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1. Introduction



Hadron and Exotic hadron
Hadron:
Composite particle of quarks and gluons
Mesons  (e.g. ), Baryons  (e.g. )∼ qq̄ π, ρ, D ∼ qqq p, n, Ξcc

q q̄ q q
q
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Hadron:
Composite particle of quarks and gluons
Mesons  (e.g. ), Baryons  (e.g. )∼ qq̄ π, ρ, D ∼ qqq p, n, Ξcc

q q̄ q q
qExotic hadron:

Hadron which cannot be explained by the ordinary hadron pictures (  and )qq̄ qqq

Most of exotic hadrons are multiquark states,  

Tetraquark state Pentaquark state
q qq̄ q̄

q qq̄ qq
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Hadron and Exotic hadron
Hadron:
Composite particle of quarks and gluons
Mesons  (e.g. ), Baryons  (e.g. )∼ qq̄ π, ρ, D ∼ qqq p, n, Ξcc

q q̄ q q
qExotic hadron:

Hadron which cannot be explained by the ordinary hadron pictures (  and )qq̄ qqq

Most of exotic hadrons are multiquark states,  
but the internal structures are not well-known
Compact state Molecular state

q qq̄ q̄

q
q

q̄
q̄
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Exotic hadron
:X(3872) :Pc :X(6900)

∼ cc̄qq̄ ∼ cc̄qqq ∼ ccc̄c̄

Belle, Phys. Rev. Lett. 91, 262001 (2003)
LHCb, Phys. Rev. Lett. 122, 222001 (2019) LHCb, Science Bulletin 65 1983 (2020)

c qc̄ q̄
c qc̄ qq

c cc̄ c̄
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Tcc(ccūd̄)+
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LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351
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 (Charm number=2, Baryon number=0)ccūd̄

Genuine exotic!
 (by LHCb)I = 0, JP = 1+
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Tcc(ccūd̄)+
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 (Charm number=2, Baryon number=0)ccūd̄

Genuine exotic!
 (by LHCb)I = 0, JP = 1+

Mass difference measured from  thr.D*+D0

 Pole analysis 
δm = − 360 ± 40 keV/c2, Γ = 48 ± 2 keV

D0D*+

Tcc

−360 keV

 lies slightly below the  thr.Tcc D*+D0
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Tcc(ccūd̄)+

M Sakai (Nagoya Univ)

 has been reported by LHCb in 2022.Tcc

 (Charm number=2, Baryon number=0)ccūd̄

Genuine exotic!
 (by LHCb)I = 0, JP = 1+

Mass difference measured from  thr.D*+D0

 Pole analysis 
δm = − 360 ± 40 keV/c2, Γ = 48 ± 2 keV

D0D*+

Tcc

−360 keV
 is expected to be a  molecule!Tcc DD*

3/15

 lies slightly below the  thr.Tcc D*+D0

LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351

LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351
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Our previous study  
M.S., Y. Yamaguchi, PRD109(2024)054016, PRD112(2025)034038

D(*)
D(*)

  is considered as a  molecule. Tcc D(*)D(*)

π, ρ, ω, σ

4/15

Tcc ∼
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Our previous study  
M.S., Y. Yamaguchi, PRD109(2024)054016, PRD112(2025)034038

  is considered as a  molecule. Tcc D(*)D(*)

 One boson ( ) exchange potential is employed. π, ρ, ω, σ
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D(*)
D(*) π, ρ, ω, σ

Tcc ∼
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Our previous study  
M.S., Y. Yamaguchi, PRD109(2024)054016, PRD112(2025)034038

D(*)
D(*)

DD
DD*
D*D*140 MeV

140 MeV

  is considered as a  molecule. Tcc D(*)D(*)

 The relevant thresholds are nearly degenerate.
Coupled channel system!

π, ρ, ω, σ

4/15

 One boson ( ) exchange potential is employed. π, ρ, ω, σ
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 and  as superflavor partner of D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc Tcc

c̄
c̄

q
q

q

q q

qc̄
cc

cc
cc

c̄ → cc

Superflavor symmetry: Symmetry between antiheavy quark and heavy diquark

D̄(*)

D̄(*)

D̄(*)

Ξ(*)
cc

Ξ(*)
cc

Ξ(*)
cc
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π, ρ, ω, σ π, ρ, ω, σπ, ρ, ω, σ

c̄ cc
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Interaction: One boson exchange potential
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Ξ(*)
cc

Ξ(*)
cc

Ξ(*)
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π, ρ, ω, σ π, ρ, ω, σπ, ρ, ω, σ

c̄ cc
  and  in our studyD̄(*)Ξ(*)

cc Ξ(*)
cc Ξ(*)

cc

Interaction: One boson exchange potential
Parameter: Same with parameters of  Tcc

c̄ qq c c

π π
Same coupling

gπ

D̄(*) Ξ(*)
cc
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Other studies on  and D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

: T. Asanuma, et al,. PRD110(2024)074030D̄(*)Ξ(*)
cc

Calculation of bound states of D̄(*)Ξ(*)
cc

Calculation of bound and resonant states of  using the same frameworkD̄(*)Ξ(*)
cc

 with :ΞccΞcc I(JP) = 0(1+),1(0+)
Calculation of  by HAL QCDΞccΞcc

Central Tensor

Slides from HHIQCD 2024 by Doi
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Other studies on  and D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

: T. Asanuma, et al,. PRD110(2024)074030D̄(*)Ξ(*)
cc

Calculation of bound states of D̄(*)Ξ(*)
cc

Calculation of bound and resonant states of  using the same frameworkD̄(*)Ξ(*)
cc

 with :ΞccΞcc I(JP) = 0(1+),1(0+)
Calculation of  by HAL QCDΞccΞcc

Central Tensor

Calculation of bound and resonant states of  using the effective modelΞ(*)
cc Ξ(*)

cc 6/15

Slides from HHIQCD 2024 by Doi
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Coupled channel system for  and D̄(*)Ξ(*)
cc Ξ(*)
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Heavy quark spin symmetry induces:
Small mass differences between  and /  and !D̄ D̄* Ξcc Ξ*cc
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Coupled channel system for  and D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

M Sakai (Nagoya Univ)

Heavy quark spin symmetry induces:
Small mass differences between  and /  and !D̄ D̄* Ξcc Ξ*cc

 and  thresholdD̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

D̄Ξ*cc

D̄*Ξcc

D̄*Ξ*cc106 MeV

106 MeV ΞccΞcc

106 MeV

106 MeV

D̄Ξcc

35 MeV ΞccΞ*cc

Ξ*ccΞ*cc

 The relevant thresholds are nearly degenerate.

7/15

J. Hu and T. Mehen, PRD73(2006)054003
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Heavy quark spin symmetry induces:
Small mass differences between  and /  and !D̄ D̄* Ξcc Ξ*cc

 and  thresholdD̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

D̄Ξ*cc

D̄*Ξcc

D̄*Ξ*cc106 MeV

106 MeV ΞccΞcc

106 MeV

106 MeV

D̄Ξcc

35 MeV ΞccΞ*cc

Ξ*ccΞ*cc

Coupled channel system is considered. 
7/15

J. Hu and T. Mehen, PRD73(2006)054003

 The relevant thresholds are nearly degenerate.

FPSP 2026



M Sakai (Nagoya Univ)

OBEP for ,  and D̄(*)D̄(*) D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

D̄(*)/Ξ(*)
cc

D̄(*)/Ξ(*)
cc

D̄(*)/Ξ(*)
cc

π, ρ, ω, σ
π Vπ(r) = kπ

1
3 ( g

2fπ )
2

[ ⃗𝒪1 ⋅ ⃗𝒪1C(r; mπ) + S12( ̂r)T(r; mπ)] ⃗τ1 ⋅ ⃗τ2

Vv(r) = ( βgV

2mv )
2

C(r; mv) ⃗τ1 ⋅ ⃗τ2 + kλ
1
3

(λgV)2[2 ⃗𝒪1 ⋅ ⃗𝒪1C(r; mv) − S12( ̂r)T(r; mv)] ⃗τ1 ⋅ ⃗τ2ρ, ω
Vσ(r) = − ( gσ

mσ )
2

C(r; mσ);σ F( ⃗q; m) =
Λ2 − m2

Λ2 + ⃗q2
Form factor: D̄(*)/Ξ(*)

cc
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M Sakai (Nagoya Univ)

OBEP for ,  and D̄(*)D̄(*) D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

D̄(*)/Ξ(*)
cc

D̄(*)/Ξ(*)
cc

D̄(*)/Ξ(*)
cc

π, ρ, ω, σ
π Vπ(r) = kπ

1
3 ( g

2fπ )
2

[ ⃗𝒪1 ⋅ ⃗𝒪1S(r; mπ) + S12( ̂r)T(r; mπ)] ⃗τ1 ⋅ ⃗τ2

Vv(r) = ( βgV

2mv )
2

C(r; mv) ⃗τ1 ⋅ ⃗τ2 + kλ
1
3

(λgV)2[2 ⃗𝒪1 ⋅ ⃗𝒪1C(r; mv) − S12( ̂r)T(r; mv)] ⃗τ1 ⋅ ⃗τ2ρ, ω
Vσ(r) = − ( gσ

mσ )
2

C(r; mσ);σ F( ⃗q; m) =
Λ2 − m2

Λ2 + ⃗q2
Form factor: 

 Coupling constant: 
: , π g = 0.59 (D* → Dπ decay)
: , ρ, ω β = 0.9 (Lattice QCD) λ = 0.56 GeV−1 (B meson decay)
 (Unknown parameter):σ

D̄(*)/Ξ(*)
cc

Two typical values: , gL
σ = gσNN /3 = 3.4 gS

σ = gπ /2 6 = 0.76
8/15

S. Ahmed et al., CLEO Collaboration, PRL.(2001)251801. M.-Z Liu et al., PRD99(2019)094018,  
C. Isola, PRD 68(2003)114001, R.Chen et al., PRL96(2017)116012, N. Li et al., PRD88(2013)114008
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Numerical calculation for  and D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

 Solve the coupled-channel Schrödinger equation. 
 Using the Gaussian expansion method and complex scaling method

q

q q

qc̄
cc

cc
cc

D̄(*)

Ξ(*)
cc

Ξ(*)
cc

Ξ(*)
cc

 Channels:
 : D̄(*)Ξ(*)

cc (1/2−) D̄Ξcc(2S), D̄Ξ*cc(2S,4 D), D̄*Ξcc(2S,4 D), D̄*Ξcc(2S,4 D,6 D)
 : Ξ(*)

cc Ξ(*)
cc (0(1+)) ΞccΞcc(3S,3 D), [ΞccΞ*cc]−(3S,3 D), [ΞccΞ*cc]+(5D), Ξ*ccΞ*cc(3S,3 D,7 D,7 G)

9/10

E. Hiyama et al., Prog. Part. Nucl. Phys.51(2003)223, E. Hiyama et al., Front.Phys.(Beijing)13(2018)132106 
P. Suzuki et al., AIP Conf. Proc768’2005)445, T. Myo et al., Prog.Part.Nucl.Phys.79(2014)1
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Determination of cutoff parameter Λ
 Cutoff parameter : (Form factor: )Λ F(Λ; m) = (Λ2 − m2)/(Λ2 + ⃗q2)

Determined to reproduce the binding energy of  ( ):Tcc δmTcc
= 360 keV
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Determination of cutoff parameter Λ

Determined to reproduce the binding energy of  ( ):Tcc δmTcc
= 360 keV

 For : gL
σ = 3.4

ΛL = 1079.8 MeV

 For : gS
σ = 0.76

ΛS = 1683.8 MeV
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 For : gL
σ = 3.4
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 For : gS
σ = 0.76
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Determination of cutoff parameter Λ

Determined to reproduce the binding energy of  ( ):Tcc δmTcc
= 360 keV

 For : gL
σ = 3.4

ΛL = 1079.8 MeV

 For : gS
σ = 0.76

ΛS = 1683.8 MeV

⇒ ΛL < ΛS

∵ One  exchange potential 
plays an most important role.

σ One  exchange potential 
does not plays an most important role.

σ
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Determination of cutoff parameter Λ

Determined to reproduce the binding energy of  ( ):Tcc δmTcc
= 360 keV

 For : gL
σ = 3.4

ΛL = 1079.8 MeV

 For : gS
σ = 0.76

ΛS = 1683.8 MeV

⇒ ΛL < ΛS

∵ One  exchange potential 
plays an most important role.

σ One  exchange potential 
does not plays an most important role.

σ

⇒One  and one  exchange potentials 
need to provide stronger attraction

π ρ
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 Cutoff parameter : (Form factor: )Λ F(Λ; m) = (Λ2 − m2)/(Λ2 + ⃗q2)
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 Bound states of  with  are obtained in both cases of :D̄(*)Ξ(*)
cc JP =

1
2

−
gL

σ , gS
σ

 Binding energy:  for ,  for 7.87 MeV gL
σ 20.5 MeV gS

σ

Bound states of  with D̄(*)Ξ(*)
cc JP =

1
2

−
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 Bound states of  with  are obtained in both cases of :D̄(*)Ξ(*)
cc JP =

1
2

−
gL

σ , gS
σ

 Binding energy:  for ,  for 7.87 MeV gL
σ 20.5 MeV gS

σ

 Mixing ratio of each channel:

Mixing ratio
98.8% 93.5%
0% 0%

0.104% 1.18%
0.136% 0.378%
0.287% 2.78%
0.0603% 0.169%
0.586% 2.02%

D̄Ξcc(2S)
D̄Ξ*cc(4D)
D̄*Ξcc(2S)
D̄*Ξcc(4D)
D̄*Ξ*cc(2S)
D̄*Ξ*cc(4D)
D̄*Ξ*cc(6D)

gL
σ gL

σ

Bound states of  with D̄(*)Ξ(*)
cc JP =

1
2

−
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−
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σ

 Binding energy:  for ,  for 7.87 MeV gL
σ 20.5 MeV gS

σ

 Mixing ratio of each channel:
 For both ,  is dominant!gσ D̄Ξcc(2S)

D̄Ξcc(2S)
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 Bound states of  with  are obtained in both cases of :D̄(*)Ξ(*)
cc JP =

1
2

−
gL

σ , gS
σ

 Binding energy:  for ,  for 7.87 MeV gL
σ 20.5 MeV gS

σ

 Mixing ratio of each channel:
 For both ,  is dominant!gσ D̄Ξcc(2S)
 For , other channels gL

σ < 1 %

One  exchange potential is dominantσ
D̄Ξcc(2S)
D̄Ξ*cc(4D)
D̄*Ξcc(2S)
D̄*Ξcc(4D)
D̄*Ξ*cc(2S)
D̄*Ξ*cc(4D)
D̄*Ξ*cc(6D)

gL
σ gL

σ

Bound states of  with D̄(*)Ξ(*)
cc JP =

1
2

−
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Mixing ratio
98.8% 93.5%
0% 0%

0.104% 1.18%
0.136% 0.378%
0.287% 2.78%
0.0603% 0.169%
0.586% 2.02%
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Bound states of  with D̄(*)Ξ(*)
cc JP =

1
2

−

 Bound states of  with  are obtained in both cases of :D̄(*)Ξ(*)
cc JP =

1
2

−
gL

σ , gS
σ

 Binding energy:  for ,  for 7.87 MeV gL
σ 20.5 MeV gS

σ

 Mixing ratio of each channel:
 For both ,  is dominant!gσ D̄Ξcc(2S)
 For , other channels gL

σ < 1 %

One  exchange potential is dominantσ

 For , other channels gS
σ ≥ 1 %

One  and One  exchange potentials 
play an important role

π ρ

(reflecting )ΛL < ΛS

D̄Ξcc(2S)
D̄Ξ*cc(4D)
D̄*Ξcc(2S)
D̄*Ξcc(4D)
D̄*Ξ*cc(2S)
D̄*Ξ*cc(4D)
D̄*Ξ*cc(6D)

gL
σ gL

σ
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D̄•cc

D̄•§
cc

D̄§•cc

D̄§•§
cc

M
as

s
[M

eV
]
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 with some quantum numbers D̄(*)Ξ(*)
cc JP

 Many bound and resonant states of   
are found!

D̄(*)Ξ(*)
cc

Bound state with gL
σ Bound state with gS

σ

Resonance with gL
σ Resonance with gS

σ

×
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 Many bound and resonant states of   
are found!

D̄(*)Ξ(*)
cc

 All resonant states of  are  
  Feshbach resonances.

D̄(*)Ξ(*)
cc

Bound state with gL
σ Bound state with gS

σ

Resonance with gL
σ Resonance with gS

σ

×

 with some quantum numbers D̄(*)Ξ(*)
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 Many bound and resonant states of   
are found!

D̄(*)Ξ(*)
cc

  with  is more deeply bound than  
    with  ( ).

D̄(*)Ξ(*)
cc gS

σ

D̄(*)Ξ(*)
cc gL

σ ∵ ΛL < ΛS

 All resonant states of  are  
  Feshbach resonances.

D̄(*)Ξ(*)
cc

Bound state with gL
σ Bound state with gS

σ

Resonance with gL
σ Resonance with gS

σ

×

 with some quantum numbers D̄(*)Ξ(*)
cc JP
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D̄•cc

D̄•§
cc

D̄§•cc

D̄§•§
cc

M
as

s
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eV
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 For , a quasi bound state of  with  
   is not found.

gS
σ D̄*Ξ*cc 3/2−

 Many bound and resonant states of   
are found!

D̄(*)Ξ(*)
cc

  with  is more bound than  
    with  ( ).

D̄(*)Ξ(*)
cc gS

σ

D̄(*)Ξ(*)
cc gL

σ ∵ ΛL < ΛS

 One-  and One-  exchange potentials  
cannot generate enough attraction.
∵ π ρ

 All resonant states of  are  
  Feshbach resonances.

D̄(*)Ξ(*)
cc

Bound state with gL
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σ
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One  and One  exchange potentials 
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(reflecting )ΛL < ΛS

 Non trivial point: 
 is not negligible. Ξ*ccΞ*cc(7D)

 Large Clebsh-Gordon coefficient∵
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 For ,  with  are more deeply  
  bound than  with .
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 For ,  is found only with . I = 1 Ξ(*)
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 One  and One  exchange potentials  
cannot generate enough attraction ( ).
∵ π ρ
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3. Summary



M Sakai (Nagoya Univ)

Summary
 Analysis of  and  as superflavor partners of D̄(*)Ξ(*)

cc Ξ(*)
cc Ξ(*)

cc Tcc

 We constructed of the one boson exchange potential respecting superflaovor 
  symmetry.

 Many bound and resonant states of  and  are found. D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc

 Mass spectra and properties of bound states depends strongly on .gσ

 Outlook
 Calculation of observables (e.g., phase shifts). 

 Inclusion of additional meson-exchange effects.
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Back up



Deuteron
 Deuteron:
A bound state of a proton and neutron p

n
π, ρ, ω, σ

Interaction: One boson exchange potential

 One boson exchange potential:
Central potential + Tensor potential

K. Ikeda, T. Myo, K. Kato and H. Toki, Lect. Notes Phys. 818, 165 (2010).

 Tensor potential:
Plays an important role in binding a dueteron
Induce the  mixingS − D

⟨S |S12( ̂r) |S⟩ = 0, ⟨S |S12( ̂r) |D⟩ ≠ 0



Lagrangian
ℒπPP = g tr[H̄γμγ5AμH]
ℒρPP = iβ tr[H̄v ⋅ ρH] + iλ tr[H̄σμνFμν(ρ)H]
ℒσPP = gσ tr[H̄σH]

ℒπPP = igψ̄νγμγ5Aμψν

ℒρPP = iβψ̄νv ⋅ ρψν + iλψ̄νσλρFλρ(ρ)ψν
ℒσPP = gσψ̄νσψν



Gaussian expansion method (GEM)

H |ψ⟩ = E |ψ⟩
 Solve the Schrödinger equation:

 Expand of  by the Gaussian:ψ

ψ =
nmax

∑
i=1

cie−r2/2b2
i , bi = b1ri−1

 Obtain the eigenvalue problem:

H ⃗c = EN ⃗c



Complex scaling method

⃗r → ⃗re−iθ
 Rotated  by an angle  on the position space: ⃗r −θ

 Hamiltonian becomes non-Hermitian  Complex energy eigenvalue:⇒

 Classification of complex energy eigenvalue

E = − B
E = Er − i

Γ
2

for a bound state

for a resonance



Channels for D̄(*)Ξ(*)
cc

1
2

−

3
2

−

5
2

−

D̄Ξcc(2S), D̄Ξ*cc(4D), D̄*Ξcc(2S,4 D), D̄*Ξcc(2S,4 D,6 D)

D̄Ξcc(2D), D̄Ξ*cc(4S,4 D), D̄*Ξcc(2D,4 S,4 D), D̄*Ξcc(2D,4 S,4 D,6 D,6 G)

D̄Ξcc(2D), D̄Ξ*cc(4D,4 G), D̄*Ξcc(2D,4 D,4 G), D̄*Ξcc(2D,4 D,4 G,6 S,6 D,6 G)



Channels for Ξ(*)
cc Ξ(*)

cc
0(0+)

1(0+)

0(1+)

1(1+)

0(2+)

1(2+)

[ΞccΞ*cc]+(5D)

ΞccΞcc(1S), [ΞccΞ*cc]−(5D), Ξ*ccΞ*cc(1S,5 D)

ΞccΞcc(3S,3 D), [ΞccΞ*cc]−(3S,3 D), [ΞccΞ*cc]+(5D), Ξ*ccΞ*cc(3S,3 D,7 D,7 G)

[ΞccΞ*cc]+(3S,3 D), [ΞccΞ*cc]−(5D), Ξ*ccΞ*cc(5D)

ΞccΞcc(3D), [ΞccΞ*cc]−(3D), [ΞccΞ*cc]+(5S,5 D,5 G), Ξ*ccΞ*cc(3D,7 D,7 G)

ΞccΞcc(1D), [ΞccΞ*cc]+(3D), [ΞccΞ*cc]−(5S,5 D,5 G), Ξ*ccΞ*cc(1D,5 S,5 D,5 G)



Binding energy and mixing ratio for  and D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc



Mass spectra for  and D̄(*)Ξ(*)
cc Ξ(*)

cc Ξ(*)
cc



Wavefunction and root squared distance of D̄(*)Ξ(*)
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Wavefunction and root squared distance of Ξ(*)
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Expectation values of OBEP for D̄(*)Ξ(*)
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Cutoff dependence of binding energy for D̄(*)Ξ(*)
cc
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