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What we expect at STCF: Searching for Exotic States

• C. M. energy range: 2 ∼ 7 GeV
• Integrated luminosity: 1 ab−1 per year
• Ideal place to study exotic states

containing a 𝑐 ̄𝑐
• → Two 𝑐 ̄𝑐 state 𝑋(6200)?

X. K. Dong et al., PRL (2021)
PhysRevD.111.034038

Lattice QCD: Geng Li et al.,
arXiv.2505.24213

• → Hidden charm baryons 𝑃𝑐 I=1/2
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Overview

1. Existence of 𝑋(6200) from double Jpsi Spectrum

2. Estimates of 𝑋(6200) Production at STCF

3. Production of Jpsi, proton and anti-proton in electron-positron collisions
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LHCb: Sci. Bull. 65, 1983-1993 (2020)
CMS: Phys. Rev. Lett. 132, 111901 (2024)
ATLAS: Phys. Rev. Lett. 131, 151902 (2023)

Energy range of interest:
6.2-7.1 GeV

Two Coupled-Channel Models:
• {𝐽/𝜓𝐽/𝜓, 𝐽/𝜓𝜓(2𝑆)}
• {𝐽/𝜓𝐽/𝜓, 𝐽/𝜓𝜓(2𝑆),

𝐽/𝜓𝜓(3770)}
X. K. Dong et al., Phys. Rev. Lett. 126, 132001 (2021)
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Coupled-Channel Formalism
X. K. Dong et al., Phys. Rev. Lett. 126, 132001 (2021)

𝑉2ch(𝐸) = (𝑎1 + 𝑏1𝑘2
1 𝑐

𝑐 𝑎2 + 𝑏2𝑘2
2
) ,

𝑉3ch(𝐸) = ⎛⎜
⎝

𝑎11 𝑎12 𝑎13
𝑎12 𝑎22 𝑎23
𝑎13 𝑎23 𝑎33

⎞⎟
⎠

,

ℳ1 = 𝑃(𝐸)(𝑏 + 𝐺1𝑇11 + ∑
𝑖=2,3

𝑟𝑖𝐺𝑖𝑇1𝑖)

𝑇 (𝐸) = 𝑉 (𝐸) ⋅ [1 − 𝐺(𝐸) ⋅ 𝑉 (𝐸)]−1,

𝐺𝑖(𝐸) = 𝑖 ∫ 𝑑4𝑞
(2𝜋)4

1
(𝑞2 − 𝑚2

𝑖1 + 𝑖𝜖)[(𝑃 − 𝑞)2 − 𝑚2
𝑖2 + 𝑖𝜖]

• short-distance source function
𝑃(𝐸) = 𝛼𝑒−𝛽𝐸2

• different background parameters
{𝛼𝑖, 𝛽𝑖} for different data sets

• 𝛽1 = 0.012, 𝛽2 = 0.020, 𝛽3 = 0.056, (in
GeV−2) determined from high energy
tail

• a possible violation of unitarity in the
inclusive production amplitude 𝑏 ≠ 1

• Combined fitting 𝜒2 = ∑𝑗 𝜒2
𝑗
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Results

• Riemann sheet 𝑅⋅⋅⋅ is defined by signs of Im𝑘𝑖s
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𝑋(6200) → 𝑒+𝑒− width and its production in 𝑒+𝑒− annihilation
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For 𝐽𝑃𝐶 = 2++, 𝒜 = 2(2𝑒𝑔𝐽/𝜓)2𝑔𝑋𝜖𝑗𝑘�̄�(𝑝−)𝛾𝑗/𝐼𝛾𝑘𝑢(−𝑝+)

𝑇 (𝑠 ≃ 𝑚2
𝑋) ≈ 𝑔2

𝑋
𝑠 − 𝑚2

𝑋
Γ𝑒𝑒

𝜒𝑐2(1𝑃) = 0.014 eV (VMD), 0.07 eV (NRQCD)

Nucl. Phys. B 157, 125-144 (1979) JHEP 02, 032 (2016)

10 / 17



𝑋(6200) → 𝑒+𝑒− width and its production in 𝑒+𝑒− annihilation
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𝐽𝑃𝐶 = 2++,

P. P. Shi et al.(2024) 𝜎𝐶 =
20𝜋Γ𝑒𝑒

𝑋2

Γ𝑋𝑚2
𝑋

∼ 100-102 pb, For Γ𝑋 = 0.1-10 MeV

Super 𝜏 -Charm Facility: Front. Phys. (Beijing) 19, 14701 (2024)

• expected 1-yr integrated luminosity around
1 ab−1

→ Events: 106-108 per year

• For 𝐽𝑃𝐶 = 0++,

Γ𝑒𝑒
𝑋0

∼ ( 𝑚𝑒
𝑚𝐽/𝜓

)
2

Γ𝑒𝑒
𝑋2
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Production of 𝐽/𝜓𝑝 ̄𝑝 in electron-positron collisions
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𝒜(𝑒+𝑒− → 𝐽/𝜓𝑝 ̄𝑝) ∼ 𝒜(𝑒+𝑒− → 𝐽/𝜓𝑔𝑔) ⊗ 𝒜(𝑔𝑔 → 𝑝 ̄𝑝) , (1)

𝒜(𝐽/𝜓 → 𝛾𝑝 ̄𝑝) ∼ 𝒜(𝐽/𝜓 → 𝛾𝑔𝑔) ⊗ 𝒜(𝑔𝑔 → 𝑝 ̄𝑝) , (2)

𝜎(𝑒+𝑒− → 𝐽/𝜓𝑝 ̄𝑝)
Γ(𝐽/𝜓 → 𝛾𝑝 ̄𝑝) ≈ 𝜎(𝑒+𝑒− → 𝐽/𝜓𝑔𝑔)

Γ(𝐽/𝜓 → 𝛾𝑔𝑔) , (3)
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𝑒+𝑒− → 𝐽/𝜓𝑔𝑔 in NRQCD Framework
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• For c.m. Energy 6-7 GeV and to LO:

𝜎(𝑒+𝑒− → 𝐽/𝜓𝑔𝑔) = 𝒪(1 pb) (4)
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ℬ(𝐽/𝜓 → 𝛾𝑔𝑔) = (8.8 ± 1.1)% ,
ℬ(𝐽/𝜓 → 𝛾𝑝 ̄𝑝) = (3.8 ± 1.0) × 10−4 , (5)

we get

𝜎(𝑒+𝑒− → 𝐽/𝜓𝑝 ̄𝑝) ≈ 𝜎(𝑒+𝑒− → 𝐽/𝜓𝑔𝑔) × 4 × 10−3. (6)

𝜎(𝑒+𝑒− → 𝐽/𝜓𝑝 ̄𝑝) = 𝒪(4 fb). (7)

• at STCF: annually integrated luminosity of 1 ab−1 → 𝒪(4 × 103) 𝐽/𝜓𝑝 ̄𝑝 events
• Hidden charm Pentaquarks: Assuming ℬ(𝑃𝑐 → 𝐽/𝜓𝑝) ∼ 0.01

𝜎(𝑒+𝑒− → 𝑃𝑐 ̄𝑝) ≲ 𝜎(𝑒+𝑒− → 𝐽/𝜓𝑝 ̄𝑝)
ℬ(𝑃𝑐 → 𝐽/𝜓𝑝) = 𝒪(0.1 pb), (8)

• ≲ 𝒪(105) 𝑃𝑐 ̄𝑝 events
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𝑃𝑐 production in open-charm channels

𝑃𝑐 → Λ𝑐�̄�(∗), 𝑃𝑐 → Σ(∗)
𝑐 �̄�(∗)

• 𝑃𝑐 → open-charm more easily than 𝐽/𝜓𝑛𝑛
Nucl. Phys. A 954, 393 (2016)
Phys. Rev. D 100, 056005 (2019)
JHEP 08 (8), 157

• 𝑃𝑐 couples strongly to its molecular components
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Summary

• 𝑋(6200) from combined double 𝐽/𝜓 spectra analysis
• tensor 𝑋(6200) 106-108 events per year but the scalar ones can not be observed at

STCF
• 𝒪(4 × 103) 𝐽/𝜓𝑝 ̄𝑝 events and ≲ 𝒪(105) 𝑃𝑐 ̄𝑝 events
• 𝑃𝑐 should also be searched in open-charm final states

Thanks for your attention
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𝐽/𝜓𝜓(2𝑆) Line Shape
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Compositeness of the 𝑋(6200)
ERE in 𝐽/𝜓𝐽/𝜓 channel:

𝑇 (𝑘) = −8𝜋√𝑠 [ 1
𝑎0

+ 1
2𝑟0𝑘2 − 𝑖 𝑘 + 𝒪(𝑘4)]

−1

Compositeness:

�̄�𝐴 = (1 + 2|𝑟0/𝑎0|)−1/2

Matuschek et al.’2021
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NRQCD

G. T. Bodwin Phys. Rev. D 51, 1125 (1995)

• An effective field theory involving heavy quarks
• Energy seperation: 𝑀 from 𝑀𝑣, 𝑀𝑣2, Λ𝑄𝐶𝐷

ℒNRQCD = ℒlight + ℒheavy + 𝛿ℒ (9)

ℒlight = −1
2𝑇 𝑟(𝐺𝜇𝜈𝐺𝜇𝜈) + ∑ ̄𝑞𝑖 /𝐷𝑞 (10)

ℒheavy = 𝜓† (𝑖𝐷𝑡 + D2

2𝑀 ) 𝜓 + 𝜒† (𝑖𝐷𝑡 − D2

2𝑀 ) 𝜒 (11)

• 𝑄�̄� → 𝑄�̄�:
𝛿ℒ4−𝑓𝑒𝑟𝑚𝑖𝑜𝑛 = ∑

𝑛

𝑓𝑛(Λ)
𝑀𝑑𝑛−4 𝒪𝑛 (12)
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NRQCD

• For dimension-6:

(𝛿ℒ4−fermion)𝑑=6 = 𝑓1(1𝑆0)
𝑀2 𝒪1(1𝑆0) + 𝑓1(3𝑆1)

𝑀2 𝒪1(3𝑆1)

+𝑓8(1𝑆0)
𝑀2 𝒪8(1𝑆0) + 𝑓8(3𝑆1)

𝑀2 𝒪8(3𝑆1), (13)

𝒪1(3𝑆1) = 𝜓†𝝈𝜒 ⋅ 𝜒†𝝈𝜓 (14)
• Matching coefficients to QCD:

𝐴(𝑄𝑄 → 𝑄𝑄)∣
pert. QCD

= ∑
𝑛

𝑓𝑛(Λ)
𝑀𝑑𝑛−4 ⟨𝑄𝑄|𝒪𝑛(Λ)|𝑄𝑄⟩∣pert. NRQCD . (15)
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𝑒+𝑒− → 𝐽/𝜓𝑔𝑔

F. Yuan, C.-F. Qiao, and K.-T. Chao, Phys. Rev. D 56, 1663 (1997)

𝑑𝜎(𝑒+𝑒− → 𝐽/𝜓𝑔𝑔)
𝜎𝜇𝜇𝑑𝑧𝑑𝑥1

= 64𝑒2
𝑐𝛼2

𝑠
27

⟨𝒪𝜓
1 (3𝑆1)⟩
𝑚3 𝑟2𝑓(𝑧, 𝑥1; 𝑟), (16)

• Vacuum-saturation approximation: G. T. Bodwin Phys. Rev. D 51, 1125 (1995)

⟨𝜓|𝒪1(3𝑆1)|𝜓⟩ = ∣⟨0|𝜒†𝝈𝜓|𝜓⟩∣2 (1 + 𝑂(𝑣4)) (17)
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𝑓(𝑧, 𝑥1; 𝑟) = (2 + 𝑥2)𝑥2
(2 − 𝑧)2(1 − 𝑥1 − 𝑟)2 + (2 + 𝑥1)𝑥1

(2 − 𝑧)2(1 − 𝑥2 − 𝑟)2 + (𝑧 − 𝑟)2 − 1
(1 − 𝑥2 − 𝑟)2(1 − 𝑥1 − 𝑟)2

+ 1
(2 − 𝑧)2 ( 6(1 + 𝑟 − 𝑧)2

(1 − 𝑥2 − 𝑟)2(1 − 𝑥1 − 𝑟)2 + 2(1 − 𝑧)(1 − 𝑟)
(1 − 𝑥2 − 𝑟)(1 − 𝑥1 − 𝑟)𝑟 + 1

𝑟 ) ,
(18)

𝑧 = 2𝑝 ⋅ 𝑘
𝑠 , 𝑥𝑖 = 2𝑝𝑖 ⋅ 𝑘

𝑠 , 𝑟 = 𝑚2

𝑠 . (19)

𝑘, 𝑝, 𝑝𝑖 are the four-momenta of the virtual photon, 𝐽/𝜓, and the gluons, respectively.
• Integration region: 2√𝑟 ⩽ 𝑧 ⩽ 1 + 𝑟 ,

(2 − 𝑧 −
√

𝑧2 − 4𝑟)/2 ⩽ 𝑥1 ⩽ (2 − 𝑧 +
√

𝑧2 − 4𝑟)/2
• 𝑚𝑐 = 1.5 GeV, 𝛼𝑠(2𝑚) = 0.26, ⟨𝒪𝜓

1 (3𝑆1)⟩ = 9
2𝜋 |𝑅𝐽/𝜓(0)|2 = 1.45 GeV3

Y.-Q. Ma, Y.-J. Zhang, and K.-T. Chao, Phys. Rev. Lett. 102, 162002 (2009)

• In ultra-relativistic limit:
𝜎𝜇𝜇 = 4𝜋𝛼𝐸𝑀

3𝑠 (20)
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