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Motivation

Light mesons
N

Hadronic Molecule

(4312), (4440), (4457), (4337)
(4338), (4459)...

Light quarks: provide the attractive force

Heavy quarks: stablize the system
LHCb, Phys. Rev. Lett. 115, 072001 (2015).
LHCb, Phys. Rev. Lett. 122, 222001 (2019).
LHCb, Phys. Rev. Lett. 128, 062001 (2022).
LHCb, Phys. Rev. Lett. 131, no.3, 031901 (2023).
LHCb, Sci. Bull. 66, 1278-1287 (2021).
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Motivation

Triply charmed hexaquark states

R. Chen, F. L. Wang, A. Hosaka and X. Liu, Phys. Rev. D 97,

One-boson-exchange
no.11, 114011 (2018).

Lattice QCD P. Junnarkar and N. Mathur, Phys. Rev. Lett. 123, no.16, 162003
(2019).
QCD sum rule Z. G. Wang, Phys. Rev. D 102, no.3, 034008 (2020).

Y. W. Pan, M. Z. Liu, F. Z. Peng, M. Sanchez Sanchez, L. S.
Effective field theory Geng and M. Pavon Valderrama, Phys. Rev. D 102, no.1,
011504 (2020).
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Motivation

Heavy diquark-antiquark symmetry (HDAS)

I(J%) Channel
1¢1— B ) B ) * * Ty
Quark content System and threshold 3(5 ) AcDAD™2EcD.%D™ 5 D
N — ) ok * T = * Ty
A.D AD* ¥.D X:D X.D* ¥:D* Py 3G30) AcD"X:D.X. D5 D
(nnc)(ne) Lo YiD*
4153.7 4295.0 4320.8 4385.4 4462.1 4526.7 it — — — ‘ — — -
Am ASt me  whE ol sk 0 ) ReDulDLE.DEO"E DR E D"
('R?’LC)(RCC) C cc c ce c=—lce PAS 0(%7) ACD:,ECD*,E:D,ECD*,E:D*
5907.9 6013.5 6074.9 6139.5 6180.5 6245.1 (5_) B
— — — - - - 0(z s D*
AcDs AD: ¥.D, XD, T.D* 2:D: )
(nnC)(SE) %(O+) ACECC’ ECECCAZ:EzC
4255.5 4398.7 4422.5 4487.1 4565.7 4630.3 14 _ o _ — o s
_ _ _ ~ B HN =2(17)  DNeBog ReB o dieBaa 2intine MoSery tipien
=D =E.D* Z.D E!D E=.D* =:D* Qecee A R
(nSC)(nE) ‘ %(2+) AczccaEc:CCaEC‘:ccaEC:‘cc
4336.7 4478.0 4446.0 4513.2 4587.4 4654.5 l(3+) e
2 c—cc
Achc ACQZC Echc E:Qcc EcQzC Z:Q:C v—u’v—~ e
(nnc)(scc) =(0™) L 0.8 T e e o) M =
6064.5 6158.5 6231.5 6296.1 6325.5 6390.1 11+ * o ok i kR o ek ok
HA 5 (1 ) A Qccs‘—‘C‘—‘CC: r—dci—'cca‘—'c'—‘CCN—‘C‘—‘CC?‘—‘C‘—'CC"_‘C ‘_‘CC
BoBle Dellts Eies B30 Debbs Dl fece® 1 (gt =B B e, ELEL ELE
(HSC)(HCC) 5(2 ) SeleesTeecy e Teesime Dee
6090.5 6196.1 6199.9 6267.4 6305.5 6373.0 %(3+) =xr.

The massesof  and O’ baryon: D. Ebert, R. N. Faustov, V. O. Galkin and A. P. Martynenko, Phys. Rev. D 66, 014008 (2002).
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Framework

Flavor wave function

Spin wave function

Meson |Imy) Dlm Meson 11m1> Plm;
D)0 |%% UE \- — de
D~ |oo) s¢

Baryon |[I'my) qfﬁj?mI Baryon [Imy) ¢1Bm1

AL 100)  Is (du—ud) 20T (1) wuc
% (10) X (ud + du) =0 [1-1) ddec

=t L %(us—su)cEg \5 %)%(ds—sd)c
AR EE LQ (us + su) ¢|ZL)° -1 % (ds +sd)c
gt 23) ucce =i+ 12— 2) decc
Q%" 100) scc

Total wave function: |[H1Hs]%

2024-4-29

= 2

m11m12

®Z

Hadron |Smsg) Pms Hadron |Smg) PSms
1) 1
DID; |00) (=11 D*/D; |10) Zs(t +41)
1-1) W
Hadron [Smg) q.‘)c,m% Hadron |Smg) qbgms
AJE, 33 %(N —ohl )T
3 3) (=1 153) Tt
o 3D —H D I SR 13D RN+ N+ )
B3 DL —/2 U /B0 18— 1) y/3EH + 1+ 1)
N e AU SR ORRVER Y -3 L
-3 L+ -4/
C}TlImfl il2,mp, qul my, q‘l)Ig mr.,
Cgljms Sz mS2 qul msl CbSZ ’J’T?,Sz
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Framework

Light mesons

SU(3) breaking effect

Hadronic Molecule ¢
AL- A2 =) AN
=1

8
A1 Aoy - 00) = Z)\i/\g(al - 09)
Boson exchange potential: S-wave interaction i=1

Scalar mesons Js = JsYu 01]

Axial-vector mesons 9a =7 a9z ’
V = giA - A + Joht - 4261 - 6, .

; 2 ’ for:=4,5,6,7
g . E .

2 2 ¥ 5 =9s00Ga :

Mg 47 Mg Suppression factor g, for the
Effective potential: Vi 7,11 = <[ Hy Hy)! V| [H, Ha), > exchange of strange light meson

Single and coupled-channel Lippmann-Schwinger equation (LSE)
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Parameters

2024-4-29

V = Ggsd1 - A2 + Gihi - 4261 - 6,

_ 1
Scenario 1 : P$(4440)|ZCD*; 5

-1
Scenario 2 : Pg(4457)|ECD*; 5

Re

Im

Re

Im

Scenario1 : g, = 8.28GeV ™2, §, =
Scenario 2 : s = 9.12GeV 2,

_ . B
PY (4457)|2.D*; =
), Py (4457)| 2D 3
_ _ 3-
PN (4440)|x.D*; =
), P (4440)[£cD*; 3
P.N
V1/2 1/2 =0
py P}
]I_Vl/zGl/z =0
3/2@’3/2 =0
I— V3/2(@3/2 =0
—1.46 GeV ™2,

Go = 1.25GeV 2.
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Single-channel case

System @ or System of O
[A(“-D] % % 0 [AcEcc]O,l %9% 0-;0
- 2 2 = 2 2
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Single-channel case
Scenario 1 Scenario 2
System Mass (MeV) BE (MeV) System Mass (MeV) BE (MeV)
[ZeD]aa 4312.6 -8.1 [Z.D] 14 4307.6 ~-13.1
[E;D}%A 4376.9 —8.5 [E;D]%A 4371.7 —13.6
[ECD*]%!%B 4438.8,4457.5 —23.2,—4.6 [ECD*]%,%B 4456.8,4440.9 -5.3,-21.1
[2;1‘)*1%0,%335 4498.8,4510.3,4523.8 —27.9,—16.4,—2.9 [E;D*]%D 5 55 [4522.9.4516.64501.6 —3.8,—10.1,-25.1
[EeD)]1a 4328.1 —8.2 [ECD]%A 4323.1 —-13.3
[ECD*]%A ga 4468.0,4468.0 -9.7,-9.7 [ECD*]%A?%A 4462.5,4462.5 —15.1,—-15.1
=. D] 1A 4436.8 _—83— [Z.D] 14 4431.6 Ak
[E2D]sa 4503.9 —-9.3 [E2 D54 4498.6 —14.6
:’CD*]%,%B 4562.5,4581.8 —24.5,—5.2 [E’;D*]%,% 4581.1,4564.7 —-5.9,—22.3
[E:D*]%D,%?%E 4625.3,4637.0,4651.2 —29.2,—17.5,—3.4 [E:D*]%D,%_I%E 4650.2,4643.6,4628.2 —4.3,—11.0,—26.3

Good flavor-spin symmetry
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Single-channel case

2024-4-29

Scenario 1 Scenario 2
System Mass (MeV) BE (MeV) System Mass (MeV) BE (MeV)

[EcZcc]oB 1 6060.8,6050.3 —14.0,—24.6 [XeZec]oB 1 6037.5,6048.1 —37.3,—26.8
[X2Ecc]q 2c 6123.7,6112.7 —15.9,—26.8 [XeEcc]q 20 6102.7,6113.2 —36.9,—26.3
[EcEec]1 28 6143.0,6166.0 —37.5,—14.5 [XeECc]; o8 6162.6,6142.4 —17.8,—38.0
(2 E sl 6198.3,6205.1 —46.8,—40.1 [XeEclop 1 6232.0,6227.7 -13.2,—-174
[XEee]2c 3E 6217.7,6233.6 —27.4,—-11.6 [XeEee]2c 3E 6218.2,6201.9 —26.9,—43.2
[EcEce)oa 14 6068.5,6068.5 —22.0,—22.0 EcZec|oa 14 6061.0,6061.0 —29.5,—29.5
Bl ia ua 6173.6,6173.6 —ﬁ,—ﬁ [EcEee]1a 24 6165.9,6165.9 —ﬁ,—ﬁ
(A A 6184.7,6173.8 —15.2,—-26.1 [=A= P 6160.8,6171.6 —39:1,—28.3
EeZee)y oc 6250.3,6239.1 —17.1,—28.3 EeZee)1,2c 6228.8,6239.6 —38.6,—27.8
[ELEZC]LQB 6266.2,6289.8 —39.2,—15.7 [ELEZC]LQB 6286.3,6265.7 —19.1,—39.8
[EeEeelop 1 6324.3,6331.2 —48.7,—41.8 [EeEcc]op 1 6358.7,6354.3 —14.3,—18.6
[ Pr 6344.0,6360.4 —29.0,—12.6 [ YR 6344.6,6327.9 —28.4,—45.1

Good flavor-spin symmetry

Coupled-channel effect?

SU(3) breaking effect?
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Single vs multi-channel: finger prints of the flavor-spin symmetry

System-dependent

Scenario 1 Scenario 2 Scenario 1 Scenario 2
System BE (SC) BE (MC) BE (SC) BE (MC) System BE (SC) BE (MC) BE (SC) BE (MC)
=D\ -81 —126 —131 [-155] [£:D),, -85 —126 —13.6 |-15.8
p3 D*]Z ~-46 —-48 -21.1 -218 [E.D*]}, —-52 52 223 —229
joENEB —14.0 —15.3 —37.3 —38.2 'zfsgc; —14.5 —14.0 —380 —38.5
SiEe)ls —152 —164 —39.1 —39.9 [E=;]l, —157 —150 -39.8 —39.6
BiBcclpc [~26.87] —34.8, 263 —30.9 [SiSilxc [-274] —227y —269 —24.0
SrZeclac |=28.3 | —31.8¢ —27.8 —31L7 [EiEi],c [=29.0] —23.8y —28.4 —244
s:D* ', —2719 -253 —38 -28 [E:D*]', —-29.2 —-260 —43 3.2
;E;E:C}ED —46.8 —44.7 -13.2 —12.2 E;E:C]ED —48.7 —464 —14.3 —13.2
Y:D* )t —29 —29 -251 -—251 ;D’"]Jr —34 -34 263 —26.3
:EzE;]zE ~11.6 =11.6 -432 -432 [Z:E;])l, -126 =126 —451 —45.1
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Multi-channel  / mass spectra
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% 43200 - -------- S RECRECEETELE fag.s 070 m— i o0TS
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e e T o T AR T - oo RE 3 =
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Consistent with: Y. W. Pan, M. Z. Liu, F. Z. Peng, M. Sanchez Sanchez, L. S. Geng and M. Pavon Valderrama, Phys. Rev. D 102, no.1, 011504 (2020).
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SU(3) breaking factor

/'-'\ L I L T T l I T T I T I T T T T il r
% 180 LHCb l —Data g 4520 ¢
160E 9 fb! —Nom1pal fit] 1 ]
2 60 - — Baseline fit| ] 4480 - —0)
< 140 b NROwp) a0 -
2 19 r — NR(A D) i :
QL 120 + pAD i 4400 ¢
< C e i > :
E 100 5 / --- Background = 2 4360 ¢ () _
L H 4 0 ‘
s 80p E § 4320
O 60 . 4280 -
40 - B 4240 ¢
20F % 4200 ¢
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m(J/wA) [GeV]
LHCb, Phys. Rev. Lett. 131, no.3, 031901 (2023).
A. Feijoo, W. F. Wang, C. W. Xiao, J. J. Wu, E. Oset, J. Nieves and B. S. Zou, Phys. Lett. B 839, 137760 (2023).
M. J. Yan, F. Z. Peng, M. Sanchez Sanchez and M. Pavon Valderrama, Phys. Rev. D 107, no.7, 074025 (2023).
S. X. Nakamura and J. J. Wu, Phys. Rev. D 108, no.1, LO11501 (2023).
A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takiza- wa and Y. Yamaguchi, Phys. Rev. D 108, no.7, 074012 (2023).
K. Chen, Z. Y. Lin and S. L. Zhu, Phys. Rev. D 106, no.11, 116017 (2022).
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Multi-channel

/

mass spectra

I 1
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Summary

We suggest two ways to check the existence of the flavor-spin
symmetry among the / and / molecular community;,

1.e.,

1. The similar binding energies of the heavy flavor meson-baryon (di-
baryon) systems attributed to the same contact potentials.

2. The mass arrangements of the  / /7 mass spectra.

Thanks for your attention!
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