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Classical Quark model
• Mesons (!𝑞𝑞) and Baryons (𝑞𝑞𝑞) in a simple picture

• The quark model provided predictions for the both ground and excited hadrons.

• Failed badly in some excited mesons and baryons.

• At 2003, the observation of 𝐷!"∗ 2317 and X 3872 : great challenge to the quark model.
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• 𝐷!"∗ 2317 & 𝐷!$ 2460 ：𝑚%&' < 𝑚()%?

• 𝐷!$∗ 2536 & 𝐷!*∗ 2573 ： 𝑚%&' ∼ 𝑚()% .

• Close to the 𝐷(∗)𝐾 threshold. 

• Four P-wave excited 𝑐𝑠̅ mesons in QM: 

Lu et al,. arXiv:2004.08716

Puzzles of P-wave 𝐷! mesons

𝑆 ̅%! = 0, 𝐽& = 1'
𝑆 ̅%! = 1, 𝐽& = 0', 1', 2'
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𝐷"#∗ (2317)& 𝐷"% 2460
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• Various theoretical models: molecule, tetraquark, quenched quark model …
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𝐷"#∗ (2317)& 𝐷"% 2460
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3𝑞

• The lack of 𝐷(∗)𝐾 → 𝐷(∗)𝐾 experimental data: Large uncertainties of parameters in theoretical models

• Quark model successfully described other 𝐷- mesons: 𝐷!$ 2536 & 𝐷!*∗ 2573 .

Quark model ( ̅𝑐𝑠) + Coupled-channel effects (𝐷(∗)𝐾) to study the four P-wave 𝐷* states. 

•  Lattice QCD result helps to determine the undetermined parameters.-- Hamiltonian Effective Field Theory (HEFT)
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• Various theoretical models: molecule, tetraquark, quenched quark model …
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Quark model:  bare ̅𝑐𝑠 state 
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• The predicted lowest 0'/1' bare ̅𝑐𝑠 mesons 
-located above the 𝐷!"∗ 2317 &𝐷!+ 2460 states.

• Good heavy quark symmetry (HQS)
- Heavy quark spin symmetry

𝑗, 𝑠. 𝑗, 𝑠.

∼
1
𝑚.

S-wave 𝐷(∗)𝐾

D-wave 𝐷(∗)𝐾

𝑗/ , 𝑠., 𝐽 conserve
𝑚. ∼ ∞

M. Neubert, Phys. Rept. 245 (1994) 259-396

Phys. Rev. Lett. 128. 112001
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• In the finite volume, the momentum is discretized as 

Continuous

Discrete

(𝐻"+𝐻-)| ⟩Ψ = 𝐸| ⟩Ψ

J.M.M. Hall, et al. Phys. Rev. D 87, 094510.
J.J. Wu, et al. Phys. Rev. C 90, 055206.
Z. W. Liu, et al.  Phys. Rev. Lett.116,082004

Energy levels in lattice QCD

Hamiltonian Effective Field Theory (HEFT)

,



Fitting	the	Lattice	data
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𝐷!"(2317) 𝐷!+ 2460 & 𝐷!+ 2536

• The data  from Lattice QCD with 
𝑚. = 150 MeV [1] & 𝑚. = 156 MeV [2].

• No chiral extrapolation.

2. We find a fit for the lattice result with 
𝜒//dof =0.95 with fixed Λ = 1.0 GeV.

[1] G. Bali, et al. (RQCD Collaboration) Phys. Rev. D 96, 074501 (2017).
[2] C. Lang, et al. Phys. Rev. D 90, 034510 (2014) .



Parameters
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Parameters 𝒈𝒄
(𝒈𝑫𝑫𝑽*𝒈𝑲𝑲𝑽)

𝚲′ ( 𝟑𝑷𝟎)[GeV] 𝜸( 𝟑𝑷𝟎)

Best fit 4.267.$9*.* 0.3236"."7$9"."77 10.36$."9$.$

Ref. [1] 0.84 6.5
Ref. [2] - - 6.9
Ref. [3] 18.2/9.8 - -
Ref. [4] 8.4 - -

[1]  P. Ortega, et al.  Phys. Rev. D 94 , 074037 (2016).
[2]  S. Godfrey, et al. Phys .Rev. D 93 (2016) 3, 034035.
[3]  C. W. Shen, et al.  Phys. Rev. D 100, 056006 (2019).
[4] Z.W. Lin, et al. Phys. Rev. C 61, 024904 (2000). 

• Pole mass: solving the scattering T-matrix in infinite limit, 

• Parameters



图表摘自文章。

•  Different mass splitting patterns: 

𝐷!"∗ 2317 and 𝐷!$(2460)- coupled with S-wave 𝐷(∗)𝐾

𝐷!$ 2536 and 𝐷!*(2573)- coupled with D-wave 𝐷(∗)𝐾

Sizable mass shift & mixing 

Small  mass shift  & tiny mixing 

•  Probability: wave function with length 𝐿=4.57 fm.

•  Pole position by solving T-matrix at infinite volume. 

Results

Prediction	I:	𝐷!*(2573)

Phys. Rev. Lett. 128. 112001
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Prediction	II:	𝑚&- dependence
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• Bare state (𝑐𝑠̅): Tends to become stable with larger 𝑚:.

“…for the lower lying pseudoscalar and vector 𝐷! meson masses which decrease by 3 
MeV (from 1980(1) MeV at 𝑚: = 290 MeV to 1977(1) at 𝑚: = 150 MeV) and 7 
MeV (from 2101(1) MeV to 2094(1) MeV), respectively, hinting that the 0+ and 1+ 
states may have a more complicated internal structure.”

• 𝐷𝐾 molecule: Tends to become larger with larger 𝑚..
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Prediction	II:	𝑚&- dependence

arXiv: 2008.06432
PRD96(2017)074501

Gavin K. C. Cheung et al., arXiv: 2008.06432

• Our prediction: the mass of 𝐷!"∗ (2317) finally tends to become stable with increasing 𝑚..

• 𝑚. ,  𝑚01 , 𝑚 ̅%! stable

• 𝑚01< 𝑚 ̅%!

- 𝐷!"∗ 2317 : mainly  dominated by 𝐷𝐾, increasing

• 𝑚01>> 𝑚 ̅%!:

- 𝐷!"∗ 2317 is mainly ̅𝑐𝑠. 𝑀0!"∗ /2+3 tends to be stable.



B"#∗ & B"%∗ with HQS 
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• Heavy quark flavor symmetry: 
Same parameters determined in the 𝐷! sectors.
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B"#∗ & B"%∗ : Predictions VS lattice results 
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• The predicted P-wave 𝐵! energy levels with HQS versus Lattice QCD results with 𝑚: = 156. 
C. B. Lang et al., Phys. Lett. B 750, 17 (2015) 
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Summary

1. Different mass splitting patterns: 

𝐷!"∗ 2317 and 𝐷!$(2460)- coupled with S-wave 𝐷(∗)𝐾

𝐷!$ 2536 and 𝐷!*(2573)- coupled with D-wave 𝐷(∗)𝐾

Sizable mass shift & mixing 

Small  mass shift  & tiny mixing 

• Quark model + coupled channel effect +HEFT & Lattice QCD: near threshold P-wave 𝐷!s. 

• Extension to 𝐵!s (0', 1') with HQS: Predictions of the energy levels and masses 
consistent with lattice QCD. 



Thank you for your attention! 
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Back up side
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𝐷"#∗ (2317)& 𝐷"%∗ 2460
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𝐷"#∗ 2317 & 𝐷"%(2460)
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BaBar, PRL90 (2003) 242001 

𝐷!"∗ 2317

𝐷!"∗ 2317 :  M= 2317.8 ± 0.5 MeV, Γ < 3.8 MeV. 
I(𝐽;) = 0(09).

𝐷!$(2460) :  M=2459.5 ± 0.6 𝑀𝑒𝑉, Γ < 3.5 MeV. 
I(𝐽;) = 0(19).The 𝐷<𝜋" mass distribution

𝐷!$(2460)

CLEO, PRD68 (2003) 032002 



Hamiltonian effective field theory (HEFT)
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• Coupled channel effect: 2→2 scattering process, 

𝐷(∗)𝐾 → 𝐷(∗)𝐾

• The scattering  amplitude cannot be extracted from experiments and need lattice QCD data.

• The result is helpful in the relevant analysis of experimental processes, e.g., 

𝐵Y/𝐵 → 𝐷(∗)𝐷(∗)𝐾 or 𝐷(∗)𝐾𝐾



Our fit VS GI model
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Our fit VS GI model
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𝑇 −matrix
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In the infinite volume, the scattering T-matrix reads  

where the effective potential reads  

Pole position



Comparison with other works
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Yang’s talk



G. J. Wang | Study of P-wave Ds mesons in coupled channel framework 26

Prediction	II:	𝑚&- dependence

Gavin K. C. Cheung et al., arXiv: 2008.06432
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