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There are four interactions! 
• It all started with the big bang!  Gravity governed 

by General Relativity (it was good!) 

• Let there be light: and there was light!  

Electromagnetic and weak interactions governed 

by Electroweak theory (it was good!) 

• Let there be quarks and gluons!  strong 

interaction governed by QCD (it was good at short 

distance only!) 

 

• Yes, let’s study the strong interaction at long 

distance — non-perturbative part of QCD! 



The heavy quarkonium system 

• At short distance 

    Cornell model works pretty well 

    V(r) = -4s/3r+kr 



The quarkonium system 

• When distance becomes larger 

– Theory 1: let there be screened potential 

– Theory 2: let there be hybrids with excited gluons 

– Theory 3: let there be tetraquark states 

– Theory 4: let there be meson molecules 

– Theory 5: let there be cusps 

– Theory 6: let there be final state interaction 

– Theory 7: let there be coupled-channel effect 

– Theory 8: let there be mixing  

– Theory 9: let there be mixture of all these effects 

– Theories …  



All these happen in 4.0-4.7 GeV 

Hybrids ~ 4.2-4.5 GeV 

Tetraquarks ~ 3.9-4.7 GeV 

DD*/D*D*/D*sD*s/DD1 molecule  

~ 3.9-4.4 GeV 

•Need data to develop theory. 

Godfrey & Isgur,  

PRD32, 189 (1985) 



•In the light meson energy range exotic states overlap with 
conventional states; in the charmonium states the density is lower 
and also the overlap.  



Variety of recorded reactions 

 gg collision 

Double 

chamonia 

production 

Initial state radiation 

JPC=0-+, 1− −, 1++  

in factorization 

limit.  

JPC=0-+, 2++. JPC=1− −. 

C=+1. 

B decay Υ  decay 

Continuum 



Thanks B-factories ! 
• Discovery of X(3872) and other many XYZ states etc. 

• Unexpected bonus of the B-factories 



All the XYZ 



~ 1 km in diameter 

Mt. Tsukuba  

KEKB 
Belle 
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The Belle experiment 

e+ source 

Ares RF  

cavity 

Belle detector 

World record:  

L = 2.1 x 1034/cm2/sec 

SCC RF(HER) 

1999-2010 

1014/fb 

The KEKB Collider 

ARES(LER) 

8 x 3.5 GeV  
22 mrad crossing 

http://kekb.jp/
http://jp.f35.mail.yahoo.co.jp/ym/ShowLetter/ringanimation2M.gif?box=Inbox&MsgId=2406_9445966_98224_1696_384623_0_1738_499387_3403004772&bodyPart=1.4&filename=ringanimation2M.gif&tnef=&YY=43275&order=down&sort=date&pos=0&view=a&head=b
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Ecm (GeV) Npoints Lum per 
point (fb-1) 

Physics analyses 

10.865 1 121.4 , hb, B(*)B(*) 

10.63-
11.02 

6+16 ~1 Rb, , hb 

10.75-
11.05 

61 ~0.05 Rb 

10.52 1 1.03 Continuum bkg. est. 
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e+e- annihilation to vector bottomonia 

} JPC = 1-- 

(nS), Yb… 
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ISR production of vector charmonia 

} J
PC = 1-- 

’, ’’, Y… 



(5S): 
Mass = (10891.93.2 0.6

1.7) MeV 
Width = (53.7 7.1

5.6 1.3
5.4) MeV 

(6S): 
Mass = (10987.5 6.4

2.5 9.0
2.1) MeV 

Width = (61 9
19 2

20) MeV 

=-1.0 0.4 1.4
0.1 rad 

e+e−
+−(nS) 

 Results agree with previous 

measurements 

 Also agree with fit with Rb 

reasonably well 

 Still room for improvement 
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+−(1S) 

+−(2S) 

+−(3S) 

 tag (nS) and select  +−,             fit to |A5S+eiA6S|2   

PRD93,011101(2016) 



Zb in (5S)+−(nS) 

Belle: PRD91, 072003 (2015) 

 121 fb-1 data, tag (nS) and select  +−   
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+−(1S) +−(2S) +−(3S) 

Born cross section 



Zb in (5S)+−(nS) 

Belle: PRD91, 072003 (2015) 

 Full partial wave analysis of (5S)+−   

 Mass, width, fraction, and JP=1+ of Zb states  determined 
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+−(1S) +−(2S) +−(3S) 



Zb in (5S)+−(nS) 

Belle: PRD91, 072003 (2015) 
17 

 Relative BR of Zb decays 



e+e−
+−hb(nP) 

PRL117,142001(2016) Using scan data between Y(5S) and Y(6S) 

Reconstruct  +−, require +/− recoil mass in Zb region: 10.59 < 
Mmiss(π) < 10.67 GeV/c2 

 check the +− recoil mass for hb(nP) 
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+−hb(1P) 

+−hb(2P) 



Simultaneous fit:  
 
(5S): 
Mass = (10884.7 3.6

3.4
8.9

1.0) MeV 
Width = (40.6 12.7

8.0 1.1
19.1) MeV 

(6S): 
Mass = (10999.0 7.3

7.8
16.7

1.0) MeV 
Width = (27 27

11 1
12) MeV 

=0.1 0.4
0.8 

0.1
0.3 rad 

e+e−
+−hb(nP) 

 Resonant parameters agree with from 
e+e−

+−(nS) 

 e+e−
+−hb(nP) at the same level as 

e+e−
+−(nS); similar shape. 

 1st obs. of (6S)+−hb(nP)  

      3.6σ for 1P, 5.4σ for 2P. 19 

+−hb(1P) 

+−hb(2P) 

Ecm=10865.6 2.0 MeV 

PRL117,142001(2016) 



Zb in (6S)+−hb(nP) 

 Fit +− missing in each  missing mass spectra  

Events mainly from Zb intermediate states:  not clear if only one Zb 
or both. Single Zb(10610) hypothesis is excluded at 3.4σ in +− 

hb(1P); Single Zb(10650) hypothesis cannot excluded.   
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+−hb(1P) +−hb(2P) 

PRL117,142001(2016) 



qq  background 

B  background 
BB* 
BB 

B*B* 

B sidebands 

18 B decay modes combined 

B(*)B(*)π +BBγ 

_ 

_ 

_ 

12263± 168 

B signals 

Zb in (5S)[B(*)B(*)]+−+c.c. 

PRL116, 212001(2016) 

BB =B0B+−+c.c. 

BB* =B*0B+−+c.c./B0B*+−+c.c. 

B*B* =B*0B*+−+c.c. 
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One B is reconstructed 

Select a bachelor ±  

Check B recoil mass 
B 

B* 

π 
e+ e- 



rM(Bπ),  GeV/c2 

RS data 

WS data 

Fit 

BB threshold 

Zb in (5S)[B(*)B(*)]+−+c.c. 
Combine the B with a charged pion  

 calculate recoil mass of  B 

B 

B* 

π 
e+ e- 

N(BB) = 13 ± 25     N(BB*) = 357 ± 30    N(B*B*) = 161 ± 21 

signal MC 

BB 

BB* 

B*B* For Zb 

study! 

PRL116, 212001(2016) 



Zb in (5S)[B(*)B(*)]+−+c.c. 

Model-0 : Zb(10650) only  

Model-1: Zb(10610) + Non-res. 

Model-2:  Zb(10610) + Zb(10650) 

                 with interference 

Model-3: Non-resonance 

BB* 

B*B* 

Zb(10610)  saturates BB*π   

and Zb(10650) saturates 

B*B*π  

Check recoil mass of bachelor π± 



Zb in (5S)[B(*)B(*)]+−+c.c. 

PRL116, 212001(2016) 
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Zb in (5S)[B(*)B(*)]+−+c.c. 

BRs of Zb decays 

PRL116, 212001(2016) 



Search for XYZ in (1S) inclusive decays 

Very little available information on XYZ production in the 
decays of narrow  states  

 (1S) inclusive to J/Ψ and Ψ(2S) with large Brs [(6.5±0.7)×10-4 
and (2.7±0.9)×10-4], some of the XYZ might have been produced 

• Tag channels:  (1S) →J/Ψ + anything and Ψ(2S)+anything  

J/Ψ → l+l- Ψ(2S) → l+l- Ψ(2S) →+- J/Ψ 

• Dots with error bars: data 

• Shaded histogram: normalized continuum       

PRD 93, 112013 (2016) 



Search for XYZ in (1S) inclusive decays 
Define the scaled momentum 

● The use of x removes the beam-
energy dependence from the 
comparison of the continuum data to 
that taken at the (1S) resonance. 
● An unbinned extended 
simultaneous likelihood fit is applied 
to the x-dependent Ψ  spectra to 
extract the signal yields in the (1S) 
and continuum data samples. 

Ours have smaller central values and much better precision than the PDG averages 

PRD 93, 112013 (2016) 



Search for XYZ in (1S) inclusive decays 

 Search for XYZ states by combining the  J/Ψ or Ψ(2S) with one 
or two K±/π± 

X(3872) Y(4260) 

Y(4260,4360,4660) 

● No evident signals 
for any of these states 



Search for XYZ in (1S) inclusive decays 

Y(4260) 

● No evidence is found for new structures or any of the known XYZ states. 

● No structures can be identified. 

Y(4140)/X(4350) 



Search for XYZ in (1S) inclusive decays 

Zc(3900,4200,4430) Zc(4050,4430) 

Zcs 

Zcs: M=(3.97±0.08) GeV/c2, Γ=(24.9±12.6) MeV [J Korean Phys. Soc. 55, 424(2009); 
PRD88,096014(2013)]  

● No structures can be identified. 



Search for XYZ in (1S) inclusive decays 

We  searched for a variety of XYZ states in (1S) inclusive decays 
for the first Time. No evident signal is found for any of them and 
90% C.L. upper limits are set on the product branching fractions . 

PRD 93, 112013 (2016) 



Search for search for exotic baryons in pK  
systems in γ γ →𝑝𝑝 K+K- 

LHCb reported  Pc(4380)+ and Pc(4450)+ in  J/Ψ p system  

 the first strong experimental evidence for a pentaquark state, 
Θ(1540)+, was reported in γ n→n K+ K- in the LEPS experiment 

However, it was not confirmed in larger-statistics data samples in 
the same experiment and was most probably not a genuine state 

The possibility of  observing additional hypothetical exotic baryons 
in γ γ collisions is discussed in [J. Phys. G30,1801 (2004)] 

Due to the high luminosity accumulated at B factories, searches for 
exotic baryons in exclusive γ γ  reactions are possible. 

We search for novel exotic baryons, denoted as Θ(1540)0→pK- and 
Θ(1540)++→p K+ which are similar to Θ(1540)+,  in intermediate 
processes in γγ→𝑝𝑝 K+K-. 



Search for search for exotic baryons  
in pK systems in γγ→𝑝𝑝 K+K- 

a simple Breit-Wigner plus  a 2nd-
order Chebychev function :  signal 
significance  is only 1.8σ at around 
4.7 GeV/c2 .  
Need larger data sample to check it. 

PRD 93, 1120137(2016) 



Search for search for exotic baryons in  
pK systems in γγ→𝑝𝑝 K+K- 

Similar simultaneous fit: Θ(1540)++ signal  
Solid line: the  simultaneous fit 
The dotted curve: background estimate 
The shaded histogram:  𝑃𝑡

∗
 sideband 

-16±34 Θ(1540)++ events 

Simultaneous fit: Λ(1520)0 and Θ(1540)0 
signal are included. 
The shaded histogram:  𝑃𝑡

∗
 sideband 

288±48  Λ(1520)0events, 8.6σ 
22±34 Θ(1540)0 events,  1.4σ 

Λ(1520)0 

PRD 93, 1120137(2016) 



Search for search for exotic baryons in  
pK systems in γγ→𝑝𝑝 K+K- 

Do simultaneous fit to the 𝑝K-  invariant mass distribution in each 
𝑝𝑝 K+K- mass bin to extract the signal yields 



Search for search for exotic baryons  
in pK systems in γγ→𝑝𝑝 K+K- 

Do simultaneous fit to the 𝑝K+   

invariant mass distribution in each  
𝑝𝑝 K+K- mass bin to extract the  
signal yields 

No evidence of any Θ(1540)0 or 
Θ(1540)++ could be seen 
in p K- or pK+ invariant mass 
spectrum. 
All the cross sections are measured 
for the first time. 

PRD 93, 1120137(2016) 



Search for search for exotic baryons  
in pK systems in γγ→𝑝𝑝 K+K- 

 No significant evidence of  an 𝑠𝑠  partner of the 
pentaquark states Pc(4380) and Pc(4450) is 
observed. 
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Beijing Electron Positron Collider (BEPC) 

My previous office 

LINAC 

BEPCII 

(Beijing electron-

positron collider) 

BESIII 

detector 

Main entrance to IHEP 

Satellite view of IHEP, Beijing 

• Founded: 1984, Ecm=2-5 GeV  

• 1989-2005  (BEPC):  

            Lpeak=1.0x1031 /cm2s  

• 2008-now (BEPCII):    

            Lpeak=8.5x1032/cm2s 
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BEPC II: a double-ring machine 

RF RF 

IP 

22
 m
ra
d

2.5m
8ns

1.5cm

0
.
1
c
m

Beam energy:  

     1-2.3 GeV 

Luminosity:  

     1×1033  cm-2s-1 

Optimum energy: 

     1.89 GeV 

Energy spread: 

     5.16 ×10-4 

No. of bunches: 

      93 

Bunch length: 

     1.5 cm 

Total current: 

      0.91 A 

SR mode: 

  0.25A @ 2.5 GeV 

Compton back-scattering 

for high precision beam 

energy measurement 

BESIII is here 



The BESIII Detector 

Be beam pipe 

    

  SC magnet, 1T 
Magnet yoke  

  MDC, 120 m  

  CsI(Tl) calorimeter, 2.5 %@ 1 GeV 

TOF, 90ps   

RPC 

A total weight of 

730t, ~40,000 

readout channels, 

data rate 6,000Hz 

~50Mb/s 

40 
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BESIII data samples 

2009:  & J/  

2010: ’’  

Note that luminosity is lower at J/,  
and machine is optimal near ’’ peak   

Integrated lum.: Jan. 2009– June 2014  
about 9 fb-1 @ different energies 
Note increase in slopes!   
’’:   2.9 fb-1 

:    0.5 B 
J/:  1.3 B 

XYZ:  5.0 fb-1   [2013-14] 

2012:  
 & J/ 
[0.35B & 1.0B]  

2011: ’’ &  
    (4040)  





The XYZ topics 
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The Y states 

PRL110,252002  

967/fb 

PRD86,051102  

454/fb 



Y(4260) point at BESIII 

1. Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data @ 4.26 
GeV. 

2. Peak position of Y(4260)J/ cross section. 
3. N()=882±33; N(e+e-)=595±28; purity ~90%. 
4. Born cross section: sB=(62.9±1.9±3.7) pb at BESIII. PRL 110, 251002  

5. Good agreement with Belle and BaBar. 

PRL 110,252002 (2013). 
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PRD 86,051102(R) (2012). 



BESIII + Belle + CLEO’s data 
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BESIII 
arXiv: 1304.3036 

Seth 



PWA on Zc(3900) state 

*

*

*

/

1

/ ,

, ,1 , 2 , 2 ,

•

•

•

 

  

  



 g    

g   

g    

+ -

0

p

c c

- - +

c

In the process e e J

 The helicity value of  is taken as  

    due to from e+e- annihination

 Z , Z J  we try J  for X:

    0  1   and 0  is not allowed

Z  and  

0 0, (980), (1270), (1370), , /

•



  

s   

c

2 c

Z  states are assumed as isospin partner,

    share the same mass and coupling constants

 Six resonances are inclued in fitting to data:

 f f f Z and J



PWA on Zc(3900) state 

4.23 GeV 

4.26 GeV 

• Zc line shape  

parameterized with  

Flatte-like formula  
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Comparison of fit results  

• Mass, g1' and Log-likelihood 

• Zc favors the quantum number JP=1+ 



Precise cross section measurement of 
e+e-

J/ at BESIII 
High 
luminosity 

Low luminosity 

 The e+e-
J/ was measured with improved precision with BESIII data. 

 Fit with three coherent BW resonances (Fit I); or coherent sum of an 
exponential and two BW resonances (Fit II). 

 The 1st resonance R1 is similar to Y(4008) by Belle, however can not be 
confirmed. 

 The 2nd resonance R2 is similar to Y(4260), but with lower mass & width. 
 The 3rd resonance R3 have a significance > 7.7s, nature unclear. 

arXiv:1611.01317  



Precise cross section measurement of 
e+e-

J/ at BESIII 
High 
luminosity 

Low luminosity 

arXiv:1611.01317  
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Cross section measurement of e+e-
 +-hc  

17 energy points from 3896 MeV to 4600 

MeV ,total luminosity 5.26 fb-1 and 62 

energy points from 4097 MeV to 4587 

MeV, total luminosity: 0.51 fb-1 

 Decay channel: hcXi 

Xi={pp-bar, +-K+K-, +-pp-bar, 2(K+K-),  

2(+-), 3(+-), 2(+-)K+K-, KS
0K+- +c.c.,  

KS
0K+-+- +c.c., K+K-0, pp-bar0, K+K-h,  

+-h, +-00, 2(+-)h, 2(+-0) } 
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250 BESIII: R-scan data sample

BESIII: XYZ data sample

Fit curve: Total

Fit curve: Y(4220)

Fit curve: Y(4390)

M  (MeV) Gtot  (MeV) GeeBr  (eV)   (rad) 

Y(4220) 4218.4±4.0±0.9 66.0±9.0±0.4 4.6±4.1±0.8 -- 

Y(4390) 4391.6±6.3±1.0 139.5±16.1±0.6 11.8±9.7±1.9 3.1±1.5±0.2 

arXiv:1610.07044  
4415 MeV 



“Y(4260)” in different channels?  

Mass=(4230±8±6) MeV 
Width=(38±12±2) MeV. 

PRL114, 092003 (2015) 

arXiv:1611.01317  

arXiv:1610.07044  

• In J/, cross section peaks at lower 

than 4.26 GeV 

• Possibly a narrow structure in c0 

 
  simultaneous fit to all  the modes? 

  Better model to parametrize  the line shapes? 



Comparsion of e+e-
π+π-ψ(2S) cross section 
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BESIII (16 energy points; Ltot=5.1fb-1)  
ψ(2S) Reconstructed modes: 

Mode I: Ψ(3686)π+π-J/ψ, J/ψl+l- (l=e/μ) 
Mode II: Ψ(3686)neutrals+J/ψ, neutrals=(π0π0, π0, η and γγ)  J/ψl+l- (l=e/μ) 

Y(4360) 

Mode I 

Mode I 

The measured Born cross sections of two modes 
are combined by considering the correlated and 
uncorrelated uncertainties. 



Zc(4050)
’   
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PRD91, 112007(2015) 

• Y(4360) signal region 

• M(Zc) = 4054 ± 3 ± 1 MeV/c2       

• Γ = 45 ± 11 ± 6 MeV  

• Significance: >3.5s 



PRD 91, 112007 (2015)  

PRD89, 111103 (2014)  

Updated e+e-
(2S) at Belle 



 M(π+π-
 (2S)) with Y(4260,4360,4660)  



PRD 89,072015(2014)  Updated e+e- →K+K-J/ 
Event selections are almost the same as in Phys. Rev. D 77, 

011105(R) (2008)  Shaded hist.: J/ mass sidebands  

7.8% sys. error was 
not included. 4-6 GeV: 213 events 

35 bkg, 17816 signal 

980fb-1 

Y(4260) 

• +one resonance. 

• Fit with (4415) 

2/ndf=30/11 

M=4747117MeV 

G=67186 MeV 

11 



Search for ZcsKJ/ states 

No evident structure in K+-J/ mass distribution under 
current statistics  

PRD 89,072015(2014)  

12 

J/ J/ 



Exclusive cross sections contribution  
to the total cross section 

DD DD* D*D* DDπ 

DD*π 

DsDs +DsDs
* +Ds

*Ds
* 

ΛcΛc 

Contributions of D+D*–,  D*+D*–,  D0D–π+ and  D0D*–π+  are 
scaled following isospin symmetry 



ISR at Belle II vs. BESIII 
ISR produces events at all CM energies BESIII can reach 

62 

With > 5(10) ab-1 data sample, ISR e+e-
a charmonium+light 

hadrons[J/, (2S), KKJ/, KK(2S),  γX(3872), 

X(3872), hc, hc(2P), ωXcJ, φ XcJ, ηJ/, η’J/, η(2S),  η hc]; 
and charm meson pair+light hadrons [DD, DD*, DD*, . . .]  



Two-photon processes at Belle II 

Where is Xc0(2P) ? 

PRD 86: 091501(R), 2012 



Two-photon processes at Belle II 

With > 5(10) ab-1 data sample, Two-photon processes γ γ a 
charmonium+light hadrons[φ J/, φ (2S),  ω J/, ω(2S),  ... ]; 
and charm meson pair+light hadrons [DD, DDX(X=soft pions or 
photons), …]  

Evidence of  
X(4350) 

arXiv:1606.07895  

X(4140) , X(4274) , X(4500) , and X(4700) 

http://arxiv.org/abs/arXiv:1606.07895
https://inspirehep.net/record/1477026




Need O(100x) more data Next generation B-factories 

40 times higher 
luminosity 

8 x135 

KEKB 

SuperKEKB 

PEP-II 

      

24 



Integrated Luminosity  
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Detector Improvements 



VXD=PXD+SCD 
Test installation into 
Belle II :  Nov. 2016 



Belle II Detector 



CDC 



Before installation:  

CDC cosmic ray test 

• A cosmic ray test was 

performed in the back-

to-back configuration 

using 59(out of 299) FE 

boards. 

• Clear tracks were 

observed using the real 

Belle-II central DAQ 

system. 

Event display 
Photo in the side room  
with many cables 



Belle II Detector 



PID=TOP+ARICH 

Two Cherenkov detectors for particle identification (mainly Kion 
and Pion )  
● Barrel: Time of Propogation (TOP) 
● Endcap: Aerogel Ring-Imaging Chernkov 
 



Belle II Detector 



ECL 



Belle II Detector 



KLM 





 Belle II status and milestones 
One sector of the ARICH has 
been instrumented in August 
2016. 



Outer detector at Tsukuba Hall 

85 

Status: All 16 TOP modules were installed 
(May 20). Magnetic field mapping (June). 
Shimming of TOP modules(July-August). 
CDC was installed into the Belle II 
structure in October. 

June 2016: Precision field mapper inside Belle II 

Oct 2016: CDC (Central Drift Chamber) 

May 2016:TOP in Belle II structure 
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Trigger, DAQ and readout integration 



 Software 



696 colleagues, 101 institutions, 23 countries/regions 

 Belle II Collaboration 



• More exotic results come out from BESIII and 
Belle.  However, more puzzles need to be 
solved. 

•  Belle II is very promising in searching and 
studying exotic states with huge data sample. 

• Belle II is under construction as plan although 
a little delay. 50ab-1 data sample is expected in 
2024 ! 

Summary  




