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Hadrons：normal & exotic

• Hadrons are composed from 2 (meson) quarks or

3 (baryon) quarks 

Quark model

• QCD doesnot forbid hadrons with Nquarks2, 3

– glueball： Nquarks = 0 (gg, ggg, …)

– hybrid： Nquarks = 2 (or more) + excited gluon

– multiquark state： Nquarks > 3 

– molecule： bound state of more than 2 hadrons



~ 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://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
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.



Outline

• e+e−
+−(nS), +−hb(nP), B(*)B(*)

– (5S),  (6S),  Zb

• e+e−
+−(nS), J/DD

– Y(4260), Y(4360), Y(4660), Zc, X*(3860)

• JPC=0−− glueball, Psp in c decays

• Summary and perspectives
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(5S):

Mass = (10891.93.2 0.6
1.5) MeV

Width = (53.7 7.1
5.6 

0.9
5.4) MeV

(6S):

Mass = (10987.5 6.4
2.5 

2.2
2.1) MeV

Width = (61 9
19 

2
20) MeV

=-1.0 0.4 1.0
0.1 rad

e+e−
+−(nS)

arXiv:1501.01137, PRD 93, 011101(R) (2016)

 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



Zb in (5S)+−(nS)

PRD91, 072003 (2015)

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



Zb in (5S)+−(nS)

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)

PRD91, 072003 (2015)
9 Relative BR of Zb decays



e+e−
+−hb(nP)

arXiv:1508.06562, PRL117, 142001 (2016)

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)



(5S):

Mass = (10884.7 3.2
2.9

8.6
0.6) MeV

Width = (44.2 11.9
7.8 

2.2
15.8) MeV

(6S):

Mass = (10998.6 6.116.1
1.1) MeV

Width = (29 20
12 

2
7) MeV

=0.64 0.37
0.11 

0.13
0.0 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)

 1st obs. of (6S)+−hb(nP) 
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+−hb(1P)

+−hb(2P)

arXiv:1508.06562, PRL117, 142001 (2016)



Zb in (6S)+−hb(nP)

Events mainly from Zb intermediate states

not clear if only one Zb or both.

Belle II will tell us.
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+−hb(1P) +−hb(2P)

arXiv:1508.06562, PRL 117, 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.

arXiv:1512.07419, 
PRL 116, 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.
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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!

arXiv:1512.07419, PRL116, 212001 (2016)



Zb(10610) saturates BB*π and Zb(10650) saturates B*B*π

Assuming Zb decays are 
saturated by observed 
channels, B(*)B* channels 
dominate the Zb decays

rM(π),  GeV/c2 rM(π),  GeV/c2

background

Zb(10610) only

Zb(10610) + NR

Zb(10610) + Zb(10650)

background

Zb(10650) only

BB*π B*B*π

Zb in (5S)[B(*)B(*)]+−+c.c.
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Check recoil mass of bachelor π±

BB* B*B*

arXiv:1512.07419, 
PRL116, 212001 (2016)



BRs of Zb decays
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arXiv:1512.07419, , PRL116, 212001 (2016)

Assuming these modes saturate Zb decays



17

M
a
s
s
 (

G
e
V

)

2.8

3.2

3.6

4

4.4

4.8

DD

-+0
--

1 +-1 ++0 ++1 ++2 -+2
--

2
--

3 +-3 ++3 ++4

(2.97)
0

S11

(3.62)
0

S12

(4.06)
0

S13

(3.10)
1

S
3

1

(3.68)
1

S
3

2

(3.82)1D
3

1

(4.10)
1

S
3

3

(4.19)1D
3

2

(4.52)1D
3

3

(3.52)1P11

(3.96)1P12

(3.44)0P
3

1

(3.92)0P
3

2

(3.51)1P
3

1

(3.95)1P
3

2

(3.55)2P
3

1

(3.98)2P
3

2

(4.09)2F
3

1

(3.84)2D11

(4.21)2D12

(3.84)2D
3

1

(4.21)2D
3

2

(3.85)3D
3

1

(4.22)3D
3

2

(4.09)3F11 (4.10)3F
3

1 (4.09)4F
3

1

Charmonium(like) spectroscopy

predicted, discoveredhc(1S)

J/

hc(2S)
(2S)

hc(1P)
cc0(1P)

cc1(1P)
cc2(1P)

2005

1974

Godfrey & Isgur, PRD32, 189 (1985)

(3770)

(4040)

(4160)

(4415)

cc2(2P)

(13D2)X(3872)

Y(4260)

Y(4360)

Y(4660)
 Charmonium-like (XYZ) particles
 New type of hadron (multi-quark …)?
 Too many vector states! Exotics?

unpredicted, discovered

2015 BESIII

charged

Zc(3900)

Zc(4020)

Zc(4430)



e+e- +-J/ from ISR

1. Fit with two coherent resonances |BW1+ei*BW2|
2+bkg.

2. Mass of Y(4008) is lower than before

3. Fit quality: c2/ndf=101/84, confidence level is 9.3%

R1=Y(4008)

R2=Y(4260)

Nature of evts at ~ 4 GeV 

is still not clear.

Simplified fit with 2 BWs.

18

PRL110, 252002 (2013) 
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e+e- +-J/ from ISR

• M2() vs. M2(J/) for 

4.15<M(J/) <4.45 GeV

• (inset) Background events in 

J/-mass sidebands

• Structures both in  and 

J/ systems

• 689 events in J/ signal 

region, purity~80%

PRL110, 252002 (2013) 



Z(3900)+ observed in two experiments!
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• M = 3894.56.64.5 MeV

•  = 632426 MeV

• 159  49 events

• >5.2

• M = 3899.03.64.9 MeV

•  = 461020 MeV

• 307  48 events

• >8

BESIII at 4.260 GeV: PRL110, 252001 Belle with ISR: PRL110, 252002 



e+e- +-(2S) via ISR

’( J/  or ) + 

no extra tracks

detection of ISR is not required

• Polar angle distribution agrees 
well with ISR expectation

• Combinatorial background 
estimated by ’ sidebands

• Bkgs from real (’)non ISR or 
’ Xnon  are negligibly smallTwo significant clusters:  

Y(4360)+Y(4660); 

a few events at Y(4260)

• Clear signal of missed massless 

particle (Mrec
2(’)~0)

980 fb-1

arXiv:1410.7641, PRD 91, 112007 (2015) 21



Fit with 3 BWs [4 solutions]

’ J/  + 

22

arXiv:1410.7641, PRD91, 112007

Significance of Y(4260) is 2.4 [significant at BESIII!]
Affect the parameters of Y(4360) and Y(4660) significantly!



Zc states from Y(4360) decays?

’ J/  ’ 

23
arXiv:1410.7641, PRD91, 112007



Zc(4050)’

• M(Zc) = 4054 ± 3 ± 1 MeV/c2

• Γ = 45 ± 11 ± 6 MeV 

• Significance: >3.5

An unbinned maximum-

likelihood fit is 

performed on the 

distribution of 

Mmax(π
±ψ(2S)), the 

maximum of M(π+ψ(2S)) 

and M(π−ψ(2S)), 

simultaneously with 

both modes.
24

arXiv:1410.7641
PRD91, 112007



The X state as cc0(2P)

X*(3860) in double charmonium production
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States in e+eJ/ [’] + X

1. Significant spin-0 

charmonium states:  

hc(1S), cc0, hc(2S) 

2. No states with other spins

What happens at M>3.8 GeV?

suppress background!

PRD79, 071101 (2009)

Full Belle (4S) data

J/

’
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X*(3860) in e+eJ/ +DD

1. Reconstruct J/ee/ 
2. Reconstruct D+ in 5 decay modes, D0 in 4 decay modes
3. Require J/D recoil mass in D mass region
4. Mass constraints for J/ , D andD to improve mass resolutions.

27

arXiv: 1704.01872， PRD95,112003 (2017)

Dashed: non resonant

Solid:      X*(3860)



X*(3860) in e+eJ/ +DD

PWA of the data, blue lines are fit with X*
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arXiv: 1704.01872， PRD95,112003 (2017)

Dashed: non resonant

Solid:      X*(3860)



X*(3860) in e+eJ/ +DD
𝑀𝑎𝑠𝑠: 3862−32−13

+26+40 𝑀𝑒𝑉
𝑤𝑖𝑑𝑡ℎ: 201− 67−82

+154+88 𝑀𝑒𝑉

JPC=0++ (2++ not excluded)
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Good candidate for cc0(2P)    [PLB661, KTChao]

 With cc2(2P)=Z(3930), cc1(2P)=X(3872)?

 J/ recoil with spin-zero dominant

 Mass/width reasonable agree with potential models

 Observed in  fusion? [BaBar, Belle, FKGuo-PRD86]

Mass=383812 MeV

Width=22119 MeV

arXiv: 1704.01872， PRD95,112003



Light Hadrons
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Search for 0-- oddball

QCD allows the existences of glueballs.

No definite conclusions from experimental results. 

Mixing with quarkonium states makes the search very hard.

 The JPC=0-- could not be quarkonia (exotic numbers).

Proposed production channel:

(1S,2S) →χc1+ G0
--, f1(1285)+ G0

--; χb1→J/ψ+G0
--, ω+ G0

--. 

The predicted G0
-- masses are 2.80, 3.81 and 4.33 GeV/c2.

[PRL113, 221601 (2014)]、[JHEP 1510 (2015) 137]
31



The χc1 recoil mass spectra in the (a) ϒ(1S) and (b) ϒ(2S) data samples.

Nsignal=−3.8±3.9 (6.2± 6.4), −20.4±7.8 (−18.5±9.2), −5.7±11.3 (12.5±14.9) 

for the G(2800), G(3810),                        G(4330)

in the ϒ(1S) (ϒ(2S)) data samples.

Measurements of (1S,2S) → χc1 + G0
−−

32

arXiv: 1611.07131, PRD 95, 012001 (2017)



Nsignal=20.2±14.2 (25.0± 22.3), −23.0±25.2 (31.7±39.0), 31.8±30.0 (68.3±47.2) 

for the G(2800), G(3810),                        G(4330)

in the ϒ(1S) (ϒ(2S)) data samples.

f1(1285) recoil mass spectra in (a) ϒ(1S) and (b) ϒ(2S) data samples.

Measurements of ϒ(1S,2S)→f1(1285)+G0
−−
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arXiv: 1611.07131, PRD 95, 012001 (2017)



Nsignal=-11.4±6.8 (22.0±34.1), −7.1±13.5 (129.6±75.2), 27.0±19.5 (133±365 )

for the G(2800), G(3810),                        G(4330)

in the χb1 → J/ψ(ω)+G modes.

The χb1 is identified through the decay ϒ(2S) → γχb1.

Measurements of χb1 → J/ψ(ω) + G0
−−

34

arXiv: 1611.07131, PRD 95, 012001 (2017)



The upper limits on the branching fractions for Υ(1S) → f1(1285)+ G0
-- (a), Υ(2S) →

f1(1285)+ G0
-- (b), χb1→J/ψ+Glueball (c), χb1→ω+ G0

-- (d), Υ(1S) →χc1+ G0
-- (e) and Υ(2S)

→χc1+ G0
-- (f) as a function of the assumed G0

−− decay width.

No 0-- oddballs observed

35arXiv: 1611.07131, PRD 95, 012001 (2017)

Upper limits on BR ~ 10-5–10-3 level @ 90% C.L.



Observation of Pc states at LHCb
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LHCb: PRL115, 072001 (2015)

𝚲(𝟏𝟓𝟐𝟎) → 𝒑𝑲−

𝑷𝒄
+ → 𝑱/𝝍𝒑 ?



Search for Ps at Belle
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Belle: arXiv: 1707.00089, PRD (in press), 915 fb-1 data

Select high momentum c

+
p0 vetoed

Just replace cc with ss in LHCb case

Phase space is limited



No significant Ps at Belle
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Belle: arXiv: 1707.00089, PRD (in press), 915 fb-1 data

Number of candidate cPs
0
p0 events: 77.628.1 

B(cPs
0)xB(Psp)<8.3x10-5 @90% C.L.

B(bPc(4450)K)xB(PcJ/p)=(1.3  0.4)x10-5

[LHCb, CPC40, 011001 (2016)]

No significant Ps signal.

Best fit yields a peak at

(20255) MeV with a

width (2212) MeV



Summary

• With the world’s largest data samples in 
bottomonium energy region Belle achieved a lot

– improved knowledge on (5S), (6S), Zb states

• With ISR events, Belle studied charmoniumlike states

– Improved measurement of Y(4260), Y(4360) & Y(4660)

– Observation of Zc(3900); evidence for Zc(4050)’

• Observation of X*(3860) as a cc0(2P) candidate

• Neither 0 oddball, nor pentaquark Ps is observed

• Belle II is coming ……
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e- 7 GeV 2.6A

e+ 4 GeV 3.6A

Target: L = 8x1035/cm2/s

Colliding bunches

Damping ring

Low emittance gun

Positron source

New beam pipe
& bellows

Belle II

New IR

TiN-coated beam pipe 
with antechambers

Redesign the lattices of 
HER & LER to squeeze 
the emittance 

Add / modify RF systems 
for higher beam current

New positron target / 
capture section

New superconducting / 
permanent final focusing 
quads near the IP

Low emittance 
electrons to inject

Low emittance 
positrons to inject

Replace short  dipoles 
with longer ones (LER)

From KEKB to SuperKEKB
Grey is recycled, colored is new



Belle II detector upgrade

CsI(Tl) EM calorimeter: 

waveform sampling 

electronics, 

4 layers DSSD →

2 layers PXD 

(DEPFET) + 

4 layers DSSD 

Central Drift Chamber: 

smaller cell size, 

long lever arm, fast electronics

7.4 m

7.1 m

Time-of-Flight, Aerogel

Cherenkov Counter →

Time-of-Propagation

counter (barrel),  

proximity focusing 

Aerogel RICH (forward)

RPC  & KL counter: 

scintillator + Si-PM 

for end-caps

1.5 m

3.3 m

41

Beryllium beam pipe
2cm diameter,
QCSR and QCSL



Belle II Roll In

42

April 11th, 2017, Belle II Milestone!



Expected data sample @ full luminosity

Luminosity profile of SuperKEKB

• Assumptions:

- same commission time to reach design lum. as KEKB

- 9 months/year running

- 20 days/month

Thanks a lot!With 50 times more data, we expect a bright 

future of hadron physics at Belle II!

Will start physics 

running in 

~ 1 year!
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The end



Charmonium region at Belle II

ISR produces events at all CM energies BESIII can reach
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At 4.26 GeV for +-J/

BESIII = 46%

Belle   = 10%



M(+-) distributions

’ J/  ’ 

Y(4360) Y(4660)+f0(980)

PRD91, 112007
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