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Introduction 

Some of the observed exotic states
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Introduction 

Conventional hadrons

5H.X. Chen, W. Chen, X. Liu, Y.R. Liu, S.L. Zhu, Rep. Prog. Phys. 86, 026201 (2023)
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(� = �, �)



푐푐uud

푐푐uds

Hidden-charm pentaquark-like baryons (� = �, �):

Can we understand above exotic mesons and baryons in the compact multiquark picture?

S-wave states here
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• Although problems:
       Dynamics (no);
       Spatial information (no);
       Effective quark masses (system to system); 
       Effective coupling constants (conventional → multiquark?);
       Estimated masses (uncertainty).
• Simple for estimation of rough positions of multiquark states
• CMI model for mass splittings can catch basic features of spectra
• In the model: 
   (1) Construct flavor-color-spin wave function bases;
   (2) Mixing between different color-spin structures
         → Base independent results

Formalism: color-magnetic interaction (CMI) model [symmetry analysis]

8



9

Formalism: mass fomulas for compact tetraquark states

In original CMI:

In threshold scheme:

where ref=hadron-hadron state  and ���� is its (measured) threshold.

In the scheme we will use:

where we assume X(4140) as the ground 1++ 푐�푐� compact 
tetraquark and ∆�� denotes mass gap between two different 
quarks.



Original CMI:

Bad theoretical results! mainly due to quark masses 10



Formalism: CMI models

• Alternative schemes to study multiquark spectrum: 

  (1) Reference scale → hadron-hadron threshold
       M= [����=(�����−�����) − (����)���] + ����,  
       (same quark content for 푟�� and multiquark)
       more reasonable tetraquark masses than original CMI.
       But, from studies for 
       푐�푐�, 푄푄푄푄, 푞푞푄푄, 푄푞푄푞, 푄푄푄푞           →����

       [1605.01134, 1608.07900, 1609.06117, 1707.01180, 1810.06886, 2001.05287, 2008.00737]

  (2) Reference scale →  mass of X(4140)          →�����������        

11
Assumption: �(ퟒퟏퟒ�) observed in �/흍� as the ground ퟏ++ 풄�풄� tetraquark

→�ℎ��ℎ



12

Formalism: mass splitting model

where                                     denotes the effective quark 
mass gap between quark i and quark j.

Li et al., PRD 108, 056015 (2023)

Wu et al., PRD 99, 014037 (2019);
Cheng et al., PRD 101, 114017 (2020)

Approximate relations:

Godfrey-Isgur model:

Consistent with Buccella et al., EPJC 49, 743 (2007).
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Formalism: mass splitting model

Why is X(4140) selected?
1. It is a �/휓� resonance confirmed by different experiments.    
    ��� = 1++ determined; suppressed mixing with 푐푐 states;

2. ��� = 1++ partner states X(4274) and X(4140) can be 
consistently interpreted as compact 푐�푐� tetraquark states;
[Stancu, J.Phys.G 37, 075017 (2010);  Wu et. al., PRD 94, 094031 (2016)]

3. X(4140) as the reference state can provide more reasonable 
explanations for other observed 푐�푐� states.
[Li et. al., Chin.Phys.C 48, 063109 (2024)]
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Formalism: mass fomulas for compact tetraquark states

In original CMI (v1):

In threshold scheme (v2):

where ref=hadron-hadron state  and mesured ���� is its threshold.
In the scheme we will use (v3):

Usually, ��2 < ��3 < ��1

additional attraction needed

superfluous attraction included

(size: hadron-hadron state > compact tetraquark > conventional hadron)
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Formalism: rearrangement decay

• Combine information from spectrum and decay to analyze multiquark properties

• A simple decay scheme:

    1. decay Hamiltonian is a constant：�풅풆풄�鲀 = �

    2. measured width ≈sum of two-body rearrangement decay widths：�풆�� ≈ ����

We analyzed masses and widths of the Pc states in:
PRD100, 054002(2019); PRD 108, 056015 (2023)

system-dependent �
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Example of formalism: Pc states ( � = � , � )

Th. 

Exp. 

�풄(ퟒퟒ��)+, �풄(ퟒퟒퟒ�)+, �풄(ퟒퟑퟑ�)+ can be regarded as the J=3/2, J=1/2, and J=1/2 pentaquark states, respectively.    

For               

For               

For               Predictions

For               

Input

Ratios between decay widths
of different pentaquarks 

J.B. Cheng, Y.R. Liu, PRD100, 054002(2019);

Li et al, PRD 108, 056015 (2023)
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If we assign the                                       to be J=3/2 pentaquark 

states                                     , respectively,

 which is  contradicted with the experimantal value.

                                                                 Other possible assignments:                                                                

  Theoretical widths are much smaller 

   than the measured  results.                                                                

             Both �풄�(ퟒퟒ��)� and �풄�(ퟒퟑퟑ�)� can be regarded as ퟏ�
−

 pentaquark states.    

For                  ,               0.3)(:)/( =LGYLG sc DJ

The J=5/2 state，the lighest J=3/2 state, and the lighest J=1/2 state are narrow.                                                                
Predictions

Example of formalism: Pcs states ( � = � , � )

Exp:

For                    ,               0.1:1.1:3.2)/(:)(:)( =YLGXGLG ** JDD csc

 Li et al, PRD 108, 056015 (2023)
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(1) 풄�풄� states Li et al., Chin.Phys.C 48, 063109 (2024)

LHCb: 2407.14301

��(4140) = 4146.5 MeV
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(1) 풄�풄� states 

Li et al., Chin.Phys.C 48, 063109 (2024)



LHCb, Nature Phys. 18, 751 (2022):

LHCb, Nature Commun. 13,3351 (2022):

Minimal quark content: 푐푐��

(2) 푸푸�� states 
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(2) Lowest �(� � ) = �(ퟏ + )풄풄��  tetraquark state: �풄풄 = 풄풄�풅

Width sensitive to mass for near-threshold states.

If M → 3876 MeV, Γ=3.0 MeV;
If M → 3880 MeV, Γ=9.7 MeV.

With measured mass ���� = ��∗+ + �� − 273 keV,
quasi-two-body decay width [Capstick, Roberts, PRD 49, 
4570 (1994)]:

~105 keV
21

�=7282.15 MeV from X(4140)

풄풄��



From mass, width, and production properties, it is possible to assign
the LHCb ��� as the lowest �(��) = 0(1+) 푐푐�� tetraquark state.

(2) Lowest �(� � ) = �(ퟏ + )풄풄��  tetraquark state: �풄풄 = 풄풄�풅
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(2) 풄풄��   and 풄풄��  states: spectrum

Belle: PRD 105, 032002 (2022): No ����� is observed

threshold
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(2) 풃풃��  states: spectrum

Almost all theoretical studies support this bound 푏푏��.

threshold~10682 MeV

24



J.B. Cheng et al, 
CPC 45, 043102 
(2021)
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(2) 풃풄��  states: spectrum

J.B. Cheng et al, CPC 45, 043102 (2021):   7167 MeV & 7223 MeV;
Karliner, Rosner, PRL 119, 202001 (2017): 11 MeV below BD;
Alexandrou et al, PRL 132, 151902 (2024): shallow bound 푏푐�� with J=0 and 1.

~7232 MeV
~7280 MeV

threshold~7190 MeV
threshold~7144 MeV
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(2) 푸푸��  states: rearrangement decay

Ratios between partial widths as predictions
for tetraquark states that have two or three 
rearrangement decay channels.
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(3) 풄풄풄풄 states 
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(3) 풄풄풄풄 states 

Dominant channel of X(6600)?

218 MeV

ATLAS:
   X(6600)-X(6400)~220 MeV

162 MeV

All 푄푄푄푄 tetraquarks
are unstable

29

Input CMS X(6600)→

ATLAS X(6400)→

Input ATLAS X(6600)

ATLAS X(6400)→

Input ATLAS X(6600)→



(4) 푸��� states 

푐��� : I=0 & I=1 degenerate

�=13.577 GeV ←

30

P=-  →



(4) 푸��� states 
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�=13.577 GeV ←

P=-  →

���0(2900)0
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Summary

X(3960) is a good candidate of the lowest �++ 풄�풄� tetraquark state.

 The lowest �(ퟏ+) 풄풄�풅 tetraquark state can be used to understand 

the LHCb �풄풄 state. [mass, width, production]

 X(6660)/X(6400) consistent with �++/�++ 풄풄풄풄 tetraquark states 

[�++/�++?].

  �풄��
� (����) as the second highest I=1 풄��� tetraquark state;

    �풄��(����) as the higher I=0 풄��풅 tetraquark state.

With one mass formulae and a simple decay scheme: 
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