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Charmonium spectrum

However, the charmonium family is still not yet fully established, especially for 

those high-lying states

2024 marks the 50th anniversary of the discovery of the 𝐽/𝜓 particle, the first 

charmonium state. Since then, over a dozen charmonium states have been 

identified
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From quenched to unquenched models 

The discovery since 2003 of charmonium-like 𝑋𝑌𝑍 states challenged quenched models, 

making unquenched models essential for constructing the higher charmonium spectrum.

Charmonium discovery → Quenched model New hadron states → Quenched model outpaced
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Unquenched charmonium spectrum

Therefore, it is time to extend our 

study and predict the higher radial 

and orbital charmonium spectrum

Unquenched effects are essential for 

describing higher radial and orbital 

excitations

Currently, the understanding of high-

lying charmonium remains relatively 

limited 



The 𝟐𝑫 and 𝟏𝑭 charmonia



Phys. Lett. B 477, 19 (2000)
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The Godfrey-Isgur (GI) model

In the nonrelativistic limit, the effective 

potential has a familiar format:
To account for relativistic effects, two modifications 

are introduced. First, a smearing function is applied：

Second, to account for the center of mass effects, 

momentum-dependent factors are introduced:

Finally, the screening effect is introduced to account 

for the unquenched effect, it is common to replace 

the line potential with the screening potential

↑ Cornell potential
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The Quark-Pair-Creation model

A two-body OZI-allowed decay process 

𝐴 → 𝐵𝐶 can be expressed as

By applying the Jacobi-Wick formula, the strong decay 

partial width for a given decay mode of 𝐴 → 𝐵𝐶 reads as

The QPC model primarily dependences on the hadron 

wave functions and the 𝛾 parameter.

Here we use 𝛾 = 5.84 and expand the wave functions 

obtained from GI model with the simple harmonic 

oscillator (SHO) wave function

The states |𝐴⟩, |𝐵⟩, and |𝐶⟩ refer to the mock 

states  associated with mesons 𝐴, 𝐵, and 𝐶.



Phys. Lett. B 477, 19 (2000)
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Radiative decay

The quark-photon electromagnetic coupling is 

described by

Finally, the partial decay widths for the electromagnetic 

transitions are given by

The nonrelativistic expansion of 𝐻𝑒 can be 

written as

The standard helicity transition amplitude 𝒜𝜆

between the initial state |𝐽𝑖𝜆𝑖⟩ and the final 

state ⟨𝐽𝑓𝜆𝑓| is given by

We can use the multipole expansion to separate the 

electric and magnetic transition parts as 

Generally the E1 channel is the primary channel of 

electromagnetic transitions. 

Phys. Rev. D 95, 034026 (2017)



11

The masses of 𝑫- and 𝑭-wave charmonia

⚫ The masses of the 1𝐹 states exhibit 

near degeneracy at approximately 

4070MeV

⚫ The masses of 1𝐹 states are close to 

the 𝐷∗ഥ𝐷∗ threshold.

⚫ The masses of the missing 2𝐷
states exhibit near degeneracy at 

approximately 4140 MeV

⚫ In such cases, the inclusion of state 

mixing may increase the final masses.



Phys. Lett. B 477, 19 (2000)
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The decay behaviors of 𝑫- and 𝑭-wave charmonia 

⚫ For the 2𝐷 states, the dominant 

hadronic decays are 𝐷ഥ𝐷∗ and 𝐷∗ഥ𝐷∗

⚫ The dominant radiative decay 𝐸1 processes 

exhibit branching ratios on the order of 0.1%

⚫ For the 1𝐹 states, the 𝐷ഥ𝐷 channel is 

also a dominant decay channel.

Phys. Rev. Lett. 127, 082001 (2021)

The 𝑋(4160) as a candidate of 𝜂𝑐2(2𝐷) state



Phys. Lett. B 477, 19 (2000)
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The mass dependence
We presented the decay behaviors of these states near 𝐷∗ഥ𝐷∗ open flavor threshold 

Their decay properties exhibit a strong dependence on the precise mass values, 

especially for 1𝐹 states. This is most evident for the 13𝐹4 state

Therefore, precise experimental determination of their masses is crucial

Figures (a), (b), and (c) display the partial widths of 𝜂𝑐2(4137), 𝜓2(4137), and 𝜓3(4144) states

Figures (a), (b), (c), and (d) display the partial widths as a function of mass for the ℎ𝑐3(4074), 𝜒𝑐2(4070), 𝜒𝑐3(4075) and 𝜒𝑐4(4076) states



Production of charmonium
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Production through 𝑒+𝑒− collisions

The 𝑒+𝑒− annihilation process is a primary 

mechanism for producing charmonium states 

For example, among the 2𝐷 states, the 𝜓(4160) is 

predominantly observed in 𝑒+𝑒− collisions

Possible production processes of 2𝐷 and 1𝐹 states

Physics Letters B 660 315–319 (2008) 

The BESIII experiment has accumulated substantial 

data around 4.2 GeV, while data at higher energies 

( 𝑠 ≥ 4.4 GeV) are less abundant. 

Radiative decay processes of 𝜓(4230)
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Hadronic loop mechanism

To account for the sizable coupled-channel effects in high-

lying states, we adopt the hadronic loop mechanism for 

production estimates.

Gauge invariance:
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The widths of chosen processes

⚫ In this work, we take the cut-off parameter 𝛼
in the range 1.5 − 2

⚫ The coupling constants are obtained from 

our QPC calculation

⚫ 𝜒𝑐3(1𝐹) production has a branching ratio 

on the order of 10−5, and the 𝜒𝑐2(1𝐹) state 

exhibits a branching ratio around 10−4

⚫ The 13𝐹4 state is excluded from our study 

because its high angular momentum strongly 

suppresses its production

⚫ The 𝜂𝑐2(2𝐷) state has an exceptionally 

small branching ratio ∼ 10−9, suppressed 

by heavy-quark spin symmetry
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The production cross sections

We are able to calculate their scattering cross section 𝜎

⚫ 𝜎(𝛾𝜒𝑐2(1𝐹)) varies from about 2 pb to 20 pb. Searching for 

the 𝜒𝑐2(1𝐹) state via 𝑒+𝑒− → 𝜓(4230) → 𝛾𝜒𝑐2 1𝐹 appears 

to be a promising avenue

⚫ 𝜎(𝛾𝜒𝑐3(1𝐹)) is suppressed due to 𝐷-wave production and 

varies from approximately 0.5 pb to 5 pb, within the reach of 

next-generation experiments

To quantify the model dependence, we presented the 

results for three typical values: 𝛼 = 1.5, 1.75, and 2

⚫ 𝜎(𝛾𝜂𝑐2(2𝐷)) ∼ 2 × 10−5 pb, showing negligible variation over 

the chosen range of 𝛼. Therefore, the discovery of the 

𝜂𝑐2 2𝐷 likely relies on alternative production mechanisms
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Summary 

1. Recent observations of charmonia above 4 GeV motivate this 

investigation into high-lying states.

2. We perform a comprehensive study including mass spectrum (MGI 

model), two-body strong decays (QPC model), and radiative decays.

3. Production via 𝒆+𝒆− annihilation is calculated, revealing promising 

search channels.

4. With upcoming facility upgrades, our results offer valuable guidance for 

experiments at BESIII, Belle II, and LHCb.

THANKS!


