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Introduction:
Tensor interaction plays an important role for 
light normal nuclei.

   0.2 (2H)
   0.3 (3H)
   0.3-0.4 (4He)

= 1

1∣∣2
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NN: G3RS (Central+Tensor)
2H 3H 4He

B (MeV) 2.28 7.63 24.58
PD 0.048 0.067 0.10
√ r2  (fm) 1.98 1.80 1.52

Results for light nuclei



 A. Nogga, et al., nucl-
th/0112026
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Introduction:
Tensor interaction plays an important role for 
light normal nuclei.
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G3RS NN potential is used.



What is the hypernuclear structure 
due to the presence of a Λ?
B(4He)  28 MeV
B


(


5He)  3 MeV ➔


5He   

 Rigid core+Λ picture
 Jc=0  No tensor N interaction

 Ic=0  No N-N coupling 

 Is the conventional picture acceptable? ➔ No!

Anomalously small binding of 


5He



 Nemura et al., PTP103, 929 (2000). 

Anomalously small binding of 

Λ
5He

Anomalously 
small binding 
of 

L
5He 



Anomalously small binding of 

Λ
5He

A phenomenological LN potential reproducing B
L

(
L

3H), B
L
(

L
4H), B

L
(

L
4He), B

L
(

L
4H*), and B

L
(

L
4He*) 

values as well as the Lp total cross section, pre-
dicts (about two times) larger  B

L
(

L
5He) value than 

the experimental value. 
Dalitz, et al., NPB47, 109 (1972). 

The experimental B
L
(

L
5He) implies that LN interac-

tion in 
L

5He is weaker than the LN interaction in 

free space. ➔  
L

5He anomaly 



 ΛN-ΣN coupling plays a significant 
 role in hypernucleus 

Λ
5He

Λ Σ



The purpose of this work
To describe an ab initio calculation of 

L
5He 

as well as A=3, 4 hypernuclei explicitly including 
S degrees of freedom, 

To conduct a new view of the 
L

5He, 

due to taking account of explicit S admixture, 
beyond +L model. 

We would also like to discuss, 

Why the YN interaction in L
5He is so weaker than 

that in free space or in A=3, 4 systems?



NN and YN potentials 
Baryon-baryon interaction 
  Two-body system
    Three-body system 
  Four-body system 
    Five-body system 
    ... 
    Many-body systems 

 In the nuclear physics, 

NN potential is given by a modern interaction 
model, such as Nijmegen model. 

Few-body calculation is made using the in-
teraction. 

T op­down approach



NN and YN potentials 
Baryon-baryon interaction 
  Two-body system
    Three-body system 
  Four-body system 
    Five-body system 
    ... 
    Many-body systems 

 In the hypernuclear physics, phase-shift analysis 
has not been confirmed yet. 

A phenomenological potential is used, which  is 
phase-equivalent to the modern interaction model 
(e.g. Nijmegen model), and which reproduces the 
experimental data of the few-body systems. 

T op­down and bottom­up approach



NN and YN potentials 
NN interaction:

G3RS (central+tensor) 

The NN interaction reproduces 
the low energy NN phase shifts. 

YN interaction:

SC97e(S) (central+tensor+spin-orbit; LN+SN); 
it is phase equivalent to the Nijmegen soft core 
model NSC97e. 

The YN interaction reproduces the experimental 
BL of A=3, 4 hypernuclei as well as the Lp total  
cross section. 



Hamiltonian of a system comprising 
(A-1) nucleons and a hyperon

 Hamiltonian (H) is divided into the internal motion of the core nucleus 
(Hcore) and relative motion between the core and the hyperon (HY-core). 

H=∑
i=1

A mi c2 pi22 mi−T CM∑i j
A−1

v ij
NN∑

i=1

A−1

v iY
NY ,

=H
core

H
Y−core

,

H
core

=∑
i=1

A−1 pi
2

2
mN−

∑
i=1

A−1

pi
2

2A−1mN

∑
i j

A−1

v ij
NN ,

=T
core

V NN ,

H
Y−core

=

Y−core

2

2Y
mY−mc

2∑
i=1

A−1

v iY
NY ,

=T
Y−core

V YN .

Y=
A−1mN mY
A−1mNmY

, Y= , .



Hamiltonian of a system comprising 
(A-1) nucleons and a hyperon

 If rigid core + L is good approximation for the 
hypernucleus, there is no rearrangement energy; 

〈Hcore 〉

A Z
≈〈H core 〉  A−1 Z

,

〈H Y−core 〉

A Z
≈−B 

A Z  . .



Ab initio calculation with 
stochastic variational method
The variational trial function must be flexible 

enough to incorporate both 
Explicit S degrees of freedom and 

Higher orbital angular momenta. 

=S
i
 c

i
 

JMTMT
(x; A

i
, u

i
)


JMIMI

(x, A
i
, u

i
)

=A{G(x; A
i
)[(kl)i

(x; u
i
)

si
]

JM


IMI
}

Complete five-body 
treatment



Correlated Gaussian
G(x; A

i
)=exp{-(1/2)S

m<n


i,mn
(r

m
-r

n
)2}

=exp{-(1/2)S
m,n
A

i,mn
x

m
x

n
}

Global vector representation
(kl)i

(x; u
i
)=v

i

2k+lY
li
(v

i
), with v

i
=S

m
u

i,m
x

m

Spin function 
si
=[[[s

1
s

2
]

s12
]

s1234
s

5
]

si
+

 Isospin function 
IMI

=[[[N
1
N

4
]

I12
]

I1234
Y]

IMI

    
pnpnL+, or pnpnS0+

Ab initio calculation with 
stochastic variational method



An example of spin function

The case of 
L

3H, (J=1/2, T=0)

[(L=0)(S=1/2)]
J=1/2

 


s=1/2

=(1/2) (-), or


s=1/2

=(1/6) (2--)

[(L=2)(S=3/2)]
J=1/2


s=3/2

=

Ab initio calculation with 
stochastic variational method



An example of isospin function

The case of 
L

3H, (J=1/2, I=0)


IMI

=(1/2)(pnL-npL)


IMI

=(1/3)(nnS++ppS-)

-(1/6)(pnS0+npS0)

Ab initio calculation with 
stochastic variational method



Step-by-step
 [0] k = 1

(The (k 1) basis functions {1, ..., k 1} are already given.) 

 [1] n trial functions {k
(1), ..., k

(n)} are generated randomly. 

(n  (A(A 1)/2)   g, g: number of possible spin-isospin functions) 

 [2] The n eigenvalue problems of k-dimension are solved and 
the corresponding energies {Ek

(1), ..., Ek
(n)} are determined. 

{1, ..., k 1, k
(1)}  Ek

(1)

{1, ..., k 1,   ⋮  }   ⋮
{1, ..., k 1, k

(n)}  Ek
(n)

 [3] The trial function k that produces the lowest energy among 

the set {Ek
(1), ..., Ek

(n)} is selected to be the k-th basis. 

 [4] k = k+1, go to [1]. 

Algorithm of SVM



SVM is capable of handling the massive calculation.

Ab initio calculation with SVM

A=3 A=4 A=5
10

100

1000

10000

100000

1000000

10000000

Desired Computational Power

Number of calcu-
lation steps

Number of basis 
(plain expansion)

Desired compu-
tational power



Results 

 Nemura et al., PRL 89, 142504 (2002).

  
L

5He Anomaly 

is resolved  

 P=0.15% 

 P=1.49% 

 P=0.98% 

 P=1.55% 



Rearrangement energy of 4He in Λ
5He 

L
5He anomaly is resolved by taking account of 

explicit S degrees of freedom. 

〈H core 〉 4He



Rearrangement energy of 4He in Λ
5He 

Taking account of explicit S admixture, particu-
larly using tensor LN-SN interaction, rear-
rangement energy is significant.  

〈H core 〉 4He

〈H core 〉

5 He

−B 
A Z ≈〈H Y−core 〉


AZ.

 Large rearrangement 
 energy was found!



Rearrangement energy of 4He in Λ
5He 

 HY-core = -7.4 MeV (with tensor LN-SN interaction) 

The YN interaction in L
5He is much stronger than 

what the experimental BL (=3.12 MeV) implies. 

〈H core 〉

5 He

〈H Y−core 〉

5 He



H=∑
i=1

A mi c2 pi22 mi−T CM∑i j
A−1

v ij
NN∑

i=1

A−1

v iY
NY=H

core
H

Y−core
,

H
core

=∑
i=1

A−1 pi
2

2
mN−

∑
i=1

A−1

pi
2

2A−1mN

∑
i j

A−1

v ij
NN=T

core
V NN .

Rearrangement effect of 
Λ

5He
Phase shifCarlsonNogga

 ( ?)





Comparison between core+Y and d=p+n

Phase shif
 ( ?)


TY-c  TY-c + Hc VYN(remainder) 2 VN-N(tensor)

 (MeV) (MeV) (MeV) (MeV)   


5He 9.11 3.88+4.68  0.86  19.51


4H* 5.30 2.43+2.02   0.01  10.67


4H 7.12 2.94+2.16  5.05  9.22

TS TD    VNN(central) VNN(tensor) VNN(LS)
AV8 8.57 11.31  4.46  16.64  1.02
G3RS 10.84 5.64  7.29  11.46   0.00

p n

3S

p n

3D

L=0

  

L=2

'



Density distribution of N, L and S for L
5He 

Results for light hypernuclei

L
5He

4He



Density distribution of N, L and S for L
5He 

Results for light hypernuclei



KEK-PS E462 collaboration 
Presented by H. Outa (RIKEN) at HYP2003 (JLAB)

Recent weak decay experiments: 



KEK-PS E462 collaboration 
Presented by H. Outa (RIKEN) at HYP2003 (JLAB)

Recent weak decay experiments: 



Rearrangement effect of 
Λ

5He
Left: A conventional picture of 

5He

Right: A new picture due to strong N-N tensor 
coupling





 









Five-body calculation of L
5He was performed 

with a YN interaction explicitly including 
S degrees of freedom. 

This is the first ab initio calculation of L
5He 

using tensor LN-SN interaction which gives 
a bound-state solution. 

A new view of L
5He:

We found the large rearrangement energy for the core nu-
cleus in L

5He; Hcore = 4.7 MeV

-BL  HY-core = -7.4 MeV

Tensor LN-SN interaction is strongly attractive and 
affects the internal energy of the core nucleus. 

  4He is no longer rigid in interacting with a L particle. 

Summary



What is the structure of 


6He?

Magnetic moment of 


5He

Neutron-rich hypernuclei, e.g., 


6H

In the future study: 



Exchange currents for hypernuclear magnetic moments, 
K.Saito, M. Oka and T. Suzuki, 
NPA 625, 95 (1997). 

In the future study: Magnetic moments



B(total)=B(4He)+B

(


5He)

A conventional picture: 
B(total) 
= B(4He)+B


(


5He)

= 28+3 MeV. 

A new picture: 
B(total)
= (B(4He) E

c
)+(B


(


5He)+E

c
)

= 23+8 MeV. 

In the future study: 
What is the structure of 

ΛΛ
6He?



In the future study: 
What is the structure of 

ΛΛ
6He?

B(total)=B(4He)+2B
L
(

L
5He)+B

LL
(

LL
6He)

A conventional picture: 
B(total) 
= B(4He)+2B

L
(

L
5He)+B

LL
(

LL
6He)

= 28+23+1 = 35 MeV. 
A conjecture: E

c
(

LL
6He) = 2E

c
(

L
5He), 

B(total)
=(B(4He)-2E

c
(

L
5He))+2(B

L
(

L
5He)+E

c
(

L
5He))

+B
LL

(
LL

6He)

= 18+28+1 = 35 MeV, 
(or = 19+27+2 = 35 MeV)



     Ab initio calculation of 
   S=-2 hypernucleus 

ΛΛ
6He in 

a fully coupled channel scheme 

Λ

Λ

Ξ

N

Σ

Σ

Σ

Λ

 Complete six-bodyComplete six-body 
+

 Full-coupled channelFull-coupled channel 
 treatment


