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•  Belle/KEKB: B-factory 
 [Υ(4S) Resonance, B meson] 

• Υ(10860) Region 
 physics interest 
 spectroscopic anomalies 
 future 
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Belle collaboration  

International, ~400-600 collaborators 
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e+ source 

cavity 

Belle detector βγ = 0.425 

Belle hardware 

22 mr 

βγ = 0.425 
KEKB B-factory 

Lmax = 2.11 X 1034 cm–2s–1  
(world record) 

“crab” RF cavities 
4/07- 

4/07- COPPER pipelined 
DAQ system 

Charged tracking/vertexing 
• SVD: 
 (-7/03) 3-layer DSSD Si 
µstrip (152M B pairs) 
 (8/03-) 4-layer (550+M 
BB) 
• CDC: 50 layers (He-
ethane) 
Hadron identification 
• CDC: dE/dx 
• TOF: time-of-flight 
• ACC: Threshold Cerenkov  

 (aerogel) 
Electron/photon 
• ECL: CsI calorimeter 
Muon/KL • KLM: Resistive plate  

 counter/iron 
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... the main thrust 

} B 
ϒ(4S)

“B-factory” 
Primary goal: discover CP violation in weak decays of B meson 

CMS energy 
~9.4-10.6 GeV 
 

Upsilon 
Resonances 
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Data (1999-2010) 

> 1 ab–1 recorded by Belle 

∫Ldt since 6/1999 

• Υ(4S) 
 711 fb–1  

• sub-Υ(4S) continuum 
   ~100 fb–1   

• “Υ(5S)” 
 ~121 fb–1   

• Υ(3S), Υ(2S) , Υ(1S) 
  ~34fb–1   

• “Υ(5S)”+ scan 
    ~31 fb–1   

• B pairs  (7.7 x 108 events) 
• charm (1.1 x 109 events) 
• tau (~8 x 108 events) 
• 2-photon events 
• Bs (~7 x 106 events) 
• Υ(5S) (~4 x 107 events) 
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Belle physics 

434 articles published/submitted  
http://belle.kek.jp/bdocs/b_journal.html 
 
Highlights 
• CP violation in B decay 
• Constraints on CKM; precision sin 2φ1, |Vcb|, |Vub|  
• overconstraints on CKM; limits/hints on New Physics 
• evidence for D0 mixing 
• new charmonium-like states Z(4430), Y(4660), Y(4008),  

 X(4160), Y(3940), X(3872) 
• new bottomonia, bottomonium-like Zb(10610), Zb (10650) 
• Kobayashi & Maskawa 2008 Nobel 

Future: Super KEKB /Belle II 
• to start ~ 2016 



K.
 K

in
os

hi
ta

 

7 

Vi
rg

in
ia
 T

ec
h,

 A
pr

il 
1,

 2
01

5 

M=10580±1 MeV/c2, Γ=20.5±2.5MeV 

The Upsilon Neighborhood  

continuum 

ϒ(4S) 

At/above the ϒ(10860) [“ϒ(5S)”]: Bs , bottomonium physics  
²  B-factory detector: high luminosity, established detector, Υ(4S) 

data for comparison; CLEAN events, energy definition, γ detection; 
high trigger efficiency 

²  on resonance – # events measured directly -> absolute BF’s 

Bq = {B0
d, B+

u }

↑	


ϒ(4S) 

BqB̄q

B(�)
s B̄(�)

s , B(�)
q B̄(�)

q ,
BqB̄

(�)
q �, BqB̄q��

BsB̄s threshold 

ϒ(10860) 

} B 
ϒ(4S)

⌥(11020)
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Belle data above ϒ(4S): history 

2005: 3-day “engineering” run 
• basic ϒ(10860), Bs

(*) properties, 
• test KEKB at ϒ(10860)  
• 1.86 fb–1 at peak (10869 MeV) 

A. Drutskoy et al., PRL 98, 052001 (2007) 
A. Drutskoy et al., PRD 76, 012002 (2007) 

2007: scan 6 pts 
• + 7.9 fb–1 above resonance 
    K.F. Chen et al., PRD 82, 091106(R) (2010) 

June 2006: 20-day run 
• + 21.7 fb–1 on resonance 
    K.F. Chen et al., PRL 100, 112001 (2008) 
    J. Wicht et al., PRL 100, 121801 (2008) 
    R. Louvot et al., PRL 102, 021801 (2009) 
    A. Drutskoy et al., PRD 81, 112003(R)(2010) 
    R. Louvot et al., PRL 104, 231801 (2010) 
    C.-C. Peng et al., PRD 82, 072007 (2010) 
    S. Esen et al., PRL 105, 201802 (2010) 
    J. Li et al., PRL 106, 121802 (2011) 

energy scan 
10.869 GeV 

Green: states including bottomonia 
Black: Bs, other 
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Belle data above ϒ(4S) 

10/08-12/10: extended run 
• ~100 fb–1 on resonance 
  I. Adachi et al, PRL 108, 032001 (2012) 
  A. Bondar et al, PRL 108, 122001 (2012) 
  Y. Sato et al, PRL 108, 171801 (2012) 
  J. Li et al, PRL 108, 181808 (2012) 
  R. Mizuk at al, PRL 109, 232002 (2012) 
  S. Esen et al, PRD 87, 031101(R) (2013) 
  C. Oswald et al, PRD 87, 072008 (2013) 
  E. Solovieva et al, PLB 726, 206 (2013) 
  P. Krokovny et al, PRD 88, 052016 (2013) 
  F. Thorne et al, PRD 88, 114006 (2013) 
  A. Garmash et al, arXiv:1403.0992 [accepted PRD] 
  X. He et al, PRL 113, 142001 (2014) 
  D. Dutta et al, PRD 91, 011101 (R) (2015) 
 
• ~30 fb–1 scan ϒ(4S) à ϒ(11020) 
   D. Santel et al, arXiv:1501.01137 [PRL] 

energy scan 
10.869 GeV 

Green: states including bottomonia 
Black: Bs, other 
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Υ(10860) physics 

Bs decay in Standard Model 
• similar to non-strange B 
   spectator decay  -> quark-hadron duality 
   correspondence btw final particle (D<->Ds) 
• dissimilarities	


   ΔΓ/ΓCP/Γ=O(10%) 
   CP-asymmetry ~ 0 
•  In LHCb era: focus on final states w neutrals, 

absolute rates 
 
spectroscopy 
•  Bs

(*) mass 
•  B(s)

(*)(π) event fractions 
•  bottomonium, bottomonium-like states 
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Anomalies of the ϒ(10860) 
 

(semi-historical progression) 
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Speculation [W.S. Hou, PRD 74, 017504 (2006)] 

• 2005: charmonium-like particle at 4260 GeV found in 

Babar PRL 95, 142001 (2005) 
Belle PRD 77, 011105 (R) (2008) 
CLEO PRD 74, 091104(R) (2006) 

+ many more! (now called X by PDG) 

• Does(do) analogous state(s) exist in Upsilon region, 
observable in ϒ(5S) data?  
• Might the ϒ(10860) actually be a Y state (Yb)? 

Y ! ⇡+⇡� (2S)
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Anomalies of the ϒ(10860) 
 

² Search for   

e+e� ! ⌥(1S/2S/3S)⇡+⇡�

PRL 100, 112001 (2008)  
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M(µµππ) = Ecms 

PRL 100, 112001 (2008)  e+e� ! ⌥(1S/2S/3S)⇡+⇡�

⌥(1S/2S/3S) ! µ+µ�
23.6 fb–1 

Exclusive µµππ events 
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4 modes seen 

Υ(5S) expectation: width comparable to Υ(2S/3S/4S) 

Υ(10860) = Υ(5S), Yb, or something else?  
à 12/07: energy scan, for 

larger by 
> 102 

e+e� ! ⌥(1S/2S/3S)⇡+⇡� PRL 100, 112001 (2008)  
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Anomalies of the ϒ(10860) 
 resonant substructure in 
 
 
 

121 fb–1 at ϒ(10860) peak  

[PRL 108, 122001 (2012)]



e+e� ! ⌥(nS)⇡+⇡�

e+e� ! hb(mP)⇡+⇡�
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ϒ(1S) 

ϒ(2S) 

ϒ(3S) 

reflections 

�(5S)� �(nS)�±��

�(5S)� �(nS)�±�� �(nS)� µ+µ�

Full reconstruction, 
Clean signal 
-> Dalitz analysis 
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Y(1S)π+π- Y(2S)π+π- Y(3S)π+π- 

M2(π+π-) M2(π+π-) M2(π+π-) 

Dalitz Plots 121.4 fb–1  M2(ϒπ) vs M2 (ππ)  fit region γ conversions 

S(s1, s2) = |AZb1 + AZb2 + ANR + Af0(980) + Af2(1275)|
2

si = M2
�i�

Fit function: 

AZbk =
�

Mk�k

M2
k � s1 + iMk�k

+
akei�k

�
Mk�k

M2
k � s2 + iMk�k

ANR = c1 + c2M
2
��

A. Voloshin, PRD74, 054022 (2006);


Prog. Part. Nucl. Phys. 61, 455 (2008)



�(5S)� �(nS)�±��
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Fit Results �(5S)� �(nS)�±��

2 new charged Bottomonium-like states 
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Resonant substructure 

probe: missing mass 

“Z” 

data 

PHSP 

121.4 fb–1 

MZ = MM(�) =
�

E2
Z � p2

Z

ϒ(5S)→hb(1P)ππ 

|BW (s,M1,�1) + aei�BW (s,M2,�2) + bei⇥|2 qp�
sFit function: 

data 

PHSP 

ϒ(5S)→hb(2P)ππ 

yield in MM(π) bins 

Nearly all resonant 

hb(nP)⇡
±⇡⌥

e+e� ! hb(nP)⇡
±⇡⌥
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2 new resonances: Zb
±(10610), Zb

± (10650), 5 modes ea 

Γ=14.4±3.2 MeV 
M=10608.4±2.0 MeV/c2 M=10653.2±1.5 MeV/c2 

Γ=15.6±2.5 MeV 

• Relative phases: ϒ (~0°), hb (~180°) 
• Masses just above B*B and B*B* thresholds 
• angular analysis favors JP=1+ [arXiv:1403.0992] 
Favors “meson molecule” hypothesis of Zb’s 
 

B*B* BB* 

Good 
agreement 
among all 5 

modes 
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Further evidence: neutral partner 

[PRD 88, 052016 (2013)] 

µ+µ� e+e�

M(⌥(2S)⇡0)

Z0
b ! ⌥(nS)⇡0

121.4 fb–1 

e+e� ! ⌥(nS)⇡0⇡0

wZb(10610),Zb(10650) 

Zb
0(10610) observed with 6.5σ significance 
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Further evidence 

BB̄⇤ B⇤B̄⇤

arXiv:1209.6450 [hep-ex] 

121.4 fb–1 

e+e� ! B⇤B(⇤)⇡±

Zb ! B⇤B(⇤)
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What IS Zb? 

many theories  
•  Meson molecule  

[A.Bondar, et al., PRD 84, 054010 (2011)] 
•  Coupled channel resonances 

[I.V.Danilkin et al, arXiv:1106.1552] 
•  Cusp  

[D.Bugg, Europhys.Lett. 96, 11002 (2011)] 
•  Tetraquark 

[M.Karliner & H.Lipkin, arXiv:0802.0649] 
 
Similar pattern in charmonium region 
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Heavy quark exotica 

PDG13 
Many are unconfirmed 
Primary characteristic:  
high rate to quarkonia 

Zb
0(10610) 

Z(3900) 

Z(3885) 

Z(4025) 

Z(4020) 

Charmonium
-like 

Bottomonium-
like 
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Anomalies of the ϒ(10860) 
 

[PRD82, 091106 (2010)] 

energy scan 
  

 �bb̄ vs �⌥⇡⇡
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Event shape parameter 
(Fox-Wolfram moments) 

Continuum 3.67 fb–1 
(scaled) 

1 

3x2–1 

2-jet                       R2->1  

R2->0  

(3.40±0.16)x105 events/fb–1 

1.86 fb–1 

Event count 
(121.4 fb–1) 

�(bb̄)

Contributions of initial-state 
radiation calculated, subtracted 

�⇤ ! ⌥(1/2/3S)
e+e� ! ��⇤
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scan near Υ(10860) 

�(�(nS)��)
�µµ

ΔMc2=9±4 MeV  

[PRD82, 091106 (2010)] 

�(bb̄)

�µµ

M5Sc
2 =

[10888+2.7
�2.6 ± 1.2]MeV
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Anomalies of the ϒ(10860) 
 

energy scan 
  

 �bb̄ vs �⌥⇡⇡

arXiv:1501.01137  

-> reprise  121.4 fb–1 @ 10.865±1GeV 
 +15 x 1 fb–1, +61 x 50 pb–1 @10.68-10.11.02 
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Rb ⌘
�(e+e� ! bb̄)

�(e+e� ! µ+µ�)

|ANR|2+
|AR +A5Se

i�5SBW (M5S ,�5S) +A6Se
i�6SBW (M6S ,�6S)|2

Fitting Model: 
2 Breit-Wigner+  
Flat continuum 
(coherent+incoherent) 
[match Babar] 
 

Cross term w AR 

NR 
R 

�(bb̄)

χ2/dof=56/50 

⌥(10860) ⌥(11020)

⌥(11020)⌥(10860)
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Rb ⌘
�(e+e� ! bb̄)

�(e+e� ! µ+µ�)

|ANR|2+
|AR +A5Se

i�5SBW (M5S ,�5S) +A6Se
i�6SBW (M6S ,�6S)|2

Cross term w AR 

NR 
R 

�(bb̄)

χ2/dof=56/50 

M5S = 10881.8+1.0
�1.1 ± 1.2

�5S = 48.5+1.9
�1.8

+2.0
�2.8

M6S = 11003.0± 1.1+0.9
�1.0

�6S = 39.3+1.7
�1.6

+1.3
�2.4

⌥(10860) ⌥(11020)

⌥(11020)⌥(10860)
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ϒ(1S) 

ϒ(2S) 

ϒ(3S) 

reflections 

�(nS)� µ+µ�

e+e� ! ⌥(nS)⇡±⇡⌥
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• event-by-event efficiency correction over Dalitz space, 
(reduce model-dependence) 

• fit (simultaneous for 3 ϒ‘s) 
 
 
 
• set |ANR|, |AR| = 0 

• possible differences in Dalitz distribution btw 
ϒ(10860), ϒ(11020) 
 -> “decoherence coeffficient” = keiδ (0<k<1) 

 
 
 
 
• (k consistent w 1) 
 

 
 
 

PHSP (ECM )⇥ (|ANR|2

+ |AR +A5Se
i�5SBW (M5S ,�5S) +A6Se

i�6SBW (M6S ,�6S)|2)

PHSP (ECM )⇥ |A5SBW5S|2 + |A6SBW6S|2

+2kA5SA6S<[ei�BW5SBW ⇤
6S]

e+e� ! ⌥(nS)⇡±⇡⌥
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Masses, widths 

M5S = 10891.1± 3.2+0.6
�1.5

�5S = 53.7+7.1
�5.6

+0.9
�5.4

M6S = 10987.5+6.4
�2.5

+9.0
�2.1

�6S = 61+9
�19

+2
�20

R⌥⇡⇡ ⌘ �(e+e� ! ⌥(nS)⇡+⇡�)

�(e+e� ! µµ)

ΔMc2=9.3 ± 3.9 MeV  

⌥⇡⇡ vs bb̄
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Anomalies of the ϒ(10860) 
 

High rates to 
 
 
 
 
Large fraction as 

⌥(nS)⇡⇡

Zb⇡

B⇤B(⇤)⇡

(X in PDG as of 2014) 

hb(mP )⇡⇡

energy scan: 
 ϒ(10860), ϒ(11020) compatible masses, widths 
     large continuum 
    ~ no continuum 

 

�bb̄
�⌥⇡⇡

-> Reconcile resonance amplitudes 
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Reconciliation of 

PHSP (ECM )⇥ |A5SBW5S|2 + |A6SBW6S|2

Rb, R⌥⇡⇡

Contribution of bottomonium modes to ϒ(10860) resonance 
 

+2kA5SA6S<[ei�BW5SBW ⇤
6S]P 

P ⌘
P

n Pn

Pb

= 0.42±0.04   all ϒππ, hbππ  

??Appears to saturate b cross section 
w/o B(*), Bs

(*) pairs 

= 1.09±0.15     with B*B(*)π 
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Look again at fit Rb 

⌥(5S) ⌥(6S)

|ANR|2+
|AR +A5Se

i�5SBW (M5S ,�5S) +A6Se
i�6SBW (M6S ,�6S)|2

⌥(5S) ⌥(6S)

Cross term w AR 

NR 
R 

χ2/dof=56/50 

Paradox? 
 

large interference, 
cannot come from 

bottomonium modes 
 

but final states w 
bottomonium/ 

Bottomonium-like 
saturate  

amplitude?! 
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Look again at fit Rb 

⌥(5S) ⌥(6S)

|ANR|2+
|AR +A5Se

i�5SBW (M5S ,�5S) +A6Se
i�6SBW (M6S ,�6S)|2

⌥(5S) ⌥(6S)

Cross term w AR 

NR 
R 

χ2/dof=56/50 

Paradox? 
 

Model of 
2 resonances + flat 

continuum 
Cannot be used to 

describe this 
region, 

Despite great fit, 
consistent M, Γ 
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Summary 

Rich structure in region of Υ(10860) 
• 
 

 New states Zb
+(10610), Zb

+(10650) 
 Seen to decay to BB*, B*B* 
 Evidence for neutral Zb 

 
• new questions raised by Rb, Rϒππ vs ECM  

 what is ϒ(10860)?  
 - High rate to bottomonia, Zb’s -> Yb? 
 - masses from Rb, Rϒππ  consistent 
  but rates are a puzzle 
 - use Rϒππ as primary measurement of M, Γ 

• to be continued… 
 B(*)

(s) modes vs ECM 
 

    
 

e+e� ! {bb̄}⇡⇡
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Backup Slides 


