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Classical Quark model

 Mesons (gq) and Baryons (gqq) in a simple picture

convential hadron

S oD

(9 q) (9qq)

* 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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Puzzles of P-wave D¢ mesons

» Four P-wave excited ¢S mesons in QM:
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D%,(2317)& Dy, (2460)

* Various theoretical models: molecule, tetraquark, quenched quark model ...

Cs meson Compact ¢gsq D™K molecule
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D%,(2317)& Dy, (2460)

* Various theoretical models: molecule, tetraquark, quenched quark model ...

¢s Meson Compact ¢gsq D™K molecule

* Quark model successfully described other Dg mesons: Dy, (2536) & D7,(2573).

Quark model (¢s) + Coupled-channel effects (DK) to study the four P-wave Ds states.

e The lack of DK — DMK experimental data: Large uncertainties of parameters in theoretical models

» Lattice QCD result helps to determine the undetermined parameters.-- Hamiltonian Effective Field Theory (HEFT)
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Quark model: bare Cs state
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Phys. Rev. Lett. 128. 112001
 The predicted lowest 07 /1% bare ¢s mesons

-located above the D;,(2317)&D,,(2460) states.

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

J=50®s5,L=8(50®5;)®L =50® ji(s,®L)
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Formalism

H = Hy + Hj,
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Figure 2: The diagram contribute to the process D}(2317) — DK
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Hamiltonian Effective Field Theory (HEFT)

* [n the finite volume, the momentum is discretized as

kn = 2mvn/L, n:ni—%niqtng, =0 1.2

Continuous Jak and a(k,)) and  (B(k,)|a(k,))=

l | |

Discrete 2(2%)3 and (2%)_3/2\’3’—@& and (kK.

|
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Energy levels in lattice QCD
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<
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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
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Fitting the Lattice data
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M \
o \ - The data from Lattice QCD with
ol m, = 150 MeV [1] & m, = 156 MeV [2].
_____________________________ * No chiral extrapolation.
O ___________________________
2. We find a fit for the lattice result with
el x?/dof =0.95 with fixed A = 1.0 GeV.
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[1] G. Bali, et al. (RQCD Collaboration) Phys. Rev. D 96, 074501 (2017).
[2] C. Lang, et al. Phys. Rev. D 90, 034510 (2014) .
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Parameters

 Parameters

Parameters ge A’ (3Pg)[GeV] Y(3Pg)
(Ippv*9Kkkv)

Best fit 42122 0.323%3:933 10.3111 [1] P. Ortega, ctal. Phys. Rev. D 94, 074037 (2016).
Ref. [1] 0.84 6.5 151 C. W Shon, etal. Bige, Rew. I 100, 056006 (019}
Ref. [2] ) ) 6.9 [4] Z.W. Lin, et al. Phys. Rev. C 61, 024904 (2000).
Ref. [3] 18.2/9.8 : -

Ref. [4] 8.4 : :

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

Va a’(k’ ;E)TOL, ( ak/;E)

G. J. Wang | Study of P-wave Ds mesons in coupled channel framework 10



Results

Phys. Rev. Lett. 128. 112001
« Probability: wave function with length L=4.57 fm.

P(c5)[%]  ours exp | T T \&
D%,(2317) 32.0153 2338.9727 2317.8+0.5 S so} S sof S sof N
*1(2460) 52.4751 2459.4722 2459.5+06 = = =
g
DZ,(2536) 98.2791 2536.6102 2535114006 | T [0 P
%(2573) 95.9712 2570.2104  2569.1 +0.8 E - j - j sof— |
~100} ~100} ~100} N rFrl't"zlso Mev
¥ myp=156 MeV
1 2 3 4 5 1 1 2 3 4 5
L [fm] L [fm]
 Pole position by solving T-matrix at infinite volume. Prediction I: Dy, (2573)
 Different mass splitting patterns:
*(2317) and Dy, (2460)- coupled with S-wave DK Sizable mass shift & mixing
D.1(2536) and D,,(2573)- coupled with D-wave DK Small mass shift & tiny mixing
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Prediction II: m - dependence

* DK molecule: Tends to become larger with larger m,.

e Latest lattice results in G. Bali et al., PRD96(2017)074501
2.7 T —

pole

o
o

sl curves: prediction in

Mass [GeV]

Du et al., EPJC77(2017)728
2.4

M, [GeV]
 Bare state (c5): 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 O+ and 1+
states may have a more complicated internal structure.”

20°2°2/7/10

G. Bali et al., PRD96(2017)074501
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Prediction II: m - dependence

* Our prediction: the mass of D;,(2317) finally tends to become stable with increasing m,,.

*m, J, mpg J , mg — stable

* Mpg< Mgy

- D;,(2317) : mainly dominated by DK, increasing
* Mpr>> Meg:

- D5p(2317) is mainly ¢s. Mp: (2317) tends to be stable.
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G. Bali et al., PRD96(2017)074501
Gavin K. C. Cheung et al., arXiv: 2008.06432
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B:o& Bg; with HQS

6200} . _
; s . H = Hy+ Hj,
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. .
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B;o& Bgq: Predictions VS lattice results

» 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)

700 700
600+ 600
2 500 2 500
Z Z
S S
| |
w 400 W 400
3001 3001 —=—=- Free Hamiltonian
—-=—=- Free Hamiltonian — Total Hamiltonian
—— Total Hamiltonian ¢ Lattice
¢ Lattice + Expt.
2001 2 3 4 5 2001 2 3 4 5
P(b5)[%] Mass [MeV] LQCD

| 547y 5730.2T7F 713 +£11419
* | 56. 7+4 ; 5769. 6+2 y 5750 + 17 & 19
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Summary

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

P(c3)[%] P(D™WK)[%]  ours exp
*(2317) 32.0152 68.0 2338.9721 2317.84+0.5
D?(2460) 52.4754 47.6 2459.47%°% 2459.5 4+ 0.6
D2 (2536) 98.2703 1.8 2536.670 2535.11 & 0.06
D, (2573) 95.9712 4.1 2570.270%  2569.14+0.8

1. Different mass splitting patterns:
D?,(2317) and D, (2460)- coupled with S-wave DMK Sizable mass shift & mixing

D.1(2536) and D,,(2573)- coupled with D-wave DK Small mass shift & tiny mixing

« Extension to B;s (0%, 1) with HQS: Predictions of the energy levels and masses
consistent with lattice QCD.
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Thank you for your attention!
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Back up side
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D, (2317)& D?,(2460)

a Quenched and unquenched quark model

. S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985)
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H.-Y. Cheng and F.-S. Yu, Eur. Phys. J. C 77, 668 (2017)

S.-Q. Luo, B. Chen, X. Liu, and T. Matsuki, Phys. Rev. D 103, 074027 (2021) ‘
4

CENONAWN

.-Y. Zhou and Z. Xiao, Eur. Phys. J. C 81, 551 (2021)

a Tetraquark
. H.-Y. Cheng and W.-S. Hou, Phys. Lett. B 566, 193 (2003)
. Y.-Q. Chen and X.-Q. Li, Phys. Rev. Lett. 93, 232001(2004)
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. F.-K. Guo, P.-N. Shen, and H.-C. Chiang, Phys. Lett. B 647, 133 (2007)
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12. Z.-X. Xie, G.-Q. Feng, and X.-H. Guo, Phys. Rev. D 81, 036014 (2010)
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Hadronic molecule
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D:,(2317) & Dy, (2460)
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D:,(2317) : M=2317.8+ 0.5 MeV, I < 3.8 MeV.

1JP) = 0(0™).

D.,(2460) : M=2459.5 + 0.6 MeV, T < 3.5 MeV.

[JP) = 0(1%).
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Hamiltonian effective field theory (HEFT)

» Coupled channel effect: 2—2 scattering process,
DWK —» DMK

* 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.,

B;/B - DWDWEK or DWKK
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Our fit VS GI model

GI-model Our fit
Mass (MeV) Mass (MeV)
mg = 220 m, = 294
ms = 419 ms = 497
m. = 1628 m. = 1720
mp = 4977 mp = 5065
Potential Potential
b=0.18 GeV? b=0.18 GeV?
agritical — 0.6 agritical — 0.6
A =200 MeV A =200 MeV
c = —253 MeV c = —426 MeV
Relativistic effects Relativistic effects
smearing oo = 1.80 GeV smearing oo = 1.45 GeV
s =1.55 s =1.55
m <> E ambiguity €. = —0.168 m <> E ambiguity €. = —0.194
e; = +0.025 e = —0.016

ESO(V) = —0.035

€so(V) = —0.277

€so(s) = +0.055

€so(s) = —0.289
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Our fit VS GI model

0.1 Owur parameter:

525.7 13.1
3.1 2523.6

Eaag0 = 25115 MeV, [thag60) = —0.771241)* P, 1) + 0.636544° P, , 1
Eysar = 2537T.8 MeV, [tha537) = —0.636544|* Py, 1) — 0.771241° P, 1

0.2 GI model

-

1524(,'() = 2549.74 MeV., l,"»‘24(j():}

[aby §

558.9 2.
3

)

—-0.970732|' P, 1) + 0.240165)° P, 1)
-0.240165|' P, 1%) — 0.970732° P, 1)

3
2. 2550.

('P,17|D*K) = "P,,17|D*K)s + (' P, 1*|D*K)p Easar = 2559.46 MeV., [y537) =
. 1 1 1 [2 3 1 R 1 1 3 1
|1.P]..|. , - ——3'81 - E,SQ - 5) -+ \";' §|.5‘1 - 5,5(2 — 5:‘; |l 2460 > =10 (56516'81 = §SQ = §> vex 06’)3‘)”5; - ESQ = 5}
[2 1 1, 1 3 1
3 1y | . \ ‘
Pl J=Al T8 = .80 = <)+ —|8§ = —.80 = = , . . 1 1 e . 3 1
| ] ' \" 3 ! 2 "Q 2 \/§|5] 2 "Q 2> |'I;'-'2537) - —0.05394|S( = B.SQ = §> — U.l’ip)()540|-§'( = S‘SQ - 3)
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e 1 1, ooc 3 1
|‘l:"24(,'(]> = —0.991737 s; = 9 S5 = 2,:' + 0.128284 s; = 5 S = 5
f DRI . ] . ]\. 0Ofc o Lod 3 . ]
[Uas537) = —0.128284|s) = 205 =751~ 0.991737|s; = 5:5Q = 3
23
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T —matrix

In the infinite volume, the scattering T-matrix reads

V. of k,q;FE TOL, ,k’;E
To 5k, K E) = Vo (kK B) + Y, [ q2dgYeel et sl )

where the effective potential reads

/. ga g,BB(k/) L /
o kK').
Vo, (k, K'; ; E—m, T VaskK)

Top(k, K, E) =t (k, K, E) +t%2(k, k', E)

Oé,Bz'(k’ E)PBj,B(k,’ E)
(E —mp)dB,;B, — XB,B,(F)

f‘Bi,a(kl7E) — gBi,Oé(k/7 E) + / dqq2gBuﬁ(Q7 E)G,B(q)tﬂ a(Q? k )

tos (k, k', E) =
¥B,,B,(E) = /dk”k/&gBi,a(kaE)Ga(k/,)Fa,Bj(klaE)a

B, k// . VL k” d / /2vL / G / t'y,a / k
tbg (Q7 ) - B,a(Q7 )+ qq ﬂ,'y((LQ) ’Y(Q) bg (q ’ )7

det[(E — mB)5Bi,Bj — EBi,Bj (E)] —0 — Pole pOSition
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Comparison with other works

. L=457fm  PolemassatL -

P(c3)[%] ours exp
*(2317) 32.072; 2338.912:1 2317.8 + 0.5
*1(2460) DR i 2459.41%9 2459.5 + 0.6
*1(2536) g8.2To2 2536.610:2 2535.11 + 0.06
52(2573) 95.915:0 570250 ¢ 2569.1 + 0.8

A. M. Torres, E. Oset, S. Prelovsek, and A. Ramos
JHEP 05, 153 (2015)

P(KD) =724+13+5 %, for the D3y(2317)
P(KD*) = 5742146 %, for the D4;(2460)

Yang’s talk
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Prediction II: m - dependence

250 . —_——
PERE— * G BaI| etal PRD96(2017)074501
m, =290 MeV  m, = 150 MeV Expt. # GKC Cheungetal. | arXjv: 2008.06432
ao [fm]  —1.13(0.04)(+0.05) —1.49(0.13)(~0.30) 5 45'_ |
ro [fm] 0.08(0.03)(+0.08)  0.20(0.09)(+0.31) k|
1ps| MeV] 180(6)(0) 142(11)( 9) — _ == mp+mg
Am [MeV] 40(3)(0) 26(4)(~3) 42.6(0.7)(2.0) > "
mp, [MeV]  2384(2)(~1) 2348(4)(+6)  2317.7(0.6)(2.0) Q )/
g [GeV] 11.9(03)(+0.5)  11.0(0.6)(+1.2) o /
~ 240} , _
.Balietal. )
G. Bali et al., PRD96(2017)074501 0 4 D.(2317)
mr =239 MeV  my = 391 MeV =
a1\ /5oglc = 0.3886(5) 0.4200(5) 5 35| ]
alc] = 0.234(9) 0.305(20) -
JBoole = 2362(3) MeV  2380(3) MeV |
| = 1420(50) MeV  1730(110) MeV. 5 30— . 1 N
' %.1 0.2 0.3 0.4 0.5
AE = mp + mg — /Spole = 57(3) MeV for m, = 391 MeV my, [GeV]
AE = 25(3) MeV for m, = 239 MeV.
Gavin K. C. Cheung et al., arXiv: 2008.06432
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