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The standard model
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Hadrons

mesons

baryons

Physics Letters 8, 214 (1964); 
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The flavor-changing decays would be strongly suppressed if there were a 
fourth quark (now called the charm quark) that was a complementary 
counterpart to the strange quark. 

https://en.wikipedia.org/wiki/Charm_quark
https://en.wikipedia.org/wiki/Strange_quark
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cc̄ bb̄

Heavy quark system can be well described by non-relativistic potential model.
Godfrey & Isgur, PhysRevD.32.189 (1985)

JPC JPC

The End?
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Physics Letters 8, 214 (1964); 
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Hadrons
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baryons

Physics Letters 8, 214 (1964); 
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& 
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Where?
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2003, Belle observed the first exotic state X(3872)
confirmed by BaBar, CDF, D0.



Why  is exotic?X(3872)
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Mass： 
•  
Not predicted in the potential model 
• Mass very close to  
Binding energy：  

3871.65 ± 0.06 MeV/c2

m(D0D̄*0)
−10 ± 90 keV/c2

Eb(deuteron) = -2.2 MeV 

Width： 
•  
（The short the life, the larger the width） 
• Lifetime is 20 times larger than the other 

charmonia nearby。 

1.19 ± 0.21 MeV

Production mechism： 
•  decay 
• prompt production in  collision 

(should be small in case of charmonium) 
•  radiative decay

B
pp

e+e−

Conventional charmonium
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• Ever since the discovery of , we have a golden era in the discovery of 
the exotic states.

X(3872)



Quarkonium spectroscopy
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Below  threshold: Good agreement!

Above  threshold: Unpredicted exotic states!!

DD̄/BB̄
DD̄/BB̄

Parallel properties in  and .

Excellent experimental field!

cc̄ bb̄
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Belle&Belle II capabilities on spectroscopy

charmonium bottomonium
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B decays

 in Zc(4430) B → Kπ−ψ(2S)

Large production rate provide a solid ground to search for exotics

In history: observation of  & establishment of various  statesX(3872) Z+
c

 and  in Zc1(4050) Zc2(4250) B → Kπ−χc1
> 5σ

 and  in Zc(4200) Zc(4430) B → Kπ−J/ψ
6.2σ

> 3σ

> 5σ6.5σ

Phys. Rev. Lett. 100 (2008), 142001

Phys.Rev.D 78 (2008) 072004

Phys.Rev.D 90 (2014) 11, 112009
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Initial state radiation
Allow us to reach lower c.m. energy “for free”

Great achievement in history: Observation of Zc(3900)+

Phys.Rev.Lett. 110 (2013) 252002

Zc(4020)+

3.5σ

First solid four quark state!
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Double charmonium production

Phys.Rev.Lett. 98 (2007) 082001Phys.Rev.D 95 (2017) 112003

 was observed in .

 was discovered in  recoiling mass while dominantly decays into .

χc0(3860) e+e− → J/ψDD̄
X(3940) J/ψ DD̄*

Unique field to produce charmonium(-like) particles

Rich resonances produced against J/ψ
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Two photon process
Unique field to produce charmonium(-like) particles

Establishment of exotic states in various final states

, X(3915) → ωJ/ψ 7.7σ

, X(4350) → ϕJ/ψ 3.2σ

Phys.Rev.Lett. 104 (2010) 092001

Phys.Rev.Lett. 104 (2010) 112004

, X(3930) → DD̄ 5.3σ
Phys.Rev.Lett. 96 (2006), 082003

3.1σ
2.8σ

Phys.Rev.Lett. 126 (2021) 12, 122001

arXiv: 2105.06605

, X(3872) → π+π−J/ψ 3.2σ



Bottomonium production
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Questions raised:  mass & abnormal transition rateΥ(5S)

b

b̄
Excellent play ground of QCD & unique propertiesNR

Phys.Rev.Lett. 100 (2008) 112001

Observation of  and Zb(10610)+ Zb(10650)+

> 102 ×

Phys.Rev.Lett. 108 (2012) 122001

Phys.Rev.Lett. 117 (2016) 14, 142001 

πhb(1P) πhb(2P)

Γ(Υ(5S) → hb(1P)π+π−)
Γ(Υ(5S) → Υ(1S)π+π−)

= 0.46 ± 0.08+0.07
−0.12

Γ(Υ(5S) → hb(2P)π+π−)
Γ(Υ(5S) → Υ(2S)π+π−)

= 0.77 ± 0.08+0.22
−0.17

**Similar feature is also found in higher charmonia



Bottomonium production
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Black dots: total  dressed cross section 

Chin. Phys. C 44, 083001 (2020) 

bb̄
Red dots: Measured σ[e+e− → B(*)B̄(*)]

Excellent play ground of QCD & unique propertiesNR

Questions raised:  mass & abnormal transition rateΥ(5S)

b

b̄

JHEP 06 (2021) 137

Excess between  and , others?

Cross sections do not peak at  mass.

e+e− → bb̄ B(*)B̄(*)

Υ(5S)
A new state: Y(10750)

JHEP 10 (2019) 220

5.2σ

Phys.Rev.Lett. 117 (2016) 14, 142001 
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High precision frontier
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Scan data samples with  at each point on Belle1 fb−1

A little data may tell a big story

• Data collected at  energy points around 10.75 GeV


• Physics goal: understand the nature of  energy region


4
Y(10750)
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Confirm the existence of .

Find a new decay mode.

Υ(10753)
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How to identify exotics
! "#$%&'()*+,%*-(,*-./01
! "!"#$--%&$+-%&'-+%&(+-%&)
! *#(%&+,(

! 2&,&-*-()*+03('$,%/,%(45
! - -`. `/%&0&-`. `/%&0&0`. `/%&..//`-%&..//`0%&)

! "##$%&'($)*&*+),$-+(#'.$+/0+1*&*2#'$#3$45&67$%#.+8
! 120345&0675849:7;&<#=<y >&<y$%&'(= <y$%)'(

! 9*&*+$:2*;$+/#*21$06#0+6*2+)
! ?75@2&87--&A.3&B25C&97554D
! 125C&0E4-2&34&3652-64E/
! F3549@&04.GE:9@&34&627BC&H.75I49:.8 A.3&0675@2/
! ) 22

Not so easy…



Summary
Quarkonium spectroscopy is an extraordinary place to test the QCD theory, especially 
the observation of exotic states, which gives us new insight and shed lights to the 
understanding of QCD theory.

Belle II, the next generation B-factory, can make significant impacts in quarkonia study.


Precisely measure lineshapes.

Determine spin-parities, transitions, and quantum numbers.

Search for new decay channels.

Test predictions for unobserved states.

Unique datasets.

…


The effort goes on with the upgraded facility, SuperKEKB collider, and Belle II detector.
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BACK UP
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High precision frontier
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Initial state radiation
Allow us to reach lower c.m. energy “for free”

Phys.Rev.D 100 (2019) 11, 111103 Phys.Rev.D 101 (2020) 9, 091101

3.4σ5.9σ

Recent: A new vector state in e+e− → D+
s Ds1(2536)−, D+

s D*s2(2573)−

?Y(4620) = Y(4660)



Evidence of γγ* → X(3872)
Axial-vector particles are forbidden to decay to two real photons. 
Mesons with  could be produced is one or both photons are virtual.JPC = 1++

reconstruction: 
 with 


two pions, two leptons( )

one extra electron/positron (from beam)

No photon with  or 


 & tagging electron: back to back

azimuthal angle difference within ( )


Visible transverse momentum < 0.2 GeV/c; measured  
energy  consistent with the expectation 

Missing momentum of event projection:

N(track) = 5 ∑ Q = ± 1
e/μ

E > 0.4 GeV π0

X(3872)
π ± 0.1

π+π−J/ψ
E*obs E*exp
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Dominate background

 vetoψ(2S) → π+π−J/ψ

, 

where  is the momentum of the incoming (beam) electron and outgoing (tagging) electron 
Q2 = 2(pin ⋅ pout − m2

e c2)
pin/out

Three events are found in the signal region, with a significance of  considering the background.

 for ,  for 

3.2σ
Nsig = 2.9+2.2

−2.0(stat.) ± 0.1(syst.) X(3872) Nsig < 2.14 X(3915)

expected number of background:

•  from internal bremsstrahlung.

•  (  for ) extrapolated from fit to the background events  

(3 − 5) × 10−2/(10 MeV/c2)
0.11 ± 0.10 0.3 X(3915)

34



Exotic candidates in γγ → γψ(2S)
Both  and  could be produced in the two photon collisions, 
and can radiatively decay to 

0++ 2++

ψ(2S)
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Signal process reconstruction: 
Reconstructing 


 reconstructed with two leptons ( )

 reconstructed with 

π+π−ℓ+ℓ−

J/ψ e/μ
ψ(2S) π+π−J/ψ

Dominate background: e+e− → γISRψ(2S)
background suppression: 

Recoiling mass of 




Transverse momentum balances




γψ(2S)
M2

rec(γψ(2S)) > 10 (GeV/c2)2

P*t (ψ(2S)) > 0.1 GeV/c
P*t (γψ(2S)) < 0.2 GeV/c
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Green: 

blue:  sideband 

Pink dashed: additional polynomial

e+e− → γISRψ(2S)
ψ(2S) Fitting PDF:

possible interference is ignored

Significance of  is  considering systematic uncertainty. 

Significance of  is  after considering LEE.

R1 3.1σ
R2 2.8σ

possible nature?



Observation of  at 10.866 GeVe+e− → Υ(1,2S)η

Measured hadronic transition rates between bottomonia above open bottom threshold are higher than predictions.

e.g.
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Γ(Υ(5S) → hb(1P)π+π−)
Γ(Υ(5S) → Υ(1S)π+π−)

= 0.46 ± 0.08+0.07
−0.12

Γ(Υ(5S) → hb(2P)π+π−)
Γ(Υ(5S) → Υ(2S)π+π−)

= 0.77 ± 0.08+0.22
−0.17 𝒪(10−2)Prediction:

For bottomonia below  threshold, predictions of hadronic transition rates are consistent with measurements.BB̄

Analysis of similar processes is crucial for better understanding of the quark structure of bottomonium states above 
 threshold.BB̄

reconstruction: 
Final states : , , , , 

For 


 reconstructed with 

For 


 reconstructed with two leptons


π+π−μ+μ−γ(γ) Υ(2S)η[3π] Υ(2S)η[γγ] Υ(1S)η[3π] Υ(1S)η′ [ππη] Υ(1S)η′ [γρ]
η → γγ

Υ(2S) π+π−J/ψ
η → π+π−π0

Υ(1,2S)

Data sample:  
 at   

 energy scan in 
118 fb−1 Υ(5S)
21 fb−1 10.63 ∼ 11.02 GeV
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Υ(2S)η[γγ]

Υ(2S)η[3π]

Υ(1S)η[3π]

Υ(2S)η′ [ππη]

Υ(1S)η′ [γρ]

Significant  and  signals

 for 

 for 

Υ(1S)η Υ(2S)η
10.2σ e+e− → Υ(1S)η
16.5σ e+e− → Υ(2S)η

Assuming process only from :Υ(5S)



Cross section of e+e− → B(*)B̄(*)
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Data samples: 
•  on the  resonance

•  on the  resonance

•  distributed evenly in 16 points within 

571 fb−1 Υ(4S)
121 fb−1 Υ(5S)
16 fb−1

10.63 ∼ 11.02 GeV

Full reconstruction of one  meson using FEI, a tool 
developed for tagging  meson in the  decays 
using multivariate analysis for event selection.

[Comput. Softw. Big Sci. 3, 6 (2019)]

B
B Υ(4S) → BB̄

 dataΥ(5S)
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Fit interval

Black dots: total  dressed cross section 

Chin. Phys. C 44, 083001 (2020)  

 

bb̄

Red dots: Measured cross section 

summing three modes

No clear  signals from cross section measurement of 

Excess is , , bottomonia + light hadrons, which 
contradicts expectation of  dominantly. 

Cross sections do not peak at  mass.

Υ(5S) B(*)B̄(*)

B(*)
s B̄(*)

s B(*)B̄(*)nπ
Υ(5S) → B(*)B̄(*)

Υ(5S)



Search for tetraquark states  in Xccs̄s̄ D+
s D+

s , D*+
s D*+

s
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Data samples: 
a.  on the  resonance

b.  on the  resonance

c.  at 

d.  at 

e.  at 

5.74 fb−1 Υ(1S)
24.7 fb−1 Υ(2S)
89.5 fb−1 s = 10.52 GeV
711 fb−1 s = 10.58 GeV
121.4 fb−1 s = 10.867 GeV Use two modes to reconstruct 


• 

•

D+
s

D+
s → K*(892)K+

D+
s → ϕπ+

e+e− → D*+
s D*+

s + anything

e+e− → D+
s D+

s + anything

predictions
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No peaking background in sideband

Focus on prediction regions for Xccs̄s̄

e+e− → D+
s D+

s + anything
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No evident signal from  or .

Upper limits in 90% C.L. are estimated in different mass and width assumptions.

D+
s D+

s D*+
s D*+

s



Others

Search for  in the 

Phys.Rev.D 104 (2021) 012012

ηc2(1D) e+e− → γηc2(1D)

44

Study of  at Belle

arXiv: 2108.03497

χbJ(nP) → ωΥ(1S)

Search for a doubly-charged  bound state

Phys.Rev.D 102 (2020) 11, 112001

DDK



Evidence of Ωc → π+Ω(2012)− → π+(K̄Ξ)−
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2D fit to  vs  simultaneously for  and .M(K̄Ξ) M(π+Ω(2012)−) M(K−Ξ0) M(K0
SΞ−)

Phys.Rev.D 104 (2021) 5, 052005

Entire Belle data—980 fb−1



Spin parity of Ξc(2970)+
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Phys.Rev.D 103 (2021) 11, L111101
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Phys.Rev.D 103 (2021) 11, L111101



Mass and width of Σ(*)+
c
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Phys.Rev.D 104 (2021) 5, 052003



Radiative decay of Ξc(2790/2815)
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Phys.Rev.D 102 (2020) 7, 071103
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Efficient reconstruction of neutrals ( , …)


Fully reconstruction or recoil system


Variety of production mechanisms


Large production rate of 


Unique dataset

π0, η

b → cc̄
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Prospect Evidence could be clarified, e.g.

Properties measurements with dedicated analysis

< 4.2σ

 in X(4014) B → KϕJ/ψ

Quantum number of  remains unknown.X(3940)
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Prospect
Fully cover charmonium region with ISR

• Dedicated study to , , etc.

•  production in both  annihilation and  decays.

• Doubly charmonium state in, e.g. 

e+e− → π+π−J/ψ KK̄J/ψ
Zc e+e− B

e+e− → ηcJ/ψ, χcJ/ψ



Other prospects at Belle II
Very high statistics samples of 


Dedicate study of  decays to final states with neutrals, i.e. . 

Searching for new charmonium(-like) states in various productions.


Higher statistics samples of  and 


Investigate  states: quantum numbers, neutral partners, decay modes…

Search for new states


Potential laboratory for other bottomonium states like , 


Potential to reach higher 

Reach charmonium(-like) states via ISR with huge datasets

Υ(4S)
X(3872) D0D̄*0

Υ(5S) Υ(6S)
Zb

hb(3P) Υ(D)
Ecms
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