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 𝑒+𝑒− → 𝛾𝜒𝑐: resonance contribution
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Motivations
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𝜒𝑐𝐽 2𝑃 as XYZ states

 𝜒𝑐2 2𝑃 as 𝑋 3930 :     

• 𝛾𝛾 → 𝑋 3930 → 𝐷 𝐷 Belle, PRL’06

𝑚 = 3927.2 ± 2.6 MeV Γ = 24 ± 6 MeV PDG’14

 𝐽𝑃𝐶 = 2++ Γ𝛾𝛾𝐵𝑟𝐷 𝐷 = 0.18 ± 0.05 keV Belle, PRL’06

 Consistent with the Screened Potential Model (SPM):

• 𝑚 𝜒𝑐2
′ = 3937 Me𝑉 in SPM     Li & Chao, PRD’09

30-40 MeV lower than the older results Barnes et al, PRD’05

• Γ𝛾𝛾 = 0.23 keV Li & Chao, PRD’09

• Γ 𝜒𝑐2
′ 3972 ≈ Γ𝐷𝐷 + Γ𝐷𝐷∗ = 42 + 37 = 79 MeV Barnes’05

⇒ Γ 𝜒𝑐2
′ 3927 ≈ 25 + 8 = 33 MeV 𝐵𝑟𝐷 𝐷 ≈ 76%
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𝜒𝑐𝐽 2𝑃 as XYZ states

 𝜒𝑐0 2𝑃 as 𝑋 3915 :     X. Liu et. al., PRL’10

• 𝐵 → 𝑋 3915 𝐾 → 𝐽/𝜓𝜔𝐾 Belle, PRL’05  BaBar, PRL’08

• 𝛾𝛾 → 𝑋 3915 → 𝐽/𝜓𝜔 Belle, PRL’10

𝐽𝑃𝐶 = 0++ BaBar PRD’12

 Different suggestions: Guo & Meissner, PRD’12；Olsen, 
PRD’15；Zhou & Xiao, PRL’15

 𝜒𝑐0 2𝑃 as 𝑋 3840 : Guo & Meissner; Olsen

• 𝛾𝛾 → 𝑋 3840 → 𝐷 𝐷 Belle, PRL’06

• Consistent with Screened Potential Model (SPM):

𝑚 𝜒𝑐0
′ = 3842 Me𝑉 Li & Chao, PRD’09

• Too broad to be observed (𝛤 ∼ 200 MeV)
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𝜒𝑐𝐽 2𝑃 as XYZ states
 𝑋 3872 as a mixing state of 𝜒𝑐1 2𝑃 and 𝐷𝐷∗ :  

Meng & Gao & Chao, arXiv: hep-ph/0506222 (PRD’13)

• Large production rates 

𝐵 → 𝑋𝐾, 𝑋 → 𝐽/𝜓𝜋𝜋, 𝐽/𝜓𝛾,𝜓′𝛾, 𝐷𝐷∗ 𝐷𝐷𝜋 Belle/BaBar

𝑝𝑝 𝑝  𝑝 → 𝑋 + anyth., 𝑋 → 𝐽/𝜓𝜋𝜋,𝜓′𝛾 CDF/D0/CMS/LHCb

 Short distance pro. is dominant by the 𝜒𝑐1 2𝑃 component

𝜎 𝑋 𝐽/𝜓𝜋𝜋 = 𝜎 𝜒𝑐1
′ ⋅ 𝑘, 𝑘 = 𝑍𝑐𝑐 ⋅ 𝐵𝑟 𝑋 → 𝐽/𝜓𝜋𝜋

𝑘 ∼ 0.018 ± 0.004

both in  
𝑝𝑝 collision Meng & Han & Chao’13
𝐵 decays Meng & Chao, in preparation
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X(3872) production in 𝐵 decays
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Meng and Chao, in preparation

𝑋 𝐽/𝜓𝜋+𝜋− 𝐁𝐫 × 𝟏𝟎𝟔/predictions 𝐁𝐫 × 𝟏𝟎𝟔/data

𝐵0 → 𝑋𝐾0 7.1 ± 0.9 4.3 ± 1.3 PDG’14

𝐵+ → 𝑋𝐾+ 8.6 ± 0.8 8.6 ± 0.8 PDG’14

𝐵0 → 𝑋𝐾+𝜋− 6.8 ± 1.0 7.9 ± 1.4 Belle’15

𝐵+ → 𝑋𝐾0𝜋+ 9.9 ± 1.2 10.6 ± 3.1 Belle’15

𝐵0 → 𝑋𝐾∗0 4.4 ± 0.6 4.0 ± 1.5 Belle’15

𝐵+ → 𝑋𝐾∗+ 5.4 ± 1.2

𝐵𝑠 → 𝑋𝜙 3.6 ± 0.6

Br 𝐵 → 𝑋 𝐽/𝜓𝜋+𝜋− … = Br𝑒𝑥 𝐵 → 𝜒𝑐1… ⋅ 𝑘

𝑘 = 0.018 ± 0.002



X(3872) as a mixing state in the CCM

𝑀 −𝑀0 +𝛱 𝑀 = 0 𝛱 =  𝐵𝐶  𝑑3𝑝
𝐵𝐶,  𝑝 𝐻𝑄𝑃𝐶 𝜓0

2

𝐸𝐵𝐶  𝑝 −𝑀−𝑖𝜖
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Li & Meng & Chao, PRD_80_014012 (2009) 

𝐵

𝐶

𝜓0
𝛱 𝑀

𝜓0Im𝛱 𝐸 ∼ Γ 𝜓 → 𝐵𝐶 ∼ 𝐸
2𝐿+1
2

𝐸 = 𝑀 −𝑀𝐵 −𝑀𝐶

 S-wave threshold effect: 𝐿 = 0 𝐸 ⇒ 0

𝛱 𝐸 ∼ 𝐸,  d𝛱 𝐸 /d𝐸 ∼ 1/ 𝐸

⇒ S-wave cusp 

⇒ “attracting” the mass of the bare 
state to the threshold

• 𝑀𝜒𝑐1
′ ∼ 𝑡ℎ𝐷𝐷∗:

∆𝑀 ∼ 15 MeV ⇔ ∆Re𝛱 ∼ 70 MeV
⇔ ∆𝑀0 ∼ 85 MeV

−Re𝛱𝜒𝑐1
′ 𝑀

𝑀 −𝑀0 𝜒𝑐1
′



Evidence for 𝑒+𝑒− → 𝛾𝜒𝑐1,2
BESIII, Chin. Phys. C’15

 Totally, 3.0 𝜎 for 𝛾𝜒𝑐1 & 3.4 𝜎 for 𝛾𝜒𝑐2

𝜎 𝛾𝜒𝑐1,2 ∼ 0.5 − 3 pb 𝜎4.26
UP 𝛾𝜒𝑐0 ∼ 20 pb
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𝒔 𝐆𝐞𝐕 Sign.(𝝈) 𝝈𝐁 𝐩𝐛 𝝈𝐔𝐏 𝐩𝐛

4.009
𝜒𝑐1 2.2 2.4 ± 1.4 5.3

𝜒𝑐2 1.5 4.7 ± 4.4 18

4.230
𝜒𝑐1 1.9 0.7 ± 0.5 1.7

𝜒𝑐2 2.9 2.7 ± 1.1 5.0

4.260
𝜒𝑐1 1.1 0.4 ± 0.4 1.1

𝜒𝑐2 2.3 2.0 ± 1.1 4.2

4.360
𝜒𝑐1 2.4 1.4 ± 1.3 2.9

𝜒𝑐2 2.0 2.3 ± 2.3 5.0



𝑒+𝑒− → 𝛾𝜒𝑐

continuum contribution
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𝑒+𝑒− → 𝛾𝜒𝑐 @ NLO in PQCD

 𝑠 = 10.6 GeV: Li & He & Chao, PRD’09;  Sang & Chen PRD’10 

𝜎 𝑒+𝑒− → 𝛾𝜒𝑐1 ∼ 13 fb 𝜎 𝑒+𝑒− → 𝛾𝜒𝑐1
′ ∼ 18 fb

Search X(3872) at Belle (711 fb−1 data sample)

𝑁 𝛾𝑋 → 𝛾𝜇+𝜇−𝜋+𝜋− ∼ 10

 𝑠 = 4 − 5 GeV:  
10.6

𝑠

4
∼ 20 − 50

 Chao & He & Li & Meng, arXiv: 1310.8597

• 𝑚𝑐 = 1.5 GeV

 Li & Xu &Liu & Zhang, JHEP’14

• 𝑚𝑐 = 𝑀𝑋/2

• Relativistic corrections are included
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𝑒+𝑒− → 𝛾𝜒𝑐 @ NLO in PQCD
 LO (pure QED process)

𝜎 𝜒𝑐 ∼
1

1 − 𝑟
, 𝑟 = 2𝑚𝑐

2/𝑠

⇒ near-threshold singularity
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 QCD pollution in the near-threshold region

The Coulombic gluons need to be resummed

⇒ E1 transitions of resonances

𝑐

 𝑐  
Soft 𝛾

Coulombic 𝑔

……

⇒ 𝜎 𝑚𝑐 = 1.5GeV might be viewed as the lower limit of the 

continuum contribution (without resonance contribution) 

𝑟 = 3/4 2 ∼ 0.5 @ 𝑠 = 4 GeV



𝑒+𝑒− → 𝛾𝜒𝑐 @ NLO in PQCD

𝜎ours 𝛾𝜒𝑐1,2 ∼ 0.5 pb ≤ 𝜎ex

Resonance contributions may be significant for 𝜎 𝛾𝜒𝑐2 !

𝜎ours 𝛾𝜒𝑐1,2
′ ∼ 0.2 − 0.4 pb

𝜎 𝛾𝑋 𝐽/𝜓𝜋+𝜋− = 𝜎 𝛾𝜒𝑐1
′ ⋅ 𝑘 = 0.018 ∼ 0.01 pb

≪ 𝜎𝑒𝑥 ∼ 0.3 pb @ 𝑠 = 4.26 GeV BESIII′13

Resonance contributions may be dominant!
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𝒔 𝐆𝐞𝐕 𝝈𝐨𝐮𝐫𝐬 𝐩𝐛 𝝈𝐋𝐗𝐋𝐙 𝐩𝐛 𝝈𝐁,𝐞𝐱 𝐩𝐛 𝝈𝐔𝐏,𝐞𝐱 𝐩𝐛

4.230
𝜒𝑐1 0.60 3.6 0.7 ± 0.5 1.7

𝜒𝑐2 0.38 5.0 2.7 ± 1.1 5.0

4.260
𝜒𝑐1 0.58 3.3 0.4 ± 0.4 1.1

𝜒𝑐2 0.36 4.2 2.0 ± 1.1 4.2



𝑒+𝑒− → 𝛾𝜒𝑐

resonance contribution
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E1 transitions of higher charmonia

15

Li & Meng & Chao, arXiv: 1201.4155

Γ 𝜓𝑛 → 𝛾𝜒𝑐𝐽
𝑚 =

4

3
𝐶𝑚𝑛𝑒𝑐

2𝛼 𝜒𝑐𝐽
𝑚 𝑟 𝜓𝑛 2

𝐸𝛾
3

• Three potential models are used and they are consistent 

with each other quite well. (see below for results of SPM)

• Relativistic corrections are included in the wave functions

Γ 𝐤𝐞𝐕 𝝍𝟑𝑺 𝟒𝟎𝟒𝟎 𝝍𝟐𝑫 𝟒𝟏𝟔𝟎 𝝍𝟒𝑺 𝟒𝟐𝟔𝟎 a

𝝌𝒄𝟎 54 372 3.9

𝝌𝒄𝟏 11 63 0.3

𝝌𝒄𝟐 4.1 0.6 16

𝝌𝒄𝟎
′ 𝟑𝟗𝟏𝟓 7.9 89 59

𝝌𝒄𝟎
′ 𝟑𝟖𝟒𝟎 32 193 101

𝝌𝒄𝟏
′ 𝟑𝟖𝟕𝟐 88 189 88

𝝌𝒄𝟐
′ 𝟑𝟗𝟑𝟎 56 9.2 15

a𝑚 𝜓4𝑆 = 4273 MeV in the SPM      Li & Chao, PRD’09



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝜒𝑐 1𝑃
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• Cross section at the resonance peaks: 𝑠 = 𝑚𝑖

𝜎peak = 12𝜋
Γ𝑒𝑒
𝑖 ⋅ Γ𝛾𝑋

𝑖 𝑆

𝑚𝑖 ⋅ Γ𝑡𝑜𝑡
𝑖 2

• Inputs:  

𝑖 𝑚𝑖/MeV Γ𝑡𝑜𝑡
𝑖 /MeV Γ𝑒𝑒

𝑖 /keV

1 4260 100 0.5

2 4160 100 0.83

3 4040 80 0.86



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝜒𝑐 1𝑃
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𝝈𝐩𝐞𝐚𝐤 𝐩𝐛 𝝍𝟑𝑺 𝟒𝟎𝟒𝟎 𝝍𝟐𝑫 𝟒𝟏𝟔𝟎 𝝍𝟒𝑺 𝟒𝟐𝟔𝟎

𝝌𝒄𝟎 6.5 26(3.9a) 0.16

𝝌𝒄𝟏 1.3 4.4(2.0a) 0.01

𝝌𝒄𝟐 0.50 0.04 0.64

• Checks:  search 𝑒+𝑒− → 𝛾𝜒𝑐1 around 𝑠 ∼ 4.16 4.18 GeV

a  Without relativistic corrections

𝒔 𝐆𝐞𝐕 𝝈𝐧𝐨𝐧−𝐫𝐞𝐬 𝐩𝐛 𝝈𝐫𝐞𝐬 𝐩𝐛 𝝈𝐁,𝐞𝐱 𝐩𝐛

4.230
𝜒𝑐1 0.60 0.7 ± 0.5

𝜒𝑐2 0.38 2.7 ± 1.1

4.260
𝜒𝑐1 0.58 0.01 0.4 ± 0.4

𝜒𝑐2 0.36 0.64 2.0 ± 1.1



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝜒𝑐 2𝑃
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• 𝜎 𝛾𝑋 𝐽/𝜓𝜋+𝜋− = 𝜎 𝛾𝜒𝑐1
′ ⋅ 𝑘 ∼ 0.065 pb

≪ 𝜎𝑒𝑥 ∼ 0.3 pb @ 𝑠 = 4.26 GeV BESIII’13

• Interference:
𝐴 = 𝐵𝑀1 + 𝐵𝑊2 ∗ 𝑒

𝑖𝛿12 + 𝐵𝑊3 ∗ 𝑒
𝑖𝛿13

𝐵𝑀𝑖 𝑠 =
12𝜋Γ𝑒𝑒

𝑖 ⋅Γ𝛾𝑋
𝑖 𝑆

𝑆−𝑚𝑖
2+𝑖𝑚𝑖⋅Γ𝑡𝑜𝑡

𝑖 Γ𝛾𝑋
𝑖 𝑆 = Γ𝛾𝑋

𝑖 𝑚𝑖0
2 1−

𝑚𝑋
2

𝑆

1−
𝑚𝑋

2

𝑚𝑖0
2

3/2

𝝈𝐩𝐞𝐚𝐤 𝐩𝐛 𝝍𝟑𝑺 𝟒𝟎𝟒𝟎 𝝍𝟐𝑫 𝟒𝟏𝟔𝟎 𝝍𝟒𝑺 𝟒𝟐𝟔𝟎

𝝌𝒄𝟎
′ 𝟑𝟗𝟏𝟓 0.95 6.3 2.4

𝝌𝒄𝟎
′ 𝟑𝟖𝟒𝟎 3.9 14 4.1

𝝌𝒄𝟏
′ 𝟑𝟖𝟕𝟐 11 13 3.6

𝝌𝒄𝟐
′ 𝟑𝟗𝟑𝟎 6.8 0.65 0.61



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝑋 3872
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No interference 𝛿12 = 𝛿13 = 0

𝛿12 = −  𝜋 2 , 𝛿13 = 0

Meng & Li & Chao, in preparation

BES’13

CLEOc-data’13

𝜎 ≥ 0.2 pb

@ 𝑠 = 4.18 GeV



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝑋 3872
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 Molecule models: Guo et al, PLB’13

• Enhancement for

𝐷𝐷1 4260 → 𝛾 𝐷𝐷∗ 3872

Γ ∼ 10 − 50 keV < Γ𝐸1 = 88 keV

• 𝜎 𝛾𝑋 𝐽/𝜓𝜋+𝜋− ≤ 0.1pb for Γ
𝑒+𝑒−
𝑌 4260

= 0.5 keV

• Single peak around 𝑌 4260

• Γ 𝜓3𝑆 → 𝛾 𝐷𝐷∗ 3872 < 0.23 keV

Γ 𝜓2𝐷 → 𝛾 𝐷𝐷∗ 3872 ∼ 3 keV

Can be neglected compared with our predictions.

From Guo et al, PLB’13



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝜒𝑐2
′ 3930

No interference

𝛿12 = 𝛿13 = 0

𝛿12 = −  𝜋 2 , 𝛿13 = 0

Meng & Li & Chao, in preparation

𝜎non−res ∼ 0.2 pb Chao & He & Li & Meng, arXiv: 1310.8597

𝝈𝐩𝐞𝐚𝐤 𝐩𝐛 𝝍𝟑𝑺 𝟒𝟎𝟒𝟎 𝝍𝟐𝑫 𝟒𝟏𝟔𝟎 𝝍𝟒𝑺 𝟒𝟐𝟔𝟎

𝝌𝒄𝟐
′ 𝟑𝟗𝟑𝟎 6.8 0.65 0.61

𝜎 ∼ 5 pb @ 𝑠 = 4.18 − 4.26 GeV



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝜒𝑐0
′

Meng & Li & Chao, in preparation

𝜎non−res ∼ 0.0 pb Chao & He & Li & Meng, arXiv: 1310.8597

𝝈𝐩𝐞𝐚𝐤 𝐩𝐛 𝝍𝟑𝑺 𝟒𝟎𝟒𝟎 𝝍𝟐𝑫 𝟒𝟏𝟔𝟎 𝝍𝟒𝑺 𝟒𝟐𝟔𝟎

𝝌𝒄𝟎
′ 𝟑𝟗𝟏𝟓 0.95 6.3 2.4

𝝌𝒄𝟎
′ 𝟑𝟖𝟒𝟎 3.9 14 4.1

𝝌𝒄𝟎
′ 𝟑𝟗𝟏𝟓 𝝌𝒄𝟎

′ 𝟑𝟖𝟒𝟎



𝑒+𝑒− → 𝜓𝑛 → 𝛾𝑋 3872

No interference

𝛿12 = 𝛿13 = 0

𝛿12 = −  𝜋 2 , 𝛿13 = 0

𝝈𝐩𝐞𝐚𝐤 𝐩𝐛 𝝍𝟑𝑺 𝟒𝟎𝟒𝟎 𝝍𝟐𝑫 𝟒𝟏𝟔𝟎 𝝍𝟒𝑺 𝟒𝟐𝟐𝟏

𝑿 𝑱/𝝍𝝅+𝝅− 0.19 0.26 0.10

𝑖 𝑚𝑖/MeV Γ𝑡𝑜𝑡
𝑖 /MeV Γ𝑒𝑒

𝑖 /keV

1 4221 44 0.2

𝜎peak = 12𝜋
Γ𝑒𝑒
𝑖 ⋅ Γ𝛾𝑋

𝑖 𝑆

𝑚𝑖 ⋅ Γ𝑡𝑜𝑡
𝑖 2 ⋅ 𝑘



Summary

 𝑒+𝑒− → 𝛾𝜒𝑐 1𝑃 :

• 𝑒+𝑒− → 𝛾𝜒𝑐1,2: 𝜎non−res ∼ 0.5 pb, 𝜎res ∼ 1 pb

𝜎res 𝛾𝜒𝑐1 > 1 pb@ 𝑠 = 4.18 GeV

• 𝑒+𝑒− → 𝛾𝜒𝑐0: 𝜎res ≥ 4 pb@ 𝑠 = 4.18 GeV.

 𝑒+𝑒− → 𝛾𝜒𝑐 2𝑃 :

• 𝜎non−res can be neglected!

• 𝑒+𝑒− → 𝛾𝑋 3872 → 𝛾𝐽/𝜓𝜋𝜋: 𝜎 > 0.2 pb @ 𝑠 = 4.18 GeV

• 𝑒+𝑒− → 𝛾𝜒𝑐2
′ 3930 : 𝜎 ∼ 5 pb @ 𝑠 = 4.18 − 4.26 GeV

• 𝑒+𝑒− → 𝛾𝜒𝑐0
′ 3915/3840 :  𝜎 ∼ 10 pb @ 𝑠 = 4.18 GeV

24



BackUp
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𝜒𝑐𝐽 2𝑃 as XYZ states
 𝑁sig with 𝜎 = 1 pb &  𝐿 = 1 𝑓𝑏−1(without 𝜖 corr.):   

• 𝜒𝑐0 2𝑃 = 𝑋 3915 in 𝐽/𝜓 𝑙+𝑙− 𝜔 𝜋+𝜋−𝜋0 𝛾𝛾

𝑁 = 3.1
𝐵𝑟 𝜒𝑐0

′ → 𝐽/𝜓𝜔

3%

Γ𝛾𝛾 = 1.7 keV Li & Chao, PRD’09; Γ𝛾𝛾 ⋅ 𝐵𝑟  𝐽 𝜓𝜔 ∼ 60 eV Belle, PRL’10

• 𝜒𝑐2 2𝑃 = 𝑋 3930 in 𝐷0 𝐾−𝜋+  𝐷0 (single-tag?)

𝑁 = 15
𝐵𝑟 𝜒𝑐2

′ → 𝐷0 𝐷0

75% ∗ 0.5

• 𝜒𝑐2 2𝑃 as component of 𝑋 3872 in 𝐽/𝜓 𝑙+𝑙− 𝜋+𝜋−

𝑁 = 2.1
𝑘

0.018
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𝑒+𝑒− → 𝛾𝜒𝑐 @ NLO in PQCD

27

Chao & He & Li & Meng, arXiv: 1310.8597

𝜎 𝛾𝜒𝑐1,2 ∼ 0.5 pb ≤ 𝜎ex ∼ 1 − 3 pb

𝜎 𝛾𝑋 𝐽/𝜓𝜋+𝜋− = 𝜎 𝛾𝜒𝑐1
′ ⋅ 𝑘 ∼ 0.01 pb ≪ 𝜎𝑒𝑥 ∼ 0.3 pb

Resonance contributions may be significant/dominant!



E1 transitions of higher charmonia

28

Li & Meng & Chao, arXiv: 1201.4155

Γ 𝜓𝑛 → 𝛾𝜒𝑐𝐽
𝑚 =

4

3
𝐶𝑚𝑛𝑒𝑐

2𝛼 𝜒𝑐𝐽
𝑚 𝑟 𝜓𝑛 2

𝐸𝛾
3

Γ 𝐤𝐞𝐕 /𝝈 𝐩𝐛 𝝍𝟑𝑺 𝟒𝟎𝟒𝟎 𝝍𝟐𝑫 𝟒𝟏𝟔𝟎 𝝍𝟒𝑺 𝟒𝟐𝟔𝟎

𝝌𝒄𝟎 54 / 6.5 372/26 3.9 / 0.16

𝝌𝒄𝟏 11 / 1.3 63/4.4 0.3 / 0.01

𝝌𝒄𝟐 4.1 / 0.50 0.6/0.04 16 / 0.64

𝝌𝒄𝟎
′ 𝟑𝟗𝟏𝟓 7.9 / 0.95 89 / 6.3 59 / 2.4

𝝌𝒄𝟎
′ 𝟑𝟖𝟒𝟎 32/3.9 193/14 101/4.1

𝝌𝒄𝟏
′ 𝟑𝟖𝟕𝟐 88 / 11 189 / 13 88 / 3.6

𝝌𝒄𝟐
′ 𝟑𝟗𝟑𝟎 56 / 6.8 9.2 / 0.65 15 / 0.61



Specrum: SPM v.s. CCM

 Two faces of 𝜒𝑐0
′ : [X. Liu et al, PRL’10, EPJC’12; F.K. Guo et al, PRD’12]

• Narrow peak (Γ ∼ 1 MeV) at 3915 MeV

• Broad structure (Γ > 100 MeV) around 3840 MeV
29

Li & Meng & Chao, PRD_80_014012 (2009) 


