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物質階層はなぜできるのか？
Why is the hierarchy of matter formed?





N-N force (核力)

大きなスピン・アイソスピン依存性
Large spin-isospin dependence

【テンソル力】 tensor force

階層出現のメカニズム（核子→αクラスター）
Mechanism for emergence of hierarchy (nucleons->a cluster)

p
n

a粒子内で

スピン・アイソスピンが中和
(S=0,T=0)

shell close[(0s)2(0s)2]も安定化

Neutralization (saturation) 

of spin-isospin in a

a-a force 
核力のスカラー成分のみ

Scalar component of 

nuclear force only
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クォーク間力 q-q force

グルーオン(色付き）交換

(カラー交換）
gluon (color) exchange

階層出現のメカニズム (クォーク→ハドロン）
Mechanism of emergence of hierarchy (quark->hadron)

G R

カラー中和 (白色）＝ハドロン

グルーオン交換力

（カラーに働く）は飽和。

ハドロン間力

中間子（白色qqbar ）交換
（クォーク交換）

meson exch.(colorless quark exch.) 

>>

g

q q

q q

白色
白色

白色
white

3q 3q

3q 3q

白色

hadron-hadron 

force

Color neutral (white) = Hadron.

Gluon exch. force saturated.



核・電子間クーロン力

Nucleus-electron Coulomb

階層出現のメカニズム (１原子分子→凝縮系）
Mechanism of emergence of hierarchy

(single atomic molecule -> condensed matter)

e
核

原子（１原子分子）内でクーロ
ン力が飽和。

外から見ると、中性。
Coulomb force saturated.

Charge neutral.

中性分子間の力
Van der Waals力

>>

e

中性

e

e

中性(分極）
neutral (polarized)

中性(分極）



Ikeda’s threshold rule (池田閾値則)

K. Ikeda, Prog. Theor. Phys. (1968)

アルファクラスターの集合体に分かれるエネルギー閾値のすぐ近くに、
そのクラスターに分かれた構造を持つ状態が存在する。

Ikeda diagram

Hoyle state

Close to the cluster 

decay threshold, a state 

with this clustering 

structure exists.



alpha cluster and Hoyle state

Hoyle state
8Be (4He+4He) is not bound 

→ Big Bang cannot produce A≧8 nuclei

Why does 4He+4He+4He -> 12C happen

in stars in spite of unbound 4He+4He ?

Loosely gathering 4He+4He+4He state

is necessary

Hoyle state

閾値



Λ*(1405)      K-(494) p(938)  =1432 MeV

N*(1440)      s(500) N(940)  =1440

X(3872) D0(1865) D0*(2007) =3872

Zc(3900) D0(1865) D0*(2007) =3872

Zc(4020) D0*(2007) D0*(2007) =4014

Zb(10610) B0(5280） B0*(5325) =10605

Zb(10650) B0*(5325) B0*(5325) =10650

Subsystemに分解する閾値の周辺に現れる
エキゾティックなハドロン励起状態

_

_

_

_

_

Exotic hadrons appearing close to the bound threshold 

of subsystems

これら subsystemsの分子状態（束縛or共鳴状態）か？
molecular (bound/resonance) state of these subsystems?



階層のヒント：池田則の意味
Why Ikeda's rule holds?

＝＞構成粒子ポテンシャルでの励起エネルギーに比べて極めて小さなエネルギーしか

クラスターへの分解閾値から離れていない状態は、そのクラスターの分子的状態

State with an energy close to the cluster decay threshold should be a molecule of the clusters

“弱い”力
weak force

“強い”力
strong force

クラスターへの分解閾値

クラスターの生成： formation of clusters 

粒子間の“強い”力 ＋力の（部分的）飽和
strong force between elements + its (partial) saturation

→ 力が飽和するようなクラスターが安定化
Cluster with saturated force becomes stable

クラスター分子の生成： formation of molecules

クラスター間の“弱い”力 weak force bwn clusters

→浅いポテンシャル→小さい束縛エネルギー
shallow potential -> small binding energy

threshold to clusters



力が弱い＝束縛浅い＝広がったサイズ
weak force = shallow binding = spread size

クーロン力部分 Coulomb force

ハドロン間力部分 hadronic force

力が強い＝束縛深い＝コンパクトなサイズ
strong force = deep binding = compact size

閾値

異なる階層が同居する例 --Exotic atoms
Coexistence of different hierarchies

電磁気相互作用 (EM int.)

強い相互作用 (strong int.)

K-p

p K-
Λ(1405)

閾値近くに現れる状態は、深い状態を作るのとは異なる弱い力で
形作られた（広がった）状態

A state with an energy close to the threshold is made by a weak force different 

from the original force

1432 MeV

K- + p r6.0 keV

28 MeV





原子間力のもと: 電子のパウリ排他律＋クーロン力
Origin of atom-atom force:   Pauli  effect of electrons and Coulomb force

US(S=0） 2 electron wf 空間対称（スピン反対称） →クーロンを稼ぐ
UA(S=1） 2 electron wf 空間反対称（スピン対称）→クーロンで損

∝1/r

nucleus-nucleus

Coulomb

原子間力（共有結合の場合）はなぜできるのか
Why atom-atom force appears? (case of covalent bond)

Coulomb in 2 electrons - 2 nuclei

H-H potential

3個目の原子は斥力
（必ず一方と空間反対称）

space: sym; spin: antisym gain energy via Coulomb

space: antisym; spin: sym lose energy via Coulomb

3hird atom always feels 

repulsion by spatial 

antisymmetry



分子間力のもと: 多重極電場 (高次のクーロン力)

・分子の永久分極→ 水素結合、双極子相互作用

・電子分布の揺らぎ＋誘起双極子（ロンドン分散力）
→ファンデルワールス力

∝1/r6
Van der Waals force

Pauli + Coulomb

between electrons

分子間力はなぜできるのか
Why molecule-molecule force appears?

Origin: 

multipole electric force

permanent polarization 

-> hydrogen bond, dipole int.

electron fluctuation + induced dipole -> Van der Waals force

Ar-Ar potential



バリオン間力のもと：
中間子交換力（白色場） <= クォーク間力（カラー場）

Pauli + gluon 

exchange force

between quarks

核力（バリオン間力）はなぜできるのか
Why nuclear force(Baryon-baryon force) appears?

p
p

（s）

r
w

p

中間子質量と到達距離

meson exchange force

Origin: meson exchange force (“white” field)

meson mass and range



nucleus-nucleus potential

a-a potential

light nucleus-nucleus 

potential

Asum << 56

heavy nucleus-nucleus 

potential

Asum >> 56

NN scalar force

Coulomb 

repulsion

NN Pauli

Repulsive core of NN force

Coulomb 

repulsion

Coulomb + 

nuclear attraction



Origin of cluster-cluster force

Cluser

(Element)

force inside cluster

charge saturation small r repulsion large r attraction

hadron (nucleon)

(quark)

gluon exch. force

（color exch.)

color= 0(white）

gluon exch. force

q-q Pauli repulsion

meson(color=0) 

exch.

a particle

(nucleon N)

nuclear(NN) force

(tensor force)

spin-isospin=0

repulsive core of NN

force

N-N Pauli repulsion

Scalar part of NN 

force （+Coulomb 

repulsion）

(heavy)nucleus

(N(hadron), a)

nuclear force

Coulomb force

Coulomb repulsion
（attractive nuclear force at 

very small r）
--

atom

（electron, 

nucleus）

Coulomb force

electric charge=0

e-e Coulomb repulsion

e-e Pauli repulsion

el-nucleus Coulomb 

attraction (electron 

exch. force)

molecule

（incl.monoatomic

molecule ）
（atom）

Electric force

（+e exch. force）
electric charge=0

e spin=0

e-e Coulomb repulsion

e-e Pauli repulsion

multipole electric 

force（Van der Waals 

force）

これがあると高次のクラスター
（次の階層）ができる

これがあるとクラスターが安定化

cluster-cluster force



Step 1

・少数の要素が強い力で固く結合し“クラスター”ができる。
・要素のある特定の個数や組み合わせで力荷が飽和する。

A few elements are tightly bound via strong force.

With a specific number of elements, the charge of the strong force

(partly) saturates.

・クラスター間に近距離では強い斥力がある
Strong repulsion exists between the clusters

→ クラスターの安定性が保証される Stability of the cluster

Step 2

・クラスター間に弱い引力がある weak attraction between clusters

→ クラスター同士が緩く集合して次の階層が生まれる

Clusters are loosely bound and the next hierarchy appears.

まとめ：階層の起源は？
Summary: origin of hierarchy?

-> サイズも大きくなる



バリオン間力の起源
Origin of baryon-baryon interactions



バリオン間力のもと：
中間子交換力（白色場） <= クォーク間力（カラー場）

Pauli + gluon 

exchange force

between quarks

核力（バリオン間力）はなぜできるのか
Why nuclear force(Baryon-baryon force) appears?

p
p

（s）

r
w

p

中間子質量と到達距離

meson exchange force

Origin: meson exchange force (“white” field)

meson mass and range



Image of strong interaction

• ｒ < rc confinement scale (~0.5 fm)

gluon exchange (color field）, 1/r

symmetry of quarks （Pauli effect)

• r > rc confinement scale (~0.5 fm)

gluon filed is shielded

qqbar(white）＝“meson” is not shielded

rc

rc

constituent quark

the region where the color of the 

valence quark can propagate



Cornell potential

Lattice QCD 

simulation

confinement potential

（linear）

真空中に凝縮している
qbarq対に遮蔽されて

gluonが四方八方には
飛べない

超伝導体中の磁束
と似ている

超伝導体
常伝導部分

マイスナー効果

磁束のピン止め

charmonium(ccbar) 

spectrum is 

reproduced

Coulomb type
gluon (mass=0) exchange

=>   exp(-mr)/r =  1/r

（same as photon exchange)

qq potential in a baryon

Vqq = ½ Vqq
ー

ーq q potential



pion（p+, p0, p-) exchange can explain them

核力 nuclear force 陽子・電子間の電磁気力

 有限の到達距離 ～数 fm 無限大の到達距離 U∝1/r 

 短距離(r<0.5fm)の強い斥力 引力のみ

 荷電交換力、アイソスピン依存性あり 荷電交換なし

 スピン依存性大 スピン依存性小

 大きなテンソル力 小さなテンソル力（µeµp -> hf splitting)

 大きな LS力 小さなLS力（µeHp -> fine splitting）

 3体力がある 3体力なし

核力の性質（properties of nuclear force)

中心力

テンソル力

LS力

EM force between p and e-

infinite rangefinite range ~ a few fm

strong repulsion at short distance

charge exchange force, isospin dependence.

Large spin dependence

Large tensor force

Large LS force

3-body force exists
No 3-body force

Small LS force

Small LS force

Small spin dependence

No charge exchange

Attraction only



One pion exchange potential (OPEP)

Similar to interaction between two magnetic dipole moments

Agrees very well with the central + tensor parts of the nuclear force for r >2 fm

How about shorter regions?

Introduce more mesons with heavier masses   shorter ranges of force

Coupling constant f  <= Assumed to be the same via SU(3)f symmetry

Pseudo scalar field with mass mp

Meson exchange models (OBE models)



R. Machleidt Nuclear Forces - Lecture 3      

Meson Theory (Pohang, 2016)

26

Feynman diagram for NN scattering

2p

1 'p

1p

2 'p

a

1 1( ' )q p p -
1 2

from Machleidt’s lecture



R. Machleidt Nuclear Forces - Lecture 3      

Meson Theory (Pohang, 2016)

27

Pseudo-vector coupling of a pseudo-scalar meson

i

Lagrangian:

Vertex:      times the Lagrangian stripped off the fields (for an incoming 

pion)

Potential:   times 

the amplitude 

i

from Machleidt’s lecture



R. Machleidt Nuclear Forces - Lecture 3      

Meson Theory (Pohang, 2016)

28

Pseudo-vector coupling of a pseudo-scalar meson, 

cont’d

Using the operator 

identity

with (“Tensor operator”),

the one-pion exchange potential (OPEP) can be written 

as

from Machleidt’s lecture



(600)s

(782)w

(770)r

Long-ranged 

attractive tensor force

intermediate-ranged, 

attractive central force 

plus LS force

short-ranged, 

repulsive central force 

plus strong LS force

short-ranged 

tensor force, 

opposite to pion

Meson exchange models (OBE models)

from Machleidt’s lecture

scalar meson

pseudoscalar meson (I=1)

vector meson (I=0)

vector meson (I=1)
vector coupling only

tensor coupling only



R. Machleidt Nuclear Forces - Lecture 3      

Meson Theory (Pohang, 2016)

Summary:

Most important parts of the nuclear force 

Short

Inter-

mediate Long range

Tensor force

Central force

p

p

s

w

w s

r

r
Spin-orbit force

from Machleidt’s lecture



(600)s

(782)w

(770)r

OBE models: extension to SU(3)f

scalar meson

pseudoscalar meson

vector meson (I=0)

vector meson (I=1)

k0 k+

a0
- a0    a0

+

k- k0－

s

K0 K+

p- p0 p+

K- K0
－

h
h’

f0

K*0 K*+

r- r0 r+

K*- K*0
－

w
f

Coupling constant is assumed to be universal for the same multiplet



 短距離部分（斥力芯）は具体的にどう理解すべきか？

QCM描像“クォーク間パウリ効果＋グルオン交換力”は、正しく十分なのか？

How should we understand the short range repulsion?

 “重い中間子の交換”の描像は正しいか？中間子交換力との切り分けは？

Picture of “heavy meson exchange” correct?

 3体力、とくに短距離3体斥力はどんなもので，どう理解すべきか。

 原子核を作る核力は、強い斥力と強い引力がキャンセルして残る弱い引力：

他のバリオンでも共通か、偶然か？

核力（バリオン間力）の疑問
questions in nuclear force (BB forces)

Pauli effect + gluon exchange (QCM picture) is correct and enough?

How to separate between meson picture and quark picture?

What is 3-body force and how should we understand it?

Cancellation of strong attraction and repulsion in nuclear force:

Is it accidental? How about for the other BB interactions?



解明の手がかり：核力→バリオン間力への拡張
Key: Extension of Nuclear force to BB forces

• mu,d~300 MeV, ms~500 MeV ～ SU(3)ｆ symmetry

質量の違いの効果が小さいー理論的に扱い易い

核力は s quarkを入れると (NN->YN, YYで）どう変化するか

• 交換される中間子が違う ー> 中間子交換模型の検証

• 短距離核力のクォーク自由度を、異なるクォークで明らかにする

forbidden

L     N

p

L     N

K

N  L

L     N
p

L     N

S

“pionless nuclear physics”

引力芯、極めて強い斥力芯、 などの出現？

Small effect from mass difference– theoretically easier

How does nuclear force change by s quark?

Exchanged mesons are different –> test of meson exc. picture

Quark degree of freedom in the short rage force can be clarified via s quark

Appearance of attractive core, extremely repulsive core?



Mass  (-BL :L binding energy) (MeV)

LY89

39 49

＝>

UL (L’s potential depth） = - 30 MeV

c.f.  UN = - 50 MeV

LN force is attractive, slightly weaker 

than NN force.

L

L hypernuclei and LN interaction

Hotchi et al., PRC 64 (2001) 044302

UL

＝> L should appear inside 

neutron stars via n -> L 



r～ 5r0
L appears at r～ 2 - 2.5r0

Fermi gas model

→

Un

Un > 0  at large r

L appearance in neutron stars

UL = - 30 MeV at r0

高密度ほど
斥力的

UL

 

B  mB +
kF

2

2mB
+U(kF )



Baryon octet (バリオン8重項）
spin=1/2

ground states made of u, d, s

hyperons



Baryon octet (バリオン8重項）
spin=1/2

ground states made of u, d, s

Lifetime of hyperons(Y) ~10-10 sec

-> decay at ~10-10 s  x  3x108 m/s = 3 cm

=> Scattering experiment very difficult

寿命が短すぎて YN散乱実験は困難

-> Put them into a nucleus 原子核に入れてエネルギーを調べる

hyperons



Hypernuclei
Atomic Nucleus  (= protons + neutrons)   => baryon many-body systems

Ordinary nuclei

strange quark

du

du

u d

ud

s s

s
d

L hypernuclei

neutronproton

u u

s

LL hypernuclei S hypernuclei X hypernuclei

L hyperon S hyperon X hyperon

They can be produced with high energy accelerators.

up quark

down quark
lifetime ~ 10-10 s

Baryons

Hypernuclei



N

Z
L, S hypernuclei

L核 41種（日本で 25）
S核 1種（日本で 1）

World of matter with strangeness

Nu ~ Nd ~ Ns

higher 

density

Center of neutron star?

Strange hadronic matter (Z=0, A=∞）

#
 o

f 
s
tr

a
n

g
e
 q

u
a
rk

s

0

1

2

ordinary nuclei 
(u,d quarks)

world of u, d, s quark

stable
nuclei

unstable
nuclei

3D nuclear chart

LL, X hypernuclei

LL 4種, X 1種 （すべて日本で ）



? X   No definite data exists

Experimental status of BB interactions

scattering 

data

correlation

data

Nuclei/

Hypernuclei

NN ◎ 〇 ・Saturation point of nucl. matter： (aV ,, r0)

・Plenty of nuclear data <- NN scat. data

ΛN △
Low stat.

Limited p

No pol. obs.

△
attractive

・3
LH to 208

LPb -> UΛ＝-30 MeV

・A≦16 Level data -> small spin-spin, spin-

orbit, tensor forces

ΣN △
Low stat.

Limited p

No pol. obs.

× ・4
SHe (0+) bound state -> Large spin-isospin

dependence

・S+28Si spectra -> UΣ ～ +30 MeV

・S atom X-rays

ΞN × △
attractive

・14
XC bound state (Kiso):  BX ~ 1 MeV

(attractive)

ΛΛ × △
attractive

・6
LLHe （Nagara) :  DBLL=0.6 MeV 

(weakly attractive)



• Constituent quark    

mu,d ~ 300 MeV,  ms ~ 500 MeV

• Confinement potential 

• Color magnetic interaction <= one gluon exchange

Oka-Yazaki’s Quark Cluster Model
Effect of short range force

Origin of N-Δ (octet-decuplet), Λ-Σ mass difference  

・ GRM (共鳴群法）calculation

for colorless (0s)6 state

=>  quark Pauli effect
e.g.

forbidden



Predictions from Quark Cluster Model

・ H dibaryon （no quark Pauli, attractive color magnetic interaction）

H dibaryon （6 quark state) exists. (Jaffe’s prediction)

H:  [uuddss]S=0 SUf(3) X SUf(3)   flavor singlet state has

X-N (S=0,I=0) is strongly attractive.

・ SN (S=1,T=3/2) strong repulsion （quark Pauli effect)

・ LS力(LYNsY) L-N: almost zero

S-N: as large as N-N

Lattice QCD calc. produces these characteristics.

Extension from nuclear force (u,d) to BB forces (u,d,s) help us understand 

the origin of the short-range part of nuclear force

Suggested （SN spin/isospin averaged force is strongly repulsive）

Confirmed from hypernuclei

Suggested in scattering exp.

“attractive core”

X N

H lighter than LL does not exist.

Lattice suggests it between LL and XN mass?



“Baryon” and “Baryon-Baryon” 

in flavor SU(3) symmetry

×

q

3

q

3

q

3

× ＝ ＋ ＋

8

＋

8
1

8 8

× ＝

27

＋ ＋＋ ＋＋

10 10* 8s 8a 1

10

In SU(3)f limit,  BB interaction is the same in the same multiplet

Δ++Δ+ Δ0 Δ-

Σ*+ Σ*0 Σ*-

Ξ*0 Ξ* 

Ω-

p n

Σ+ Σ0 Λ Σ－

Ξ0 Ξ－



Slide by Koji Miwa

Baryon Baryon interaction by Lattice QCD

(27)

(10*)

(8s)

(10)

(8a)

(1)

Lattice QCD calc.
T. Inoue et al.
Prog. Theor. Phys. 124 (2010) 4

Strong repulsive core

Weakly repulsive or attractive Core

S+p (S=1, T=3/2) S-p (S=0, T=1/2)

X-p (T=0)

6 independent forces in flavor SU(3) symmetry

8〇8 =x

Flavor singlet (H-Channel)



Slide by Koji Miwa

Baryon Baryon interaction by Lattice QCD

(27)

(10*)

(8s)

(10)

(8a)

(1)

Lattice QCD calc.
T. Inoue et al.
Prog. Theor. Phys. 124 (2010) 4

Strong repulsive core

Weakly repulsive or attractive Core

S+p (S=1, T=3/2) S-p (S=0, T=1/2)

X-p (T=0)

6 independent forces in flavor SU(3) symmetry

8〇8 =x

The same behavior was predicted 

by Oka-Yazaki’s Quark Cluster Model

color magnetic 

interaction

quark Pauli effect

J-PARC E40

Flavor singlet (H-Channel)
J-PARC E42

Ξ N



ストレンジネスを含むバリオン間力
の研究

Studies of baryon-baryon interactions 

with strangeness



H dibaryon



斥力
芯

S+-p (spin=1)

p np

d

u

s

u

u u

pS+

H

p p

-150

p-p (spin=0)

近距離部分 中・遠距離部分
ポ
テ
ン
シ
ャ
ル

[M
e

V
]

d

u u

d

ss

L-L

X-N

S-S

フレーバー
1重項

距離
[fm]

バリオン間相互作用（B01班の研究対象）

2p, sr, w



SU(3)f

mu = md = ms (heavy)
Realistic masses

H

d

u u

d
ss

rBB

I=0
S=0

Lattice Prediction for H

Sasaki et al.(2018)

Attractive core
-> B in BB(1) is not 

a stable cluster

HAL collaboration: Inoue, Sasaki, et al.

In reality, mixture of a 6 quark state
and a two-hadron (~XN) molecule?



K-

K+

Hyperon spectrometer ready

SC Helmholtz magnet + TPC

K-

Experiments:  
LL hypernclei => mH> mLL

Lattice : 
mX

-
p  > mH > mLL

H dibaryon search at J-PARC (E42)

K- 12C  => H + X + K+

H => LL

Λ

Λ

expected spectrum



Scattering experiments



NN, YN scattering data

total cross 

section

Bubble chamber (CERN) in 1960s~70s

Scintillation fiber (KEK) in 90s



Differential cross section, 

polarization



Phase shift

Scattering data

(angular distribution)

-> phase shift dl for each l

No phase shift data 

for YN interactions



• 1.3 GeV/c  p+- p -> K+ S+- reaction

• S+- momentum from (p+-,K+) 

• Measure p momentum vector

-> Sp scattering events 

identified kinematically

J-PARC K1.8 line 

+ KURAMA

 ds/dW for S+p, S-p, S-p->Ln   

(pS = 400-700 MeV/c)

=> confirm quark Paul effect

New type of S±p Scattering 

Experiment at J-PARC

(E40, Miwa et al.)
MPPC+Sci.fiber

BGO

CFT

BGO
CFT



ds/dW : 2.4mb/sr isotropic (assumed)

• 20,000 scattering events

• derive ds/dW for 3 momentum ranges

 S-p : ±0.11 (stat.)  ±0.15 (syst.) 

mb/sr

 S+p : ±0.15 (stat.)  ±0.15 (syst.) 

mb/sr

for 2.4 mb/sr
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S
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Expected accuracy

Slide by K. Miwa
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Studies of YN, YY interactions 

from hypernuclei



How to construct YN, YY interactions 

using nuclear data?

Meson exchange models

+ Quark models

Few body calc.

Rijmegen, Juerich, Kyoto,..

BY,  Hypernuclear Structure

Effective YN, YY interaction

G-matrix calc. 

Hypernuclear data

Rich NN scattering data + sparse LN, SN data

Shell models

SU(3)f 

Yamamoto’s YNG int.

Cluster models

iteration

Chiral EFT
Lattice QCD

Free YN, YY interaction



LN spin-dependent interactions and hypernuclear levels
スピン依存相互作用とハイパー核レベル

 Two-body LN effective interaction Dalitz and Gal, Ann. Phys. 116 (1978) 167
Millener et al., Phys. Rev. C31 (1985) 499

D SL SN TV
-

p-shell: 5 radial integrals for sL pN  w.f.

sD   ∫V (r) |u (r)|2 r2dr,   r = r   - r sL

Well know
from UL = - 30 MeV

Level spacing: 

Linear 

combination

of D, SL, SN, T

 Low-lying levels of L hypernuclei

Millener’s approach

Only Ge detector can 

separate (DE~2 keV)

pN

“interaction strengths”



9Be (K-, p- g) 9LBe

Observation of “Hypernuclear Fine Structure”
BNL E930 (AGS D6 line + Hyperball)

43±5 keV 26.1±2.0 keV  

16O (K-, p- g) 16
LO

Eg (keV)Eg (keV)

MeV

MeV

SL = -0.01 MeV T = 0.03 MeV
PRL 88 (2002) 082501

PRL 93 (2004) 232501

consistent with Quark Cluster Model consistent with Meson Exch. Model



LN spin-dependent interactions (D.J. Millener)

Millener’s approach
LN spin-dependent interaction strengths determined:

D = 0.33 (A>10),  0.42 (A<10),  SL = -0.01, SN = -0.4, T =0.03 MeV

“Much smaller spin-dependent forces than NN”

• Almost all p-shell levels are reproduced within a few 10 keV by these parameters. 

• Test BB interaction models to improve them:

D SL   SN T       (MeV)

ND            -0.048    -0.131    -0.264     0.018

NF              0.072    -0.175    -0.266     0.033

NSC89       1.052    -0.173    -0.292     0.036

NSC97f      0.421    -0.149    -0.238     0.055

ESC04a     0.381    -0.108    -0.236     0.013

ESC08a     0.146    -0.074    -0.241     0.055

( “Quark model”          0.0        -0.4 )                

Exp.           0.3        -0.01      -0.4         0.03

Nijmegen 

meson-exchange 

models

Quark model 

looks OK.

All Nijmegen 

models fail.

LS force:

LN-SN force is not well studied yet. => s-shell hypernuclei

LN interaction in nuclear matter? => heavier hypernuclei  



How weak are 

the L-spin-dependent forces?

D  0.42 MeV

(SL  -0.01 MeV)

Tamura et al., PRL 84 (2000) 5963

> LN spin-orbit force 

~ 1/40 of NN spin-orbit force

Ajimura et al., PRL 86 (2001) 4255

> LN spin-spin force 

~ 1/10 of NN spin-isospin force

spin-spin force 

spin-orbit force 



Suggestign a strongly repulsive potential 

(VS~ +30 MeV)

S--28Si potential – repulsive SN force

Noumi et al., PRL 87(2002) 072301

28Si (p-,K+) at 1.2GeV/ with SKS

V0 ~ -10 MeV

W0 ~ -10 MeV

 This strong repulsion is 

nuclear matter is due to strong 

repulsion predicted by Quark 

Cluster Model and Lattice QCD ?

SN (I,S) = (3/2,1)

 No S in neutron stars

due to strong repulsion 
in S- n ?

V0 ~ +150 MeV
W0 ~ -15 MeV

US = (V0 + i W0) fWS(r)

(KEK E438)

(3/2,1) : (1/2,1) : (3/2,0) : (1/2,0)

= 12 : 6 :4 : 1 

for S in nuclear matter



LL interaction from LL hypernuclei 

Takahashi et al., PRL 87 (2001) 212502

DBLL = 0.67±0.17 MeV

Nagara event

L

n

p

K- p -> X K+ reation

Mass of 6LLHe ->

 LL 間相互作用は、弱い引力
 束縛した H dibaryon は存在しない

（核内で LL→H が起こるはず）

DBLL = BLL - 2BL(LA-1),  

BLL= M(A-2) + 2 M(L) – M(LLA) 

BL(LA-1) 

DBLL

A-2
BL(LA-1) 

“Triple magic” nucleus

J-PARCで10倍の実験（ LL核100個）を実施中 (E07,Nakazawa)



First observation of X hypernucleus

 J-PARC実験用に開発したエマルジョ
ン全スキャン装置で、過去のKEK-PS

の実験で照射したエマルジョンを解析
して発見

X- + 14N → 10
LBe + 5LHe と同定

5
LHe10

LBe

 X-と14N核の束縛エネルギーを導出
> 1.11±0.25 MeV c.f. 0.17 MeV（atomic orbit）

4.38±0.25MeV if 10
LBe is in ground state.

⇒X-N相互作用は引力！
⇒中性子星内部の X-の存在を強く示唆

Nakazawa et al., PTEP (2015) 3, 033D02 

X-粒子
14N核 + X-

ハイパー核



BB correlations

---skipped



3-body force with hyerpons



n
p

L

X

 Hyperons (L at least) must appear at r ~ 2 r0

 EOS’s with hyperons or kaons too soft  -> cannot support  M > 1.5 Msun

 Heavy NS’s (~2.0 Msun) were observed.

M

NS radius (km)

N
S

 m
a
s
s

 Strong repulsion in three-body force    
including hyperons,
NNN, YNN, YYN, YYY ? 

 Phase transition to quark matter ?
(quark star or hybrid star)

Quark matter

+Hyperons

“Hyperon puzzle” in neutron stars

PSR J0348-0432 (2013)  2.01±0.04 Msun

PSR J1614-2230 (2010)  1.97±0.04 Msun

We need to know YN, YY, 
KbarN interactions

both in free space and 
in nuclear medium

Ignore hyperons

??
n×

=> Unknown repulsion at high r 



3-body nuclear force (NNN)

Illinois型３体力（2p exchange, 藤田・宮沢型）

・Attractive for light (small r) nuclei

Fujita-Miyazawa type

Pieper et al.

Exp

+ 3体力
IL2

2体力
AV18

Hadron has internal structure

-> 3-body force may exist



Chiral effective field theoryによる3体力 G. Hagen et al., PRL 109 (2012) 032502 

Ca isotopesO isotopes

3-body nuclear force

3-body nuclear force should be 

repulsive at high density（r > r0）~

Saturation point (r0) is 

reproduced with 3BF.

Akmal, Pandharipande and Ravenhall, PRC 58 (1998) 1804



Akmal, Pandharipande and Ravenhall, PRC 58 (1998) 1804

3BF makes EOS of NS stiffer

UIX: Urbana type 3BF δvb : relativistic effect

Max NS mass = 1.6M◎ (only 2BF)

No hyperons in this calculation

Max NS mass = 2.2 M◎ (+ 3BF)



Baryon mixing and three-body force

in hypernuclei

L

L

N

N

pX
L

S

L

N

N

p

p

NL

L N

N

N

S

p

p

＋

Mixing ∝ 1/DE

-> Large S mixing (~a few % ?)

S = 0 S = -1 S = -2

pN pN, D  pN : experimentally known

pL  pL,  S  pL : not known – theoretical (SU(3)f) input necessary

NN

N N

N

N

D

p

p

L

X

L

K

LL

K

NL

L L

L

N

X

K

K

＋N



L’s binding energy and the max mass of neutron stars

ESC08 only
(no 3B force)

+ 3B/4B repulsion in NNN only 

Y. Yamamoto et al.

PRC 88 (2013) 2, 022801 

PRC 90 (2014) 4, 045805 

w/o and w/ 3B+4B repulsion in YNN
different slope

Highly accurate (±0.1 MeV) data of Λ biding energies are necessary

Nijmegen ESC08 int:  almost all hypernuclear data
＋YN scattring data are reproduced.

“3B/4B repulsion: assumed to be the same between NNN and YNN, YYN.
Fix 3B/4B repulsive force strength using 16O+16O collision data

(“universal 3B repulsion”).   

+ 3B/4B repulsion 
in NNN +YNN etc.



Extension Plans of J-PARC Hadron Hall

• < 2.0 GeV/c

• ~106 K-/spill

Muon

• 30 GeV proton

• <31 GeV/c unseparated 2ndary 

beams (mostly pions), ~107/spill

• < 1.1 GeV/c

• ~105 K-/spill

• < 1.2 GeV/c

• ~106 K-/spill

• <10 GeV/c separated 

pion, kaon, pbar

• ~107/spill K-

• 5 deg extraction

• ~5.2 GeV/c K0

• Good n/K

• < 2.0 GeV/c

• 1.8x108 pion/spill

• x10 better Dp/p

105 m

High precision 

L hypernuclear spectroscopy

g-ray spectroscopy

weak decays

LN scattering

LL, X hypernuclei

H dibaryon

S= -1 Systems

S= -2 Systems

Requesting a budget…  



Extension Plans of J-PARC Hadron Hall

• < 2.0 GeV/c

• ~106 K-/spill

Muon

• 30 GeV proton

• <31 GeV/c unseparated 2ndary 

beams (mostly pions), ~107/spill

• < 1.1 GeV/c

• ~105 K-/spill

• < 1.2 GeV/c

• ~106 K-/spill

• <10 GeV/c separated 

pion, kaon, pbar

• ~107/spill K-

• 5 deg extraction

• ~5.2 GeV/c K0

• Good n/K

• < 2.0 GeV/c

• 1.8x108 pion/spill

• x10 better Dp/p

105 m

High precision 

L hypernuclear spectroscopy

g-ray spectroscopy

weak decays

LN scattering

LL, X hypernuclei

H dibaryon

S= -1 Systems

S= -2 Systems

Requesting a budget…  

(p+,K+) at HIHR 
@J-PARC

DE = 0.3 MeV 
(FWHM)

expected

DE = 1.6 MeV 
(FWHM)

PRC64 (2001) 044302

(p+,K+) @KEK



2. Nuclear force (baryon-baryon interactions)

・ Meson exchanges at long distances, quark Pauli effect and 
color magnetic interaction at short distances  

-- to be confirmed by experiments with strangeness

Summary
1 . Why is hierarchy of matter born?
・Cluster formation by strong force with saturation of “charge”.
・ Strong repulsion between the clusters at short distance
・Weak attraction between the clusters at long distance

-> “Nucleus” cannot make a higher hierarchy

3. BB interactions with strangeness
・Various hypernuclear data have been used to construct and 

test the BB interaction models.
・ Key experiments: Sp scattering and H dibaryon search
・ YNN 3-body force has to be also investigated.

Missing today:  chiral EFT, meson-nucleus molecule(K-pp)


