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Hadron physics

The running coupling constant

Meson

Baryon



3

Multi-quark states

Hadronic molecule

Compact multiquark
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GI quark model

Mass & wave function
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Charmonium state in the GI quark model

Godfrey, Isgur, PRD32,189
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X(3872)

Phys. Rept. 639 (2016) 1-121

Close to 𝐷! "𝐷 ∗!/𝐷∗! "𝐷 !thresholds

𝛿𝑚 = 𝑚#!# ∗! −𝑚$ %&'(

= 0.00 ± 0.18 MeV PDG 22
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Theoretical interpretation of X(3872)

Where is the 𝜒)* 2𝑃 in quark model? 

• The mixing of the ̅𝑐𝑐 core with 𝐷 "𝐷 ∗/𝐷∗"𝐷 component.
Chao, H. Q. Zheng, Yu. S. Kalashnikova, P. G. Ortega...

Close to charmonium 𝜒)* 2𝑃 :m=3953.5 MeV

𝛿𝑚 = 𝑚+#$ (, −𝑚$ %&'( = 81.35 MeV

→  Complicated coupled-channel effect: ̅𝑐𝑐 & 𝐷 "𝐷 ∗/𝐷∗"𝐷

Phys. Rev. D 32, 189 (1985)

• The 𝐷 "𝐷 ∗/𝐷∗"𝐷 molecular state. 
Swanson, Wong, Guo, Liu,....
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Coupled-channel effect

• Coupled-channel effect due to hadron loop could cause sizable mass shift on 

the state in quark model.

• In the T-matrix, the 

𝑇 𝑘#∗ , 𝑘#∗
- ; 𝐸 = 𝒱 𝑘#∗ , 𝑘#∗

- ; 𝐸 + ?𝑑 �⃗�
𝒱 𝑘#∗ , �⃗�; 𝐸 𝑇 �⃗�, 𝑘#∗

- ; 𝐸

𝐸 − 𝑚#
( + 𝑞( − 𝑚#∗

( + 𝑞( + 𝑖𝜖

𝒱 𝑘#∗ , 𝑘#∗
- ; 𝐸 =

𝑔(𝑘#∗)𝑔(𝑘#∗
- )

𝐸 −𝑚.
+ 𝑣(𝑘#∗ , 𝑘#∗

- )

𝐵
𝛼, 𝛽



Coupled-channel framework

Quark pair creation model (QPC):

truncate the hard vertices 
given by usual QPC

P. G. Ortega, et al, 
Phys. Rev. D 94, 074037 (2016) 

Effective Lagrangian: (exchanging 𝜌/𝜔)

9

Z. Yang, G.J. Wang, J.J. Wu, M. Oka, S.L. Zhu, Phys.Rev.Lett. 128,112001(2022)
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How to determine the component in the X(3872): from 𝑇!!

LHCb, Nature Commun. 13 (2022) 1, 3351 

Conventional Breit-Wigner: assumed 𝐽, = 1/.

𝛿𝑚.0 = 𝑚1## −𝑚#∗%#!

= −273 ± 61 keV

Γ.0 = 410 ± 165keV
EPS-HEP conference, Ivan Polyakov’s talk,29/07/2021; Nature Physics,22’ 

• D!D!π/ channel
• Close	to	D∗/D! thresholds:

Unitarized Breit-Wigner: 

𝛿𝑚2 = 𝑚1## −𝑚#∗%#!

= −361 ± 40 keV

Γ3 = 47.8 ± 1.9 keV
v Quark	content:	𝑐𝑐 d𝑢�̅�

v Only the 𝑫∗𝑫 coupled channel effect

𝑫∗𝑫 /"𝑫𝑫∗ interaction

C-parity



𝐷𝐷∗ 𝐷"𝐷∗

• 𝑔 = 0.57 is determined by the strong decays 𝐷∗ → 𝐷𝜋.

• undetermined 𝜆 & 𝛽.

11

One-boson-exchange model
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The inclusive production of the 𝑇!!

The amplitude of the process

p

p

X

π+
D*+

D0

D0

(a) (b)

p

p

X
π+

D*+

D0

D0T

𝑝𝑝 → 𝐷! 𝑝#$ 𝐷
! 𝑝#& 𝜋

/ 𝑝4 𝑋, 𝑋 denotes all the other produced particles

The iso-vector and iso-scalar assignment for the 𝒜 with the production amplitudes
satisfying

𝒜55→#%#!∗$
7 = ±𝒜55→#!#∗%$

7

Ø We can only find a satisfactory fit to the experimental data only in the iso-scalar case.
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T-matrix

𝑇 𝑘#∗ , 𝑘#∗
- ; 𝐸 = 𝒱 𝑘#∗ , 𝑘#∗

- ; 𝐸 + ?𝑑 �⃗�
𝒱 𝑘#∗ , �⃗�; 𝐸 𝑇 �⃗�, 𝑘#∗

- ; 𝐸

𝐸 − 𝑚#
( + 𝑞( − 𝑚#∗

( + 𝑞( + 𝑖𝜖

𝒱 = 𝑉4 + 𝑉 ⁄9 :
; + 𝑉 ⁄9 :

< Λ(

Λ( + 𝑝=(

( Λ(

Λ( + 𝑝>(

(

𝑉4 =
𝑔(

𝑓4(
𝑞 ⋅ 𝜖? 𝑞 ⋅ 𝜖?'

@

𝑞( −𝑚4
( ,

𝒱9/:< = −2𝜆(𝑔B(
𝜖?'
@ ⋅ 𝑞 𝜖? ⋅ 𝑞 − 𝑞( 𝜖? ⋅ 𝜖?'

@

𝑞( −𝑚9/:
( ,

𝑉9/:
; =

𝛽(𝑔B(

2
𝜖? ⋅ 𝜖?'

@

𝑞( −𝑚9/:
( .

The T-matrix can be solved from the Lippmann-Schwinger equation

The effective potential is obtained with light-meson exchange potentials

with



Without resolution function
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Fitting result

Λ = 0.8 GeV,   𝜒(/𝑑𝑜𝑓 =0.76



Λ = 0.8 GeV,   𝜒(/𝑑𝑜𝑓 =0.76 Λ = 1.0 GeV, 𝜒(/𝑑𝑜𝑓 =0.76
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Fitting result

Λ = 1.2 GeV, 𝜒(/𝑑𝑜𝑓 =0.78

Λ(fixed) 𝜆 𝛽

0.8 GeV 0.890 ± 0.20 0.810 ± 0.11
1 GeV 0.683 ± 0.025 0.687 ± 0.017
1.2 GeV 0.587 ± 0.027 0.550 ± 0.027

1.17 GeV [1] 0.56 0.9

[1]  Cheng, et al.  Phys. Rev. D 106,016012 (2022).



S.Aoyama et al. PTP. 116, 1  (2006).
T. Myo et al. PPNP. 79, 1 (2014)
N. Moiseyev, Physics reports 302, 212 (1998)

The radius and momentum will rotate with an angle 𝜃: 
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Complex scaling method

With the varying 𝜃:

• the scattering states will rotate with 2𝜃

• while the bound and resonant states will stay stable

Hθ = H(rθ, qθ) = q2

2u
e−2iθ + V(reiθ, qe−iθ)



• Only one pole appears—bound states

𝑚1))=3874.7 MeV, Δ𝐸 = −387.7 keV
Γ1## = 67.3 keV

• ⟨𝑟(⟩ = 4.8 𝑓𝑚

• 70.1% 𝐷∗/𝐷!, 30% 𝐷/𝐷∗! 95.8%, DD∗ 𝐼 = 0
4.2% DD∗ 𝐼 = 1

Mass differences of 𝐷∗/𝐷! and 𝐷/𝐷∗!
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Results with Λ = 0.8 GeV
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Results with three Λ

• The conclusion remains the same using the three different cutoff values.

• The binding energy of the bound state is around Δ𝐸~ − 390keV, which is consistent 

with that of the measurement Δ𝐸CDE = −360(40)keV . LHCb, Nature Commun. 13 (2022) 1, 3351 



• Without the 𝑐 ̅𝑐 core, there are no bound states.

• V′# ‾#∗ = 𝑥 ∗ V# ‾#∗

𝐷 ‾𝐷∗ interaction is attractive but not 
strong enough to form a bound state. Inclusion of 𝒄d𝒄 core

19

Direct application to 𝐷"𝐷∗: X(3872)
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X(3872) : 𝐷 !𝐷∗ + 𝑐 ̅𝑐

• The 𝐷"𝐷∗ system with quantum number 𝐼 𝐽,G = 0(1//) can couple with the 𝜒)*(2𝑃).

• The coupled channel effect between them can be described by the quark-pair-creation 

model:

𝑔# ‾#∗,) ‾) 𝑘# ‾#∗ = 𝛾𝐼# ‾#∗,) ‾) 𝑘# ‾#∗

where 𝑘# ‾#∗ is the relative momentum in the 𝐷 ‾𝐷∗ channel. 

𝐼# ‾#∗,)) 𝑘# ‾#∗ is the overlap of the meson wave functions    ←   GI quark model

• 𝛾 is determined to reproduce the 𝜓(3770):

𝛾 = 4.69

• The the X(3872) can be obtained:
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Direct application to 𝐷"𝐷∗ : X(3872)

Wave functions of Tcc and X(3872) 

• Long tails for the radius distribution.

• 𝑋(3872) has a even longer tails than 𝑇))

✓ 𝑟 < 2 fm, 𝑐 ̅𝑐 + "𝐷𝐷∗ are important.  

✓ 𝑟 < 0.5 fm, 𝑐 ̅𝑐 core dominates. 

✓ 𝐷"𝐷∗ plays the dominant role in the long-
distance region, which contributes to ⟨𝑟(⟩.
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Direct application to 𝐷 !𝐷∗: Candidate for X(3940)?

• Besides the 𝑋(3872), we also find a signal of the resonant state 𝜒)*(2𝑃) with

𝑀 = 3957.9MeV, Γ = 16.7MeV,

which might be related to the 𝑋(3940) observed in the 𝐷 ‾𝐷∗ channel.
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Compare with the lattice results

Haozheng Li et al, arXiv: 2402.14541

Ours:	 𝜒/0(2𝑃) → 𝑀 = 3957.9MeV
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Compare with the experimental results

LHCb, arXiv:2406.03156

Ours:	ℎ/(2𝑃) → 𝑀 = 3961.3MeV

𝜒/0(2𝑃) → 𝑀 = 3957.9MeV

Ours:	virtual	state	with	112 and	𝑀 = 3870.2 MeV

COMPASS:	 K𝑋(3872) with	𝑀 = 3860.0 ± 10.4 MeV COMPASS, PLB783,334



Summary and discussion

Ø 𝑇)) is used to fix the 𝐷"𝐷∗ interactions in 𝑋 3872 .

Ø Short-range interactions and structures of 𝑋 3872 should be studied by considering 

the 𝑐 ̅𝑐 core.      
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𝑇)) 𝐷 𝐷∗、𝐷"𝐷∗ interaction

𝑇II

𝑐 → 𝑏

+𝐽/𝜓𝜋, 𝜂)𝜌
𝑍)(3900)

𝑋(3872)

+𝑐 ̅𝑐

𝑋(3872) decay, soon…

arXiv 2409.10865

Sci.Bull. 69,3036(2024)

PRD110, 074007(2024)



Summary and discussion

Ø What important role the 𝑐 ̅𝑐 core can play in the production of the 𝑋 3872 ? 
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𝑋(3872) production?

𝑇)) 𝐷 𝐷∗、𝐷"𝐷∗ interaction

𝑇II

𝑐 → 𝑏

+𝐽/𝜓𝜋, 𝜂)𝜌
𝑍)(3900)

𝑋(3872)

+𝑐 ̅𝑐

𝑋(3872) decay, soon…

arXiv 2409.10865

Sci.Bull. 69,3036(2024)

PRD110, 074007(2024)



Summary and discussion

The probability of the 𝑐 ̅𝑐 component in the 𝑋 3872 can be obtained from fitting its     

production: 
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C. Meng, H. Han, K.T. Chao, Phys. Rev. D 96, 074014

Thank you !


