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Why is the hierarchy of matter formed?





N-N force ( )

Large spin-isospin dependence

tensor force
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Mechanism for emergence of hierarchy (nucleons->acluster)
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q-q force
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gluon (color) exchange

( Ÿ
Mechanism of emergence of hierarchy (quark->hadron)
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Nucleus-electron Coulomb

( Ÿ
Mechanism of emergence of hierarchy

(single atomic molecule -> condensed matter)

e

Coulomb force saturated.

Charge neutral.

Van der Waals

>>

e e

e

(

neutral (polarized)

(



Ikedaôs threshold rule ()

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

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 

Ÿ Big Bang cannot produce A֕8 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



ȿ*(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

_

_

_

_

_

Exotic hadrons appearing close to the bound threshold 

of subsystems

subsystems or
molecular (bound/resonance) state of these subsystems?



Why Ikeda's rule holds?

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

weak force

strong force

formation of clusters 

strong force between elements + its (partial) saturation

Ÿ
Cluster with saturated force becomes stable

formation of molecules

weak force bwn clusters

Ÿ Ÿ

shallow potential -> small binding energy

threshold to clusters



weak force = shallow binding = spread size

Coulomb force

hadronic force

strong force = deep binding = compact size

--Exotic atoms
Coexistence of different hierarchies

(EM int.)

(strong int.)

K-p

p K-
ȿ(1405)

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





:
Origin of atom-atom force:   Pauli  effect of electrons and Coulomb force

US(S=0 2 electron wf Ÿ

UA(S=1 2 electron wf Ÿ

Ӓ1/r

nucleus-nucleus

Coulomb

Why atom-atom force appears? (case of covalent bond)

Coulomb in 2 electrons - 2 nuclei

H-H potential

3

space: sym; spin: antisym gain energy via Coulomb

space: antisym; spin: sym lose energy via Coulomb

3hird atom always feels 

repulsion by spatial 

antisymmetry



: ( )

Ÿ 

Ÿ

Ӓ1/r6

Van der Waals force

Pauli + Coulomb

between electrons

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



<= 

Pauli + gluon 

exchange force

between quarks

Why nuclear force(Baryon-baryon force) appears?

p
p

s

r
w

p

meson exchange force

Origin: meson exchange force (ñwhiteò field)

meson mass and range



nucleus-nucleus potential

a-apotential

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

cluster-cluster force



Step 1

A few elements are tightly bound via strong force.

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

(partly) saturates.

Strong repulsion exists between the clusters

Ÿ Stability of the cluster

Step 2

weak attraction between clusters

Ÿ 

Clusters are loosely bound and the next hierarchy appears.

Summary: origin of hierarchy?

-> 



Origin of baryon-baryon interactions



<= 

Pauli + gluon 

exchange force

between quarks

Why nuclear force(Baryon-baryon force) appears?

p
p

s

r
w

p

meson exchange force

Origin: meson exchange force (ñwhiteò field)

meson mass and range



Image of strong interaction

Å < rc confinement scale (~0.5 fm)

gluon exchange (color field , 1/r

symmetry of quarks Pauli effect)

Å 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
qbarq

gluon

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

q q potential



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

nuclear force

Â fm UӒ1/r 

Â (r<0.5fm)

Â

Â

Â µeµp -> hf splitting)

Â LS LS µeHp -> fine splitting

Â 3 3

properties of nuclear force)

LS

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  Ą 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= -
1G 2G

from Machleidtôslecture



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 Machleidtôslecture



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 Machleidtôslecture



(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 Machleidtôslecture

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

ws

r

r
Spin-orbit force

from Machleidtôslecture



(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
hô

f0

K*0 K*+

r- r0 r+

K*- K*0

w
f

Coupling constant is assumed to be universal for the same multiplet



Â

QCM

How should we understand the short range repulsion?

Â ò

Picture of ñheavy meson exchangeò correct?

Â 3 3

Â

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?



Ÿ
Key: Extension of Nuclear force to BB forces

Åmu,d~300 MeV, ms~500 MeV SU(3) symmetry

s quark (NN->YN, YY

Å > 

Å

forbidden

L     N

p

L     N

K

N  L

L     N
p

L     N

S

ñpionless nuclear physicsò

Small effect from mass differenceïtheoretically easier

How does nuclear force change by s quark?

Exchanged mesons are different ï> 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:Lbinding energy) (MeV)

LY
89

39 49

>

UL(Lôs potential depth= - 30 MeV

c.f.  UN = - 50 MeV

LN force is attractive, slightly weaker 

than NN force.

L

Lhypernuclei andLN interaction

Hotchi et al., PRC 64 (2001) 044302

UL

> L should appear inside 

neutron stars via n ->L 



r 5r0
L appears atr 2 - 2.5r0

Fermi gas model

Ÿ

Un

Un > 0  at large r

Lappearance in neutron stars

UL= - 30 MeV at r0

UL

 

mB =mB+
kF

2

2mB

+U(kF )



Baryon octet ( 8
spin=1/2

ground states made of u, d, s

hyperons



Baryon octet ( 8
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

YN

-> Put them into a nucleus 

hyperons



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

Ordinary nuclei

strange quark

du

du

u d

ud

s s

s
d

Lhypernuclei

neutronproton

u u

s

LLhypernuclei Shypernuclei X hypernuclei

Lhyperon Shyperon Xhyperon

They can be produced with high energy accelerators.

up quark

down quark
lifetime ~ 10-10 s

Baryons

Hypernuclei



N

Z
L, Shypernuclei

L 41 25

S 1 1

World of matter with strangeness

Nu ~ Nd ~ Ns

higher 

density

Center of neutron star?

Strange hadronic matter (Z=0, A=Ð

#
 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, squark

stable
nuclei

unstable
nuclei

3D nuclear chart

LL, Xhypernuclei

LL4 , X 1



?X   No definite data exists

Experimental status of BB interactions

scattering 

data

correlation

data

Nuclei/

Hypernuclei

NN Saturation point of nucl. matter (aV ,, r0)

Plenty of nuclear data <- NN scat. data

ȿN
Low stat.

Limited p

No pol. obs.

attractive

3
LH to 208

LPb -> Uȿ -30 MeV

A֔16 Level data -> small spin-spin, spin-

orbit, tensor forces

ɆN
Low stat.

Limited p

No pol. obs.

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

dependence

S+28Si spectra -> UɆ +30 MeV

S atom X-rays

ɂN

attractive

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

(attractive)

ȿȿ

attractive

6
LLHe Nagara) :  DBLL=0.6 MeV 

(weakly attractive)



ÅConstituent quark    

mu,d ~ 300 MeV,  ms ~ 500 MeV

ÅConfinement potential 

ÅColor magnetic interaction <= one gluon exchange

Oka-YazakiôsQuark Cluster Model
Effect of short range force

Origin of N-ȹ(octet-decuplet), ȿ-Ɇ mass difference  

GRM ( 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. (Jaffeôs 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 (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.

ñattractive coreò

X N

H lighter than LLdoes not exist.

Lattice suggests it between LLandXN mass?



ñBaryonò and ñBaryon-Baryonò 

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

ȹ++ȹ+ȹ0 ȹ-

Ɇ*+ Ɇ*0 Ɇ*-

ɂ*0ɂ* 

ɋ-

p n

Ɇ+Ɇ0ȿ Ɇ

ɂ0ɂ



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 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 8 =x

The same behavior was predicted 

by Oka-YazakiôsQuark Cluster Model

color magnetic 

interaction

quark Pauli effect

J-PARC E40

Flavor singlet (H -Channel)
J-PARC E42

ɂ N



Studies of baryon-baryon interactions 

with strangeness



H dibaryon



S+-p (spin=1)

p np

d

u

s

u

u u

pS+

H

p p

- 150

p-p (spin=0)

[M
e

V
]

d

u u

d

ss

L-L

X-N

S-S

1

[fm]

Ᵽꜞ○fi B01 ─
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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 dibaryonsearch at J-PARC (E42)

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

H => LL

ȿ

ȿ

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



Å 1.3 GeV/c  p+- p -> K+ S+- reaction

Å S+- momentum from (p+-,K+) 

Å Measure p momentum vector

-> Sp scattering events 

identified kinematically

J-PARC K1.8 line 

+ KURAMA

Ý 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)

Å20,000 scattering events

Å derive ds/dWfor 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
qcos
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500MeV/c NSC97f

500 MeV/c fss2

ESC08

500 MeV/c chiral EFT

S+p Ÿ S+p

S-p Ÿ S-p S-p Ÿ Ln

Simulation for p
S

= 0.5 ï0.6 (GeV/c) 

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 

Yamamotoôs YNG int.

Cluster models

iteration

Chiral EFT
Lattice QCD

Free YN, YY interaction



LN spin-dependent interactions and hypernuclear levels

ÂTwo-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  =ÚV (r) |u(r)|2 r2dr,   r = r   -r sL

Well know
from UL= - 30 MeV

Level spacing: 

Linear 

combination

of D, SL, SN, T

ÂLow-lying levels of Lhypernuclei

Millenerôs approach

Only Ge detector can 

separate (DE~2 keV)

pN

ñinteraction strengthsò



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

Observation of ñHypernuclear Fine Structureò
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)

Millenerôs 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

ñMuch smaller spin-dependent forces than NNò

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

ÅTest 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

( ñQuark modelò          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 



Suggestigna strongly repulsive potential 

(VS~ +30 MeV)

S--28Si potential ïrepulsive SN force

Noumi et al., PRL 87(2002) 072301

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

V0 ~ -10 MeV

W0 ~ -10 MeV

ÂThis strong repulsion is 

nuclear matter is due to strong 

repulsion predicted by Quark 

Cluster Model and Lattice QCD ?

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

ÂNo Sin neutron stars

due to strong repulsion 
inS- 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 Sin nuclear matter



LLinteraction fromLL hypernuclei 

Takahashi et al., PRL 87 (2001) 212502

DBLL= 0.67±0.17 MeV

Nagara event

L

n

p

K- p -> XK+ reation

Mass of 6LLHe ->

ÂLL 

Â H dibaryon

LLŸH 

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

BLL= M(A-2) + 2 M(L) ïM(LLA) 

BL(LA-1) 

DBLL

A-2
BL(LA-1) 

ñTriple magicò nucleus

J-PARC 10 LL 100 (E07,Nakazawa)



First observation ofXhypernucleus

Â J-PARC

KEK-PS

X-+ 14N Ÿ 10
LBe + 5LHe

5
LHe10

LBe

Â X- 14N
> 1.11 0.25 MeV c.f. 0.17 MeV atomic orbit

4.38 0.25MeV if 10
LBe is in ground state.

ҜX-N
Ҝ X-

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

X-
14N + X-



BB correlations

---skipped



3-body force with hyerpons



n
p

L

X

Â Hyperons (L at least) must appearat r ~ 2 r0

Â 9h{Ωǎ ǿƛǘƘ ƘȅǇŜǊƻƴǎ ƻǊ ƪŀƻƴǎ ǘƻƻ ǎƻŦǘ  -> cannot support  M > 1.5Msun

Â IŜŀǾȅ b{Ωǎ όϤнΦл Msun) were observed.

M

NS radius (km)

N
S

 m
a
s
s

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

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

Quark matter

+Hyperons

άIȅǇŜǊƻƴ ǇǳȊȊƭŜέ ƛƴ ƴŜǳǘǊƻƴ ǎǘŀǊǎ

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 2pexchange, 

Attractive for light (small r) nuclei

Fujita-Miyazawa type

Pieper et al.

Exp

+ 3

IL2

2

AV18

Hadron has internal structure

-> 3-body force may exist



Chiral effective field theory 3 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 ŭvb : 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 Ӓ 1/DE

-> Large Smixing (~a few % ?)

S = 0 S = -1 S = -2

pN  pN, D  pN : experimentally known

pL  pL,  S  pL : not known ïtheoretical (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



LΩǎ ōƛƴŘƛƴƎ ŜƴŜǊƎȅ ŀƴŘ ǘƘŜ ƳŀȄ Ƴŀǎǎ ƻŦ ƴŜǳǘǊƻƴ ǎǘŀǊǎ

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 ( лΦм aŜ±ύ Řŀǘŀ ƻŦ ɽ ōƛŘƛƴƎ ŜƴŜǊƎƛŜǎ ŀǊŜ ƴŜŎŜǎǎŀǊȅ

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

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

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



Extension Plans of J-PARC Hadron Hall

Å < 2.0 GeV/c

Å ~106 K-/spill

Muon

Å 30 GeV proton

Å <31 GeV/c unseparated 2ndary 

beams (mostly pions), ~107/spill

Å < 1.1 GeV/c

Å ~105 K-/spill

Å < 1.2 GeV/c

Å ~106 K-/spill

Å<10 GeV/c separated 

pion, kaon, pbar

Å ~107/spill K-

Å 5 deg extraction

Å ~5.2 GeV/c K0

Å Good n/K

Å < 2.0 GeV/c

Å 1.8x108 pion/spill

Å x10 better Dp/p

105 m

High precision 

Lhypernuclear spectroscopy

g-ray spectroscopy

weak decays

LN scattering

LL, Xhypernuclei

H dibaryon

S= -1 Systems

S= -2 Systems

Requesting a budgeté  


