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Meson : 

Baryon : 

qq̄
qqq

color-neutral objects

 (tetraquark),  (hybrids), glueballs, …

 (pentaquark), …

qqq̄q̄ qq̄g
qqqqq̄ qqqqqq

QCD allows for many different types of 
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• Bound states of color-neutral states mediated by 
meson-exchanges 

• Typically appear near two-particle thresholds 

• Dominantly decay into their consistituent two-
particle channels

Hadronic molecule

Meson : 

Baryon : 

qq̄
qqq

color-neutral objects

 (tetraquark),  (hybrids), glueballs, …

 (pentaquark), …

qqq̄q̄ qq̄g
qqqqq̄ qqqqqq

QCD allows for many different types of 
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The representative candidate for a hadron molecule is χc1(3872)

       QM candidates:  


   


IG(JPC) = 0+(1++) M(23P1 cc̄) ≈ 3950 MeV
Mχc1

= 3871.84 MeV
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Hadronic Molecules

5

The representative candidate for a hadron molecule is χc1(3872)

       QM candidates:  


   


IG(JPC) = 0+(1++) M(23P1 cc̄) ≈ 3950 MeV
Mχc1

= 3871.84 MeV

 Mχc1
− (mD0 + mD̄*0) = − 0.09 ± 0.28 MeV

Its mass is very close to the  threshold:D0D̄*0

It dominantly decays into this channel:

 ℬ(χc1(3872) → D0D̄0*) > 34 %

Consistent with the characteristics of hadronic molecules
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Observed multiquark candidates listed in PDG:

• Low-lying scalar mesons : , , , … 

• Exotic states with an heavy flavor : , , … 

• Exotic  or  states : , , , … 

• Open heavy-flavored states :  

• Fully heavy tetraquarks : 

a0/f0(980) f0(500) a1(1260) b1(1235)
D*s0(2317) D*(2400)

cc̄ bb̄ χc1(3872) Tcc̄1(3900) Tbb̄1(10610)
T+

cc

Tccc̄c̄(6900)
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•  : ? or ? 

•  states below open-charm ( ) threshold 

• Do  molecular states exist? 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• Excited  and -like states?
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Charmonium-like exoticsWe investigate the production mechanism of the exotic states containing heavy 
quark-anti heavy quark pair using the fully off-mass-shell coupled-channel 

formalism within the meson-exchange framework.
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•  The two-body T-matrix is obtained by solving the Bethe-Salpeter equation: 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Kernel amplitudes
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• Since the hadron has a finite size, form factor is need to be considered at each vertex:


• Reduced cutoff mass:  

• : product of the isospin symmetric factor from the isospin projection (for definite isospin channels) and SU(3) factor 

Λ0 = Λ − mex = 600 MeV

IS
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• Heavy chiral Lagrangian

Effective Lagrangian
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The coupling constants between heavy and light mesons are determined by the interaction 
Lagrangian based on the Heavy Quark Effective Field Theory(HQEFT).


A heavy-light meson is made up by a heavy quark  and a light antiquark .

 Heavy Quark Spin Symmetry(HQSS), Heavy Quark Flavor Symmetry(HQFS) + Chiral symmetry

Q q̄
→

• Heavy superfield: HQSS, HQFS, Lorentz invariance, Parity invariance
<latexit sha1_base64="b1aIU7nnu2hIpecrpn1ypvejXbg="></latexit>

H
a =

1 + /v

2
(P ⇤a

µ �
µ � P

a
�5), H̄ = �0H

†
�0 = (P ⇤†a

µ �
µ + P

†a
�5)

1 + /v

2

Pseudoscalar heavy field:

Vector heavy field:

<latexit sha1_base64="PhCcIT/Zvp5EADpQcb8xZH69dNA="></latexit>

P a = {D+, D0, D+
s } or {B�, B̄0, B̄0

s}
<latexit sha1_base64="jLwjfFK9T+HgIo5CiUmkkAgILiM="></latexit>

P ⇤a
µ = {D⇤+

µ , D⇤0
µ , D⇤+

sµ } or {B⇤�
µ , B̄⇤0

µ , B̄⇤0
sµ}

<latexit sha1_base64="nYD/vcGcJBKM8O11FxKv7EQvfvU="></latexit>

Lheavy = igTr[Hb�µ�5Aµ
baH̄a] + i�Tr[Hbv

µ(Vµ � ⇢µ)baH̄a] + i�Tr[Hb�µ⌫F
µ⌫
ba (⇢)H̄a] + g�H̄aHa�
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The coupling constants between heavy and light mesons are determined by the interaction 
Lagrangian based on the Heavy Quark Effective Field Theory(HQEFT).

<latexit sha1_base64="YUbE15XFUiRj9RbrxrmfCp6dft4="></latexit>

Aµ =
i

f⇡
@µM+ · · ·

<latexit sha1_base64="NvRlOPG2rRDYB+6/sqFn9V2+md4="></latexit>

M =

0

BB@

⇡0
p
2
+ ⌘p

6
⇡+ K+

⇡� � ⇡0
p
2
+ ⌘p

6
K0

K� K̄0 �
q

2
3⌘

1

CCA

<latexit sha1_base64="wK1fzKryO80DtO6mfBpJdW0zKOc="></latexit>

⇢µ = i
gVp
2
V µ, V µ =

0

BB@

⇢0
p
2
+ !p

6
⇢+ K⇤+

⇢� � ⇢0
p
2
+ !p

6
K⇤0

K⇤� K̄⇤0 �
q

2
3!

1

CCA

µ

• Light pseudoscalar mesons: chiral symmetry spontaneous break down  
 
 
 
 

• Light vector mesons: dynamical gauge boson of the hidden local symmetry 

<latexit sha1_base64="nYD/vcGcJBKM8O11FxKv7EQvfvU="></latexit>

Lheavy = igTr[Hb�µ�5Aµ
baH̄a] + i�Tr[Hbv

µ(Vµ � ⇢µ)baH̄a] + i�Tr[Hb�µ⌫F
µ⌫
ba (⇢)H̄a] + g�H̄aHa�
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• Kernel matrices
<latexit sha1_base64="J+SFGIYqY6TVQ+JsECAxdd6D7wo="></latexit>

VJ=0(2),I=0 =

0

BBBBBB@
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⇤
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s D̄
⇤
s
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s
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⇤
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1

CCCCCCA

We thus construct the off-mass-shell kernel matrix in the full coupled-channel momentum space

Each kernel matrix element represents the sum of all allowed Feynman amplitudes

All elements are expressed in momentum space

<latexit sha1_base64="HSoJTRAGcrqz9VSI33GEIn2MrhU="></latexit>

VJ=1,I=0 =

0

BBBBBB@

V⌘c!!⌘c! V⌘c!!DD̄⇤ V⌘c!!⌘c� V⌘c!!DD̄⇤ V⌘c!!DsD̄⇤
s

V⌘c!!D⇤
s D̄

⇤
s

VDD̄⇤!⌘c! VDD̄⇤!DD̄⇤ VDD̄⇤!⌘c� VDD̄⇤!DD̄⇤ VDD̄⇤!DsD̄⇤
s

VDD̄⇤!D⇤
s D̄

⇤
s

V⌘c�!⌘c! V⌘c�!DD̄⇤ V⌘c�!⌘c� V⌘c�!DD̄⇤ V⌘c�!DsD̄⇤
s

V⌘c�!D⇤
s D̄

⇤
s
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s
VDsD̄⇤
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Our model predicts several  and  states in the 
energy region between 3.7 and 4.1 GeV. 

• Two  states around 3720 MeV and 3860 MeV 

• Two  states near 3875 MeV and 3950 MeV 

• A  state below the  threshold 

• A  state above the  threshold 
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Our model predicts several  and  states in the 
energy region between 3.7 and 4.1 GeV. 

• Two  states around 3720 MeV and 3860 MeV 

• Two  states near 3875 MeV and 3950 MeV 

• A  state below the  threshold 

• A  state above the  threshold 

χcJ ψJ

χc0

χc1

χc2 D*D̄*
ψ3 D*D̄*

Experimental candidates: 

• ,  

• ,  

•  

• ,  

χc0(3860) χc0(3915)
χc1(3872) X(3940)
χc2(3930)
ψ3(3842) ψ(4040)
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<latexit sha1_base64="oBIjuFTLiENWzKieW7zd7MM6bXo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9Bc/AYwTwgWcLspDcZMju7zswKYclPePGgiFd/x5t/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJYPZpygH9GB5CFn1FipXesGVGW1Sa9YcsvuDGSVeAtSggXqveJXtx+zNEJpmKBadzw3MX5GleFM4KTQTTUmlI3oADuWShqh9rPZvRNyZpU+CWNlSxoyU39PZDTSehwFtjOiZqiXvan4n9dJTXjtZ1wmqUHJ5ovCVBATk+nzpM8VMiPGllCmuL2VsCFVlBkbUcGG4C2/vEqaF2WvUq7cX5aqN4s48nACp3AOHlxBFe6gDg1gIOAZXuHNeXRenHfnY96acxYzx/AHzucP5mKP5g==</latexit>

DD̄
<latexit sha1_base64="8rVkB3asKOJMHlWKZVHeqlM+s1o=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRZBPJRdkeqxaA8eK9gPbNeSTbNtaDZZkqxQlv4LLx4U8eq/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo5up33qiSjMp7s04pn6EB4KFjGBjpYdaN8AqrU0ez3rFklt2Z0DLxMtICTLUe8Wvbl+SJKLCEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcAR1X46u3iCTqzSR6FUtoRBM/X3RIojrcdRYDsjbIZ60ZuK/3mdxIRXfspEnBgqyHxRmHBkJJq+j/pMUWL42BJMFLO3IjLEChNjQyrYELzFl5dJ87zsVcqVu4tS9TqLIw9HcAyn4MElVOEW6tAAAgKe4RXeHO28OO/Ox7w152Qzh/AHzucPBQaQgg==</latexit>

DD̄→ <latexit sha1_base64="TI/FlT199275b0RoP7Mm5lKs6yE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBeiiJlOqxaA8eK9gPaNKy2W7apZtN2N0IJfRvePGgiFf/jDf/jds2B219MPB4b4aZeX7MmdK2/W3lNja3tnfyu4W9/YPDo+LxSVtFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/uRu7neeqFQsEo96GlMvxCPBAkawNpLb6JddH8u0MeuXB8WSXbEXQOvEyUgJMjQHxS93GJEkpEITjpXqOXasvRRLzQins4KbKBpjMsEj2jNU4JAqL13cPEMXRhmiIJKmhEYL9fdEikOlpqFvOkOsx2rVm4v/eb1EBzdeykScaCrIclGQcKQjNA8ADZmkRPOpIZhIZm5FZIwlJtrEVDAhOKsvr5P2VcWpVWoP1VL9NosjD2dwDpfgwDXU4R6a0AICMTzDK7xZifVivVsfy9aclc2cwh9Ynz8i0ZEe</latexit>

D→D̄→<latexit sha1_base64="ASCAHdSzLuZphAKHMgzhKL6aeqA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiPXisYG2hCWGz3bRLdzdhdyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmRSln2rjut1NaW9/Y3CpvV3Z29/YPqodHjzrJFKEdkvBE9SKsKWeSdgwznPZSRbGIOO1G49uZ332iSrNEPphJSgOBh5LFjGBjJb8Vaj/CKm9NQx1Wa27dnQOtEq8gNSjQDqtf/iAhmaDSEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VGJBdZDPb56iM6sMUJwoW9Kgufp7IsdC64mIbKfAZqSXvZn4n9fPTHwd5EymmaGSLBbFGUcmQbMA0IApSgyfWIKJYvZWREZYYWJsTBUbgrf88ip5vKh7jXrj/rLWvCniKMMJnMI5eHAFTbiDNnSAQArP8ApvTua8OO/Ox6K15BQzx/AHzucPBcyRsg==</latexit>

DsD̄s

•  and  statesχc0 χc1

3720.35 MeV

3861.3 MeV

3720.5 MeV

3875.8 MeV

3948.5 MeV
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D→D̄→
•  stateχc2

4005.05 MeV
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χc2(3930) seen in  modesDD̄
Belle PRL 96 082003, BABAR PRD 81 92003
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D→D̄→
•  stateχc2

4005.05 MeV
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<latexit sha1_base64="TI/FlT199275b0RoP7Mm5lKs6yE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBeiiJlOqxaA8eK9gPaNKy2W7apZtN2N0IJfRvePGgiFf/jDf/jds2B219MPB4b4aZeX7MmdK2/W3lNja3tnfyu4W9/YPDo+LxSVtFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/uRu7neeqFQsEo96GlMvxCPBAkawNpLb6JddH8u0MeuXB8WSXbEXQOvEyUgJMjQHxS93GJEkpEITjpXqOXasvRRLzQins4KbKBpjMsEj2jNU4JAqL13cPEMXRhmiIJKmhEYL9fdEikOlpqFvOkOsx2rVm4v/eb1EBzdeykScaCrIclGQcKQjNA8ADZmkRPOpIZhIZm5FZIwlJtrEVDAhOKsvr5P2VcWpVWoP1VL9NosjD2dwDpfgwDXU4R6a0AICMTzDK7xZifVivVsfy9aclc2cwh9Ynz8i0ZEe</latexit>

D→D̄→ <latexit sha1_base64="Hm9+hSx9+jN3otxJ3Hq6nj+Bc4A=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFEBclEakui3bhsoK9QBvDZDpph04uzEyUEvsoblwo4tYncefbOGmz0NYfBj7+cw7nzO/FnEllWd9GYWV1bX2juFna2t7Z3TPL+20ZJYLQFol4JLoelpSzkLYUU5x2Y0Fx4HHa8cbXWb3zQIVkUXinJjF1AjwMmc8IVtpyzXLDlfenqO9hkTamGbtmxapaM6FlsHOoQK6ma371BxFJAhoqwrGUPduKlZNioRjhdFrqJ5LGmIzxkPY0hjig0klnp0/RsXYGyI+EfqFCM/f3RIoDKSeBpzsDrEZysZaZ/9V6ifIvnZSFcaJoSOaL/IQjFaEsBzRgghLFJxowEUzfisgIC0yUTqukQ7AXv7wM7bOqXavWbs8r9as8jiIcwhGcgA0XUIcbaEILCDzCM7zCm/FkvBjvxse8tWDkMwfwR8bnDxjKk0U=</latexit>

D→
sD̄

→
s

•  stateψ3

4030.5 MeV
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<latexit sha1_base64="Goqo6w3NXMCCKFWZIKdLM6dl+1E="></latexit>

→
sR[MeV] 3720.35 3861.31↑ i 22.5

gDD̄(1S0) 14.132 5.547 + i 5.774

gJ/ω ε(1S0) 0.190 0.561↑ i 0.099

gDsD̄s(1S0) 7.484 2.272 + i 4.924

gD→D̄→(1S0) 2.680 36.412↑ i 16.022

gJ/ω ϑ(1S0) 0.178 0.482↑ i 0.074

gD→
s D̄

→
s (

1S0) 2.228 20.894↑ i 10.769

<latexit sha1_base64="0FZ4K8qlPlfv7MTcucIJRPNn4gA="></latexit>

→
sR[MeV] 3875.80 3961.40↑ i 32.25

gωc ε(3S1) 0.016 0.162 + i 0.249

gωc ε(3D1) ↑ 0.104↑ i 0.021

gDD̄→(3S1) 0.732 4.018 + i 6.604

gDD̄→(3D1) ↑ 0.130↑ i 1.056

gωc ϑ(3S1) 0.016 0.369 + i 0.188

gωc ϑ(3D1) ↑ 0.002 + i 0.005

gD→D̄→(3S1) 0.526 21.904 + i 0.316

gD→D̄→(3D1) 0.009 0.144 + i 0.087

gDsD̄→
s (

3S1) 0.729 11.095 + i 8.403

gDsD̄→
s (

3D1) 0.017 0.117 + i 0.154

gD→
s D̄

→
s (

3S1) 0.501 14.539 + i 5.397

gD→
s D̄

→
s (

3D1) 0.021 0.424 + i 0.222

•  statesχc0 •  statesχc1

<latexit sha1_base64="pjyWekbguT3Lyh0216kVRmA/0iY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07KrtdZb0YvHCvYD2qVk02wbzSZLkhVK6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwoQzbTzv28mtrK6tb+Q3C1vbO7t7xf2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01b4eDP1W09UaSbFvRklNIjxQLCIEWys1Dy/Klfdi16x5LneDGiZ+BkpQYZ6r/jV7UuSxlQYwrHWHd9LTDDGyjDC6aTQTTVNMHnEA9qxVOCY6mA8u3aCTqzSR5FUtoRBM/X3xBjHWo/i0HbG2Az1ojcV//M6qYmqwZiJJDVUkPmiKOXISDR9HfWZosTwkSWYKGZvRWSIFSbGBlSwIfiLLy+T5pnrV9zKXblUu87iyMMRHMMp+HAJNbiFOjSAwAM8wyu8OdJ5cd6dj3lrzslmDuEPnM8fzRqN/A==</latexit>

3948.5
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Summary
• Using the fully off-mass-shell coupled-channel 

formalism, we have investigated the spectrum 
and production mechanisms of hidden-charm 
exotic mesons.


• Our results predict several bound and resonance 
states near the relevant open-charm thresholds, 
as summarized in the figure on the left.


• For  states, we predict a  bound state at 
 MeV and a higher  state at  MeV. 


• Our  at 3948 MeV exhibits properties quite 
similar to those of the  state.


• A -like state is found above the  
threshold with significant coupling to the  
channel. 
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