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Quarkonium

• Conventional quarkonium
• Unconventional neutral states
• Unconventional charged states
• Pentaquark candidates

• Below D"D/B"B thresholds – charmonium and bottomonium are successful stories of QCD. 
• No solid evidence for exotic states until 2003, the observation of X(3872). 
• Since then, we have a golden era on the discovery of the exotic states. 

Recent observed states:
BESIII: Zcs(3985)
LHCb: X(6900), X0(2900), X1(2900), 
Zcs(4000), Zcs(4220), Tcc(3875)

Rev. Mod. Phys. 90, 015003 (2018)

Y: 𝐉𝐏𝐂 = 𝟏##
Zc/Zb: charged quarkonium-like 
states, the isospin of 1
X: Other quarkonium-like states
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Exotic interpretations

Physics Letters 8, 214 (1964).

In 1963 Gell-Mann proposed the quark model:
• Conventional hadrons: mesons (2 quarks) and 

baryons (3 quarks)
• QCD does not forbid hadrons with > 3 quarks!!

Nature Reviews Physics 1, 480 (2019)
Physics Reports 873, 1 (2020)

High priority: seek unified picture describing all XYZ 
states, not state-by-state 

In addition, screened potential, cusps effect, final state 
interaction …

-3-



-4-

What are they?



SuperKEKB and Belle II
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• Asymmetric energy e+e- (4 & 7 GeV) collider 

in Tsukuba, Japan

• Much higher luminosity than predecessor

• Upgraded detectors (better vertex and 

particle identification performances)

• Achieved peak luminosity: 4.7×1034 cm-2s−1 

• Integrated luminosity: ~424/fb

• Charmonium production mechanisms: B decays, initial-state radiation, two-photon 
collisions, and double charmonium production.

• Bottomonium production mechanisms: direct production from e!e", initial-state radiation, 
and hadronic/radiative transitions.



Observation of 𝐞!𝐞" → 𝛚𝛘𝐛𝐉 and 
search for 𝐗𝐛 → 𝛚𝚼(𝟏𝐒) at 𝐬 near 10.75 GeV
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Motivation: 𝚼(𝟏𝟎𝟕𝟓𝟑)
• Belle: several~1fb-1 scan points below Y(5S)
• New structure observed in π!π"Υ(nS) transitions

• Theoretical interpretations

• Υ(10753) is predicted to decay into ωχ!" with a BF of 10-3 based 
on the mixing of the conventional states 4S and 3D [PRD 104, 034036 
(2021)].
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JHEP 10, 220 (2019)

5.2𝝈



• Two close peaks observed in the cross sections for e!e" → π!π"J/ψ by BESIII[1] and e!e" →
π!π"Υ(nS) by Belle[2], respectively, may suggest similar nature.

• Y(4220) → γX(3872)[3] and ωχ$%[4] observed by BESIII.
• So expect the Υ(10753) state to decay into γXb with Xb →ωΥ(1S), as well as a potential 

resonance in the line shape of σ(e!e" →ωχ&').

[1] PRL 118, 092001 (2017); [2] JHEP 10, 220 (2019); [3] PRL 122, 232002 (2019); [4] PRD 99, 091103 (2019)

Y(4220)/Y(4320) → 𝛑!𝛑"𝐉/𝝍 Y(4220) → 𝛄X(3872) Y(4220) →𝛚𝛘𝐜𝟎

Xb: Bottomonium counterpart of X(3872)?

PRL 118, 092001 
(2017)

PRL 122, 232002 
(2019)

PRD 99, 091103 (2019)
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Unique scan data near 𝒔 = 10.75 GeV
• In November 2021, Belle II collected 19 fb-1 of unique data at energies above the Υ(4S): 

four energy scan points around 10.75 GeV.
• Physics goal: understand the nature of the Υ(10753) energy region.
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This is the first showing of 
these results.



Analysis goals
e+e, → ωχ-.:
• Determine the Born cross section for e+e, → ωχ-. using unique scan data 

samples at s = 10.701, 10.745 and 10.805 GeV.
• Study the energy dependence of Born cross section for e+e, → ωχ-. by 

combining with Belle data at s = 10.867 GeV [PRL 113, 142001 (2014)].

e+e, → γX-:
• Search for the 𝑋/ using unique scan data samples at s = 10.653, 10.701, 

10.745 and 10.805 GeV.
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Analysis overview
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- Event selection criteria
• 4 or 5 charged particles
• standard Belle II PID: 90-95% efficiency with 1-5% misID
• χ&' photon energy > 50 MeV
• 0.105 < M(γγ) < 0.150 GeV/c2 (90% efficiency)
• constrained kinematic fit to π!π"π%γe!e"/µ!µ" final states
• best candidate based on fit quality
- Data driven corrections and systematics from control samples
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Mass distributions
Belle II Preliminary Belle II Preliminary

𝑠 = 10.745 GeV 𝑠 = 10.805 GeV

• Red box contains 95% of signals
• Blue box defines one-dimensional projection ranges
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Observation of 𝐞!𝐞" → 𝛚𝛘𝐛𝐉
Two dimensional unbinned maximum likelihood 
fits to the M(γΥ(1S)) and M(π!π"π%) 
distributions.

Channel 𝒔 (GeV) Nsig σ𝐁𝐨𝐫𝐧
(𝐔𝐋) (pb)

ωχ-.
10.745

68.9"./.1!./.2 3.6"3.2!3.2±0.4

ωχ-4 27.6".3.3!...5 2.8"..3!..4±0.5

ωχ-.
10.805

15.0"5.4!5.6 1.6 @90% C.L.

ωχ-4 3.3"/.6!1./ 1.5 @90% C.L.

The total χ&' signal significances are 11.5σ and 5.2σ at 𝑠 = 10.745 and 10.805 GeV.

Note that the 𝜎Born(e#e$ → ωχ!%/ωχ!&) is only (0.76±0.11±0.11)/(0.29±0.11±0.08) pb 
at 𝑠 = 10.867 GeV [PRL 113, 142001(2014)].



Observation of 𝚼(10753) → 𝛚𝛘𝐛𝐉

Combine Belle II measurements with Belle measurement[1] to fit cross 
section with function:

σ$!$"→&'#$ s = | 𝑃𝑆2 s + BW s e()|*, BW 𝑠 =
12𝜋Γ++ℬ,Γ

𝑠 − 𝑀* + 𝑖𝑀Γ
𝑃𝑆2( 𝑠)
𝑃𝑆2(𝑀)

M and Γ of Υ(10753) are fixed according to Ref. [3].

𝛤;;ℬ< Solution I
(constructive interference)

Solution II
(destructive interference)

Γ;;ℬ(Υ(10753) → ωχ-.) (0.63±0.39±0.20) eV (2.01±0.38±0.76) eV

Γ;;ℬ(Υ(10753) → ωχ-4) (0.53±0.46±0.15) eV (1.32±0.44±0.55) eV

• '--ℬ()(%+,-.)→12./)
'--ℬ()(%+,-.)→12.0) ~ 1 agrees with the expectation for HQET[2]

• '--ℬ(12.//20)
'--ℬ(3334)(&4))[3] ~ 1.5 for Υ(10753) and 0.1 for Υ(10860)

[1] PRL 113, 142001(2014); [2] hep-ph/9908366; [3] JHEP 10, 220(2019)

[1]

[1]

𝜒4/ndf = 0.5/1

𝜒4/ndf = 0.1/1

The e!e" → ωχ&' (J = 1, 2) cross sections peak at Υ(10753) , 
while no obvious peak at Υ(10860) is found!
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Search for Xb
e+e, → γX-(→ ωΥ 1S ) 

• No significant Xb signal is observed.
• The peaks are the reflections of e!e" → ωχ&'.

Upper limits at 
90% C.L. on 

σ= e!e" → γX- K
ℬ(X- → ωΥ 1S )

(pb)

s (GeV) 10.653 10.701 10.745 10.805
m(Xb) = 10.6 GeV/c2 0.45 0.33 0.10 0.14

m(Xb) = (10.45, 10.65) GeV/c2 (0.14, 0.54) (0.25, 0.84) (0.06, 0.14) (0.08, 0.36)

From simulated events with m(Xb) = 10.6 GeV/c2

The yield is fixed at the upper limit at 90% C.L.
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Belle II potential – 10.75 GeV

Channel
B6B decomposition 

e+e- → γXb

e+e- → ωηb(1S) 

e+e- → Y(1S) + X 

e+e- → π+π-hb(nP) 

e+e- → π+π-Y2(1D) 

e+e- → π+π-Y(nS) 

e+e- → ηhb(1P) 

e+e- → φηb(1S) 

Other active ongoing analyses based on unique scan data at Belle II:

• Quarkonium spectroscopy (conventional and exotic)

• Hadronic and radiative transitions

• Annihilations in exclusive final states

• Precision study of the vector states using ISR

• New physics in Bottomonia

• …
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Charmonium(-like) states
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- B decay (B → KX676)
• CKM favored process, large BFs
• JPC = 0,+, 1,,, 1++, …

- Initial-state radiation (ISR)
• JPC = 1,,

- Two-photon process
• JPC = 0,+, 0++, 2++, 2,+, …

- Double charmonium  
Belle II capability
• Absolute Branching fraction measurement
• Lineshape determination

Belle II might measure these values not only 
for X(3872), but also for other states.



Summary
• We are at the beginning of a long program of quarkonium physics.

• The unique scan data near 𝑠 = 10.75 GeV at Belle II provide an opportunity to understand 

the nature of the Υ(10753) energy region, as well as the quarkonium spectroscopy.

• New decay modes of Υ(10753) → ωχ&' are observed for the first time.

• No significant Xb signal is observed with a mass around 10.6 GeV/c2, and the upper limits at 

90% C.L. are set.

• Quarkonium Belle II program is not limited to bottomonium: setting up a program to 

determine precisely absolute BF and lineshape of X(3872).

-18-Thanks for your attention!



-19-

Backup slides
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