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• Quarkonium: qതq, the simplest system of a hadron. 
• Below DഥD/BഥB thresholds – both charmonium and bottomonium are successful stories of QCD. 
• But there are many exotic states observed in the past decade, and they are hard to fit in the two families. 

Quarknium and Quarkonium-like exotic hadrons 

Classification: 
• QഥQqതq
X: Neutral, JPC ≠ 1−−; Y: Neutral, JPC = 1−−; Z: Charged 

• QഥQqqq: Pc
+
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Too many models !

High Priority:
• Identify most prominent component in wave function 
• Seek unique picture describing all XYZ states, not state-by-state 

Besides above models, there still are screened potential, 
cusps effect, final state interaction …

Nature Reviews Physics 1, 480 (2019)
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The most-cited article at Belle: 1800+
First observed by Belle in 𝐁 → 𝐊 𝐉/𝛙𝛑+𝛑−

 MX close to 𝐃𝟎ഥ𝐃∗𝟎 threshold M = (3871.68±0.17) MeV
 Surprisingly narrow: 𝚪𝐭𝐨𝐭 < 𝟏. 𝟐 MeV at 90% C.L.

PRL112, 092001 (2014)
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What is X(3872)?

• Molecular of 𝐃𝟎ഥ𝐃∗𝟎

Various models predict Br(X→ 𝐉/𝛙𝛑+𝛑−) < 10% (PRD 72, 054022 
(2005), PRD 69, 054008 (2004), Chin.Phys. C43 12, 124107 (2019))

• Mixture of 𝐃𝟎ഥ𝐃∗𝟎 and  𝛘𝐜𝟏(𝟐𝐏) bound state
Br(X→ 𝐉/𝛙𝛑+𝛑−) < 20% (PLB 702, 359 (2011))

• Tetraquark model
Br(X→ 𝐉/𝛙𝛑+𝛑−) ~ 50% (PRD 71, 014028 (2005))

• 𝛘𝐜𝟏(𝟐𝐏)
Br(X→ 𝛄𝐉/𝛙) ~ 0.6%, Br(X→ 𝛄𝐉/𝛙) ~ 3.5% (PRD 69, 054008 (2004))

Till now, absolute BR(X(3872)→FS) 
has not been established. 
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Productions of X(3872)
• B decays: Belle, BaBar, LHCb
𝐁 → X(3872)K, X(3872) → channel

• Radiative decay in 𝐞+𝐞− annihilations: BESIII
𝐞+𝐞− → X(3872)𝛄, X(3872) → channel

• 𝚲𝐛
𝟎 decays: LHCb

𝚲𝐛
𝟎 → X(3872)𝐩𝐊− → 𝐉/𝛙𝛑+𝛑−𝐩𝐊−

• Prompt high energy hadron colliders: CDF, DØ, CMS

pp/pഥ𝐩 → X(3872), X(3872)→ 𝐉/𝛙𝛑+𝛑−

• Photoproduction reactions: COMPASS 
𝛍+𝐍 → 𝛍+𝐉/𝛙𝛑+𝛑−𝛑±𝐍′ (෩𝐗(3872))
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Absolute Brs of X(3872) from BaBar

• If more than one B candidate is found in an event, all candidates 
are retained to avoid the best one was not the correct one, 
including those where it belonged to the signal side.

• For the X(3872), the efficiency gains up to a factor of 3. 

PRL 124, 152001 (2020) 

424 𝐟𝐛−𝟏 at 𝚼(𝟒𝐒) resonance

background subtraction
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Reference 
mode

• 𝓑[𝐗(𝟑𝟖𝟕𝟐) → 𝐉/𝛙𝛑+𝛑−] = (4.1±1.3)%
• The measurement therefore suggests that the 

X(3872) has a significant molecular component.

PRL 122, 222001 (2019) 
Absolute Brs of X(3872) from BaBar
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Absolute branching fractions of X(3872) decays 

• Globally analyzing the measurements by 

BESIII, Belle, Babar, LHCb

• The absolute branching fractions of 

X(3872) is free parameters in the fitting

• Statistical uncertainties are dominant for 

most measurements.

• Possible correlation between the 

systematics of different measurements 

in an experiments is neglected.

C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003
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Absolute branching fractions of X(3872) decays 

• Fitting results

• X(3872)→π+π-J/ψ ~ (4.1−1.1
+1.9)%

• X(3872)→D0D*0 ~ (52.4−14.3
+25.3)%

• Unknown decay ~ (31.9−31.5
+18.1)%

C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003

10

• Statistical uncertainties are dominant.

• At Belle II, we need improve the measurements related with X(3872) decays



Evidence for X(3872)→ π+π−J/ψ produced in single-tag 
two-photon interactions

arXiv: 2007.05696 (2020), submitted to PRL

• X(3872) with JPC = 1++ could be produced if one or both photons are highly virtual
[Nucl. Phys. B 523, 423 (1998)].

• The measurement of X(3872) in two-photon reactions help to understand its 
internal structure.

Data sample:
825 fb−1 in e+e−

collisions near 10.6 GeV 

−𝑄2 is the invariant mass-squared of the virtual photon.
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• M(X(3872)) = (3.8723±0.0012) GeV/𝑐2

• With 0.11±0.10 background events, the number of signal events is 𝐍𝐬𝐢𝐠 = 

𝟐. 𝟗−𝟐.𝟎
+𝟐.𝟐(𝐬𝐭𝐚𝐭. ) ± 𝟎. 𝟏(𝐬𝐲𝐬𝐭. ) with a significance of 3.2𝝈 (Feldman-Cousins 

method applied [Phys. Rev. D 57, 3873 (1998)]). 

• ෨𝚪𝛄𝛄𝓑(𝐗(𝟑𝟖𝟕𝟐) → 𝛑+𝛑−𝐉/𝛙) = 𝟓. 𝟓−𝟑.𝟖
+𝟒.𝟏(𝐬𝐭𝐚𝐭. ) ± 𝟎. 𝟕(𝐬𝐲𝐬𝐭. ) eV using the Q2

dependence expected from a cതc meson model. 

The veto regions

3 events

0 events

Evidence for X(3872)→ π+π−J/ψ produced in single-tag 
two-photon interactions
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Search for X(3872) partner in bottomonium Xb

13



Search for 𝑹++ → 𝑫+𝑫𝒔
∗+

• A doubly-charged and doubly-charmed molecule 𝑹++ decays to 𝐷+𝐷𝑠
∗+

with modest rates according to Refs. [PRD 99, 076017 (2019), PRD 101, 
014022 (2020)].

• The mass of R++ is predicted to be in the range of 4.13 to 4.17 GeV/𝑐2; 
the width is (2.30−2.49) MeV. 

• A state decaying to 𝐷+𝐷𝑠
∗+ is also a good candidate for a doubly-charged 

tetraquark according to Ref. [PRL 119, 202001 (2017)]. 

Data samples: 

PRD 101, 014022 (2020)

• 𝑫+ → 𝑲−𝝅+𝝅−/𝑲𝒔
𝟎(→ 𝝅+𝝅−)𝝅+

• 𝑫𝒔
∗− → 𝑫𝒔

−𝜸
• 𝑫𝒔

− → 𝝓𝝅−/ഥ𝑲∗𝟎𝑲+

s (GeV) Luminosity (fb-1) Events

9.46 [Υ(1S)] 5.74±0.09 (102±3) million 

10.023 [Υ(2S)] 24.91±0.35 (158±4) million 

10.52 89.5±1.3 -

10.58 [Υ(4S)] 711±10 -

10.867 [Υ(5S)] 121.4±1.7 -

The Punzi parameter S/(3/2+ 𝑩) 
[arXiv:physics/0308063] is applied to optimize the 
mass windows of intermediate states. 

Phys. Rev. D 102, 112001 (2020)
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The fitted results with the R++

mass fixed at 4.14 GeV/c2and 
width fixed at 2 MeV.

s=10.52 GeV s=10.867 GeVs=10.58 GeV

Υ(1S) Υ(2S)

90% C. L. Upper limits [M(𝐑++) varying from 4.13 to 4.17 GeV/c2, 𝚪(𝐑++) varying from 0 to 5 MeV]

ℬ(Υ(1S) → R++ + anything)ℬ(R++ → D+Ds
∗+)=(11.8 - 54.5)× 10−5

ℬ(Υ(2S) → R++ + anything)ℬ(R++ → D+Ds
∗+)=(16.3 - 68.6)× 10−5

𝜎(𝑒+𝑒− → R++ + anything)ℬ(R++ → D+Ds
∗+) = (202.8 – 880.4) fb at 𝑠 = 10.52 GeV

𝜎(𝑒+𝑒− → R++ + anything)ℬ(R++ → D+Ds
∗+) = (218.9 – 1054.0) fb at 𝑠 = 10.58 GeV

𝜎(𝑒+𝑒− → R++ + anything)ℬ(R++ → D+Ds
∗+) = (346.6 – 1517.6) fb at 𝑠 = 10.867 GeV

No 𝑹++ signals are observed. 
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Black error bars: statistical

Red error bars: uncorrelated systematic errors

Structure at 10.75 GeV is more significant

Update cross sections of e+e−
+−(nS)

Belle, JHEP 1910, 220 (2019)

Fits to energy dependent cross sections

Simultaneous fit to three 

channels with some common 

parameters.

Free parameters: Mass M, 

width , product of partial 

width and branching fraction 

eeB(), relative phase .
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Fit results to 𝑒+𝑒− → 𝛶(𝑛𝑆)𝜋+𝜋− cross sections 
Scan data: 22 points, each point 1fb-1

𝚼(𝟏𝟎𝟖𝟔𝟎) on-resonance data: 121 fb-1, between 10.864 and 10.868 GeV

Continuum data at 10.52 GeV, 60 fb-1

𝚼(4𝑺)

red: with Y(10753)

blue dotted: w/o Y(10753)  

a range due to multi-solutions

2.7σ

5.4σ

global significance: 6.7σ



Interpretation of the Y(10750)

• D-wave bottomonium

– B. Chen, A.L. Zhang, J. He, arXiv:1910.06065, Bottomonium spectrum in the 

relativistic flux tube model (3D)

– Q. Li, M.S. Liu, Q.F. Lü, L.C. Gui, X.H. Zhong, arXiv:1905.10344, Canonical 

interpretation of Y(10750) and Υ(10860) in the Υ family (4D)

• B(*)B(*) dynamically generated pole

– P. Bicudo, M. Cardoso, N. Cardoso, M. Wagner, arXiv:1910.04827, Bottomonium

resonances with I=0 from lattice QCD correlation functions with static and light 

quarks

• Hybrid

– J. T. Castellà, arXiv:1908.05179, Spin Structure of heavy-quark hybrids

• Tetraquark state

– A. Ali, L. Maiani, A. Y. Parkhomenko, W. Wang, arXiv:1910.07671, Interpretation 

of Yb (10753) as a tetraquark and its production mechanism

– Z.G. Wang, arXiv:1905.06610, Vector hidden-bottom tetraquark candidate: 

Y(10750)
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𝐞+𝐞− → 𝛑+𝛑−𝐉/𝛙 via initial-state radiation at Belle II

For e+e− → π+π−J/ψ(→ μ+μ−) via ISR at Belle II
• Rediscover the first Y state at Belle II
• Identify existences of the Y(4008) and Y(4320) in M(π+π−J/ψ)
• Minimize the statistical errors.
• Study the properties of charged charmonium-like state Zc(3900).

Y(4008)?
Y(4320)?

The effective luminosity in Belle 
and Belle II experiments.

• ISR technique can explore JPC = 1−− states 
far away from e+e− collision energy. 

• The whole hadron spectrum is visible.
• The effective luminosity and detection 

efficiency are relatively low.

PRL 118, 092001 (2017)

PRL 110, 252002 (2013) 24



ISR characteristics

Data sample:
37.8 fb−1 in e+e− collisions at s
= 10.58 GeV

MC samples:
MC signal samples are generated 
with Phokhara generator with 
NLO corrections. 

The distributions from data and signal MC are compatible, which are all consistent 
with ISR characteristics.

Visible energy
Polar angle of π+π−J/ψ in 
e+e− center-of-mass frame

Recoil mass square 
of π+π−J/ψ
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Control samples of 𝛙(𝟐𝐒) → 𝛑+𝛑−𝐉/𝛙 via ISR

Mode Our measurements Theoretical calculation [Yad. Fiz. 41, 733 (1985)]

𝐉/𝛙 → 𝛍+𝛍− (12.0 ± 1.2) pb
(14.1 ± 0.3) pb

𝐉/𝛙 → 𝐞+𝐞− (13.0 ± 1.2) pb

• Further PID and tracking corrections at Belle II are needed. 
• The numbers of the expected Y(4260) signal events in data are (12.5±2.3) and (10.6±1.8) 

for J/ψ → μ+μ− and J/ψ → e+e−.

𝐉/𝛙 → 𝛍+𝛍−

𝐉/𝛙 → 𝐞+𝐞−
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Summary

• The expected Belle II data sample of 50 ab-1 will provide 

a lot of new opportunities for physics analyses in the 

area of exotic states

• Some of them, for example, double charmonium

production, charmonium in two-photon processes, or 

bottomonium physics, are unique for Belle II.

• Several quarkonium states and exclusive B decays to 

charmonium and other particles were \rediscovered" 

using the currently available data.

Thanks a lot!
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Thanks for your attention

shencp@buaa.edu.cn沈成平


