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Major goals of hypernuclear physics

Fundamental and 

important for the study

of nuclear physics 

YN and YY potential 

models so far proposed

(ex. Nijmegen,

Julich, Kyoto-Niigata) 

have large ambiguity. 

To understand baryon-baryon interactions

Total number of 

Nucleon (N) -Nucleon (N) data: 4,000

NO YY scattering data

Total number of differential cross section 

Hyperon (Y) -Nucleon (N) data: 40



Therefore, for the study of YN and  YY interactions,

the systematic investigation of the 

structure of light  hypernuclei is one of the important

way. 

(it is planned to perform YN scattering data at J-PARC.)

Once YN and YY interactions are determined, we can

predict interesting phenomena which cannot be imagined so far.

In addition, we could study inner part of neutron stars which

have been observed.  
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Ab-initio calculation
Shell model calculation

+
High-resolution experiments

We have been obtaining
ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ɽb 
two-body  interaction.



Mass-Radius Relation of Neutron Stars

J1614-2230: Nature 467 (2010) 1081, APJ 832 (2016) 167

J0348+0432: Science 340 (2013) 1233232

J0740+6620: Nat. Astron. (2019)
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ɽb ƛƴǘŜǊŀŎǘƛƻƴ ǳǇŘŀǘŜŘ ōȅ
ǎǘǊǳŎǘǳǊŜ ǎǘǳŘȅ ƻŦ ɽ hypernuclei
+ EoSby cluster variational
calculation done by Togashi

Still, the maximum mass of
neutron star is less than twice
of solar mass.

Hyperonpuzzle 
ƳƛǎǎƛƴƎ ǇŀǊǘ ƻŦ ¸b ƛƴǘŜǊŀŎǘƛƻƴΥ ɽb-ʅb ŎƻǳǇƭƛƴƎ



ɽbʅb ŎƻǳǇƭƛƴƎ
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S=-1

tǊƻōŀōƛƭƛǘȅ ƻŦ ɲin nuclei is 
not large.

Mass is smaller.
It is expected that
ɽ-ʅ ŎƻƴǾŜǊǎƛƻƴ 
might affect 
in structure of 
ɽ hypernuclei.

ɽb-ʅb ŎƻǳǇƭƛƴƎ ƛǎ ƪŜȅ ƛǎǎǳŜ ǘƻ 
construct YN two-body interaction
completely.



wƻƭŜ ƻŦ ǘƘŜ ɽb-ʅb ƛƴǘŜǊŀŎǘƛƻƴ

Three-body effect  

N1 ɽ N2 N3

ʅ

N1 ɽ N2 N3

N1 ɽ N2 N3

ʅ

N1 ɽ N2 N3

Effective two-body force Three-body force

In the neutron matter or  neutron star, three-body force
might play important role.

Charge symmetry breaking effect



Charge Symmetry breaking
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Energy difference comes from

dominantly Coulomb force 

between 2 protons. 

Charge symmetry breaking 

(n-n,p-p) effect is small.

In S=0 sector
Exp.



In S= -1 sector
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In order to explain the energy difference, 0.35 MeV,
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(3N+ȿ (3N+Ɇ

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,

Phys. Rev. C65, 011301(R) (2001).

A. Nogga, H. Kamada and W. Gloeckle, 

Phys. Rev. Lett. 88, 172501 (2002)

H. Nemura. Y. Akaishi and Y. Suzuki,

Phys. Rev. Lett.89, 142504 (2002).

Coulomb potentials between charged particles (p, Ɇ± ) are included.
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ʾA. Nogga, H. Kamada and W. Gloeckle, 
Phys. Rev. Lett. 88, 172501 (2002)

(Exp: 0.24 MeV)

(Exp: 0.35 MeV)
(cal. 0.07MeV(NSC97e))

(cal: -0.01MeV(NSC97e))

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,

Phys. Rev. C65, 011301(R) (2001).

H. Nemura. Y. Akaishi and Y. Suzuki,

Phys. Rev. Lett.89, 142504 (2002).
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(Exp: 0.24 MeV)

(Exp: 0.35 MeV)
(cal. 0.07MeV(NSC97e))

(cal: -0.01MeV(NSC97e))

There has been exist NO YN interaction to reproduce the data.



T. O. Yamamoto, Phys. Rev. Lett.115, 2225 (2015).

{ǘƛƭƭ ƛǘ ƛǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ǊŜǇǊƻŘǳŎŜ ǘƘŜ Řŀǘŀ ŦƻǊ ǘƘŜ ǎǘǳŘȅ ƻŦ ɽb-ʅb ŎƻǳǇƭƛƴƎΦ
²Ŝ ƴŜŜŘ ƳƻǊŜ Řŀǘŀ ǊŜƭŀǘŜŘ ǘƻ ɽb-ʅb ŎƻǳǇƭƛƴƎΦ 
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These neutron-ǊƛŎƘ ɽ hypernucleiare important.

By neutron-ǊƛŎƘ ɽ hypernuclei, we could obtain information on 

ɽb-ʅb ŎƻǳǇƭƛƴƎ.

ό-̄,K+)

Z=N line

Iƻǿ Řƻ ǿŜ ƻōǘŀƛƴ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ɽb-ʅb ŎƻǳǇƭƛƴƎΚ

(1)YN scattering experiment at K1.1
(2) To study neutron-ǊƛŎƘ ɽ hypernucleiat HIHR

difficult to obtain information on
ɽb-ʅb ŎƻǳǇƭƛƴƎ 
Total isosopinof core nuclei is small.

Total isospinis larger.
ɽb-ʅb ŎƻǳǇƭƛƴƎ ƎƛǾŜ ŀ ƎǊŜŀǘ ŎƻƴǘǊƛōǳǘƛƻƴ
to binding energy of neutron-ǊƛŎƘ ɽ
hypernuclei.



To be published in Physical Review C
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For 9ɽHe, there have been
no observed data.
To predict binding energy of
this hypernucleus, it is 
necessary to reproduce the
Energy spectra of core nucleus,
8He.  

6
ɽHe,7ɽHe,8ɽHe,9ɽHe

/ǳǊǊŜƴǘƭȅΣ  ɽb-ʅb ŎƻǳǇƭƛƴƎ ǇƻǘŜƴǘƛŀƭ ƛǎ renomalized
ƛƴǘƻ ɽb ƛƴǘŜǊŀŎǘƛƻƴΦ



Energy spectra of He Isotope nuclei:

The theoretical results are in good agreement with data.
[ŜǘΩǎ ŀŘŘ ŀ ɽ ǇŀǊǘƛŎƭŜ ƛƴǘƻ IŜ ƛǎƻǘƻǇŜ ƴǳŎƭŜƛΦ
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Bɽ=7.09MeV

Bɽ=2.49MeV

In 9ɽHe, three bound states are predicted. 
.ȅ όˉ-,K+) reaction at J-PARC using 9Be target, it is possible
To produce these hyperucleus.
This would be observation of the  
Ƴƻǎǘ ƘŜŀǾȅ IŜ ƛǎƻǘƻǇŜ ɽ hypernucleus.

Iƻǿ ƳǳŎƘ ʅ  ǇǊƻōŀōƛƭƛǘȅ ƛƴ IŜ
ɽ hypernuclei?



A. Umeya, T. Harada, E. Hiyama
Shell model calculation
¸b ƛƴǘŜǊŀŎǘƛƻƴΥ ƛƴŎƭǳŘƛƴƎ ɽb-ʅb ŎƻǳǇƭƛƴƎ
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Umeyaadjust YN interaction so as to reproduce the results by Myo.

6
ɽHe:0.032 %

ɽHe: 0.12%

ɽHe:0.155%

ɽHe: 0.31%

LƴŎǊŜŀǎƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƴŜǳǘǊƻƴǎΣ  ʅ ƳƛȄƛƴƎ 
probability becomes larger.

Nijmegen potential model
97f

I just used one of several proposed potential models.
ɽb-ʅb ŎƻǳǇƭƛƴƎ Ƙŀǎ ŀ ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ ŀƳōƛƎǳƛǘȅΦ



YN scattering experiment
Y. Ichikawa J-PARC-E90

YN interaction from view point of Ab-initio calculation such as
Lattice QCD

Improvement of potentials
Chiral potential etc.

slide by T. Doi

YN interaction by HAL QCD
It will be possible to employ
the interaction.



S=-2 hypernuclei 

and

YY interaction



ȿ + 

It is conjectured that extreme limit, which includes

many ȿs in nuclear matter, is the core of a neutron star.

In this meaning, the sector of S=-2 nuclei , 

double ȿhypernuclei and ɂhypernuclei is

just the entrance to the multi-strangeness world.

However, we have hardly any knowledge of the YY interaction

because there exist no YY scattering data.

Then, in order to understand the YY interaction, it is crucial to 

study the structure of double ȿ hypernuclei and ɂhypernuclei.

What is the structure when one or more ȿs are 

added to a nucleus?

nucleus

ȿȿȿ
ȿ

+ + +



Next step:  S=-2 sector
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1S0  ofȿȿ interaction:

attractive



comparison

My theoretical contribution

using few-body calculation

E07 

ñSystematic Study of double strangness systems at J-PARCò

by Nakazawa and his collaborators(done in 2018)

Approved proposal at J-PARC

Emulsion experiment
Theoretical calculation
input: ȿȿ interaction to reproduce 

the  observed binding energy of  6HeǊǊ

the identification of the state

It is difficult to determine (1) spin-parity

(2) whether the observed state is

the ground state or an excited state



Successful example to determine spin-parity of

double ȿhypernucleus --- Demachi-Yanagi event for 10Be

Demachi-Yanagi event

8Be+ȿ+ȿ

ground state ?

excited state ?

Observation of  10Be --- KEK-E373 experiment

ŬŬ

ȿ ȿ

10Be

10Be

11.90± 0.13 MeV



A variational method using Gaussian basis functions

Take all the sets of Jacobi coordinates 

High-precision calculations of various 3- and 4-body systems:

Our few-body caluclation method

Gaussian Expansion Method (GEM),  since 1987

Review article : 
E. Hiyama, M. Kamimura and Y. Kino,
Prog. Part. Nucl. Phys. 51 (2003), 223.

Developed by Kyushu Univ. Group,   
Kamimura and his collaborators.

, 

Light hypernuclei, 

3-quark systems,

Exotic atoms / molecules ,  

3- and 4-nucleon systems,

multi-cluster structure of light nuclei,



4He

4-nucleon 

bound state

NN: AV8ô

p p

n n

Benchmark-test calculation to solve the 4-nucleon bound state

1. Faddeev-Yakubovski (Kamada et al.)

2. Gaussian Expansion Method 

(Hiyama and Kamimura)

3. Stochastic varitional  (Varga et al.)

4. Hyperspherical variational (Viviani et al.) 

5. Green Function Variational Monte Carlo  

(Carlson at al.)

6. Non-Core shell model (Navratil et al.)

7. Effective Interaction Hypershperical 

HarmonicsEIHH (Barnea et al.)

PRC 64, 044001(2001)

7 different groups (18 co-authors)



Good agreement among 7different methods

In the binding energy, r.m.s. radius and wavefunction density

Benchmark-test calculation of the 4-nucleon bound state

ours

GEM

Congratulations!!  I was very happy



Successful interpretation of spin-parity  of

E. Hiyama, M. Kamimura,T.Motoba, 

T. Yamada and Y. Yamamoto

Phys. Rev. 66  (2002) , 024007
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