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I. Introduction

Quark model for heavy quarkonium:
Generalized Breit-Fermi Hamiltonian

𝑯𝑯 = 𝟐𝟐𝟐𝟐 +
𝒑𝒑𝟐𝟐

𝟐𝟐
−

𝒑𝒑𝟒𝟒

𝟒𝟒𝟐𝟐𝟑𝟑 + 𝑽𝑽 𝒓𝒓 + 𝑯𝑯𝑺𝑺𝑺𝑺 + 𝑯𝑯𝑳𝑳𝑺𝑺 + 𝑯𝑯𝑺𝑺𝑺𝑺 + 𝑯𝑯𝑻𝑻

𝑯𝑯𝑺𝑺𝑺𝑺 =
𝟐𝟐

𝟑𝟑𝟐𝟐𝟐𝟐 𝑺𝑺𝟏𝟏 ⋅ 𝑺𝑺𝟐𝟐 𝛁𝛁
𝟐𝟐𝑽𝑽𝑽𝑽(𝒓𝒓)

𝑯𝑯𝑳𝑳𝑺𝑺 =
𝟏𝟏

𝟐𝟐𝟐𝟐𝟐𝟐𝒓𝒓
𝟑𝟑
𝒅𝒅
𝒅𝒅𝒓𝒓

𝑽𝑽𝑽𝑽 𝒓𝒓 −
𝒅𝒅
𝒅𝒅𝒓𝒓

𝑽𝑽𝒔𝒔 𝒓𝒓 𝑳𝑳 ⋅ 𝑺𝑺

𝑯𝑯𝑻𝑻 =
𝟏𝟏

𝟏𝟏𝟐𝟐𝟐𝟐𝟐𝟐
𝟏𝟏
𝒓𝒓
𝒅𝒅
𝒅𝒅𝒓𝒓

𝑽𝑽𝑽𝑽 𝒓𝒓 −
𝒅𝒅𝟐𝟐

𝒅𝒅𝒓𝒓𝟐𝟐
𝑽𝑽𝑽𝑽 𝒓𝒓 𝑺𝑺𝟏𝟏𝟐𝟐



𝑺𝑺𝟏𝟏𝟐𝟐 ≡ 𝟏𝟏𝟐𝟐
𝑺𝑺𝟏𝟏 ⋅ 𝒓𝒓 𝑺𝑺𝟐𝟐 ⋅ 𝒓𝒓

𝒓𝒓𝟐𝟐
−
𝟏𝟏
𝟑𝟑
𝑺𝑺𝟏𝟏 ⋅ 𝑺𝑺𝟐𝟐

𝑳𝑳 ⋅ 𝑺𝑺 =
𝟏𝟏
𝟐𝟐
𝑱𝑱 𝑱𝑱 + 𝟏𝟏 − 𝑳𝑳 𝑳𝑳 + 𝟏𝟏 − 𝑺𝑺 𝑺𝑺 + 𝟏𝟏

𝑺𝑺𝟏𝟏𝟐𝟐 =
𝟒𝟒

𝟐𝟐𝑳𝑳 + 𝟑𝟑 𝟐𝟐𝑳𝑳 − 𝟏𝟏
𝑺𝑺𝟐𝟐𝑳𝑳𝟐𝟐 −

𝟑𝟑
𝟐𝟐
𝑳𝑳 ⋅ 𝑺𝑺 − 𝟑𝟑 𝑳𝑳 ⋅ 𝑺𝑺 𝟐𝟐

𝑱𝑱 𝑳𝑳 − 𝟏𝟏 𝑳𝑳 𝑳𝑳 + 𝟏𝟏
𝑳𝑳 ⋅ 𝑺𝑺 𝑱𝑱 −(𝑳𝑳 + 𝟏𝟏) −𝟏𝟏 𝑳𝑳

𝑺𝑺𝟏𝟏𝟐𝟐 𝑱𝑱 −
𝟐𝟐(𝑳𝑳 + 𝟏𝟏)
𝟐𝟐𝑳𝑳 − 𝟏𝟏

𝟐𝟐 −
𝟐𝟐𝑳𝑳

𝟐𝟐𝑳𝑳 + 𝟑𝟑

For 𝑺𝑺 = 𝟏𝟏,𝑳𝑳 ≠ 𝟎𝟎



𝑳𝑳 ⋅ 𝑺𝑺 𝒂𝒂𝒂𝒂𝒈𝒈 =
𝟏𝟏

𝟑𝟑 𝟐𝟐𝑳𝑳 + 𝟏𝟏
�
𝑱𝑱

𝟏𝟏
𝟐𝟐𝑱𝑱 + 𝟏𝟏

𝑳𝑳 ⋅ 𝑺𝑺 𝑱𝑱 = 𝟎𝟎

𝑺𝑺𝟏𝟏𝟐𝟐 𝒂𝒂𝒂𝒂𝒈𝒈 =
𝟏𝟏

𝟑𝟑 𝟐𝟐𝑳𝑳 + 𝟏𝟏
�
𝑱𝑱

𝟏𝟏
𝟐𝟐𝑱𝑱 + 𝟏𝟏

𝑺𝑺𝟏𝟏𝟐𝟐 𝑱𝑱 = 𝟎𝟎

𝑯𝑯𝑺𝑺𝑺𝑺 ∝ 𝝓𝝓𝒏𝒏𝑳𝑳 𝟎𝟎 𝟐𝟐 for  𝑽𝑽𝑽𝑽 𝒓𝒓 ∝ 𝟏𝟏
𝒓𝒓
: 𝛁𝛁𝟐𝟐

𝟏𝟏
𝒓𝒓

= 𝟒𝟒𝟒𝟒𝟒𝟒(𝒓𝒓)

Center-of-gravity mass: 𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪

𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 𝒏𝒏𝟐𝟐 =
𝟏𝟏
𝟗𝟗
𝑴𝑴𝝌𝝌𝒄𝒄𝟎𝟎 + 𝟑𝟑𝑴𝑴𝝌𝝌𝒄𝒄𝟏𝟏 + 𝟓𝟓𝑴𝑴𝝌𝝌𝒄𝒄𝟐𝟐 = 𝑴𝑴𝒉𝒉𝒄𝒄 𝒏𝒏𝟐𝟐

𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 𝒏𝒏𝟏𝟏 =
𝟏𝟏
𝟏𝟏𝟓𝟓

𝟑𝟑𝑴𝑴𝝍𝝍 𝒏𝒏𝟏𝟏 + 𝟓𝟓𝑴𝑴𝝍𝝍𝟐𝟐 + 𝟕𝟕𝑴𝑴𝝍𝝍𝟑𝟑 = 𝑴𝑴𝜼𝜼𝒄𝒄𝟐𝟐 𝒏𝒏𝟏𝟏



𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 𝟏𝟏𝟐𝟐 =
𝟏𝟏
𝟗𝟗
𝑴𝑴𝝌𝝌𝒄𝒄𝟎𝟎 + 𝟑𝟑𝑴𝑴𝝌𝝌𝒄𝒄𝟏𝟏 + 𝟓𝟓𝑴𝑴𝝌𝝌𝒄𝒄𝟐𝟐 ≈ 𝟑𝟑𝟓𝟓𝟐𝟐𝟓𝟓.𝟑𝟑(𝟏𝟏) 𝐌𝐌𝐌𝐌𝐌𝐌

Experimental results:

𝑴𝑴𝒉𝒉𝒄𝒄 𝟏𝟏𝟐𝟐 = 𝟑𝟑𝟓𝟓𝟐𝟐𝟓𝟓.𝟒𝟒 𝟏𝟏 𝐌𝐌eV

𝑴𝑴𝒉𝒉𝒃𝒃 𝟏𝟏𝟐𝟐 = 𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗.𝟑𝟑 𝟗𝟗 𝐌𝐌eV

𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 𝟏𝟏𝟐𝟐 =
𝟏𝟏
𝟗𝟗
𝑴𝑴𝝌𝝌𝒃𝒃𝟎𝟎 + 𝟑𝟑𝑴𝑴𝝌𝝌𝒃𝒃𝟏𝟏 + 𝟓𝟓𝑴𝑴𝝌𝝌𝒃𝒃𝟐𝟐 ≈ 𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗.𝟗𝟗(𝟓𝟓) 𝐌𝐌𝐌𝐌𝐌𝐌

𝑴𝑴𝒉𝒉𝒃𝒃 𝟐𝟐𝟐𝟐 = 𝟏𝟏𝟎𝟎𝟐𝟐𝟓𝟓𝟗𝟗.𝟗𝟗 𝟏𝟏.𝟐𝟐 𝐌𝐌eV

𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 𝟐𝟐𝟐𝟐 =
𝟏𝟏
𝟗𝟗
𝑴𝑴𝝌𝝌𝒃𝒃𝟎𝟎 + 𝟑𝟑𝑴𝑴𝝌𝝌𝒃𝒃𝟏𝟏 + 𝟓𝟓𝑴𝑴𝝌𝝌𝒃𝒃𝟐𝟐 ≈ 𝟏𝟏𝟎𝟎𝟐𝟐𝟏𝟏𝟎𝟎.𝟑𝟑(𝟏𝟏) 𝐌𝐌𝐌𝐌𝐌𝐌



II. Missing conventional charmonia

Latest lattice QCD results of charmonium



𝟏𝟏𝟏𝟏 states:
𝜼𝜼𝒄𝒄𝟐𝟐 𝝍𝝍(𝟑𝟑𝟕𝟕𝟕𝟕𝟎𝟎) 𝝍𝝍𝟐𝟐(𝟑𝟑𝟗𝟗𝟐𝟐𝟑𝟑) 𝝍𝝍𝟑𝟑(𝟑𝟑𝟗𝟗𝟒𝟒𝟐𝟐)

𝑱𝑱𝟐𝟐𝑪𝑪 𝟐𝟐−+ 𝟏𝟏−− 𝟐𝟐−− 𝟑𝟑−−
𝟐𝟐𝑺𝑺+𝟏𝟏𝑳𝑳𝑱𝑱 𝟏𝟏𝟏𝟏𝟐𝟐

𝟑𝟑𝟏𝟏𝟏𝟏
𝟑𝟑𝟏𝟏𝟐𝟐

𝟑𝟑𝟏𝟏𝟑𝟑

𝑴𝑴(𝐌𝐌𝐌𝐌𝐌𝐌) ? 3773.3(4) 3822.2(1.2) 3842.7(2)
𝚪𝚪(MeV) ? 87.6(4) < 𝟏𝟏𝟏𝟏 2.8(6)

𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 =
𝟏𝟏
𝟏𝟏𝟓𝟓

𝟑𝟑𝑴𝑴𝝍𝝍 𝟑𝟑𝟕𝟕𝟕𝟕𝟎𝟎 + 𝟓𝟓𝑴𝑴𝝍𝝍𝟐𝟐 + 𝟕𝟕𝑴𝑴𝝍𝝍𝟑𝟑 ≈ 𝟑𝟑𝟗𝟗𝟐𝟐𝟐𝟐 𝐌𝐌𝐌𝐌𝐌𝐌

𝑴𝑴𝜼𝜼𝒄𝒄𝟐𝟐 ≈ 𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪?

Decay of 𝜼𝜼𝒄𝒄𝟐𝟐:  almost no open-charm decay, small width
• 𝟏𝟏�𝟏𝟏 decay is prohibited!
• 𝑴𝑴 < 𝑬𝑬𝒕𝒕𝒉𝒉 𝟏𝟏�𝟏𝟏∗ ≈ 𝟑𝟑𝟗𝟗𝟕𝟕𝟎𝟎

Lattice results of 𝑴𝑴𝜼𝜼𝒄𝒄𝟐𝟐:
• Quenched approximation:  𝑴𝑴𝜼𝜼𝒄𝒄𝟐𝟐 ≈ 𝟑𝟑𝟗𝟗𝟎𝟎𝟎𝟎(𝟑𝟑𝟎𝟎) MeV.
• 𝑵𝑵𝒇𝒇 = 𝟐𝟐 + 𝟏𝟏 lattice QCD:    𝑴𝑴𝜼𝜼𝒄𝒄𝟐𝟐 −𝑴𝑴𝜼𝜼𝒄𝒄 ≈ 𝟗𝟗𝟏𝟏𝟎𝟎 MeV.



• Production on 𝒆𝒆+𝒆𝒆− collider: 
𝒆𝒆+𝒆𝒆− → 𝝍𝝍 𝟑𝟑𝑺𝑺,𝟒𝟒𝑺𝑺 → 𝜸𝜸 + 𝜼𝜼𝒄𝒄𝟐𝟐
𝒆𝒆+𝒆𝒆− → 𝝍𝝍 𝟒𝟒𝟏𝟏𝟏𝟏𝟎𝟎 → 𝜸𝜸 + 𝜼𝜼𝒄𝒄𝟐𝟐

• The former is the hindered 𝑴𝑴𝟏𝟏 transition in the 
nonrelativistic limit ,  while the later can be suppressed by 
the orthogonality of the wave functions. 

𝚪𝚪𝑴𝑴𝟏𝟏 𝒏𝒏𝟐𝟐𝑺𝑺+𝟏𝟏𝑳𝑳𝑱𝑱 → 𝒏𝒏′ 𝟐𝟐𝑺𝑺′+𝟏𝟏 𝑳𝑳𝑱𝑱′
′ + 𝜸𝜸 =

𝟒𝟒
𝟑𝟑
𝒆𝒆𝒄𝒄𝟐𝟐

𝜶𝜶
𝟐𝟐𝒄𝒄

𝟐𝟐 𝑬𝑬𝜸𝜸
𝟑𝟑 𝑬𝑬𝒇𝒇
𝑴𝑴𝒊𝒊

×
𝟐𝟐𝑱𝑱′ + 𝟏𝟏
𝟐𝟐𝑳𝑳 + 𝟏𝟏

𝟒𝟒𝑳𝑳𝑳𝑳′𝟒𝟒𝑺𝑺,𝑺𝑺′±𝟏𝟏 𝒏𝒏′ 𝟐𝟐𝑺𝑺′+𝟏𝟏 𝑳𝑳𝑱𝑱′
′ 𝒏𝒏𝟐𝟐𝑺𝑺+𝟏𝟏𝑳𝑳𝑱𝑱

𝟐𝟐

• Hadronic transition:
𝒆𝒆+𝒆𝒆− → 𝝍𝝍 𝒏𝒏𝑺𝑺,𝒏𝒏𝟏𝟏 → (𝝎𝝎,𝝓𝝓)𝜼𝜼𝒄𝒄𝟐𝟐 𝐏𝐏 − 𝐰𝐰𝐰𝐰𝐰𝐰𝐌𝐌

more?



𝟐𝟐𝟐𝟐 states:

𝒉𝒉𝒄𝒄 𝝌𝝌𝒄𝒄𝟎𝟎 𝝌𝝌𝒄𝒄𝟏𝟏 𝝌𝝌𝒄𝒄𝟐𝟐
𝑱𝑱𝟐𝟐𝑪𝑪 𝟏𝟏+− 𝟎𝟎++ 𝟏𝟏++ 𝟐𝟐++

𝟐𝟐𝑺𝑺+𝟏𝟏𝑳𝑳𝑱𝑱 𝟏𝟏𝟐𝟐𝟏𝟏 𝟑𝟑𝟐𝟐𝟎𝟎 𝟑𝟑𝟐𝟐𝟏𝟏 𝟑𝟑𝟐𝟐𝟐𝟐
𝑴𝑴(𝟏𝟏𝐏𝐏)(𝐌𝐌𝐌𝐌𝐌𝐌) 3525.4(1) 3414.7(3) 3510.7(1) 3556.2(1)
𝚪𝚪(1P)(MeV) 0.70(36) 10.8(6) 0.84(4) 1.97(9)

𝑴𝑴(𝟐𝟐𝟐𝟐? )(𝐌𝐌𝐌𝐌𝐌𝐌) ? ~3860(50) 3871.7(2) 3922(1)
𝚪𝚪(𝟐𝟐𝟐𝟐? ) (MeV) ? ~ 200 <1.2 35(3)

𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 𝟏𝟏𝟐𝟐 =
𝟏𝟏
𝟗𝟗
𝑴𝑴𝝌𝝌𝒄𝒄𝟎𝟎 + 𝟑𝟑𝑴𝑴𝝌𝝌𝒄𝒄𝟏𝟏 + 𝟓𝟓𝑴𝑴𝝌𝝌𝒄𝒄𝟐𝟐 ≈ 𝟑𝟑𝟓𝟓𝟐𝟐𝟓𝟓.𝟑𝟑(𝟏𝟏) 𝐌𝐌𝐌𝐌𝐌𝐌

𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 𝟐𝟐𝟐𝟐 =
𝟏𝟏
𝟗𝟗
𝑴𝑴𝝌𝝌′𝒄𝒄𝟎𝟎 + 𝟑𝟑𝑴𝑴𝝌𝝌′𝒄𝒄𝟏𝟏 + 𝟓𝟓𝑴𝑴𝝌𝝌′𝒄𝒄𝟐𝟐 ≈ 𝟑𝟑𝟗𝟗𝟗𝟗𝟗𝟗(𝟏𝟏) 𝐌𝐌𝐌𝐌𝐌𝐌



𝑱𝑱𝟐𝟐𝑪𝑪 𝟎𝟎++(𝝌𝝌𝒄𝒄𝟎𝟎) 𝟏𝟏++ 𝝌𝝌𝒄𝒄𝟏𝟏 𝟐𝟐++ 𝝌𝝌𝒄𝒄𝟐𝟐 𝟏𝟏+ − 𝒉𝒉𝒄𝒄 COG

𝑎𝑎𝑎𝑎(1𝑃𝑃) 0.31586(6) 0.32043(9) 0.32347(6) 0.32166(23) 0.32161(5)
𝑎𝑎𝑎𝑎(2𝑃𝑃) 0.3562(3) 0.3571(5) 0.3752(10) 0.3670(5) 0.3670(6)



III. Possible 𝟏𝟏−−, 𝟎𝟎,𝟏𝟏,𝟐𝟐 −+ 𝒄𝒄�𝒄𝒄𝒈𝒈 hybrids

A. Spectrum from two-types of spatially extended operators:

1. Lattice observations:



B. BS wave functions  (Y. Ma et al., arXiv:1910.09819 (hep-lat) )

𝟏𝟏−+

“halo-charmonium” 

Results of type-I operator



𝟎𝟎−+ 𝟏𝟏− −

𝟏𝟏− + 𝟐𝟐− +

Results of type-II operator  



𝑱𝑱/𝝍𝝍𝟒𝟒+𝟒𝟒− mode:  
relative S-wave between 𝑱𝑱/𝝍𝝍 and 𝟒𝟒+𝟒𝟒−

𝒉𝒉𝒄𝒄𝟒𝟒+𝟒𝟒− mode:  
relative P-wave between   𝒉𝒉𝒄𝒄 and 𝟒𝟒+𝟒𝟒−

𝝌𝝌𝒄𝒄𝟎𝟎𝝎𝝎 mode:   
relative S-wave between  𝝌𝝌𝒄𝒄𝟎𝟎 and  𝝎𝝎

The 𝒄𝒄�𝒄𝒄 in the halo charmonium is spin singlet (S=0), 

𝑱𝑱/𝝍𝝍𝟒𝟒+𝟒𝟒− mode:   𝑱𝑱/𝝍𝝍 (S=1),  spin flipping, 𝟐𝟐𝒄𝒄 suppressed,  
no refugal barrier

𝝌𝝌𝒄𝒄𝟎𝟎𝝎𝝎 mode:   𝝌𝝌𝒄𝒄𝟎𝟎 (S=1),   spin flipping, 𝟐𝟐𝒄𝒄 suppressed,
no refugal barrier

𝒉𝒉𝒄𝒄𝟒𝟒+𝟒𝟒− mode:    𝒉𝒉𝒄𝒄 (S=0), no spin flipping, 
but suppressed by the refugal barrier . 

In this picture, it is understandable that the above three  modes have 
similar cross section at  𝒔𝒔 ∼ 𝟒𝟒.𝟐𝟐𝟐𝟐 𝑪𝑪𝒆𝒆𝑽𝑽

Discussion in the “halo-charmonium” picture 



C. 𝟏𝟏−+ charmonium-like hybrid from 𝑵𝑵𝒇𝒇 = 𝟐𝟐 + 𝟏𝟏 lattice QCD
(W. Sun  et al., arXiv:2012.06228 (hep-lat) , to appear in PRD)

𝑯𝑯𝑸𝑸𝑪𝑪𝟏𝟏 ≡ −�𝒅𝒅𝟑𝟑𝒙𝒙 𝑻𝑻𝟒𝟒𝟒𝟒 𝒙𝒙 = 𝑯𝑯𝒒𝒒 + 𝑯𝑯𝒈𝒈 +
𝟏𝟏
𝟒𝟒
𝑯𝑯𝒈𝒈
𝒂𝒂 + 𝑯𝑯𝟐𝟐

𝜸𝜸

= 𝑯𝑯𝟐𝟐 + 𝑯𝑯𝑬𝑬 + 𝑯𝑯𝒈𝒈 +
𝟏𝟏
𝟒𝟒
𝑯𝑯𝒂𝒂

𝒙𝒙 𝒄𝒄 = �
𝟒𝟒
𝟑𝟑
𝑯𝑯 �𝑻𝑻𝟒𝟒𝟒𝟒𝒄𝒄 𝑯𝑯 𝑴𝑴𝑯𝑯 𝑯𝑯 𝑯𝑯

�𝑻𝑻𝟒𝟒𝟒𝟒𝒄𝒄 =
𝟏𝟏
𝟐𝟐
�𝒅𝒅𝟑𝟑𝒙𝒙 �𝒄𝒄 𝒙𝒙 𝜸𝜸𝟒𝟒𝟏𝟏𝟒𝟒 −

𝟏𝟏
𝟒𝟒
𝜸𝜸𝝁𝝁𝟏𝟏𝝁𝝁 𝒄𝒄(𝒙𝒙)



• Mass spectrum



• Quark mass contribution to charmonium(-like) states ⟨𝑯𝑯𝟐𝟐⟩;

For all these states, 
𝑯𝑯𝟐𝟐 ≈ 𝟐𝟐 �𝟐𝟐𝒄𝒄 𝟑𝟑𝑪𝑪𝒆𝒆𝑽𝑽 ∼ �𝟐𝟐𝒄𝒄 �𝟐𝟐𝒄𝒄



• Charm quark momentum fraction 𝒙𝒙 𝒄𝒄
𝑹𝑹

• 𝒙𝒙 𝒄𝒄
𝑹𝑹 is  almost the same  for conventional charmonia;

• 𝒙𝒙 𝒄𝒄
𝑹𝑹 of 𝟏𝟏,𝟐𝟐 −+ charmonium-like hybrids  is obviously smaller .



2. Search for 𝒄𝒄�𝒄𝒄𝒈𝒈 hybrids on 𝒆𝒆+𝒆𝒆− collider with 𝒔𝒔 ∼ 𝟒𝟒.𝟎𝟎 − 𝟓𝟓.𝟏𝟏 𝐆𝐆𝐌𝐌𝐌𝐌

𝒆𝒆+𝒆𝒆− → 𝝍𝝍 𝒏𝒏𝑺𝑺 → 𝜸𝜸 + 𝟎𝟎,𝟏𝟏,𝟐𝟐 −+

• 𝑴𝑴𝟏𝟏 transition dominates,  
• Partial width is of order 𝑪𝑪 𝟏𝟏 keV for transitions between 

conventional charmonia. 

𝚪𝚪( ⁄𝑱𝑱 𝝍𝝍 → 𝜸𝜸𝜼𝜼𝒄𝒄) = 𝟏𝟏.𝟏𝟏 𝟒𝟒 keV     (exp.)

𝚪𝚪(𝜼𝜼𝒄𝒄𝟐𝟐 → 𝜸𝜸 ⁄𝑱𝑱 𝝍𝝍) = 𝟑𝟑.𝟗𝟗 𝟗𝟗 keV   (th.)

• A lattice calculation gives a much larger partial width for

𝚪𝚪 𝜼𝜼𝒄𝒄𝟏𝟏 𝟏𝟏− + → ⁄𝜸𝜸𝑱𝑱 𝝍𝝍 = 𝟏𝟏𝟏𝟏𝟓𝟓 𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌𝐌𝐌

• The partial width is proportional to 𝑬𝑬𝜸𝜸
𝟑𝟑:

for   𝜼𝜼𝒄𝒄𝟏𝟏 𝟏𝟏− + → ⁄𝜸𝜸𝑱𝑱 𝝍𝝍， 𝑬𝑬𝜸𝜸 ∼ 𝟏𝟏 𝐆𝐆𝐌𝐌𝐌𝐌;
for   𝝍𝝍 𝟒𝟒𝟒𝟒𝟏𝟏𝟓𝟓 → 𝜸𝜸𝜼𝜼𝒄𝒄𝟏𝟏 ,     𝑬𝑬𝜸𝜸 ∼ 𝟎𝟎.𝟏𝟏 𝐆𝐆𝐌𝐌𝐌𝐌 for 𝑴𝑴𝜼𝜼𝒄𝒄𝟏𝟏 ∼ 𝟒𝟒.𝟑𝟑 GeV

𝚪𝚪 𝝍𝝍 𝟒𝟒𝟒𝟒𝟏𝟏𝟓𝟓 → 𝜸𝜸𝜼𝜼𝒄𝒄𝟏𝟏 ∼ 𝑪𝑪 𝟎𝟎.𝟏𝟏 − 𝑪𝑪 𝟏𝟏 𝐤𝐤𝐌𝐌V



𝚪𝚪(𝝍𝝍 𝟒𝟒𝟒𝟒𝟏𝟏𝟓𝟓 = 𝟏𝟏𝟎𝟎 𝟐𝟐𝟎𝟎 MeV

𝑩𝑩𝒓𝒓 𝝍𝝍 𝟒𝟒𝟒𝟒𝟏𝟏𝟓𝟓 → 𝜸𝜸 + 𝟎𝟎,𝟏𝟏,𝟐𝟐 −+ ∼ 𝑪𝑪 𝟏𝟏𝟎𝟎−𝟏𝟏 − 𝑪𝑪 𝟏𝟏𝟎𝟎−𝟓𝟓

• Therefore

• Decay modes of 𝟎𝟎,𝟏𝟏,𝟐𝟐 −+ 𝒄𝒄�𝒄𝒄𝒈𝒈 hybrids
𝝌𝝌𝒄𝒄𝑱𝑱𝜼𝜼 𝜼𝜼′ ,  ⁄𝑱𝑱 𝝍𝝍 𝝎𝝎 𝝓𝝓 , etc.



V.  Summary

• Conventional charmonium states to be found 
𝜼𝜼𝒄𝒄𝟐𝟐 𝟏𝟏𝟏𝟏𝟏𝟏𝟐𝟐 , 𝒉𝒉𝒄𝒄(𝟐𝟐𝟏𝟏𝟐𝟐𝟏𝟏)

• 𝟎𝟎,𝟏𝟏,𝟐𝟐 − + Charmonium-like hybrids 𝟎𝟎,𝟏𝟏,𝟐𝟐 − +



Thanks!



B.   Energy levels of hybrid charmonia

𝑟𝑟
𝐵𝐵𝑖𝑖𝑎𝑎𝑎𝑎(𝑟𝑟)𝑐𝑐

�̄�𝑐 𝑉𝑉𝐴𝐴(𝑟𝑟)

If the excitation of hybrid charmonium
can be understood as the bound state 
energy levels in the adjoint potential 𝑉𝑉𝐴𝐴 𝑟𝑟 ,

then the number of the energy levels is 
much less than that of the fundamental
potential.
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