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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 𝑐�̅� mesons in QM: 

Lu et al,. Phys. Rept. 1019, 1-149, (2023)

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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Puzzles of P-wave 𝐷! mesons

• Quark model successfully described other 𝐷) mesons: 𝐷#* 2536 & 𝐷#+∗ 2573 .

• Excited hadrons: create -𝑞𝑞 pair from the vacuum - Hadronic loop 

• Coupled-channel effect: extremely important for near-threshold states. 

Quark model + Coupled-channel effects to study the four  P-wave 𝐷) states. 

• 𝐷#,∗ 2317 & 𝐷#*(2460) lie closely to the 𝐷(∗)𝐾 channels. 
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̅𝑐𝑠 core is there

Hadron interaction is there



Hamiltonian	Framework
• The Hamiltonian reads

bare ̅𝑐𝑠 meson two-meson state 

• Non-interacting Hamiltonian
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Hamiltonian	Framework
• The Hamiltonian reads

bare ̅𝑐𝑠 meson two-meson state 

• Non-interacting Hamiltonian

Well established quark model
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Hamiltonian	Framework
• The Hamiltonian reads

• Interacting Hamiltonian

bare ̅𝑐𝑠 meson two-meson state 

• Non-interacting Hamiltonian
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Hamiltonian	Framework
• The Hamiltonian reads

• Interacting Hamiltonian

bare ̅𝑐𝑠 meson two-meson state 

• Non-interacting Hamiltonian

Various theoretical models but lack of 
experimental data.

Lattice Spectrum

Hamiltonian Effective field theory (HEFT)
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Hamiltonian	effective	field	theory(HEFT)
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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)

,
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HEFT



Quark model:  bare ̅𝑐𝑠 state 
The relativized quark model:

• Mass & wavefunction:

• Input of fit: 

All the well-established mesons far away from
two-meson thresholds as input (from 𝜋 to Υ).

• Relativized Modification: 

- Relativistic kinematic energy

- Energy dependence 

Godfrey, Isgur, Phys. Rev. D 32,189 (1985)
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Quark model:  bare ̅𝑐𝑠 state 
• The predicted lowest 0%/1% bare ̅𝑐𝑠 mesons 
-located above the 𝐷#,∗ 2317 &𝐷#* 2460 states.

• Good heavy quark spin symmetry
- Total Spin

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
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𝐻& = 𝑔 + 𝑣

/𝑃" model

at quark level

𝜌, 𝜔

Form factor

Undetermined g" = 𝑔/00𝑔/11(𝑔/0∗0∗𝑔/11)

P.G. Ortega, et al. Phys. Rev. D 94, 074037. Undetermined 𝛾 & Λ′

𝒈: 3𝒄𝒔 → 𝑫(∗)𝑲

𝒗: 𝑫(∗)𝑲−𝑫(∗)𝑲
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Fitting	the	Lattice	data
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𝐷#,(2317) 𝐷#* 2460 & 𝐷#* 2536

• The data  from Lattice QCD with 
𝑚2 = 150 MeV [1] & 𝑚2 = 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

Parameters 𝒈𝒄 𝚲′ [GeV] 𝜸

Best fit 4.21/.$3*.* 0.3231"."/$3"."// 10.31$."3$.$

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
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Results:	𝐷"#∗ (2317)

1. J3 = 0%: ̅𝑐𝑠( 4𝑃,) + S-wave 𝐷𝐾.

2.  𝑀0"# +4*5
67 (2338.98+.5%+.*) > 𝑀:;<(2317.8) due to larger 

Lattice data.

3. A mixture of the bare ̅𝑐𝑠 & 𝐷𝐾component:

P 𝐷𝐾 = 68.0%, 𝑃 ̅𝑐𝑠 = 32.0% (𝐿 = 4.57 fm). 
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Results:𝐷"%∗ 2460 & 𝐷"%∗ 2536

𝐽$ = 1% ∶ 𝐷#* 2460 &𝐷#* 2536

1. 𝐽$ = 1% : two ̅𝑐𝑠 cores + S-wave D∗𝐾 + D-wave D∗𝐾.

2. Three energy levels.

3. 𝐷#*∗ 2460 : the lowest state.

4. A special cross at L =3.5 fm: well approved by lattice QCD.

- The dropping line: lowest excited 𝐷∗𝐾 channel, 𝐸=>? ∼
+2
@

+
.

- The flat line represents the 𝐷#*∗ 2536 .
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Prediction	I:	𝐷"'(2573)

1. 𝐽$ = 2% ∶ ̅𝑐𝑠 core + D-wave D∗𝐾 + D-wave 𝐷𝐾.

2. The energy levels in the finite volume are predicted.

3. Mass and components: almost pure ̅𝑐𝑠 mesons.
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Results	&discussions

𝐷!"∗ 2317 & 𝐷!$(2460): S-wave 𝐷(∗)𝐾

Sizable mass shift & mixing 

Small  mass shift  & tiny mixing 

1. Different mass shifting pattern:

𝐷!$ 2536 & 𝐷!*(2573): D-wave 𝐷(∗)𝐾



Prediction	II:	𝑚(- dependence

• Bare state (𝑐�̅�): Tends to become stable with larger 𝑚4.

“…for the lower lying pseudoscalar and vector 𝐷! meson masses which decrease by 3 
MeV (from 1980(1) MeV at 𝑚4 = 290 MeV to 1977(1) at 𝑚4 = 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 𝑚2.
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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 𝑚2.

• 𝑚2 ,  𝑚01 , 𝑚 ̅"# stable

• 𝑚01< 𝑚 ̅"#

- 𝐷#,∗ 2317 : dominated by mainly ̅𝑐𝑠, increasing

• 𝑚01>> 𝑚 ̅"#:

- 𝐷#,∗ 2317 is mainly ̅𝑐𝑠. 𝑀0"#∗ +4*5 tends to be stable.
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Extension to P-wave 𝐵! mesons
• Quark model

𝑆AB# = 0, 𝐽$ = 1%
𝑆AB# = 1, 𝐽$ = 0%, 1%, 2%

Bs0
Bs*

Bs1(5830)0
Bs2(5840)0

Godfrey/Isgur(1985)
Our fit
Detected

0- 1- 0+ 1+ 2+ 3-
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• Absence of 0% and lower 1% 𝐵# states

• Similar to 𝐷5 mesons: 03 and lower 13 𝐵!-S wave 𝐵(∗) I𝐾 channels

higher 13 and 23 𝐵!-D wave 𝐵(∗) I𝐾 channels

Sizable mass shift & mixing 

Small  mass shift  & tiny mixing 
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Extension to P-wave 𝐵! mesons

• Heavy quark flavor symmetry: Using Previous Parameters

Postprediction, not a fit!

B*s0(5730)-B`K
B*s1(5770)-B*`K

S-wave

Mass moving vs GI Model
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A CDD Zero

𝑇 = 0

• The CDD zero indicates there are two mechanisms which will
cancel at this energy.

• Give a new method to search CDD zero: LQCD.

!𝑚 = $
%
𝑚&! + 3𝑚&!∗ = 5403.3 MeV
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𝑔 𝑣



Summary

• Quark model + coupled channel effect +HEFT & Lattice QCD: two body problem.

• Investigation of inner structures of P-wave Ds states:
Ds0(2317) [𝑐�̅�-DK(s-wave)], 
Ds1(2460) [𝑐�̅�-DK*(s-wave)], 
Ds1(2536) [𝑐�̅�](DK*(d-wave)), 
Ds2(2573) [𝑐�̅�] DK*(d-wave).

• Prediction of the Bs0(5730) and Bs1(5770).

• 𝒒%𝒒 and hadron interactions are always there.  

• Extension to other near-threshold states. 
Experimental Observable Lattice QCD

Theoretical model

HEFT
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Thank you for your attention! 
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Backup side
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Outline
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• Background
• Hamiltonian Effective Field Theory (HEFT)
• Study Ds0(2317), Ds1(2460), Ds1(2536), Ds2(2573)
• Predict Bs0(5730), Bs1(5770)
• Summary



Our fit VS GI quark model

• GI model:  Two 1% ̅𝑐𝑠 meson almost on  the basis +)%*𝐿C.

• Our fit: good HQS. Two 1% ̅𝑐𝑠 meson are almost on the heavy quark spin basis. 

̅𝑐s cores
̅𝑐s cores

𝐽6 = 13

Coupled channels

S-wave 𝐷(∗)𝐾

D-wave 𝐷(∗)𝐾

Coupled channels
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Quark model:  bare ̅𝑐𝑠 meson 
The relativized quark model:

smearing

Smearing : with

1.

Godfrey, Isgur, Phys. Rev. D 32,189 (1985)
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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., 

𝐵P/𝐵 → 𝐷(∗)𝐷(∗)𝐾 or 𝐷(∗)𝐾𝐾


