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t-channel ΔΔ�Roper�

systematic 
uncertainties�

Γ ≈ 70 MeV  

I(Jp) = 0(3+)�
M ≈ 2380 MeV 

!  Exclusive 
!  Kinematically complete 



Unusual narrow width of d*  
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Γd* ≈ 70 MeV 
           <  1/3 × 2ΓΔ

Md* ≈ 2380 MeV 
       ≈ 2MΔ – 84 MeV 
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Theoretical ΔΔ binding energies 

1960 1970 1980 1990 2000 2010 2020 

0 

−60 

−120 

−180 

−240 

−320 

Dyson 64� Jaffe 77�

Swart 78�

Oka 80�
Mulders 82�

Thomas 83�

Maltman 85�

Goldman 89�

Wang 95�

Yuan 99� Huang 14, 15�

Huang 14�

Gal 14�

Ping 01�

Ping 09�

Valcarce 05�

Year�

Bi
nd

in
g 

en
er

gy
 (M

eV
) �

Exp.�



Our recent work 
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Total Hamiltonian for 6q systems:�

F. Huang, P. N. Shen, Y. B. Dong, and Z. Y. Zhang, arXiv: 1505.05395�
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Ch. SU(3) QM:�

Ext. Ch. SU(3) QM:�



Determination of parameters 
" Input:   mu = md = 313 MeV,  
                 bu = 0.5 fm (SU(3))   &   0.45 fm (ex. SU(3)) 

" Coupling between quark & chiral fields: 

" Mass of mesons:   experimental values except for mσ 

" Coupling constant for OGE: 

" Confinement strength & zero point energy:�
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Parameter values 
All parameters fixed already in our study of NN scattering. 
No additional parameter is introduced in this work.�



NN phase shifts 
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RGM study of ΔΔ-CC 

Δ :    0S( )3 [3]orb ,   S = 3
2

,   I = 3
2

,   C = 00( )
  

ψ 6q  =  A φ̂Δ
int
!
ξ1,
!
ξ2( )  φ̂Δ

int
!
ξ4 ,
!
ξ5( )  ηΔΔ

"
r( )⎡

⎣
⎤
⎦S=3, I=0, C=(00)

             +  A φ̂C
int
!
ξ1,
!
ξ2( )φ̂Cint

!
ξ4 ,
!
ξ5( )  ηCC

"
r( )⎡

⎣
⎤
⎦S=3, I=0, C=(00)

C :    0S( )3 [3]orb ,   S = 3
2

,   I = 1
2

,   C = 11( )

δψ 6q H − Eψ 6q  =  0

RGM wave functions for ΔΔ-CC system: �

RGM equation for a bound state problem: �



Calculated d* mass 
Without CC: BE ≈ 29 − 62 MeV 

With CC: BE ≈ 47 − 84 MeV 

#  d*: a deeply bound & 
compact ΔΔ-CC state 

#  Coupling to CC plays 
a significant role 

#  Predicted binding 
energy agrees with 
experiment 
Md* ≈ 2MΔ − 84 MeV�



Distinctive features of ΔΔ: why 
Quark-exchange effect: 

Short-range interaction: 

#  For 6 identical quarks: 

#  Quark-exchange effect: 

#  (ΔΔ)S=3,I=0:�

 A  =  1 − 9P36

 A sfc
 ∈  [0,  2]

 
ΔΔ A sfc ΔΔ

S=3, I=0
 =  2

  
NNA sfc NN

S=1, I=0
 =  10 9  ∼  1

Strongly “attractive”! 

OGE: attractive   +   VMEs: attractive 

Deuteron: 
OGE: repulsive   +   VMEs: repulsive 

Oka & Yazaki, PLB90(1980)41: 
Fo r a l l n o n - s t r a n g e B B 
systems, (ΔΔ)S=3,I=0 is the only 
one in which OGE provides 
attraction at short-range. 



Channel wave functions 
RGM wave functions: 

Channel wave functions: 

Not orthogonal 

Wave function of d*: 
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Relative wave function 

d d* 

Unlike deuteron, d* is rather narrowly distributed!  



CC component 
"  d* has a CC fraction of about 2/3 
 
 
 
 
 
 
 
 

"  A pure hexaquark state of ΔΔ system has 4/5 CC fraction 
 
 
"  d* is a hexaquark-dominated exotic state! 



Stability against confinement 
1 channel & 2 color-singlet clusters: free from any types of confinement 

Check for ΔΔ-CC system: 

 
 
 

 

 

 

 
Results of d* are rather stable against the types of confinement 

Why: d* is rather compact, thus not sensitive to long-range confinement 



Decay width of d* 

Γ
d*→dπ +π − ≈  17 MeV

Γ
d*→dπ 0π 0 ≈  9 MeV

 
Γ =

Γ
d*→dπ +π −

Br d* → dπ +π −( ) ≈
16.8 MeV

23%
≈  73 MeV

 
Γ =

Γ
d*→dπ 0π 0

Br d* → dπ 0π 0( ) ≈
9.2 MeV

14%
≈  66 MeV

Γ exp ≈  70 MeV



Summary 

#  d*(2380) has been reported by WASA-at-COSY with an 
unusual narrow width (Γ ≈ 70 MeV) 

#  ΔΔ-CC with I(JP)=0(3+) is dynamically investigated in 
our chiral SU(3) quark model and its extended version 

#  d* has a CC fraction of about 2/3 ! it is a hexaquark-
dominated exotic state 

#  The calculated binding energy (47−84 MeV) & decay 
width (66−73 MeV) are consistent with the data (M ~ 
2MΔ − 84 MeV, Γ ~ 70 MeV) 


