
Pole structure of 𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎
in a coupled channel quark model

with three-body forces



Quark model

Constituent (dressed) quark

current quarkconstituent quark

Large 𝒑
pQCD works (𝛼𝑠 < 1)
small gluon dressing

Small 𝒑
non-perturbative (𝛼𝑠 ≫ 1) → solve on lattice?
large gluon dressing → constituent quark!

S.-J. Brodsky et al, Phys. Rev. C 85, 065202 (2012)



Quark model

Quark-quark interaction (central piece; color type)

Coulomb: one-gluon exchange (OGE) of pQCD
(QED-like)

Confinement: long distance flux-tube from
non-perturbative SU 3 𝐶 gauge dynamics

Constant: vacuum energy / self-energy /
non-perturbative background effects



Quark model

Quark-quark interaction (hyperfine; color-spin type)

Breit Fermi reduction

Color-magnetic piece of pQCD
( 𝝁1 ⋅ 𝐁2 in QED) 

Tensor force
(nearly negligible in ground state mesons/baryons)

unresolved short-distance QCD dressing effects

(fitted on lattice) Y. Koma, M. Koma, Nucl. Phys. B 769, 79 (2007)



Two-body model (2BD)

Quark model Hamiltonian under comparison

𝑋 ∈ {2BD, III, TGE}

Instanton model (III)

Two-gluon exchange model (TGE)



Three-body forces in the quark model

Three-body spin-dependent forces: U 1 𝐴 anomaly; Instanton-induced interaction (III)

G. ’t Hooft, Phys. Rev. D 14, 3432 (1976), Phys. Rev. D 18, 2199 (1978)
D. Diakonov, Prog. Part. Nucl. Phys. 51, 173 (2003)

Instanton two-body force:

Instanton three-body force:

Non-relativistic reduction
S. Takeuchi, M. Oka, Phys. Rev. Lett. 66, 1271 (1991)



Three-body spin-dependent forces: Two-gluon exchange (TGE)

Same analogy as Fujita-Miyazawa mechanism 
(3N force) in nuclear physics

J. Baek et. al., “Three-body forces in the quark model”, Prog. Part. Nucl. Phys., under revision, hep-ph 2608.18949

Three-body forces in the quark model

For example, a possible configuration is 𝑗𝑞𝑔
𝑃 = 1/2+, 3/2+



meson+baryon fit (𝑢, 𝑑, 𝑠, 𝑐 sectors)

Quark model Hamiltonian under comparison



𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model

Quark models well describe compact (~1 fm) mesons and baryons.

Then what if some exotic state is not compact? 

ത𝑢

ҧ𝑑

𝑐𝑠

≫ 1 fm

e.g., ത𝑢 ҧ𝑑𝑐𝑠 tetraquark states (𝑇𝑐𝑠): a resonance pole!



Two-body model (2BD)

𝑋 ∈ {2BD, III, TGE}

Instanton model (III)

Two-gluon exchange model (TGE)
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Quark model well describes compact (~1 fm) mesons and baryons.

Then what if some exotic state is not compact? 

Compact region (short-range): quark-level interaction ⟶ ”gauge dynamics (quark model)”
Continuum region (long-range): hadron-level interaction ⟶ ”chiral dynamics”
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Quark model well describes compact (~1 fm) mesons and baryons.

Then what if some exotic state is not compact? 

Compact region (short-range): quark-level interaction ⟶ ”gauge dynamics (quark model)”
Continuum region (long-range): hadron-level interaction ⟶ ”chiral dynamics”

We should consider both compact and continuum space.

e.g., ത𝑢 ҧ𝑑𝑐𝑠 tetraquark states (𝑇𝑐𝑠): a resonance pole!

ത𝑢

ҧ𝑑

𝑐𝑠

∈ continuum space (𝑄)

Gluon exchange, 

instanton, ⋯

ത𝑢

ҧ𝑑 𝑐

𝑠

∈ compact space (𝑃)

𝑍𝑃 + 𝑋𝑄

𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model



We should consider both compact and continuum space.

𝑄𝑃

𝐻 =
𝐻𝑃𝑃
bare 𝐻𝑃𝑄

𝐻𝑄𝑃 𝐻𝑄𝑄
(0)

+ 𝑉𝑄𝑄
long−range

Compact ത𝑞ത𝑞𝑞𝑞

Gluon exchange, 

instanton, ⋯

ത𝑢

ҧ𝑑 𝑐

𝑠 ത𝑢

ҧ𝑑

𝑐𝑠

𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model

𝑃 𝑄
𝐻𝑄𝑃 ≃ 𝐻𝑃𝑃

resonating group method (RGM)



We should consider both compact and continuum space.

𝑄𝑃

𝐻 =
𝐻𝑃𝑃
bare 𝐻𝑃𝑄

𝐻𝑄𝑃 𝐻𝑄𝑄
(0)

+ 𝑉𝑄𝑄
long−range

ത𝑢

ҧ𝑑

𝑐𝑠

𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model

Continuum one-boson (𝜋, 𝜌, 𝜔, 𝜎, 𝜂) exchange potential

1. 𝜌, 𝜔, 𝜎, 𝜂 boson-exchanges are all intermediate or short-ranged.

2. These potentials require and depend largely on short-range cutoff.
Also these potentials require unknown parameters.

So for the continuum space, we use pion-exchange potential only.



𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model

Relevant effective Lagrangian from heavy quark sym, chiral sym, SU(2) flavor symmetry:

Effective potential for 𝐷𝐾 → 𝐷∗𝐾∗ is

M. B. Wise, Phys. Rev. D 45, R2188 (1992)

𝑸-space Hamiltonian with 𝑄 = {𝐷𝐾, 𝐷∗𝐾∗}

form factor

Couplings

B Wang and S. L. Zhu , Eur. Phys. J. C 82, 419 (2022)



𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model

Effective potential for 𝐷𝐾 → 𝐷∗𝐾∗ is

𝑺-wave, spin singlet projection

Long-range contraction
1. Short-range components only shifts phase of the scattering wavefunction
2. Short-range physics are governed by gluon-exchange or instanton-induced interactions

contact interaction 𝛿(𝐑𝐷𝐾): change the phase

long-range force

Yukawa-tail

monopole form factor with Λ = 1 GeV



The continuum(𝑸)-dressed effective Hamiltonian in the compact(𝑷) space is

𝐻eff(𝐸) = 𝐻𝑃𝑃
bare +𝐻𝑃𝑄

1

𝐸 − 𝐻𝑄𝑄 + 𝑖0
𝐻𝑄𝑃

If we solve                                       (diagonalize 𝐻) in Ψ𝒥𝑃𝑀 ∈ 𝑃eff basis, we can get eigenenergies.

𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model

Pole equation

Compact bare seed eigenmass

= diag 𝑀0
0
, 𝑀1

0
, 𝑀2

0
, ⋯

Self-energy correction

det 𝐸𝟏 −𝑀 0 − Σ 𝐸 = 0



𝑻𝒄𝒔𝟎 𝟐𝟖𝟕𝟎 resonance in the coupled channel quark model

Pole equation

Compact bare seed eigenmass

= diag 𝑀0
0
, 𝑀1

0
, 𝑀2

0
, ⋯

Self-energy correction

det 𝐸𝟏 −𝑀 0 − Σ 𝐸 = 0

Possible continuum bases (similar for 𝐷∗𝐾∗)

Isospin projected bases

Compact bases

| ۧΨ𝑃 = ෍

𝜈𝑖,𝒞

𝜙𝜈1 𝐱𝒞 𝜙𝜈2 𝐲𝒞 𝜙𝜈3 𝐳𝒞

+ ෍

{𝜈𝑖
′,𝒞}

𝜙𝜈1
′ 𝐱𝒞 𝜙𝜈2

′ 𝐲𝒞 𝜙𝜈3
′ 𝐳𝒞

Two limited bases cannot reproduce 𝐷𝐾 pseudostates.
It make eigenstates compact



Riemann sheet jump term (for seed 1)

𝑻𝒄𝒔(ത𝑢 ҧ𝑑𝑐𝑠; 𝐼 = 0, 𝐽𝑃 = 0+) tetraquark resonance
Lowest 3 bare seed states in the 2BD model

𝑀𝐷𝐾 < 𝑀0
0
< 𝑀𝐷∗𝐾∗: (−, +)

𝑀𝐷∗𝐾∗ < 𝑀1
0
: (−, −)

𝑀𝐷∗𝐾∗ < 𝑀2
0
: (−, −)

Integral equation: recursive!



𝑻𝒄𝒔(ത𝑢 ҧ𝑑𝑐𝑠; 𝐼 = 0, 𝐽𝑃 = 0+) tetraquark resonance

Integral equation: recursive!

Linear equation now.



𝑻𝒄𝒔(ത𝑢 ҧ𝑑𝑐𝑠; 𝐼 = 0, 𝐽𝑃 = 0+) tetraquark resonance

Solution trajectories of det 𝐸𝟏 − 𝑀 0 − 𝑔0
2Σ 𝐸 = 0, 𝑔0 ∈ 0,1 Γ𝐾∗ = 0

𝑀𝐷∗𝐾∗ → 𝑀𝐷∗𝐾∗ − 𝑖Γ𝐾
∗/2,

Γ𝐾∗ = 47.3 MeV



𝑻𝒄𝒔(ത𝑢 ҧ𝑑𝑐𝑠; 𝐼 = 0, 𝐽𝑃 = 0+) tetraquark resonance



𝑻𝒄𝒔(ത𝑢 ҧ𝑑𝑐𝑠; 𝐼 = 0, 𝐽𝑃 = 0+) tetraquark resonance

𝐷 𝜼 𝐸 ≡ 𝐸𝟏 −𝑀 0 − 𝑔0
2Σ 𝐸

Residue decomposition

⇒

“elementariness”

“compositeness” (propagating piece)

“compositeness” (Sheet jump piece)

~ come from non-orthogonality



𝑻𝒄𝒔(ത𝑢 ҧ𝑑𝑐𝑠; 𝐼 = 0, 𝐽𝑃 = 0+) tetraquark resonance
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Summary

EXP masses

Mass estimate: 𝑀EXP ≃ 𝑀2BD < 𝑀III < 𝑀TGE

TGE can explain why seed-0 and -2 do not appear in experiments: too broad (noise-like)


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25


   𝑻  𝒄 𝒔 𝟎  (  𝟐 𝟖 𝟕 𝟎 )
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  𝒑
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   𝑻  𝒄 𝒔 𝟎  (  𝟐 𝟖 𝟕 𝟎 )
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  H =  (      H  P P  bare   H  P Q    H  Q P   H  Q Q  ( 0 ) +  V  Q Q  long − range )
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  𝜋 ,   𝜌 ,   𝜔 ,   𝜎 ,   𝜂 , ⋯ )


  ⋯


  ⋯


   𝑻  𝒄 𝒔 𝟎  (  𝟐 𝟖 𝟕 𝟎 )


  𝜋 ,   𝜌 ,   𝜔 ,   𝜎 ,   𝜂


  𝜌 ,   𝜔 ,   𝜎 ,   𝜂


   𝑻  𝒄 𝒔 𝟎  (  𝟐 𝟖 𝟕 𝟎 )


  D K →  D ∗  K ∗


  𝑸


  Q = { D K ,    D ∗  K ∗ }


   𝑻  𝒄 𝒔 𝟎  (  𝟐 𝟖 𝟕 𝟎 )


  D K →  D ∗  K ∗


  𝑺
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  Λ = 1
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  H


   Ψ   𝒥 P M ∈  P  eff  


   𝑻  𝒄 𝒔 𝟎  (  𝟐 𝟖 𝟕 𝟎 )


  = diag  (   M 0   ( 0 ) ,  M 1   ( 0 ) ,  M 2   ( 0 ) , ⋯ )


  det  [  E 𝟏 −  M   ( 0 ) − Σ  ( E ) ] = 0  


   𝑻  𝒄 𝒔 𝟎  (  𝟐 𝟖 𝟕 𝟎 )


  = diag  (   M 0   ( 0 ) ,  M 1   ( 0 ) ,  M 2   ( 0 ) , ⋯ )


  det  [  E 𝟏 −  M   ( 0 ) − Σ  ( E ) ] = 0  


   D ∗  K ∗


  |    Ψ P ⟩ =  ∑   {   𝜈 i , 𝒞 }   𝜙   𝜈 1  (   𝐱 𝒞 )    𝜙   𝜈 2  (   𝐲 𝒞 )  𝜙   𝜈 3  (   𝐳 𝒞 )
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  D K


   𝑻  𝒄 𝒔 (  u -  d - c s ; I = 0 ,    J P =  0 + )


   M  D K <  M 0   ( 0 ) <  M   D ∗  K ∗ : ( − , + )


   M   D ∗  K ∗ <  M 1   ( 0 ) : ( − , − )


   M   D ∗  K ∗ <  M 2   ( 0 ) : ( − , − )


   𝑻  𝒄 𝒔 (  u -  d - c s ; I = 0 ,    J P =  0 + )


   𝑻  𝒄 𝒔 (  u -  d - c s ; I = 0 ,    J P =  0 + )


  det  [  E 𝟏 −  M   ( 0 ) −  g 0 2 Σ  ( E ) ] = 0 ,


   g 0 ∈  [  0 , 1 ]


   Γ   K ∗ = 0


   M   D ∗  K ∗ →  M   D ∗  K ∗ − i  Γ K ∗ / 2 ,


   Γ   K ∗ = 47 . 3   MeV


   𝑻  𝒄 𝒔 (  u -  d - c s ; I = 0 ,    J P =  0 + )


   𝑻  𝒄 𝒔 (  u -  d - c s ; I = 0 ,    J P =  0 + )


   D   ( 𝜼 )  ( E ) ≡ E 𝟏 −  M   ( 0 ) −  g 0 2 Σ  ( E )


  ⇒


   𝑻  𝒄 𝒔 (  u -  d - c s ; I = 0 ,    J P =  0 + )


   M  EXP ≃  M  2 BD <  M  III <  M  TGE

