison of fit results with the nominal model with JP ¼ 1þ assigned to both Zb states (solid open histogram) and the data
(points with error bars) for events in the (a),(d)ϒð1SÞπþπ−, (b),(e)ϒð2SÞπþπ−, and (c),(f)ϒð3SÞπþπ− signal region. The dashed histogram
shows results of the fit with a JP ¼ 2þ assignment for the Zb states. Hatched histograms show the estimated background components.
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FIG. 5. A detailed comparison of fit results with the nominal model (open histogram) with the data (points with error bars) for events in
the ϒð1SÞπþπ− signal region. Hatched histograms show the estimated background components. Panels (a)–(c) show Mðϒð1SÞπÞmax
projections in different M2ðπþπ−Þ regions. Panels (d)–(f) show Mðπþπ−Þ projections in different M2ðϒð1SÞπÞmax regions.
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final states. Fits to the data with alternative JP values
assigned to the two Zb states are compared with the
nominal one in terms of the likelihood values returned
by the fits. For each model, we calculate ΔL ¼ LðJPÞ −
L0 which is the difference in the likelihood values
returned by the fit to a model with an alternative JP

assignment and the nominal one. Results of this study
for the ϒð2SÞπþπ− and ϒð3SÞπþπ− modes (where the
Zbπ signal comprises a significant fraction of the three-
body signal) are summarized in Table III. For the
ϒð1SÞπþπ− mode, we fit the data only to models with
the same JP assigned to both Zb states. The obtained ΔL
values are 64, 41, and 59 for the JP ¼ 1−, 2þ, and 2−
models, respectively.
The discrimination power is found to be mainly due to

an interference term between the Zb and the underlying
non-Zb amplitudes. The best discrimination is provided
by the eþe− → ϒð2SÞπþπ− channel, where the two
components are comparable in size, thus maximizing
the relative size of the interference term. To cross-check
the separation power, we perform a MC study in which
we generate a large number of ϒðnSÞπþπ− samples, each
with statistics equivalent to the data, and perform fits of
each pseudo-experiment with different JP models. The
obtained ΔL distributions are fit to a Gaussian function

(a bifurcated Gaussian function for asymmetric distri-
butions) to estimate the probability to find ΔL larger
than the value in data. We find that alternative models
with the same JP assigned to both Zb states are rejected
at a level exceeding 8 standard deviations using the
Udπþπ− channel only. The comparisons of the fit result
where both Zb are assumed to be JP ¼ 2þ states (the
next best hypothesis) and the data are shown in Figs. 4
and 8–10.
In fits with different JP values assigned to the Zbð10610Þ

and Zbð10650Þ states, the smallest ΔL value is provided
by the model with Zbð10610Þ assumed to be a 1þ state
and Zbð10650Þ a 2þ state, as shown in Table III. A similar
study with MC pseudo-experiments shows that this alter-
native hypothesis is rejected at a level exceeding 6 standard
deviations.
Finally, we note that multiple solutions are found in

the fit to the ϒð1SÞπþπ− and ϒð2SÞπþπ− final states. This
is due to the presence of several S-wave components in
the three-body amplitudes for these modes. While the
overall fraction of the S-wave contribution is a well-defined
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FIG. 10. Comparison of angular distributions for signal ϒð3SÞπþπ− events in data (points with error bars), fit with the nominal model
with JP ¼ 1þ (open histogram), and fit with the JP ¼ 2þ model (dashed histogram). Hatched histograms show the estimated
background components. The top row is for the Zbð10610Þ region and the bottom row is for the Zbð10650Þ region. See text for details.

TABLE II. Results of the χ2=nbins calculations for one-
dimensional projections shown in Fig. 4.

ϒð1SÞπþπ− ϒð2SÞπþπ− ϒð3SÞπþπ−

MðϒπÞmax 61.5=53 46.6=54 12.0=20
Mðπþπ−Þ 68.3=49 45.1=48 18.6=20

TABLE III. Results of the fit to ϒð2SÞπþπ− [ϒð3SÞπþπ−]
events with different JP values assigned to the Zbð10610Þ and
Zbð10650Þ states. Shown in the table is the difference in L values
for fits to an alternative model and the nominal one.

Zbð10650Þ
Zbð10610Þ 1þ 1− 2þ 2−

1þ 0(0) 60(33) 42(33) 77(63)
1− 226(47) 264(73) 224(68) 277(106)
2þ 205(33) 235(104) 207(87) 223(128)
2− 289(99) 319(111) 321(110) 304(125)
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modes, masses and widths of the two Zb states, the relative
phase ϕZ between the two Zb amplitudes and fraction
cZ10610

=cZ10650
of their amplitudes are given. The fraction fX

of the total three-body signal attributed to a particular
quasi-two-body intermediate state is calculated as

fX ¼
R
jAXj2dΩR

jMϒðnSÞππj2dΩ
; ð6Þ

where AX is the amplitude for a particular component
X of the three-body amplitude MϒðnSÞππ , defined in the
Appendix. For amplitudes where the πþπ− system is in an
S-wave, we do not calculate individual fractions for every
component but present the result only for the combination
ϒðnSÞðπþπ−ÞS of all such components. The only excep-
tion is made for the ϒð1SÞf0ð980Þ component. The
statistical significance of this signal, determined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lf0 − L0

p
, where Lf0 is the likelihood value with the

f0ð980Þ amplitude fixed at zero, exceeds 8 standard
deviations. Note that the sum of the fit fractions for all
components is not necessarily unity because of the
interference. Statistical uncertainties for relative fractions
of intermediate channels quoted in Table VI are deter-
mined utilizing a MC pseudo-experiment technique. For
each three-body final state, we generate a large number
of MC samples, each with statistics equivalent to the
experimental data (including background) and with a
phase space distribution according to the nominal model.
Each MC sample is then fit to the nominal model, and
fractions fi of contributing submodes are determined.
The standard deviation of the fi distribution is then taken
as the statistical uncertainty for the fraction of the
corresponding submode; see Table VI.
Combining results for the three-body cross sections from

Table IV with the results of the amplitude analysis from

Table VI, we calculate the product σZ%
b π

∓ × BϒðnSÞπ∓ , where
σZ%

b π
∓ is the cross section of the eþe− annihilation to Z%

b π
∓

and BϒðnSÞπ∓ is the branching fraction of Z%
b decay to

ϒðnSÞπ%:

σZ%
b ð10610Þπ

∓ × Bϒð1SÞπ∓ ¼ 110% 27þ36
−10 fb

σZ%
b ð10610Þπ

∓ × Bϒð2SÞπ∓ ¼ 744% 127þ190
−86 fb

σZ%
b ð10610Þπ

∓ × Bϒð3SÞπ∓ ¼ 442% 93þ93
−115 fb

σZ%
b ð10650Þπ

∓ × Bϒð1SÞπ∓ ¼ 20% 7þ4
−3 fb

σZ%
b ð10650Þπ

∓ × Bϒð2SÞπ∓ ¼ 167% 49þ43
−21 fb

σZ%
b ð10650Þπ

∓ × Bϒð3SÞπ∓ ¼ 196% 54þ43
−25 fb: ð7Þ

The main sources of systematic uncertainties in the
amplitude analysis are as follows.

(i) The uncertainty in parametrization of the transition
amplitude. To estimate this uncertainty, we use
various modifications of the nominal model and
repeat the fit to the data. In particular, for the
ϒð1SÞπþπ− and ϒð2SÞπþπ− channels, we modify
the parametrization of the nonresonant amplitude,
replacing the s23 dependence from linear to a

ffiffiffiffiffiffi
s23

p

form and replacing the ϒðnSÞf2ð1270Þ amplitude
with a D-wave component in the nonresonant
amplitude. For the ϒð3SÞπþπ− channel, we modify
the nominal model by adding various components
of the amplitude initially fixed at zero: a
ϒð3SÞf2ð1270Þ component with an amplitude and
phase fixed from the fit to the ϒð1SÞπþπ− channel.
We also fit the ϒð3SÞπþπ− data with the nonreso-
nant amplitude set to be uniform. To estimate
dependence on parametrization of the Zbπ ampli-
tudes, we repeat the fit to the data with a Zb line

TABLE VI. Summary of results of fits to ϒðnSÞπþπ− events in the signal regions.

Parameter ϒð1SÞπþπ− ϒð2SÞπþπ− ϒð3SÞπþπ−

fZ∓
b ð10610Þπ

% , % 4.8% 1.2þ1.5
−0.3 18.1% 3.1þ4.2

−0.3 30.0% 6.3þ5.4
−7.1

Zbð10610Þ mass, MeV=c2 10608.5% 3.4þ3.7
−1.4 10608.1% 1.2þ1.5

−0.2 10607.4% 1.5þ0.8
−0.2

Zbð10610Þ width, MeV 18.5% 5.3þ6.1
−2.3 20.8% 2.5þ0.3

−2.1 18.7% 3.4þ2.5
−1.3

fZ∓
b ð10650Þπ

% , % 0.87% 0.32þ0.16
−0.12 4.05% 1.2þ0.95

−0.15 13.3% 3.6þ2.6
−1.4

Zbð10650Þ mass, MeV=c2 10656.7% 5.0þ1.1
−3.1 10650.7% 1.5þ0.5

−0.2 10651.2% 1.0þ0.4
−0.3

Zbð10650Þ width, MeV 12:1þ11.3þ2.7
−4.8−0.6 14.2% 3.7þ0.9

−0.4 9.3% 2.2þ0.3
−0.5

ϕZ, degrees 67% 36þ24
−52 −10% 13þ34

−12 −5% 22þ15
−33

cZbð10650Þ=cZbð10610Þ 0.40% 0.12þ0.05
−0.11 0.53% 0.07þ0.32

−0.11 0.69% 0.09þ0.18
−0.07

fϒðnSÞf2ð1270Þ, % 14.6% 1.5þ6.3
−0.7 4.09% 1.0þ0.33

−1.0 −
fϒðnSÞðπþπ−ÞS , % 86.5% 3.2þ3.3

−4.9 101.0% 4.2þ6.5
−3.5 44.0% 6.2þ1.8

−4.3
fϒðnSÞf0ð980Þ, % 6.9% 1.6þ0.8

−2.8 − −
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modes, masses and widths of the two Zb states, the relative
phase ϕZ between the two Zb amplitudes and fraction
cZ10610

=cZ10650
of their amplitudes are given. The fraction fX

of the total three-body signal attributed to a particular
quasi-two-body intermediate state is calculated as

fX ¼
R
jAXj2dΩR

jMϒðnSÞππj2dΩ
; ð6Þ

where AX is the amplitude for a particular component
X of the three-body amplitude MϒðnSÞππ , defined in the
Appendix. For amplitudes where the πþπ− system is in an
S-wave, we do not calculate individual fractions for every
component but present the result only for the combination
ϒðnSÞðπþπ−ÞS of all such components. The only excep-
tion is made for the ϒð1SÞf0ð980Þ component. The
statistical significance of this signal, determined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lf0 − L0

p
, where Lf0 is the likelihood value with the

f0ð980Þ amplitude fixed at zero, exceeds 8 standard
deviations. Note that the sum of the fit fractions for all
components is not necessarily unity because of the
interference. Statistical uncertainties for relative fractions
of intermediate channels quoted in Table VI are deter-
mined utilizing a MC pseudo-experiment technique. For
each three-body final state, we generate a large number
of MC samples, each with statistics equivalent to the
experimental data (including background) and with a
phase space distribution according to the nominal model.
Each MC sample is then fit to the nominal model, and
fractions fi of contributing submodes are determined.
The standard deviation of the fi distribution is then taken
as the statistical uncertainty for the fraction of the
corresponding submode; see Table VI.
Combining results for the three-body cross sections from

Table IV with the results of the amplitude analysis from

Table VI, we calculate the product σZ%
b π

∓ × BϒðnSÞπ∓ , where
σZ%

b π
∓ is the cross section of the eþe− annihilation to Z%

b π
∓

and BϒðnSÞπ∓ is the branching fraction of Z%
b decay to

ϒðnSÞπ%:

σZ%
b ð10610Þπ

∓ × Bϒð1SÞπ∓ ¼ 110% 27þ36
−10 fb

σZ%
b ð10610Þπ

∓ × Bϒð2SÞπ∓ ¼ 744% 127þ190
−86 fb

σZ%
b ð10610Þπ

∓ × Bϒð3SÞπ∓ ¼ 442% 93þ93
−115 fb

σZ%
b ð10650Þπ

∓ × Bϒð1SÞπ∓ ¼ 20% 7þ4
−3 fb

σZ%
b ð10650Þπ

∓ × Bϒð2SÞπ∓ ¼ 167% 49þ43
−21 fb

σZ%
b ð10650Þπ

∓ × Bϒð3SÞπ∓ ¼ 196% 54þ43
−25 fb: ð7Þ

The main sources of systematic uncertainties in the
amplitude analysis are as follows.

(i) The uncertainty in parametrization of the transition
amplitude. To estimate this uncertainty, we use
various modifications of the nominal model and
repeat the fit to the data. In particular, for the
ϒð1SÞπþπ− and ϒð2SÞπþπ− channels, we modify
the parametrization of the nonresonant amplitude,
replacing the s23 dependence from linear to a

ffiffiffiffiffiffi
s23

p

form and replacing the ϒðnSÞf2ð1270Þ amplitude
with a D-wave component in the nonresonant
amplitude. For the ϒð3SÞπþπ− channel, we modify
the nominal model by adding various components
of the amplitude initially fixed at zero: a
ϒð3SÞf2ð1270Þ component with an amplitude and
phase fixed from the fit to the ϒð1SÞπþπ− channel.
We also fit the ϒð3SÞπþπ− data with the nonreso-
nant amplitude set to be uniform. To estimate
dependence on parametrization of the Zbπ ampli-
tudes, we repeat the fit to the data with a Zb line

TABLE VI. Summary of results of fits to ϒðnSÞπþπ− events in the signal regions.

Parameter ϒð1SÞπþπ− ϒð2SÞπþπ− ϒð3SÞπþπ−

fZ∓
b ð10610Þπ

% , % 4.8% 1.2þ1.5
−0.3 18.1% 3.1þ4.2

−0.3 30.0% 6.3þ5.4
−7.1

Zbð10610Þ mass, MeV=c2 10608.5% 3.4þ3.7
−1.4 10608.1% 1.2þ1.5

−0.2 10607.4% 1.5þ0.8
−0.2

Zbð10610Þ width, MeV 18.5% 5.3þ6.1
−2.3 20.8% 2.5þ0.3

−2.1 18.7% 3.4þ2.5
−1.3

fZ∓
b ð10650Þπ

% , % 0.87% 0.32þ0.16
−0.12 4.05% 1.2þ0.95

−0.15 13.3% 3.6þ2.6
−1.4

Zbð10650Þ mass, MeV=c2 10656.7% 5.0þ1.1
−3.1 10650.7% 1.5þ0.5

−0.2 10651.2% 1.0þ0.4
−0.3

Zbð10650Þ width, MeV 12:1þ11.3þ2.7
−4.8−0.6 14.2% 3.7þ0.9

−0.4 9.3% 2.2þ0.3
−0.5

ϕZ, degrees 67% 36þ24
−52 −10% 13þ34

−12 −5% 22þ15
−33

cZbð10650Þ=cZbð10610Þ 0.40% 0.12þ0.05
−0.11 0.53% 0.07þ0.32

−0.11 0.69% 0.09þ0.18
−0.07

fϒðnSÞf2ð1270Þ, % 14.6% 1.5þ6.3
−0.7 4.09% 1.0þ0.33

−1.0 −
fϒðnSÞðπþπ−ÞS , % 86.5% 3.2þ3.3

−4.9 101.0% 4.2þ6.5
−3.5 44.0% 6.2þ1.8

−4.3
fϒðnSÞf0ð980Þ, % 6.9% 1.6þ0.8

−2.8 − −

A. GARMASH et al. PHYSICAL REVIEW D 91, 072003 (2015)
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Studying Z

b

decays to B mesons – motivations

•
Z

b

(10610) and Z

b

(10650) might be loosely bound BB̄

⇤ and B

⇤
B̄

⇤

systems (“molecules”) Bondar et al., PRD 84, 054010 (2011)

• Possible alternatives:
- hadroquarkonia Voloshin, PRD 87, 091501 (2013)
- tetraquarks Ali et al., PRD 85, 054011 (2012)

• If indeed molecules, it is natural to expect Z

b

’s decay dominantly into
its constitutents, i.e. Z

b

(10610) ! BB̄

⇤ and Z

b

(10650) ! B

⇤
B̄

⇤.

• Study resonant substructure in ⌥(5S) ! (BB̄

⇤ + c.c.)⇡ and
⌥(5S) ! B

⇤
B̄

⇤⇡

Y. Kwon (Yonsei Univ.) Dark-sector searches from flavor-factory experiments July 11, 2016 11
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Studying Z

b

decays to B mesons – how-to

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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Y. Kwon (Yonsei Univ.) Dark-sector searches from flavor-factory experiments July 11, 2016 12

NB = 12263 ± 168



Evidence for the three-body ϒð10860Þ → BB̄#π decay
has been reported previously by Belle, based on a data
sample of 23.6 fb−1 [5]. In this analysis, we use a data
sample with an integrated luminosity of 121.4 fb−1 col-
lected near the peak of the ϒð10860Þ resonance
(

ffiffiffi
s

p
¼ 10.866 GeV) with the Belle detector [6] at the

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

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

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

(K0πþ) final state; the invariant mass of the K# candidate is
required to be within 150 MeV=c2 of the nominal K# mass
[11]. The invariant mass of a J=ψ → lþl− candidate is
required to be within 30 ð50Þ MeV=c2 for l ¼ e (μ), of the
nominal J=ψ mass. Neutral (charged) D mesons are
reconstructed in the K−πþ, K−πþπ0, and K−π−πþπþ

(K−πþπþ) modes. To identify D# candidates, we require
jMðDπÞ −MðDÞ − ΔmD# j < 3 MeV=c2, where MðDπÞ
and MðDÞ are the reconstructed masses of the D# and D
candidates, respectively, and ΔmD# ¼ mD# −mD is the
difference between the nominal D# and D masses. The
mass windows for narrow states quoted above correspond
to a &2.5σ requirement.
The dominant background comes from eþe− → cc̄

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

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

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

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

ffiffiffi
s

p
− EBπÞ2=c4 − P2

Bπ=c
2

p
, where EBπ and PBπ are the

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

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

(a) (b)

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

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

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

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

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

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

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

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

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

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

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

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

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

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

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

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EπÞ2=c4 − P2

π=c2
p

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

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

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ(ϵðmÞFPHSPðmÞ; ð1Þ

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

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

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

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

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

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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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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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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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,
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(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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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,
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(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.

PRL 116, 212001 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
27 MAY 2016

212001-4

38



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.

PRL 116, 212001 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
27 MAY 2016

212001-4

39

Mmiss(π) distribution

• ..

• ...

BB̄

⇤⇡
•

Z

b

(10610) only vs. PHSH 6.3�
• need non-resonant? 1.5�
• need Z

b

(10650)? 1.3�

B

⇤
B̄

⇤⇡
•

Z

b

(10650) only vs. PHSH 5.2�
• need non-resonant? 0.1�

Y. Kwon (Yonsei Univ.) Dark-sector searches from flavor-factory experiments July 11, 2016 10

• ..

• ...

Fit function /
|A

Z

b

(10610) +A
Z

b

(10650) +Anr|2

• model 0

- Z

b

(10610) only, for BB̄

⇤⇡
- Z

b

(10650) only, for B

⇤
B̄

⇤⇡

• model 3

- no Z

b

’s; non-resonant only

• model 1

- model 0 + non-resonant

• model 2

- both Z

b

’s for BB̄

⇤⇡

• very little BB̄⇡ contribution
• ⇠ 10% of signal leak into WS sample due to B

0 oscillations

Y. Kwon (Yonsei Univ.) Dark-sector searches from flavor-factory experiments July 11, 2016 9



40

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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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
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In conclusion,
Since its discovery of Zb’s in 2012, Belle has added more 
and more studies/results on their properties 

Belle has updated the energy scan around ϒ(5S) and ϒ(6S) 
regions  

➔ more precise resonance parameters as well as evidence for 
ϒ(6S) decays to Zb’s 

First observation of ϒ(4S) ➔ η hb(1P) has been attained 

With Belle II to start in a couple years, we look forward to 
seeing more exciting and illuminating results

41
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43
the χ2 test for data with enough statistics and is applicable
for multidimensional fits with a small data sample. From
this analysis, we find that the nominal model and the data
are consistent at 27%, 61%, and 34% confidence levels for

the ϒð1SÞπþπ−, ϒð2SÞπþπ−, and ϒð3SÞπþπ− final states,
respectively.
As an alternative approach, we calculate χ2 values for

one-dimensional projections shown in Fig. 4, combining
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FIG. 4. Comparison of fit results with the nominal model with JP ¼ 1þ assigned to both Zb states (solid open histogram) and the data
(points with error bars) for events in the (a),(d)ϒð1SÞπþπ−, (b),(e)ϒð2SÞπþπ−, and (c),(f)ϒð3SÞπþπ− signal region. The dashed histogram
shows results of the fit with a JP ¼ 2þ assignment for the Zb states. Hatched histograms show the estimated background components.
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FIG. 5. A detailed comparison of fit results with the nominal model (open histogram) with the data (points with error bars) for events in
the ϒð1SÞπþπ− signal region. Hatched histograms show the estimated background components. Panels (a)–(c) show Mðϒð1SÞπÞmax
projections in different M2ðπþπ−Þ regions. Panels (d)–(f) show Mðπþπ−Þ projections in different M2ðϒð1SÞπÞmax regions.
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AZb
, are parametrized with Breit-Wigner functions

AZb
¼ aZeiϕZ=ðm2 −m2

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

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

R
jAXj2dm=

R
SðmÞdm, whereAX is the amplitude

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

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

σðeþe− → fÞ ¼
Nf

LBfαηð1þ δISRÞj1 − Πj2
; ð3Þ

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

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

f × Nall
Bð&ÞB̄ð&Þ=Nsel

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

Bð&ÞB̄ð&Þ ¼10131%152 and Nsel
Bð&ÞB̄ð&Þ ¼ 2406% 62.

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

three-body production cross sections are the uncertainties

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

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

BB&π fZbð10610Þ 1.0 1.45% 0.24 0.64% 0.15 1.01% 0.13 1.18% 0.15 ) ) )
fZbð10650Þ ) ) ) ) ) ) ) ) ) 0.05% 0.04 0.24% 0.11 ) ) )

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

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

B&B&π fZbð10650Þ 1.0 1.04% 0.15 0.77% 0.22 ) ) )
fnr ) ) ) 0.02% 0.04 0.24% 0.18 1.0

ϕnr, radians ) ) ) 0.29% 1.01 1.10% 0.44 ) ) )
2 logL −182.4 −182.4 −182.4 −209.7
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