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Integrated luminosity at the B factories

O� resonance/scan:

On resonance:

�(5S) : 121 fb�1

�(4S) : 711 fb�1

�(3S) : 3 fb�1

�(1S) : 6 fb�1

155 fb�1

1.02 ab�1

�(2S) : 25 fb�1
550 fb�1

BELLE

this talk  

 3



From earlier Belle measurements at/near the          , 
✓ hadronic transitions via         ,   ,    ,  etc. to lower bottomonia 

provide useful input for QCD and phenomenological models 
like Heavy Quark Spin Symmetry [more on this later] 

✓ … and led to the discovery of           ,          ,          , and the  
exotica                  ,                  ,                  , and 

π+π− η ω

hb(𝟣𝖯) hb(𝟤𝖯) ηb(𝟤𝖲)
Zb(𝟣𝟢𝟨𝟣𝟢)± Zb(𝟣𝟢𝟨𝟧𝟢)±

PRL 108, 032001 (2012), PRL 109, 232002 (2012), PRL 108, 122001 (2012), PRD 88, 052016 (2013)

hb

Z+b

π+

π−

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

Υ(5S)→ hb(nP)π+π−
b

Γ[Υ(5S)→ hb(nP)π+π−]
Γ[Υ(5S)→ Υ(2S)π+π−] =

0.46 ± 0.08 ± 0.070.12 for hb(1P)

0.77± 0.08 ± 0.220.17 for hb(2P)

bb̄

bb̄ bb̄

bb̄⤴

⤴

It should be suppressed as ∼ (ΛQCD/mb)2

PRL 108, 032001 (2012):
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⌥(5S)

proceeds
via intermediate charged      states

⌥(5S) ! hb(nP)⇡
+⇡�

Zb

Zb(𝟣𝟢𝟨𝟣𝟢)𝟢 Zb(𝟣𝟢𝟨𝟧𝟢)𝟢
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Discoveries of 

(a synopsis)

hb(1P), hb(2P ),
Zb(10610), Zb(10650)



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

BELLE

PRL 108, 032001 (2012)

hb(1P)

hb(2P)

after background subtraction

⌥(5S)
hb(nP)

⇡+

⇡�
reconstructed

inferred

⌥(1S)

⌥(2S)

⌥(3S)

⌥
(2
S)

!
⌥
(1
S)

⌥
(3
S
)
!

⌥
(1
S
)

⌥(1D)
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            production should be spin-flip suppressed!  Why not? hb(nP)



                                     proceeds via one of 
two intermediate exotic states,        and      
�(5S)� hb(nP )�+��

Z+
b2Z+

b1

hb

⌥(5S)

Z+
b2

Z+
b1

hb(1P)
hb(2P)

JPC = 1�� JPC = 1+� JP = 1+

⇡�

⇡+⇡�
⇡+

Z+
b

⇡+

⇡�

|bb̄ud̄i

spin-flip 
suppressed

 7PRL 108, 032001 (2012)
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                                   can also proceed via the 
two intermediate exotic states,        and      Z+

b2Z+
b1

⌥(5S)

Z+
b2

Z+
b1

hb(1P)
hb(2P)

JPC = 1�� JPC = 1+� JP = 1+

⇡�

⇡+

Z+
b

⇡+

⇡�

|bb̄ud̄i

⌥(2S)

⌥(1S)

⌥(3S)
⌥(nS)

⌥(5S) ! ⌥(nS)⇡+⇡�

 8PRL 108, 122001 (2012)
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28

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 ϒð1SÞπ þ π−, ϒð2SÞπ þ π−, and ϒð3SÞπ þ π− 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)ϒð1SÞπ þ π−, (b),(e)ϒð2SÞπ þ π−, and (c),(f)ϒð3SÞπ þ π− 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 ϒð1SÞπ þ π− signal region. Hatched histograms show the estimated background components. Panels (a)–(c) show Mðϒð1SÞπÞmax
projections in different M2ðπ þ π−Þ regions. Panels (d)–(f) show Mðπ þ π−Þ projections in different M2ðϒð1SÞπÞmax regions.

AMPLITUDE ANALYSIS OF … PHYSICAL REVIEW D 91, 072003 (2015)

072003-7

See back-up slide 
for other plots!

Amplitude analysis of 
prefers                for 

PRD 91, 072003 (2015)

BELLE
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�(5S)� �(nS)�+��

ZbJP = 1+
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Z+
b (10610) Z+

b (10650)

Are these molecular states?      

d̄

MZb(10610) � (MB +MB⇤)

= +2.7± 1.8MeV

MZb(10650) � 2MB⇤

= +2.0± 1.8MeV

✓ Study resonant substructure  
in 
and 

✓ Reconstruct one     in  
               or              

✓ Look at recoil mass against  
✓ Select events in each peak      

⌥(5S) ! (BB̄⇤ + c.c.)⇡
⌥(5S) ! B⇤B̄⇤⇡

J/ K(⇤) D(⇤)⇡+

B⇡

B

M⇤
miss(B⇡) ⌘ Mmiss(B⇡) +M(B)�mB

PRL 116, 212001 (2016)

BELLE

b

b̄
u

B

B̄⇤

⇡ d̄
b

b̄
u

B̄⇤

⇡

B⇤

B⇤–B̄⇤ “molecule”B–B̄⇤ “molecule”



       states discovered in           and then        , 
but they prefer to decay to  
Z±
b hb ⇡

± ⌥⇡±

BELLE

Channel Fraction, %
Zb(10610) Zb(10650)

Υ(1S)π+ 0.60 ± 0.17± 0.07 0.17± 0.06 ± 0.02
Υ(2S)π+ 4.05 ± 0.81± 0.58 1.38± 0.45 ± 0.21
Υ(3S)π+ 2.40 ± 0.58± 0.36 1.62± 0.50 ± 0.24
hb(1P)π

+ 4.26 ± 1.28± 1.10 9.23± 2.88 ± 2.28
hb(2P)π

+ 6.08 ± 2.15± 1.63 17.0 ± 3.74 ± 4.1
B+B̄∗0 + B̄0B∗+ 82.6± 2.9± 2.3 −
B∗+B̄∗0 − 70.6 ± 4.9± 4.4

Assuming Zb decays to Υ(nS)π, hb(mP )π and B(∗)B∗ only:

B(⇤)B̄⇤

PRL 116, 212001 (2016)

… strong evidence for molecular structure
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QCD Dynamics in 
⌥(5S) ! ⌘⌥J(1D)

J = 1, 2, 3

Reminder: see slide #6 for ⌥(5S) ! ⇡+⇡�⌥J(1D)

arXiv:1803.03225, submitted to EPJC



QCD:                             should be suppressed by 
≈10–3  relative to                 due to spin flip 

but can be enhanced via        –loop rescattering:

 13

⌥(5S) ! ⌘⌥(1D)
⇡⇡⌥(1D)

Kuang, Front. Phys. China 1, 19 (2006); Voloshin, Prog. Part. Nucl. Phys. 61, 455 (2008).

Wang, Chen and Liu, PRD 94, 094039 (2016)

B(⇤)

with expected triplet fractions (J = 1, 2, 3) of
f1 =

B[Υ (5S)→ ηΥ1(1D)]

B[Υ (5S)→ ηΥ (1D2)]
= 0.68

f3 =
B[Υ (5S)→ ηΥ3(1D)]

B[Υ (5S)→ ηΥ (1D2)]
= 0.13
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Use missing-mass technique for 

BELLE

arXiv:1803.03225, submitted to EPJC

after background subtraction

⌥(5S)
reconstructed

inferred

�

�
⌘ ! ��
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⌥(5S) ! ⌘⌥(1D)

⌥(1D)

⌥(1D)

⌃ = 1.5�

⌃ = 2.7�
⌃ = 3.3�

⌃ = 5.3�



Measured triplet fractions for  
are compatible with zero … and with predictions 
of Wang et al

arXiv:1803.03225, submitted to EPJC  15

⌥(5S) ! ⌘⌥(1D)
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90% C.L. upper limits on f1 and f3 in the 𝛥M23 vs 𝛥M12 plane

f1 = 0.23 ± 1.42 f3 = –0.31 ± 0.53

excluded by 
Wang et al 

prediction for f1

Branching fraction:
B
h
⌥(5S) ! ⌘⌥J(1D)

i
= (4.82± 0.92± 0.67) · 10�3

(see slide 13)

f1

f3

J = 3

J = 2

J = 1

𝛥M23

𝛥M12

⌥J(1D) mass

       0.68 predicted        0.13 predicted
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QCD Dynamics in 

and 
⌥(5S, 6S) ! ⇡+⇡�⇡0�b1,2

⌥(6S) ! ��bJ

arXiv:1806.06203, submitted to PRL
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Reconstruct the decay 

BELLE

PRL 113,142001 (2014)
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⌥(5S) ! ⇡+⇡�⇡0 �⌥(1S)

�b1

�b2

⌃ = 12�

⌃ = 5.9�

B
h
⌥(5S) ! ⇡+⇡�⇡0�b1

i
= (1.85± 0.23± 0.23) · 10�3

B
h
⌥(5S) ! ⇡+⇡�⇡0�b2

i
= (0.57± 0.13± 0.08) · 10�3

First, some background . . .



Dalitz plot of  

BELLE

PRL 113,142001 (2014)
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⌥(5S) ! ⇡+⇡�⇡0 �⌥(1S)
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B
h
⌥(5S) ! !�b2

i
= (0.29± 0.11± 0.08) · 10�3

⌃ = 12� (!�b1)

⌃ = 3.5� (!�b2)

Ratio (b2/b1) is                             ; QCD HQSS expects 1.570.38± 0.16± 0.09
Casabuoni et al, Phys. Rept. 281, 145 (1997); Cho & Wise, Phys. Lett. B 
346, 129 (1995); Guo et al, Phys. Lett. B 738, 172 (2014).

in �b band

in !
band

non-! excess too!
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⌥(6S) ! ⇡+⇡�⇡0 �⌥(1S)
arXiv:1806.06203, 
submitted to PRL

and other energies in the vicinity of           and    ⌥(6S)⌥(5S)

Ec.m. (GeV) L( fb−1)
1 10.7711 0.955
2 10.8203 1.164
3 10.8497 0.989
4 10.8589 0.989
5 10.8633 47.648
6 10.8667 45.553
7 10.8686 22.938
8 10.8695 0.978
9 10.8785 0.978
10 10.8836 1.230
11 10.8889 0.989
12 10.8985 0.983
13 10.9011 0.873
14 10.9077 0.980
15 10.9275 0.667
16 10.9575 0.851
17 10.9775 0.999
18 10.9919 0.986
19 11.0068 0.976
20 11.0164 0.771
21 11.0175 0.849
22 11.0220 0.982

�b2

�b1

at/near the ⌥(6S)

�⌥
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arXiv:1806.06203
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in �b band

in !
band

⌥(6S) ! ⇡+⇡�⇡0 �⌥(1S)
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Combined       and       (with           re-measurement):�b1 �b2

B
h
⌥(5S) ! 3⇡�bJ

i
= (2.5± 0.6± 2.0± 0.7) · 10�3

B
h
⌥(6S) ! 3⇡�bJ

i
= (8.7± 4.3± 6.1± 4.5

2.5) · 10�3

⌥(5S)
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Energy scan near Υ(5S) / Υ(6S) 
for BELLE
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๏ statistics-limited: cannot determine conclusively the relative 
contributions from bottomonium decay and continuum 😐 

๏ assuming only bottomonium decay,

e+e� ! ⇡+⇡�⇡0 �bJ
arXiv:1806.06203

3⇡ �bJ
⌥(5S) ⌥(6S)

B
h
⌥(5S) ! 3⇡ �bJ

i
= (2.5± 0.6± 2.0± 0.7) · 10�3

B
h
⌥(6S) ! 3⇡ �bJ

i
= (8.7± 4.3± 6.1± 4.5

2.5) · 10�3



Comparison #1: energy scan near Υ(5S) / Υ(6S) 
for BELLE

PRD 93, 011101(R) (2016)

e+e� ! ⌥(nS)⇡+⇡�

 22

⌥(5S) ⌥(6S)⌥(1S)⇡⇡

⌥(2S)⇡⇡

⌥(3S)⇡⇡

✓ higher statistics 😀 

✓ essentially no continuum contribution 

✓ interference between           
and            is included in the fit:

F 0
n = �n(

p
s) ·

n
|A5S,n f5S |2

+ |A6S,n f6S |2

+ 2kn A5S,n A6S,n R
⇥
ei�nf5S f6S

⇤ o

Measure resonance parameters 
of            and            using this 
cross section.

⌥(5S)
⌥(6S)

⌥(5S) ⌥(6S)



Comparison #2: energy scan near Υ(5S) / Υ(6S) 
for 

PRL 117, 142001 (2016)

BELLE

e+e� ! hb(nP )⇡+⇡�

~Same pattern here as in 
                                    : 
   two resonances and 
   ≈no continuum background

e+e� ! ⌥(nS)⇡+⇡�

✓ First evidence (              )  
for

S = 3.5�
⌥(6S) ! hb(1P)⇡

+⇡�

✓ First observation (              )  
of ⌥(6S) ! hb(2P)⇡

+⇡�
S = 5.3�
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hb(1P)⇡⇡

hb(2P)⇡⇡

BELLE
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⌥(6S) ! ��bJ

�bJ
⌥(6S)

� ! K+K�
K+

K�

BELLE

�b1
�b2

(including a 𝛾)

for events with 𝛾KK in the 𝛶(1S) window
�b1 �b2

for events with 𝛾KK outside 𝛶(1S) window

�Born

�
e+e� ! ��b1

�
< 0.6 pb (90% C.L.)

�Born

�
e+e� ! ��b2

�
< 1.0 pb (90% C.L.)

�b1: ⌃ = 2.6�

�b2: ⌃ = 2.1�

… three orders of magnitude above QCD expectation (Huang et al, EPJC 77, 165 (2017)

⇒
⇒



Summary
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✓ Synopsis of prior Belle results at 
✓ Measurement of  

arXiv:1803.03225, submitted to EPJC 

✓ Measurement of                                 
with evidence for           and upper limits for          final states  
arXiv:1806.06203, submitted to PRL 

✓ Statistics-limited results … Expect new data from Belle II. 

⌥(5S)

⌥(5S) ! ⌘⌥(1D)

⌥(5S, 6S) ! ⇡+⇡�⇡0�bJ

!�bJ ��bJ

Other Belle talks at ICHEP:

⌥(5S, 6S)

• P Urquijo: CPV and CKM in the quark sector PLENARY  July 10 at 13:40

• E Won: Dark Particles and Dark Sector BeyondStandardModel  July 6 at 14:15
• K Matsuoka: New results on R(D) and R(D*) BeyondStandardModel  July 7 at 14:30

• B Fulsom: Y(4S) → 𝜂ʹ Y(1S) and Y(2S) → 𝛾 𝜂b(1S) StrongInt+Hadrons  July 5 at 14:20

• R Seidl: Inclusive di-hadrons, hyperons and charmed baryons StrongInt+Hadrons  July 6 at 11:15
• N Gabyshev: Charmed baryons StrongInt+Hadrons  July 7 at 11:15
• P Krokovny: Charmonium(-like) states, pentaquark search StrongInt+Hadrons  July 7 at 14:50
• Q Xu: KS pairs, 𝜂c(1S), 𝜂c(2S) + non-res 𝜂'𝜋𝜋 in two-𝛾 collisions StrongInt+Hadrons  July 7 at 17:15

• A Ishikawa: Radiative B Decays QuarkLeptonFlavor  July 5 at 9:20
• M Purohit: Electroweak Penguin B Decays QuarkLeptonFlavor  July 5 at 11:20
• E Waheed: Semileptonic B decays and CKM |Vub| and |Vcb| QuarkLeptonFlavor  July 5 at 16:50
• V Vorobyev: cos2𝛽 [ = cos2𝜙1 ] in B0 → D(*)0 h0 (Belle + BaBar) QuarkLeptonFlavor  July 6 at 9:20
• IS Lee: Time-dependent CP violation in charmless B decays QuarkLeptonFlavor  July 6 at 10:00
• CL Hsu: Direct CP violation in B decays QuarkLeptonFlavor  July 6 at 15:20
• YT Lai: CP violation and rare decays in charm sector QuarkLeptonFlavor  July 6 at 18:10
• K Hayasaka: Lorentz structure of 𝜏 decays and rare 𝜏 decays QuarkLeptonFlavor  July 7 at 16:50


