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Outline

üBackground：experimental observations
• 𝒁𝒄 𝟑𝟗𝟎𝟎 , 𝒁𝒄 𝟒𝟎𝟐𝟎 , 𝒁𝒃 𝟏𝟎𝟔𝟏𝟎 , 𝒁𝒃(𝟏𝟎𝟔𝟓𝟎)

• 𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 , 𝒁𝒄𝒔 𝟒𝟎𝟎𝟎
• 𝑷𝒄 𝟒𝟑𝟏𝟐 ,𝑷𝒄 𝟒𝟒𝟒𝟎 ,𝑷𝒄 𝟒𝟒𝟓𝟕

• 𝑷𝒄𝒔 𝟒𝟒𝟓𝟗 ,𝑷𝒄𝒔 𝟒𝟑𝟑𝟖

• 𝑿𝟎,𝟏(𝟐𝟗𝟎𝟎), 𝑻𝒄𝒄(𝟑𝟖𝟕𝟓) and 𝑻𝒄𝒔(𝟐𝟗𝟎𝟎)

üTheoretical aspects: 
• Molecular tetraquarks

• Molecular pentaquarks

• Molecular hexaquarks (dibaryons)

üSummary and outlook
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Experimental observations

• Charmonium energy region: 𝒁𝒄(𝟑𝟗𝟎𝟎) (𝒁𝒄) and 𝒁𝒄(𝟒𝟎𝟐𝟎) (𝒁𝒄" )

• BESIII: 𝑒#𝑒$ → 𝐽/𝜓𝜋#𝜋$ and 𝑒#𝑒$ → ℎ%𝜋#𝜋$, respectively.

• 𝒁𝒄(𝟑𝟗𝟎𝟎): subsequently confirmed by the Belle [Phys. Rev. Lett. 110, 252002] and Xiao et al [Phys. Lett. 

B 727, 366 ].

Phys.Rev.Lett.110.252001 Phys.Rev.Lett.111.242001

𝒁𝒄(𝟑𝟗𝟎𝟎)
𝒁𝒄(𝟒𝟎𝟐𝟎)
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Experimental observations

• Charmonium energy region: 𝒁𝒄(𝟑𝟗𝟎𝟎) and 𝒁𝒄(𝟒𝟎𝟐𝟎)

• BESIII: 𝑒#𝑒$ → 0𝐷𝐷∗𝜋 and 𝑒#𝑒$ → 0𝐷∗𝐷∗𝜋, respectively.

Phys.Rev.D.92, 092006

𝒁𝒄(𝟑𝟗𝟎𝟎)

Phys.Rev.Lett.115.182002

𝒁𝒄(𝟒𝟎𝟐𝟎)
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𝑍! 3900 : 𝐼$ 𝐽%& = 1'(1'() is measured
𝑍! 4020 : 𝐼$ 𝐽%& = 1'(1'() is favored



Experimental observations

• Bottomonium energy region: 𝒁𝒃(𝟏𝟎𝟔𝟏𝟎) (𝒁𝒃) and 𝒁𝒃(𝟏𝟎𝟔𝟓𝟎) (𝒁𝒃" )

Belle: 𝑒'𝑒( → Υ(𝑛𝑆)𝜋'𝜋((𝑛 = 1,2,3) and 
𝑒'𝑒( → ℎ" 𝑚𝑃 𝜋'𝜋((𝑚 = 1,2), respectively.

Phys.Rev.Lett. 108.122001
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Experimental observations

• Bottomonium energy region: 𝒁𝒃(𝟏𝟎𝟔𝟏𝟎) and 𝒁𝒃(𝟏𝟎𝟔𝟓𝟎)

Belle: 𝑒'𝑒( → C𝐵𝐵∗𝜋 and 𝑒'𝑒( → C𝐵∗𝐵∗𝜋, respectively.

Phys.Rev.Lett. 116.212001

𝒁𝒃(𝟏𝟎𝟔𝟏𝟎) 𝒁𝒃(𝟏𝟎𝟔𝟓𝟎)
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𝑍" 10610 : 𝐼$ 𝐽%& = 1'(1'() is measured
𝑍" 10650 : 𝐼$ 𝐽%& = 1'(1'() is measured



Experimental observations

• Charmonium energy region: 𝒁𝒄𝒔(𝟑𝟗𝟖𝟓) and 𝒁𝒄𝒔(𝟒𝟎𝟎𝟎)

BESIII: 𝑒'𝑒( → 𝐾'(𝐷+(𝐷∗, + 𝐷+∗(𝐷,)
PhysRevLett.126.102001
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𝑚-!+ = 3982.5(..0'1.2 ± 2.1 MeV
Γ-!+ = 12.8(3.3'4.5 ± 3.0 MeV

PhysRevLett.127.082001

LHCb: 𝐵' → 𝐽/𝜓𝜙𝐾'

𝑚-!+ = 4003 ± 6(13'3 MeV
Γ-!+ = 131 ± 15 ± 26 MeV

A broder 𝑍!"(4220) was 
also reported



Experimental observations

• Charmonium energy region: 𝑷𝒄(𝟒𝟑𝟏𝟐), 𝑷𝒄 𝟒𝟒𝟒𝟎 , 𝑷𝒄 𝟒𝟒𝟓𝟕 and 𝑷𝒄𝒔

• A 𝑃)(4337) was also reported by the LHCb in 𝐵*+ → 𝐽/𝜓𝑝�̅� decay [Phys.Rev.Lett. 128 (2022) 062001].

• LHCb: the 𝑱𝑷 quantum numbers of 𝑷𝒄s and 𝑷𝒄𝒔(𝟒𝟒𝟓𝟗) are undetermined yet, while 𝟏
𝟐

/
is 

preferred for 𝑷𝒄𝒔(𝟒𝟑𝟑𝟖) with 90% CL.

Phys.Rev.Lett.122.222001
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Science Bulletin 66 (2021) 1278–1287 arXiv: 2210.10346

𝑃!+(4459)

𝑃!+(4338)

𝐵! → 𝐽/𝜓Λ�̅�

Ξ"! → 𝐽/𝜓Λ𝐾!

Λ"# → 𝐽/𝜓𝑝𝐾!



Experimental observations

PhysRevD.102.112003

𝑿𝟎,𝟏(𝟐𝟗𝟎𝟎)
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𝑿𝟎,𝟏(𝟐𝟗𝟎𝟎), 𝑻𝒄𝒄(𝟑𝟖𝟕𝟓) and 𝑻𝒄H𝒔(𝟐𝟗𝟎𝟎)

𝑻𝒄𝒄(𝟑𝟖𝟕𝟓)

𝑩( →𝑫(𝑫!𝑲(

arXiv: 2212.02716

𝑻𝒄𝒔(𝟐𝟗𝟎𝟎)

Nature Phys. 18 (2022) 7, 751-754

𝑩→𝑫*R𝑫𝝅

The fits of the lineshapes of 𝑋,,1(2900) is given in B. Wang et al, 
Eur.Phys.J.C 82 (2022) 419. For 𝑇! ̅+(2900), see W. Chen's talk.



Possible combinations

• Sometimes, the 𝐾∗ meson may be regarded as the heavy matter field to some extent (𝑚,∗ ∼ 𝑚-). The 𝑋#,.(2900) [1, 2] and 𝑇/0(2900) [3] observed 
by the LHCb are very close to the R𝐷∗𝐾∗ and 𝐷∗𝐾∗ thresholds, respectively.

[1] Phys. Rev. D 102 (2020) 112003  [2] Phys. Rev. Lett. 125 (2020) 242001  [3]  arXiv: 2212.02716 [hep-ex]  [4] arXiv: 2212.02717 [hep-ex]

2023/4/16
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Molecular tetraquarks



𝑿(𝟑𝟖𝟕𝟐) and its possible partners
In Refs. [J. Nieves et al, Phys.Rev.D 86 (2012) 056004; F-.K. Guo et al, Phys.Rev.D 88 (2013) 054007; V. Baru et al, Phys.Lett.B 763 (2016) 20-28], the heavy 

quark spin symmetry (HQSS) partners of 𝑋(3872)with the 𝐽12 quantum numbers 2(( was proposed.

.
3
𝐷R𝐷∗ −𝐷∗R𝐷

.""
= −|14!!⊗1ℓ!!⟩

𝐷∗R𝐷∗ 3"" = −|14!!⊗1ℓ!!⟩

𝑆𝑈 3 ' symmetry and HQSS for di-meson systems

It can be approximately regarded as a pure 𝐷#R𝐷∗#/R𝐷#𝐷∗# dimeson, then its flavor wave 
function in the light part will be |H𝑢𝑢⟩.

2023/4/16
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L. Meng, B. Wang, S-.L. Zhu, Sci.Bull. 66 (2021) 1288-1295



𝑿(𝟑𝟖𝟕𝟐) and its possible partners
Two prerequisites:

The recent lattice QCD calculation yielded a shallow [𝐷0R𝐷0]#
"" bound state with  ΔE = −6. 2!3.#(7.8 MeV [JHEP 06 (2021) 035]

[49] C. Hidalgo-Duque et al, Phys.Rev.D 87 (2013) 7, 076006.

2023/4/16
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𝑻𝒄𝒄 and its decays

2023/4/16
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Nature Phys. 18 (2022) 7, 751-754

ü Within the contact EFT [L. Meng et al, Phys.Rev.D 104 (2021) , L051502]



𝑻𝒄𝒄 and its decays

The improved calculations for the 𝐷𝐷∗ interactions that based on the 𝜒EFT up to N)LOwas given in B. Wang et al, 
arXiv:2212.08447 [accepted by PRD].

2023/4/16
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Nature Commun. 13 (2022) 1, 3351

isoscalar assignment for 𝑇!! is supported!

Isospin violating decays of 𝑋(3872) was revisited in L. Meng et al, PhysRevD.104.094003



𝒁𝒄,𝒃 and their strange partners
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1. Simulate the production process:
χEFT

2. Fit the lineshapes in experiments:

Search for the poles in the 
Riemann sheets:

Comprehensive review on 𝝌EFTs 
in heavy sectors: arXiv:2204.08716



𝒁𝒄,𝒃 and their strange partners
• Fitted parameters and predicted states

2023/4/16 18

Poles in the second Riemann sheet

Strangness 𝑆 =
0

Strangness 𝑆 = −
1

ü New measurement from BESIII (𝑒(𝑒! → 𝐾(𝐷0∗!𝐷∗# + 𝑐. 𝑐): 𝑍/09 , 𝑚 ∼ 4123.5 MeV, with a significance of 2.1 𝜎. Chin.Phys.C 47,033001 (2023).

ü Implications of 𝑍!"(4000) and 𝑍!"(3985) as two different states are given in Ref. [L. Meng et al, Sci.Bull. 66 (2021) 2065-2071].

B. Wang et al, PhysRevD.102.114019
B. Wang et al, PhysRevD.103.L021501



Molecular pentaquarks



𝑷𝒄s and their strange partners

2023/4/16 20

Hidden-charm spectra                      Hidden-bottom spectraB. Wang et al, JHEP 1911 (2019) 108

𝚺𝒃
(∗)𝑩(∗) systems 𝚺𝒄

(∗)]𝑫(∗) systems 

How to observe?
• Production mechanism is unknown.
• Reconstrruction channels: 𝛶 𝑛𝑆 𝑁 (𝑛 = 1,2), 𝛬"𝐵(∗)
“There is plenty of room at the ‘bottom’”.-R. P. 
Feynman



𝑷𝒄s and their strange partners
• 𝚵𝐜

(`,∗)"𝑫(∗) systems 
𝑿𝒀𝒁:𝑸]𝑸𝒒]𝒒;                 𝑷𝒄: 𝑸]𝑸𝒒𝒒𝒒.

1. The heavy quark core plays an important role in stabilizing the exotic clusters [Phys. Rev. D 84, 

014031, Phys. Rev. D 86, 014020, Eur. Phys. J. C 74, 3198]. 

2. Hydrogen molecule: two protons plus two electrons, stably exists in the nature.

3. Existence of 𝑃% è more hadronic molecules in SU(3) symmetry?

4. Two heavy matter fields tend to form the bound states in the lowest isospin channels?

5. Whether the 𝚵𝐜
(x,∗)]𝑫(∗) systems can form bound states in the 𝑰 = 𝟎 channels?

6. May be observed in 𝐽/𝜓Λ final states of the decays Λ" Ξ" → 𝐽/𝜓Λ𝐾(𝜂)?

2023/4/16 21

𝑫𝒆𝒖𝒕𝒆𝒓𝒐𝒏 (𝐼 = 0, 𝑛𝑝 molecule)
𝑿 𝟑𝟖𝟕𝟐 (𝐼 = 0, 𝐷]𝐷∗ molecule candidate)            observed
𝑷𝒄 𝒔𝒕𝒂𝒕𝒆𝒔 (𝐼 = 1

.
, Σ! ]𝐷(∗) molecule candidates)

𝑻𝒄𝒄 𝒂𝒏𝒅 𝑻𝒃𝒃 (𝐼 = 0, 𝐷𝐷∗ and 𝐵𝐵∗ molecule candidates)   predictions



𝑷𝒄s and their strange partners
• 𝑷𝒄𝒔 spectra

1. Predicted ten 𝑷𝒄𝒔 states in the isoscalar channels.

2. Three new ones in 𝚵𝐜$𝑫(∗) systems.

3. The new 𝚵𝐜$𝑫∗ 𝟏/𝟐 state is VERY consistent with the newly LHCb result.

• What about the 𝚲𝐜"𝑫(∗) and other systems?
1. The 𝚲𝐜$𝑫(∗) systems: No isospin-isospin interaction, contact (repulsive)+TPE (couple-

channel, attractive)≃ 𝟎è no bound states (estimation).

2. Other systems: 𝚲𝐜$𝑫𝒔
(∗), 𝚺𝐜$𝑫𝒔

(∗), 𝚺𝐜∗$𝑫𝒔
(∗)(𝒔 = −𝟏): attractive, but too weak to form bound 

states. 𝛀𝐜
∗ $𝑫𝒔

∗ (𝒔 = −𝟑): repulsive.       It is hard to form bound states in these systems!

2023/4/16 22

Taken from Science Bulletin 66 (2021) 1278–1287

B. Wang et al, Phys. RevD. 101.034018



Doubly charmed 𝑷𝒄𝒄 states

2023/4/16
23

From 𝚺𝒄
(∗)"𝑫(∗) to 𝚺𝒄

(∗)𝑫∗ systems

The low energy constants of the Σ/
(∗)𝐷∗ systems are estimated from the 𝑁?𝑁 scattering data by introducing a quark level 

Lagrangian:

All the Σ!
(∗)𝐷∗ systems with isospin 𝐼 = 1/2 can form bound states. In addition, we also investigate the interactions of the charmed-bottom 

Σ!
(∗) <𝐵(∗), Σ&

(∗)𝐷(∗) and Σ&
(∗) <𝐵(∗)systems. Among the obtained bound states, the bindings become deeper when the reduced masses of the 

corresponding systems are heavier.

K. Chen et al, PhysRevD.103.116017



More systems

2023/4/16
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Within the same framework, we also covered more systems

K. Chen et al, Eur.Phys.J.C 82 (2022) 7, 581

K. Chen et al, Phys.Rev.D 105 (2022) 9, 096004



Lineshapes of the 𝑷𝝍𝒔𝚲 𝟒𝟑𝟑𝟖 𝟎

𝑚 = 4338.3 ± 0.7 ± 0.4MeV, Γ = 7.0 ± 1.2 ± 1.3MeV.
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Ξ!'@𝐷' Ξ!(𝐷) 𝑃#$% 4338 &

4335.28 4337.37

MeV
2 MeV 1 MeV

𝐽/𝜓Λ

4212.58

The lineshape of the resonance would be distorted from the 
conventional BW distribution if it appears near the threshold and 
strongly couples to the threshold at the same time [Phys. Lett. B 

63,224(1976), Phys. Rev. D 76, 034007(2007), Phys. Rev. Lett. 115, 202001(2015)]. See also 
J-.J. Wu’s talk.

If a pole is close to the physical sheet and far away from the 
threshold, 

Breit-Weigner (BW): 𝑻 ∝ 𝟏/(𝑬−𝑴+ 𝒊𝚪/𝟐)

L. Meng et al, PhysRevD.107.014005

K-matrix parameterization or LS equation
therapies

New!

Two models for the 𝑱/𝝍𝚲-𝜩𝒄𝟎"𝑫𝟎-𝜩𝒄'𝑫( interactions:

Model-I Model-II



Lineshapes of the 𝑷𝝍𝒔𝚲 𝟒𝟑𝟑𝟖 𝟎

Production diagrams:
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𝑇 = 𝑉 + 𝑉𝐺𝑇, 𝐺 = diag{𝐺1, 𝐺., 𝐺5}

𝐺~(𝐸) = ∫,
� �.�.�

.� .
�/0'�/.

�/0�/.[�.( �/0'�/. .'~�]
, 𝜔~� = 𝒍. + 𝑚~�

. 1/.
. Analytical continuation: 𝐺~ → 𝐺~ + 𝑖 �/

3��

“Synthetic”poles:
𝑀<= =𝑀< − 𝑖Γ>/2

• 𝑀< = {𝑚?'(@( −1,𝑚?'"@) −
1,𝑚?'"@) +1,𝑚?'"@) +5} MeV

• Γ< = {2, 7, 20} MeV

Poles well above the 𝚵𝒄+𝑫, threshold Poles well below the 𝚵𝒄+𝑫, threshold 

L. Meng et al, PhysRevD.107.014005



Dibaryons



Dibaryons (molecular hexaquark)
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A dibaryon is essentially a system with two baryons. There is one known dibaryon in nature-
deuteron, another possible one is the ΔΔ dibaryon-𝑑∗(2380) (disputed).
𝐍𝐁𝐐and 𝐍𝐁𝐐𝐐systems

ü The 𝑁𝑌/ (𝑌/ = Σ/ , Λ/) interactions are essential for understanding the in-medium properties of the charmed baryons. The 
experimental proposals at the J-PARC [arXiv:1706.07916] and GIS-FAIR [Prog. Part. Nucl. Phys. 66 (2011) 477–518] have stimulated 
many investigations on the 𝑁𝑌/ interactions.

ü In Refs. [Nucl. Phys. A 971 (2018) 113–129, PoS Hadron2017 (2018) 146], the HAL QCD Collaboration calculated the phase shifts of the 
𝑁Λ/ and 𝑁Σ/ scatterings from lattice QCD at the unphysical pion mass 𝑚2 = 410 − 570MeV. 

ü In Ref. [L. Meng et al, Eur. Phys. J. A 54 (9) (2018) 143], the authors predicted the bound states in the 𝑁Ξ// and 𝑁Ξ// systems from 
the OBE model .

L. Meng et al, Phys. Rev. C 101, 064002



Dibaryons (molecular hexaquark)
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𝐁𝐐𝐁𝐐 and 𝐁𝐐"𝐁𝐐 systems

ü In Ref. [N. Lee et al, PhysRevD.84.014031], the authors calculated the Λ/Λ/ ?Λ/ , Ξ/Ξ/ KΞ/ , Σ/Σ/ KΣ/ , , Ξ/3Ξ/3 KΞ/3 , Ω/Ω/(?Ω/) systems 
within the OBE model, they obtained: the H-dibaryonlike state  Λ/Λ/ does not exist; there may exist loosely bound 
deuteronlike states for the other systems

ü In Ref. [J-.X. Lu et al, PhysRevD.99.074026], the authors found that the isoscalar Λ/?Λ/ , Σ/
(∗) KΣ/

(∗)and isovector Λ/ KΣ/
(∗)as well as their 

doubly charmed and doubly bottom counterparts are good candidates of the molecular hexaquarks.
ü In Ref. [X. Z. Ling et al, Eur. Phys. J. C (2021) 81:1090], the masses and strong decays of the Σ/

(∗)Σ/
(∗) dibaryons were calculated.

ü Calculations from other approaches, see [H. Huang et al, PhysRevC.89.035201; T. F. Carames et al, PhysRevD.92.034015; H. Garcilazo et al, 
Eur. Phys. J. C 80 (8) (2020) 720; Z. Liu et al, Phys.Rev.D 105 (2022) 3, 034006; X.-K. Dong et al, Commun. Theor. Phys. 73 (12) (2021) 125201; X.-K. Dong 
et al, Progr. Phys. 41 (2021) 65–93].

𝐁𝐐𝐐𝐁𝐐 and 𝐁𝐐𝐐"𝐁𝐐𝐐 systems
The Ξ//

(∗)[KΞ//
(∗)] can be related to the ?𝐷(∗) [𝐷(∗)]with the heavy diquark-antiquark symmetry (HDAS),

Ξ!!
(∗) HDAS "𝐷(∗) EΞ!!

(∗) HDAS 𝐷(∗)

ü In Ref. [J-.B. Cheng et al, PhysRevD.107.054018], the authors investigated the double-charm and hidden-charm hexaquarks as 
molecules in complex scaling method with explicit three-body effect.



Dibaryons (molecular hexaquark)
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𝐁𝐐𝐐𝐁𝐐 and 𝐁𝐐𝐐"𝐁𝐐𝐐 systems
As a consequence of the HDAS, the Ξ//

(∗)𝐷(∗), Ξ//
(∗) Σ/

(∗)and Ξ//
(∗) KΞ//

(∗) systems can be related to the ?𝐷(∗)𝐷(∗), ?𝐷(∗)Σ/
(∗) and 

?𝐷(∗)𝐷(∗) systems, respectively. 

Thus, the existence of the molecular states in the ?𝐷(∗)𝐷(∗) and ?𝐷(∗)Σ/
(∗) systems should also imply the existence of the 

molecular states in the Ξ//
(∗)𝐷(∗), Ξ//

(∗) Σ/
(∗)and Ξ//

(∗) KΞ//
(∗) systems.

ü In Ref. [F.-K. Guo et al, PhysRevD.88.054014], the authors predicted the triply heavy pentaquarks with 𝐼(𝐽4) = 0(3/25) , 
0(5/25)with the 𝑋(3872) as input, as well as the 1(1/25) and 1(3/25) ones with the 𝑍6(10650) as input.
see also R. Chen et al, PhysRevD.96.114030. 

ü In Ref. [Y.-W. Pan et al, PhysRevD.102.011504], the authors proposed an alternative way to determine the spins of the 
𝑃/(4440) and 𝑃/(4457) from the spectrum of the , Ξ//

(∗) Σ/
(∗) systems with the help of lattice QCD.

ü In Ref. [B. Yang et al, Eur. Phys. J. A56 (2) (2020) 67], Yang et al investigated the possible bound states in the Ξ//
∗ Ξ//

∗ (KΞ//
(∗))

systems, and predicted the molecular candidates in the isoscalar and isovector channels.

𝐁𝐐𝐐𝐐𝐁𝐐𝐐𝐐 systems
ü Lattice: Phys. Rev. Lett.127.072003; Phys. Rev. Lett.130.111901
ü Models: Chin. Phys. Lett. 38, 101201; Eur. Phys. J. C 82, 805; Int. J. Mod. Phys. A 37, 2250166; arXiv: 2207.05505; arXiv: 2208.03041



Summary and outlook

1. Many near-threshold states have been observed in experiments.
2. Their spectra and decays were intensively studied within various 

models.
3. Most of the nowadays observed exotic states have the same 

origin? —The dynamically generated resonances (bound states) from 
the analogue of nuclear forces in different sectors. 

4. What forces govern the formations of these states—the “general 
nuclear forces”?

5. Weak(er) model-dependent approaches need to be developed.

Thank you!
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