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Introduction



Hadron spectroscopy 

4

Conventional Quark Model
• The spectrum of strongly interacting particles consists of a tower of many states.

Conventional hadrons : Mesons( ) and Baryons( )qq̄ qqq

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01. A. Thiel et al. Prog, Part. Nucl. Phys.125 2022, 103949

https://pdg.lbl.gov/2023/html/authors_2023.html
https://pdg.lbl.gov/index-2023.html


Hadron spectroscopy 
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Conventional Quark Model
• The spectrum of strongly interacting particles consists of a tower of many states.

Conventional hadrons : Mesons( ) and Baryons( )qq̄ qqq

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01. A. Thiel et al. Prog, Part. Nucl. Phys.125 2022, 103949

However, not all states can be explained by 

the conventional quark model

https://pdg.lbl.gov/2023/html/authors_2023.html
https://pdg.lbl.gov/index-2023.html


Beyond Quark Model

5

S.L.Olsen Front.Phys.(Beijing) 10 (2015) 2, 121-154 

Meson : 

Baryon : 

qq̄
qqq

color-neutral objects

(tetraquark), (hybrids), glueballs, …

(pentaquark), …

qqq̄q̄ qq̄g
qqqqq̄ qqqqqq

QCD allows many different types of 



Beyond Quark Model
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S.L.Olsen Front.Phys.(Beijing) 10 (2015) 2, 121-154 

• Bound states of color-neutral states via meson-
exchanges 

• Near certain two-particle thresholds 

• Dominantly decay into the two-particle channels

Hadronic molecule

Meson : 

Baryon : 

qq̄
qqq

color-neutral objects

(tetraquark), (hybrids), glueballs, …

(pentaquark), …

qqq̄q̄ qq̄g
qqqqq̄ qqqqqq

QCD allows many different types of 
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Exotic states

6

The representative hadronic-molecule candidate is χc1(3872)

       QM candidates:  


   


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

= 3871.84 MeV
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Exotic states

6

The representative hadronic-molecule candidate 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

Dominantly decay into this channel:

 ℬ(χc1(3872) → D0D̄0*) > 34 %

Consistent with the characteristics of hadronic molecules
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Exotic heavy mesons
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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 state :  

• Fully heavy tetraquark : 

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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Observed multiquark candidates listed in PDG:

• Low-lying scalar mesons : , , , … 

• Exotic states with an heavy flavor : , , … 

• Exotic  or  states : , , , … 

• Open heavy-flavored state :  

• Fully heavy tetraquark : 

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

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

cc
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D. Lohse, Nucl. Phys. A516, 513



0++ 1++ 2++ 1+° 1°° 2°° ???

JPC

3.8

4.0

4.2

4.4

4.6

M
as

s
[G

eV
]

D§
sD̄

§
s

DsD̄§
s

D§D̄§

DsD̄s

DD̄§

DD̄

D1D̄

¬c1(3872)X(3860)

¬c0(3915)
¬c2(3930)

¬c1(4140)

√(4360)

¬c0(4700)

√(4660)

√(4415)

√(4160)

√(4040)

√(3823)

¬c0(4500)

¬c1(4274)

¬c1(4685)

√(4230)

X(4160)

X(3940)

X(4630)

X(4350)

Tcc̄(4020)

Tcc̄(4050, 4055)

Tcc̄(4250)

Tcc̄1(3900)

Tcc̄s̄1(4000)

Tcc̄1(4200)

Tcc̄1(4430)

Exotic heavy mesons

7

Observed multiquark candidates listed in PDG:

• Low-lying scalar mesons : , , , … 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• Open heavy-flavored state :  

• Fully heavy tetraquark : 
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Exotic heavy mesons
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Observed multiquark candidates listed in PDG:

We investigate the hadron molecular features of the exotic states containing 
two heavy quarks using the fully off-mass-shell coupled-channel formalism 

within the meson-exchange framework.

• Low-lying scalar mesons : , , , … 

• Exotic states with an heavy flavor : , , … 

• Exotic  or  states : , , , … 

• Open heavy-flavored state :  

• Fully heavy tetraquark : 

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)



Coupled-channel formalism



Two-body scattering equation
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• Blankenbecler-Sugar equation

T = V +
X

0

BBBB@
V T

G
1

CCCCA

<latexit sha1_base64="LESBZe+vPAkKrFH8MgfzxPN1P+c=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtkVvy5C0YMeK7TbQruUbJptQ5PskmSFsvRHePGgiFd/jzf/jWm7B219MPB4b4aZeWHCmTau++0sLa+srq0XNoqbW9s7u6W9fV/HqSK0QWIeq1aINeVM0oZhhtNWoigWIafNcHg38ZtPVGkWy7oZJTQQuC9ZxAg2VmrWb/xT/77eLZXdijsFWiReTsqQo9YtfXV6MUkFlYZwrHXbcxMTZFgZRjgdFzuppgkmQ9ynbUslFlQH2fTcMTq2Sg9FsbIlDZqqvycyLLQeidB2CmwGet6biP957dRE10HGZJIaKslsUZRyZGI0+R31mKLE8JElmChmb0VkgBUmxiZUtCF48y8vEv+s4l1WLh7Py9XbPI4CHMIRnIAHV1CFB6hBAwgM4Rle4c1JnBfn3fmYtS45+cwB/IHz+QMjzI7N</latexit>

T = V + V GT
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•  The two-body T-matrix are obtained by solving the Bethe-Salpeter equation: 
 
 
 

<latexit sha1_base64="fq6Wlbq+MxZY8RRAVm+V0zvoUs8="></latexit>
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•The three-dimensional reduction via the Blankenbecler-Sugar scheme preserves unitarity and off-shellness:
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Two-body scattering equation

11

• Blankenbecler-Sugar equation

<latexit sha1_base64="4qmQleu4UL+tiNe7wc4ihZwWxO8="></latexit>

T J = V J + V JGT J =) T J = (1� V JG)�1V JMatrix inversion method:

•  Total angular momentum projection
<latexit sha1_base64="Hpphf3StMj7dbjV7EQ9kzcmha6I="></latexit>
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Two-body scattering equation
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• Blankenbecler-Sugar equation

<latexit sha1_base64="4qmQleu4UL+tiNe7wc4ihZwWxO8="></latexit>

T J = V J + V JGT J =) T J = (1� V JG)�1V JMatrix inversion method:
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We obtain the off-mass-shell  matrix in the full-channel momentum space :T

•  Total angular momentum projection
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Two-body scattering equation
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Regularization of the two-body propagator:

•  The two-body propagator is singular at the on-mass-shell momentum point,


•  Change of the variable 
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Two-body scattering equation
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•  
 

•  Decompose into regular part and singular part.  

 

•  One can regularize the singular part:



• Scattering amplitudes

Kernel amplitudes

13

<latexit sha1_base64="xwYGDaW4bYshHHT9nLXrZwCBx9Q=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0XqqiTF10ZpdeNGqGAf0MQwmU7boZMHMxOhhPyNG3/FjaAiuvRPnLRBbOuBgcM55zL3HjdkVEjD+NJyC4tLyyv51cLa+sbmlr690xRBxDFp4IAFvO0iQRj1SUNSyUg75AR5LiMtd3iV+q0HwgUN/Ds5Contob5PexQjqSRHv7A8JAcYsbiZOLFZsWQAzVKllMBzaInIc+JaAn8zN9OZ+5qjF42yMQacJ2ZGiiBD3dFfrW6AI4/4EjMkRMc0QmnHiEuKGUkKViRIiPAQ9UlHUR95RNjx+M4EHiilC3sBV8+XcKz+nYiRJ8TIc1Uy3VjMeqn4n9eJZO/MjqkfRpL4ePJRL2JQHZqWBruUEyzZSBGEOVW7QjxAHGGpqi2oEszZk+dJs1I2T8rHt0fF6mVWRx7sgX1wCExwCqrgGtRBA2DwCJ7BG3jXnrQX7UP7nERzWjazC6agff8AHBWkOQ==</latexit>

V12!1020 =
X

A

MA
12!1020

10 20

1 2

A

<latexit sha1_base64="AXfUKpU+WrMCzhjRclHKZea3MjE="></latexit>

MA
12!1020 = ISF 2

A�
A
12P

A�A
1020

<latexit sha1_base64="tY6LgPvJSc/r3ZK5JRUuEWAPQ/I="></latexit>

F (q2) =

✓
n⇤2 �m2

ex

n⇤2 � q2

◆n

Since the hadron has a finite size, form factor is need to be considered at each vertex:


For minimal uncertainty from the cutoff parameters, we strictly fixed the values about  MeV.


IS is the isospin symmetric factor from the isospin projection (for definite isospin channels)

Λ = mex + 600



Effective Lagrangian



• 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�



• 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).

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

Aµ =
i

f⇡
@µM+ · · ·

<latexit sha1_base64="NvRlOPG2rRDYB+6/sqFn9V2+md4="></latexit>
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1

CCA
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⇢� � ⇢0
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2
+ !p

6
K⇤0
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q

2
3!

1
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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�



Effective Lagrangian

17

• Heavy chiral Lagrangian
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="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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LJ = g Tr[JH̄
Q̄
a �µ@

µ
H̄

Q
a ]

• Effective Lagrangian for charmonium interactions

<latexit sha1_base64="dGKgcg5LTXMZS0678S7E8Jy2E04="></latexit>

J =
1 + /v

2
[ µ�µ � ⌘c�5]

1� /v

2
Charminum superfield:          

SU(2) heavy quark spin symmetry :
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J ! ScJS
†
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, ηc(JP = 0−) ψμ(JP = 1−)
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Heavy meson scattering in the 
doubly charm channel



Kernel matrix in Doubly-charm sector
• Hadron channels in doubly-charm sector

Possible two-hadron states with  :ccq̄q̄′￼

Four sets of coupled channels: mesons can be classified by quantum numbers, IG(JPC)
<latexit sha1_base64="rZQRciHpE+47aBKQ+UG8xgyJ7M0="></latexit>

• 0±(0+±, 2+±): DD, D⇤D⇤

• 0±(1+±): DD⇤, D⇤D⇤

• 1±(0+⌥): DD, D⇤D⇤

• 1±(1+⌥): DD⇤, D⇤D⇤

Kernel matrix element:
<latexit sha1_base64="L+ZZquQMposUBpY5mWgWJxCJXXE="></latexit>
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Kernel matrix in Doubly-charm sector
• Hadron channels in doubly-charm sector

Possible two-hadron states with  :ccq̄q̄′￼

Four sets of coupled channels: mesons can be classified by quantum numbers, IG(JPC)
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• 0±(1+±): DD⇤, D⇤D⇤

• 1±(0+⌥): DD, D⇤D⇤

• 1±(1+⌥): DD⇤, D⇤D⇤

Kernel matrix element:
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I(JP) = 0(1+)
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Vector channels (J=1)

Strong attraction for  
No transition appears in the  process.

DD* → DD*
DD* → D*D*

Strong attractions for both diagonal elements

  Pole is expected to generate in the coupled-channel solution→
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Scalar channels (J=0)

destructive interference between kernel amplitudes in 
the diagonal elements due to the  factors.IS all interactions are strongly repulsive.
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Dynamical generation of the poles

Vector-isoscalar channel (J=1, I=0)
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The attraction in  kernel is nearly sufficient to generate

a pole at the threshold.
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Single channel T matrix elements

Dynamical generation of the poles

Vector-isovector channel (J=1, I=1)
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The pole is about to emerge at  mass threshold.DD*
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Fully-coupled T-matrices

Dynamical generation of the poles

Vector-isoscalar channel (I=0,J=1)
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A bound state below  threshold with DD* I(JP) = 0(1+)

 MeVsB = 3817.862
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Fully-coupled T-matrices

Dynamical generation of the poles

Vector-isovector channel (I=1,J=1)

3800 3850 3900 3950 4000 4050 4100p
s [MeV]

°20000

°15000

°10000

°5000

0

5000

10000

15000

20000
Ti!i(JIL = 110)[I(JP ) = 1+(1+°)]

Re TDD§

Re TD§D§

Im TDD§

Im TD§D§

 MeVsB = MB = 3875.120
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Heavy meson scattering in the 
hidden charm channel



Feynman amplitudes

27

• Hadron channels in hidden-charm sector

Possible two-hadron states with  :cc̄qq̄′￼

<latexit sha1_base64="/c6fdfga0E12sX98gQt63UxCdQE="></latexit>

• DD̄, DD̄⇤, D⇤D̄⇤ (I = 0, 1)

• DsD̄s, DsD̄⇤
s , D

⇤
sD̄

⇤
s , ⌘c!, J/ !, ⌘c�, J/ � (I = 0)

• ⌘c⇡, J/ ⇡, ⌘c⇢, J/ ⇢ (I = 1).

Four sets of coupled channels: mesons can be classified by quantum numbers, IG(JPC)
<latexit sha1_base64="K4FJy2LIr8Gkz+ZJimKa/cXl/6A="></latexit>

• 0±(0+±, 2+±): DD̄, J/ !, DsD̄s, D⇤D̄⇤, J/ �, D⇤
sD̄

⇤
s

• 0±(1+±): ⌘c!, DD̄⇤, ⌘c�, D⇤D̄⇤, DsD̄⇤
s , D

⇤
sD̄

⇤
s

• 1±(0+⌥): DD̄, J/ ⇢, D⇤D̄⇤

• 1±(1+⌥): ⌘c⇢, DD̄⇤, D⇤D̄⇤



Isoscalar channels ( )I = 0



Fully-coupled T-matrices

Dynamical generation of the poles
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• A bound state below  thresholdDD̄

• A resonance between  and DD̄ DsD̄s

Scalar-isoscalar(J=0, I=0) channel

very close to the mass of X(3860).

( )MX(3860) = 3862+50

35 MeV

lower charmonium channels( ) are 
additionally coupled, leading to resonance 

ηcη, J/ψη, . . .

 MeVsB = 3720

 MeVsR = 3861.34 − i22.76

but much narrower width than X(3860).

( ) ΓX(3860) ≃ 200+180

−110 MeV
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Fully-coupled T-matrices

Dynamical generation of the poles

• Nearly bound state below  thresholdDD̄*

• A resonance between  and DD̄* D*D̄*

Vector-isoscalar(J=1, I=0) channel

nice candidate for : 
 MeV 

 MeV

X(3940)
mX(3940) = 3942 ± 9
ΓX(3940) = 37+27

−17

Within our cutoff scheme,

larger binding energy than χc1(3872)

 MeVsB = 3848.11

 MeVsR = 3948.622 − i26.98
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Mχc1
= 3871.84 MeV
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Fully-coupled T-matrices

Dynamical generation of the poles
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202

positioned near  threshold but dominantly 
coupled to the  like .

D*D̄*
DD̄ χc2(3930)

Tensor-isoscalar(J=2, I=0) channel

• A very narrow resonance near  thresholdD*D̄*

 MeVsR = 4005.26 − i5.95

about 80 MeV heavier than …χc2(3930)
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Isovector channels ( )I = 1



Fully-coupled T-matrices

Dynamical generation of the poles
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• No resonant shape in scalar channels


• A pronounce cusp at the  mass thresholdDD̄*
• A peak appears between two mass thresholds

• This structure is found to be a virtual state
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Summary



Summary
• We investigated the production of exotic mesons containing two heavy quarks via coupled-

channel dynamics within meson-exchange framework.


• The tree-level interactions between heavy mesons and light-unflavored mesons are described 
through the effective Lagrangian approach based on HQEFT.


• In the doubly charm sector, we searched two vector bound states. The isoscalar state may be 
nice candidate for observed doubly charmed meson by LHCb: , .


• Our investigation in the hidden-charm sector revealed three states: a new scalar bound state 
below the  threshold, along with scalar, vector and tensor resonances as ,  and 

 molecular states, respectively: , , , .


• A virtual state with quantum numbers  between  and : 


• This study enhances the understanding of production mechanism of exotic mesons as hadron 
molecule.

T+
cc(3875) TI=1

cc

DD̄ D*D̄* DD̄*
DD̄ X(3860) χc1(3872) X(3940) χc2(3930)

I(JP) = 1(1+) DD̄* D*D̄* Tcc̄1(3900)



Thank you


