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Hadronic Exotics:
molecular and compact scenarios



Outline
1, Introduction: Hadronic Exotic states: 

(XYZ-particles：4-quark, 5-quark states)
★interpretations: 

Molecular & Compact scenarios

2, ● Example1: X(3872)  molecular scenario

3, Exotic (6-quark system) 
● Example2: d*(2380) compact scenario

4,  Summary and discussion

22024/10/31
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• Potential models worked well     
for charmonium spectroscopy

2024/10/31

1, Introduction

• Cornell-potential
• Non-relativistic

Or Semi-relativistic
• Spin-dependence

velocity-dependent

•
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X, Y, Z  states from Brambilla et al., 1010.5827

52024/10/31

• BABAR, Belle,
BESIII, LHCb, ….



Charged charmonium  
spectrum 
-- A completely new  
scenario of strong 
QCD!

 States close to open 
thresholds
-- The role played by    

open D meson channels?  

2024/10/31 6KEK, Hadron physics at J-PARC, Japan

Close to DD* threshold 
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XYZ states Charmonium-like  

★Near threshold 
★Narrow width 
★Heavy flavor

Recent studies on hadronic exotic structures_(4-body)

normal 
mesons 

&
 baryons

Courtesy of 
J. Messchendor
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Recent studies on hadronic exotic structuresb-quark

b
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Many new structures 
charmonium-like or bottomium-like…

They are hadronic exotics  
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Pentaquark states Pc (4380)+, & Pc(4450)+

K-

b c cs→ +

Recent studies on exotic structures_(5-body)
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Real particles are color singlet

Courtesy of V. Bhardwaj
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Interpretations of two Pc

*Kinematic effects in non-perturbative re-scattering processes
(CUSPS or triangle singularity)
e.g. arXiv:1507.04950, 1507.05359, 1507.06552, et.al..

*bound states(or resonances) by open-charm baryon and meson
4.g. arXiv: 1507.03717, 1507.03704,1507.05200, 1507.4249 et. al.

*baryon+charmonia
e.g. arXiv:1507.07478,1508.00888, 1512.00426

c c c cD D D DΣ Σ Σ Σ
* ** *, , ,

c p, S p1 (2 )χ ψ

*Tightly bound pentaquark states
e.g.arXiv; 1201.0807,1507.04980,1507.07652,1508.00356,1507.05867,   

1507.08252, 1508.01468,1508.04189 

*coupled-channle unitary approach: A series of meson-baryon dynamically generators
e.g. arXiv:PRL105,232001; PRC84,015202, PRD92,094003, etl.al…

Meson-exchange 
interaction
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* Observations: BESIII, BelleII, BABAR, LHCb…
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◆ Molecule, baryonium 
◆ tetraquark 
◆ Hybrids 
◆ Coupling channel…

QCD sum rule
Non-relativistic QCD

Heavy hadron chiral perturbation theory

Lattice calculations

Potential models, EFT

Heavy quark effective theory

Interpretations approaches/descriptions

2024/10/31

★Near threshold, 
★Narrow width, 
★Heavy flavor
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Interpretations approaches/descriptions
★Two main scenarios 

(Molecular & Compact scenarios)
Compact System

● Diquark bounded by colored force
● Typical Size ～1 fm
● Mass near to threshold accidental

SU(3)f multiplets from combination   
of diquarks

● No (strong) hierarchy of couplings

Molecular  System

■ Formed by mesonic exchange
■ Size >1 fm
■ Mass near to threshold natural
■ SU(3)f multiplets from combinations   

of component hadrons
■ Fall-apart decay dominant

Other possible interpretations:  hadro-quarkonium, hybrid…
Experimental observations essential to check all models



Hadronic molecules
• Weekly bound state of two or three hadrons
• Typical examples: Nuclei and  hyper-nuclei
• Baryon-baryon bound state: MH <M1 + M2

• The Molecule idea has a long history

• Voloshin, Okun (1976)
• De Rujula, George, and Glashow (1977)

Long-range one-pion exchange (Tornqvist, ZPC1993)
Meson-exchange models (Lohse, et al., 1990)
Unitarized coupled channel models with chiral Lagrangians 

( Olier, et al., 1997; Jido et al., 2005, 
Gammermann et al., 08) +……Chinese+

182024/10/31
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New exotics : X(3872)



Sept.16-24, Erice2015, Italy 21

Decay modes of X(3872)

2024/10/31



22

2. Example-Molecular scenario for X(3872)
Phenomenological Lagrangian approach  

(with Tuebingen group, Prog.part.nucl.phys., 94 (2017), 282)

Correlation 
function

Two fields

X (3872,1+)

D

D*

The mass operator represented by  2( )pΠ

X (3872,1+)

( )
*

*

XDD

4X 2 *
X

X J

g
         X x d y

2
D x y 2 D x y 2 D x y 2 D x 2y y( )( ) ( ) ( ) + ( ) ( )µ µ

µ
µ

µ Φ + − += −

=

  ∫



★Near threshold 
★Narrow width 
★Heavy flavor

★ Degrees of freedom
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a, Compositeness condition:
Bound state description of hadronic molecules in QFT based on compositeness 
condition:  Weinberg,  PR1963;   Salam, Nuov.Cim. 1962                     

Heyashi et al.,Fortsch. Phys. 1967 

The coupling  gX is determined by the condition 

g g
The mass operator represented by  2( )pΠ
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b, Vertex function

Characterize the finite size of the hadron
& the distributions in the hadron 

Gaussian-type is chosen for the function

Parameter: Gaussian with free size parameter ΛM

Four-dimensional covariant calculation

2 4 2Local  limit y yΦ δ→( ) ( )
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Strong decay(two-body, three-body)

2 4 2Local  limit y yΦ δ→( ) ( )
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Decay width (keV)

 Radiative decays

PRD77, 094013, 2008
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New measurement of LHCb-1

LHCb 1409.6472

2024/10/31



Sept.16-24, Erice2015, Italy 302024/10/31

Including of cc

YBD, Faessler, 
Gutsche & 
Lyubovitskij, 
JPG38, 015001



312024/10/31

YBD, Faessler, Gutsche & Lyubovitskij, J. Phys. G38, 015001

Results (including) cc

Interference effect, by the admixture
θ, plays a crucial role to understand
the measured ratio

BABAR

LHCb

1.1



32Courtesy of V. Bhardwaj
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Probing the nature of the χc1 state using radiative decays
LHCb Collaboration                 arXiv:2406.17006

The radiative decay of χc1(2S)+γ are used to probe the nature of the χc1(3872) 
state using proton-proton collision data collected with the LHCb detector, 
corresponding to an integrated luminosity of 9 fb-1. Using the B+ χc1(3872) K+

decay, the χc1(2S)+γ is observed for the first time and the ratio of its partial 
width to that of the χc1 J/Ψ+γ decay is measured to be 

where the first uncertainty is statistical, the second systematic and the third is 
due to the uncertainties on the branching fractions of the (2S) and J/
mesons. The measured ratio makes the interpretation of the  χc1(3872) state as a 
pure [D0D*0  + D0D*0] molecule questionable and strongly indicates a sizeable 
compact charmonium or tetraquark component with the  χc1(3872) state

c1

c1

3872
1.67 0.21 0.12 0.04

3872 J /
( ( ) (2S) )
( ( ) )

Γ χ ψ γ
Γ χ ψγ

→
= ± ± ±

→

★Near threshold 
★Narrow width 
★Heavy flavor
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c1

c1

3872
1.67 0.21 0.12 0.04

3872 J
( ( ) (2S) )
( ( ) )

Γ χ Ψ γ
Γ χ ψ γ

→
= ± ± ±

→

Discussions (XYZ particles)：
Molecular scenarios: threshold effect 

narrow width
large size
heavy flavor

Admixture：loosely bounded + compact part



● Binding energy ~2.2MeV, or 1.1MeV/A
Which has to be compared to the averaged binding    
energy of 8 MeV/A in Nuclei 

● Its charge radius of 2.1fm (loosely bounded)
The centers of the proton and neutron are far apart    
from each other than the pion exchange range r~hc/mπ ~1.4fm

● Proton-neutron (dominated), 
six-quark content (2-3% or 0.15-0.3%)+ ΔΔ(0.4%)

Dibaryon:    deuteron--1932

2024/10/31 35

3. Compact scenario of d*(2380) dibaryon
Phenomenological quark model approach  

(with Beijing group, Prog.part.nucl.phys.,131 (2023),104045)



Beginning: (★Dyson and Xuong,1964)
1964, when quarks were still perceived as merely mathematical 
entities SU(6) multiplet in 56×56 product: contains the SU(3) 
\bar{10} and 27;  
Deuteron D01 and NN virtual state D10D12(N) and D03()

M(D03)=2350MeV.  This dibaryon has been the subject of several quark-based  
model  calculations since 1980---by A. Gal

IS

MassMeV

1876
1876
2160
2160
2350
2350

2024/10/31 36

[ ]
12 pp d s 2160M

M A B I I 1 S S 1 2

eV

with the NN threshold mass 1878, a value B 47MeV

was reached by assigning D  to  resonance at   (near  the

( ) (

 N  threshol

 

d

)

) π ∆+↔ =

+ + + + − 

non-strange
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Experiments at the Jülich Cooler Synchrotron (COSY) have

found compelling evidence for a new state in the two-baryon

system, with a mass of 2380 MeV, width of ~ 80 MeV and

quantum numbers-- I(JP) = 0(3+) …Since 2009

(2014)

observation: d*(2380)_light flavor dibaryon
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Neither N*N (Roper)，
nor ∆∆

Intermediate state

★Baryon number=2 ★Unusual narrow width 

71MeV
84MeV

They need this d*(2380)

( )

2380

7

2 84

2 23
0

0

1 3 2

NN

N

d*

N

d*

M MeV
M
M

 M

M  MeV

 MeV
eV

/

∆

ππ

∆

∆

≈ −

>

>

Γ ≈

<

≈

•Γ

×

≈

Γ

•

?

★

2024/10/31
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Signals in np processes WASA @ COSY

PRL 106 (2011) 242302
PLB 721 (2013) 229

np scattering
process2π production processes

Fusion

Non-fusion
pn →d*

fusion 2π
processes 
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Characters of the d*(2380) 0(3+) 

Review article: by Heinz Clement，
Progress in Particle and Nuclear 

Physics, 
93 (2017), 195-142

• d* narrow width

be different 

from normal hadrons

Possible 6q structure

d* locates between ∆∆ and ∆Nπ thresholds
♥ Effect from threshold is expected to be small

71MeV 84MeV

NM  MeV2310π∆ = d

d

M MeV
MeV

*

*

2380
80

≈

Γ ≈
M  MeV2460∆∆ =
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▲ Before COSY’s observation
• Consists with COSY’s measurement 

Dyson(64) ------ symmetry analysis

Thomas(83) ----- bag model

Yuan(99) -------ΔΔ+CC quark cluster model

d*(2380)

Jaffe(77) Swart(78) Oka(80)
Maltman(85) Goldman(89) Wang(95)……

★ Possible interpretation of d*(2380)
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▲ After COSY’s observations

• Quark model
J.Ping (09/14)-10 coupled channels QM
Bashkanov, Brodsky, Clement (13) -- ΔΔ+CC

★ F.Huang, YBD，Zhang. (14-18)--ΔΔ+CC QM

A),a compact 
6q dominated 
exotic state

• Hadronic model
Gal (14)---ΔNπ

Kukulin (15,16)--D12π

B), a ΔNπ (or D12π)   

resonant state 

★ Possible interpretation of d*(2380)
compact 6q dominated

2024/10/31

● Some Other 
interpretations



Bashkanov, Brodsky, H.Clement Phys.Lett.B727 (2013) 438

∆∆ width:

Binding about 90MeV 

The observed d*(2380) must be of 
an unconventional

origin, probably 6q structure

Ansatz

10/31/2024

• d* narrow width

               Cluster
Quark degrees of  freedom

•
•
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Interactive Lagrangian

▲ Interactions:

q-q potential

●Quark model framework
SU(3) chiral QM + RGM approach(light flavor) 

PRC 60 (1999) 045203     
CPC 39 (2015) 071001

★SU(3) chiral constituent quark model: 
SU(3) CCQM (Beijing Group)

2024/10/31

Conf OGE ch chv
ij ij ij ij ij

ch s a ps a
ij ij ij scalar PSa

V V V V V

V V V +

= + + +

= +∑

.

( ) ( )( )

( )8 8a a
I ch a a 5a a

g iΨ σ λ π λ γ Ψ= − +∑ ∑
:  
:

a

a

scalar nonet fields
psudoscalar nonet fields

σ
π



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★Model parameters: 
could well-reproduce and match the
experimental data for the N-N
scatterings

--- NN phase shifts;
& hyper-nucleon interaction

Expt
dBinding Energy BE 2 22MeV  ( ) .=

+ deuteron properties:  

★Extended SU(3) chiral constituent quark model:    
SU(3)ECCQM in quark degrees of freedom

( ) ,

:  

8 8a achv
I chv a aa a

N

a

f
g

2M
vector nonet fields

µ µ ν
µ µνΨ γ ρ λ σ ρ λ Ψ

ρ

= − + ∂∑ ∑

bingding
size







2024/10/31 46

The S-Wave phase shifts of the N-N scattering in SU(3)CCQM and SU(3) 
ECCQM.  Dotted, dashed and solid curves: (f/g=0, 2/3).
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▲ Trial wave function of d*

η∆∆ (r) and ηCC (r)
are not orthogonal

Using the projection method to integrate out the internal coordinates 
inside the clusters (or Hadronization approach)

▲ Hadronization----channel wave function:

●the two components orthogonal

★the quark exchange effect included 

★ 6-quark
two clusters

+ RGM
★
●
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d*
 (W

Fs
)

▲ Results: 

On d*(2380) Properties

a, Mass & wave function of d*(2380)

PI(J ) 0(3 )+=

PRC 60 (1999) 045203     
CPC 39 (2015) 071001
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• Binding energy (BE) ( )d

Expt 84MeV
BE

Theor 84MeV*

.
.









PRC 60 (1999) 045203 

**d* deep bound 
& narrow width

■1, Intrinsic 
character of d*
quark exchange 
effect of sfc large  
(negative:-4/9) 

■ 2, Dynamical effect
(IS=03) ，OGE & 
vector meson 
exchange induced 
Δ-Δ short range 
interaction is 
attractive

PI(J ) 0(3 )+=

2024/10/31

The observed d*(2380) must be of 
an unconventional  origin



− − −

SI=30

SI=30 SI=

SI=30 S

30 SI=30

I=30

sfc
36

CC CC

CC              
(ΔΔ)    
(ΔΔ)      

                   ( )         ( )

>   1 4 7               

    (ΔΔ)     

      

    

    

 

      
9 9 9

( )

 <  P

exchange effect in spin-flavor-color spaces>sfc
36<P

should also large

is determined by the
dynamical wave function

The effective Δ-Δ interaction induced by OGE and vector meson exchange 
enables the short range interaction attractive.

Two clusters ΔΔ closer,

For d*

2024/10/31 50

1)  d* special characters
spin-flavor-color spaces exchange effect

2)  ΔΔ (SI=30),  Δ-Δ short range interaction is attractive

Dynamical effect                 Model independent  
Effect large, large CC component 

36 P  
d* deep bounded and narrow width

d* might be a 
6q dominant state

r 
3 36

fc
366
sP  PP = 

Reason for large component of CC (67%)

intrinsic

Due to quark exchange effect

r 
36 <P > 

PI(J ) 0(3 )+=
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▲ 2π decay widths

Three-body decay Four-body decay

Interaction
Coupling & form factor

Parameters:

Typical 
diagram

PRC91 064002, PRC94 014003

b, Strong decay_I:

∆∆  is considered 
only and no CC

N∆ → π

d* d
d* d + −

→ π π

→ π π

0 0 d* pn (pn )
d* nn (pp )

+ −

+ −

→ π π π π

→ π π π π

0 0

0 0
PI(J ) 0(3 )+=
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Our interpretation of d*_Compact 6q dominated exotic state  

(wave function of   SU(3) (CQM+ECQM))

In 2014, gave “CC” fraction of 68% in d* ( ∆∆+CC )

PRC91,064002(15),  PRC94,014003(16)

The narrow width is due to 
large CC component 

∗ All partial and total widths
agree with data reasonably

①,  Compact structure:
size~~0.8fm

②, Components

③, ∆∆ component plays of the most   
important role in the calculations

The

Ex

or.

pt M
e

eV
M V

Γ

Γ

=


≈

7
72
0 75

▲ 2π decay widths

PI(J ) 0(3 )+=
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This channel might serve as a test!

• Experimental status

Dash-dotted line illustrates a 10%         
d* resonance contribution

Upper limit of branching ratio for 
“d*(2380)NNπ” is around 9%.

The WASA-@-COSY 
Collaborations, 

PLB774 (2017), 599-607

c, Strong decay_II: Single-pion decay

Our prediction, 1% is compatible with the Exp’t 
upper-limit:

PI(J ) 0(3 )+=

One of Typical 
diagrams

 is considered only 
        and no CC
∆∆
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(A) Compact quark model: (deeply) (B) ΔπN three-body system:
Mass, energy and 

Double-pion strong decays Good √
Hadrons

d*(2380) single-π decay

The result of three-body 
(∆πN) scenario is about 18%.

Our prediction 1% which
is compatible with the
experimental up-limits

Good √
Quarks

5 2| d* | | N
7 7
∆∆ ∆π>≈ > + >

Recently (PLB769) 
In order to match the up-

limit of exp.
Exp. gives 9% up-limit

More sophisticated 
admixture

Cloud

EM Form Factors：

Comparison of two interpretations

Photo-absorption 
on deuteron by d*(2380)

PI(J ) 0(3 )+=
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d, Form factors of d*

relative to size arXiv:1704.01253, PRD96,094001Form factors: 2S+1

Nucleon(s-1/2):

Breit frame

Deuteron (s-1):

Breit frame

PI(J ) 0(3 )+=
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EM current (7 form factors, S=3)

Electric multi-poles                                         Magnetic multi-poles

PI(J ) 0(3 )+=
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(a) Compact quark model (b) πΔN three-body system
d*(2380)  charge distributions

W
av

e 
fu

nc
ti
on

s 

both  and  
are conside

C
d 
C

re
∆∆
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★1,  ∆∆ Contribution
★2,  Compact system
★3,  Breit-Wigner  

form  considered

LM:2×1032cm-2 /s

0

4
evens

evens

s 4.8,5.0 ,5.2,5.4 GeV

3.6 ,5.6 ,7.2,9.3 10
20,100,600,3200

( )

( )
( )

=

×

Panda

e, Productions at other facilities
p p d 2380 p n+ → + +*( ) ( )
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★① Our SU(3)(CCQM & ECCQM) approaches, in quark degrees of freedom,
are employed to study the mass, and wave function of [d*(2380), 3+]. These
approaches could well reproduce the experimental data for the N-N
scatterings as well as the properties of deuteron and hyperon-nucleon
interaction, and the model parameters are fixed.

★② Within the approaches and by employing the same set of parameters,
the mass of d*(2380) is well-reproduced and its wave function is
expressed as ∆∆+CC， hidden color parts dominated.

★③ It is a compact 6-quark state with some portions |∆∆> and |cc>
components, due to its spin and quark exchange effect.

novel

♣ Discussions: for d*(2380)
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★④ We also obtained channel wave function for the two channels and they
are orthogonal. Then, the channel wave function are employed to calculate
the strong decays of d*(2380). Double pion decays are well reproduced
comparing the available measurement, and the single pion decay is
expected to be much small.

★⑤ The electromagnetic form factors of d*(2380) are also calculated and its
charge radius, magnetic moments, quadupole moments are obtained. The
scenarios of compact and loosely bounded are compared.

★⑥ More experimental information of this dibaryon is necessary to confirm 
its existence. Some possible observation is predicted.



● Suggest other possible experimental searchings for it
and study for possible dibaryon signals (non-strange):

① Process (Mainz, Jlab., ELPH, BGOOD):

② Process (Belle), Υ-decays:

③ Processes (BEPC, Babar, Belle?) :

p p d * d * X+ → +④ Processes (Panda) :

p n
p d
d d

+
+
+

Other
Than

WASA@COSY
NICA 

*

52.9 10
d X

BR( d X)
ϒ

ϒ −

→ +

→ + ×已知

* p ne e d+ −+ → + +

● Theoretical study of other dibaryon candidates:

[★ d(S=3,I=0)*(2380): d(S=0,I=3)*(???) ],

[D(S=2,I=1), D(S=1,I=2)], [Roper+∆]_Wasa@Cosy

If the d* is further confirmed by experiments, Our
interpretation looks reasonable. Thus, it might be a state with
6q structure dominant. Moreover, the more information about
the short range interaction is expected.

61

dγ +
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Some Lattice Calculations  (HALQCD)

RHICΩΩ(6s)_

JPARCNΩ_

Some others:
deuteron-like (shallow 

bounded) heavy 
dibaryons, 

PRL123,162003 

PLB 792, 284.

PRL106, 162002

Other
Di-baryons_Lattice
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4. Summaries and Discussions
● The study of XYZ hadronic exotics and  other possible   

dibaryons  (multiquark) structures are essential for our   
understanding of hadron structures. 

● It opens a window of the interpretations of those exotics.

● No definite conclusion has been drawn for the structures of 
those exotics.  Some possible explanations:  molecular scenario 
or compact picture seem to be successful for some 
sophisticated structures and for struetures.

● More efforts are still needed in both theoretical study and   
experimental  measurements. 

Thanks for your attention!
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(2940)   2 0)  ( 80cc
+ ΣΛ
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