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1990’s   Realistic Modern Nucleon-Nucleon Potentials (CD Bonn, Argonne v18, Nijmegen)       

Frontier of Nuclear Force Study

To understand Nuclear Forces from Quarks ～ Lattice QCD ～ 

To understand Nuclei and Nuclear Matter from bare Nuclear Forces 
     ～  with 3-Nucleon Forces ～ 

Consistent Understanding from quarks to the Universe  

quark-gluon
interactions

proton-neutron
interactions

many nucleon interactions
（three nucleon forces etc..）

super heavy
nuclei

supernovae

neutron star
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1935   Yukawa’s meson theory -  Two-Nucleon Forces (2NFs)
History
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- nuclear forces acting in systems more than                nucleons -A > 2

      - Main Ingredients  : Δ-isobar excitations 
                                                       in the intermediate

Prog. Theor. Phys. 17, 360 (1957)

Miyazawa
Fujita
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Miyazawa
Fujita

3NF naturally arises due to the inner structure of Nucleon.
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Miyazawa
Fujita

3NF naturally arises due to the inner structure of Nucleon.

 Tucson-Melbourne (TM)  
 Urbana IX
 Brazil, Texas etc…
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                                                       in the intermediate

Prog. Theor. Phys. 17, 360 (1957)

Miyazawa
Fujita

3NF naturally arises due to the inner structure of Nucleon.

Nuclear EFT in the Precision Era Evgeny Epelbaum

Zwei-Nukleon-Kraft

Führender Beitrag 
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Chiral EFT Nuclear Forces

3NFs appear at N2LO

S. Weinberg, Phys. Lett. B 251, 288 (1990). 
U. van Kolck, Phys. Rev. C 49, 2932 (1994). 
E. Epelbaum, H.-W. Hammer, U.-G. Meißner, Rev. Mod. Phys. 81, 1773 (2009) 
R. Machleidt, D.R. Entum, Phys. Rep. 503, 1 (2011) 
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Where ?



3NFs in A>3  - ① -
3NFs in Finite Nuclei

Ab Initio Calculations for Light Nuclei  (                  ) :  4He to 12C A � 12

  Green’s Function Monte Carlo 
 No-Core Shell Model  etc..

・3NF effects in B.E. 

• 10-25%  
• Attractive

 Note : 
     Isospin T=3/2 3NFs  
     (three-neutron force)  
     play important roles to explain B.E. 
     in neutron rich nuclei.
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・3NF effects in B.E. 

• 10-25%  
• Attractive

 Note : 
     Isospin T=3/2 3NFs  
     (three-neutron force)  
     play important roles to explain B.E. 
     in neutron rich nuclei.

3NFs in A>3  - ① -

Ab Initio Calculations for Light Nuclei

Neutron No.

Phys. Rev. Lett. 126, 022501 (2021) 
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3NFs in Finite Nuclei

  Quantum Monte Carlo  
 No-Core Shell Model 
 Coupled cluster theory 
 Nuclear Lattice Simulations  
 Self-consistent Green’s function method 
etc.

Heavy Mass Nuclei (up to 208Pb)   
   3NFs provide key mechanisms, 
        - Shell-evolution,   
        - Limits of Atomic Nuclei etc. 

Experiment at RIBF
  21+ Energy of 54Ca ⇒ Shell Closure at N=34
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3NFs in A>3  - ① -

Ab Initio Calculations for Light Nuclei

Neutron No.

Heavy Mass Nuclei (up to 208Pb)   
   3NFs provide key mechanisms, 
        - Shell-evolution,   
        - Limits of Atomic Nuclei etc. 

Phys. Rev. Lett. 126, 022501 (2021) 

Neutron Number (N)Neutron Number (N)

      Energies calculated 
       from G-matrix NN 
            + 3N (Δ) forces

NN
NN + 3N (Δ)

8 16 20148 16 2014

Exp.

     Energies calculated 
          from  V   NN 
    + 3N (Δ,N LO) forces

low k 2

NN

 NN + 3N (N LO)
 NN + 3N (Δ)

Exp.
2 O core16

       Schematic picture of two-
       valence-neutron interaction
       induced from 3N force

Otsuka et al.,Phys. Rev. Lett. 105, 032501 

44 48 52 56 60 64 68
Mass Number A

0
1
2
3
4
5

2+  En
erg

y (
M

eV
)

NN
NN+3N (emp)
NN+3N (MBPT)

Experiment at RIBF
  21+ Energy of 54Ca ⇒ Shell Closure at N=34

Nature 502, 207 (2013)
Z

1

2

3

52Ca

54Ca

N = 30
N = 32
N = 34

4303622281
Holt et al., JPG40, 075105 (2013)RIKEN RIBF

FRIB
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Discovery of Heaviest Neutron Star
with 2 solar-mass Msun (PSR J1614-2230)

Nature 467 1081 (2010)
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3NFs in A>3  - ② -

“Endpoint of stellar evolution”

• 3NF  
• Short & Repulsive 
• Large effects at high density. 

A. Akmal et al., PRC 58, 1804(’98)
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3NFs in A>3  - ② -
3NFs in Infinite Nuclei - Neutron Star -

NNN + NNΛ in Infinite Nuclei
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How ?
•  3NF is a key to understand nuclear phenomena  
quantitatively.  
•  How to constrain the properties of 3NF ?

14
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Neutron Star Nuclear Structure

Two & Three-Nucleon Force

3NFs are momentum, spin, and iso-spin dependent.

Nuclear Matter
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 Theory : Faddeev / Faddeev-Yakubovsky  Calculations  
       Rigorous Numerical Calculations of 3, 4N System 

 Experiment : Precise Data
  dσ/dΩ,  Spin Observables (Ai, Kij, Cij)

Direct Comparison between Theory and Experiment

2NF Input 
•  CDBonn 
•  Argonne V18 (AV18) 
•  Nijmegen I, II, 93

3NF Input 
•  Tucson-Melbourne 
•  Urbana IX  
etc..

2NF & 3NF Input 
• Chiral Effective Field Theory

Extract fundamental information of Nuclear Forces

 Momentum dependence 
 Spin & Iso-spin dependence

a good probe to study the dynamical aspects of  3NFs.

Nucleon-Deuteron Scattering 16
16



Higher Energy
NN

NN3NF

3NF

Predictions by H. Witala et al. (1998) 
    Cross Section minimum for Nd Scattering at ～ 100 MeV/nucleon    

Nd scattering

Forward Backward

3NF

q =0 ～ 4 fm-1

Low Energy

log
log

Where is the hot spot for study of 3NFs ?
17
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 High precision data are explained
     by Faddeev calculations based on 2NF.

           

     No signatures of 3NF
     

     Exp. Data from 
           Kyushu, TUNL, Cologne etc..

W. Glöckle et al., Phys. Rep. 274, 107 (1996).

Nd Scattering at Low Energies ( E ≤ 30 MeV/A )

( Exception :  Ay, iT11 )
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RIKEN RCNP

IUCF

magnetic spectrograph
SMART

Cooler Ring
+ PINTEX

Grand Raiden
& LAS

NTOF

Facilities

   BINA 

2004-??? 

BINA
& SALAD

BBS

KVI & CCB

LANSCE
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  Polarized deuteron beam 
• acceleration by AVF+RRC             :   65-135 MeV/nucleon 
• acceleration by AVF+RRC+SRC   : 190-300 MeV/nucleon 
• polarization : 60-80% of theoretical maximum values 

•  Beam Intensity :  < 100 nA

Polarized Ion Source

RIKEN RI Beam Factory (RIBF)

Spin axis of polarized d beams is freely controlled ! 

Polarimeter  

BigDpol

SRC

SMART
( - 2005)
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RCNP, Osaka University

BLP-1

AVF Cyclotron

Scattering Chamber

Grand Raiden

Wall F.C.

West exp. room

proton beam

• Polarized p beam  :  10 - 420 MeV/nucleon 
• Polarized d beam  :    5 - 100 MeV/nucleon 

•  Polarizations :  < 70 % 
• (pol.) Neutron beams by  7Li(p,n) 
• Beam Intensity :  <

Double Arm spectrometers
 : Grand Raiden & LAS 

Neutron TOF Facility
(TOF : 100m)

1µA ENN course

22
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Momentum transfer
q =0 - 3.4 fm-1

( at E = 135 MeV/A) 

q =0 - 3 fm-1

( at E = 135 MeV/A) 

Many kinematical configurations

q =1.5 - 2.5 fm-1

( at E = 135 MeV/A) 

Y. Saito 
Parallel 5, on 25th

Y. Maeda
Parallel 5, on 25th

I. Skwira-Chalot
Parallel 6, on 26th

Deuteron-Proton Systems 23
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deuteron-nucleon scattering 
at ～100 MeV/nucleon

deuteron

proton
detector

detector
proton : 1

neutron : 1



Differential Cross section



K. Sekiguchi et al. PRC 65, 034003 (2002)

Calculations by Bochum-Cracow Gr.

3NF

2NF

K. Sekiguchi et al. PRL 95, 162301 (2005)

2NF (CDBonn, AV18, Nijmegen I,II)  
        : Large discrepancy in Cross Section Minimum ( ~ 30%)

2π-exchange 3NFs (Tucson-Melbourne, Urbana IX)  : Good Agreement 
    : First Clear Signatures of 3NF effects in 3-Nucleon Scattering
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Calculations by Hannover-Lisbon Gr.

Coupled channel approach with Nucleon&Δ-isobar :  Good Agreement.

Disagreement at very forward angles : Coulomb effects.

Coulomb

A. Deltuva et al., PRC 68, 024005 (2003) 
A. Deltuva et al., PRC 71, 054005 (2005)

27
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Spin Observables



Vector Analyzing Power Ayp 

       : Good Agreement 

2NF (CDBonn, AV18, Nijmegen I,II) : 
    Large discrepancy  
    in Cross Section Minimum

3NF (Tucson-Melbourne, Urbana IX, Δ-isobar) : 

Tensor Analyzing Power Ayy 
       : No superiority 

Analyzing Powers K. Sekiguchi et al. PRC 65, 034003 (2002) 29
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K. Sekiguchi et al. PRC 70, 014001(2004)

Kxxy’–Kyyy’ :  Good Agreement 
3NF : 

Kyy’ :   Direction : O.K. 
           Magnitude : not enough

Polarization Transfer Coefficients

Spin Observables (Aij, Kij) :  
     Not always explained by 2π-exchange 3NF 
     ⇒ Defects of  spin dependent parts of  3NF

30
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Energy Dependence



Energy Dependent Study for dp Scattering 
- Cross Section & Analyzing Powers -

Serious discrepancies exist at very backward angles.

iT11 = 3/2Ay T22 = 1/2 3 (Axx − Ayy)

K. S. et al., Phys. Rev. C 83, 061001 (2011)  
K. S. et al., Phys. Rev. C 89, 064007 (2014) 

K. Hatanaka et al., Phys. Rev. C. 66, 044002 (2002)
Y. Maeda et al., Phys. Rev. C 76, 014004 (2007)

Short Range 3NFs are essential.
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Summary of Results of Comparison 
for dp elastic scattering

 Cross section at     100 MeV/nucleon

First clear signature of 3NF effects in 3N scattering

Magnitudes of 3NFs is O.K. .

 Spin observables 

Not always described by 2 -3NFs

Defects of spin-dependent parts of 3NFs

 At higher energies …

Serious discrepancy at backward angles

Short Range 3NFs are required.

π

∼

33
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Nd Elastic Scattering Data at Intermediate Energies

~2024 
• High precision data set of
      dσ/dΩ & Analyzing Powers 
   from 
   RIKEN, RCNP, KVI, IUCF, LANSCE
   etc.

34
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~1998  

Nd Elastic Scattering Data at Intermediate Energies 35
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Nd Elastic Scattering Data at Intermediate Energies

• High precision data set of
      dσ/dΩ & Analyzing Powers 
   from 
   RIKEN, RCNP, KVI, IUCF, LANSCE
   etc.

~2024 

After 89 Years of 
    Yukawa’s Meson Thory (1935)

&
After 67 Years of
    Fujita-Miyazawa 3NF (1957)

Quantitative discussions 
on 3NFs start  
     via Theor. & Exp. .

36
36



From here
Deuteron-Proton Scattering at ～100 MeV/N : Golden window of 3NFs

Proton-3He Scattering at ～100 MeV/N : New Probe of 3NF Study

 High-precision measurement of Spin Correlation Coefficients　

 Determine 3NFs based on χEFT Nuclear Potential　

 First Step from Few to Many　

So far … 
   Nucleon-Deuteron Scattering at ～100 MeV/nucleon

・First Evidence of 3NF effects 

・Defects of existing 3NF models

 3NFs of isospin channel of T=3/2　

37
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R

Neutron Star
Nuclear StructureNuclear Matter

[fm]

Δ

Intermediate State
N*,ΔΔ etc…

quark & gluon
picture

Intermediate Sate 
Δ 

—Fujita-Miyazawa—
T=3/2 3NF
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 χEFT 2NFs have achieved to high-precision. 
5th order of NN potentials (N4LO+) reproduce pp(np) data with χ2/datum=1.00

P. Reinert, H. Krebs, E. Epelbaum EPJA 54, 86 (2018)

Chiral EFT Nuclear Force 
                  & dp elastic scattering 

Nuclear EFT in the Precision Era Evgeny Epelbaum

Zwei-Nukleon-Kraft

Führender Beitrag 

Drei-Nukleon-Kraft Vier-Nukleon-Kraft!"#$%&'()#%*+#,') !-,))$%&'()#%*+#,') .#&,$%&'()#%*+#,')

/0*12 34***
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Chiral EFT Nuclear Forces
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 χEFT 2NFs have achieved to high-precision. 
5th order of NN potentials (N4LO+) reproduce pp(np) data with χ2/datum=1.00

P. Reinert, H. Krebs, E. Epelbaum EPJA 54, 86 (2018)

 dp elastic scattering data 
    show necessities of the N4LO 3NFs.

Cross section minimum region 
for dp elastic scattering 

at ～100MeV/nucleon is 

“Golden window” for the N4LO 3NFs.  

LENPIC collaboration,
Phys. Rev. C 98, 014002 (2018)

Chiral EFT Nuclear Force 
                  & dp elastic scattering 

41
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L. Girlanda, et al., Phys. Rev. C 84, 014001 (2011) 

L. Girlanda, et al., Phys. Rev. C 102, 019903 (2020).
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L. Girlanda, et al., Phys. Rev. C 84, 014001 (2011) 

L. Girlanda, et al., Phys. Rev. C 102, 019903 (2020).
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x,x y,y

x,z

z,x

z,z

xx,y yy,y

xz,y yz,x xy,x

π threshold

New Experiment at RIKEN
 Measurement of Spin Correlation Coefficients 
 for dp elastic scattering at ～100 MeV/nucleon

for investigation of N4LO 3NFs
- determination of LECs of N4LO 3NFs  

from dp scattering data

at Target 
B field : 0.3-0.4T  

/  room temp.

pol.d beam + new pol. p target 
+ new detector system
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High Precision  
NN+NNN  
Force

Fundamental Science
Descriptions of Nuclei from First Principles

RI production

Nuclear Medecine

Engineering

Ultra Cold Atom
Experiment

Establishment of Quantum Many-Body Simulation Tool of Nuclear Phenomena  
with High-predictive Power

High-Accuracy
Quantum Many-Body 

Calculations

Applied Science       
 Evolution of Nuclear Data  

Neutron starNucleosynthesis Nuclear fusion & fission

Polarization Experiment
- Few-Nucleon Systems-

Nuclear Forces 
from Chiral Effective Field 

Theory

Term Oct. 2023-Mar.2029

      JST ERATO Three-Nucleon Force Project

45
45



High Precision  
NN+NNN  
Force

Polarization Experiment
- Few-Nucleon Systems-

Nuclear Forces 
from Chiral Effective Field 

Theory

      JST ERATO Three-Nucleon Force Project

Term Oct. 2023-Mar.2029



High Precision  
NN+NNN  
Force

Fundamental Science
Descriptions of Nuclei from First Principles

Ultra Cold Atom
Experiment

Establishment of Quantum Many-Body Simulation Tool of Nuclear Phenomena  
with High-predictive Power

High-Accuracy
Quantum Many-Body 

Calculations

Polarization Experiment
- Few-Nucleon Systems-

Nuclear Forces 
from Chiral Effective Field 

Theory

      JST ERATO Three-Nucleon Force Project

Term Oct. 2023-Mar.2029



High Precision  
NN+NNN  
Force

Fundamental Science
Descriptions of Nuclei from First Principles

RI production

Nuclear Medecine

Engineering

Ultra Cold Atom
Experiment

Establishment of Quantum Many-Body Simulation Tool of Nuclear Phenomena  
with High-predictive Power

High-Accuracy
Quantum Many-Body 

Calculations

Applied Science       
 Evolution of Nuclear Data  

Neutron starNucleosynthesis Nuclear fusion & fission

Polarization Experiment
- Few-Nucleon Systems-

Nuclear Forces 
from Chiral Effective Field 

Theory

      JST ERATO Three-Nucleon Force Project

Term Oct. 2023-Mar.2029



Summary
 To understand nuclear forces is a hot topic of nuclear physics. 

deuteron-proton scattering at ～100 MeV/nucleon inspires
                                             quantitative discussions of 3NFs.

 3NFs are key elements to fully understand nuclear properties;  
 - a few, many- and infinite nucleon systems - 

- High precision NN+3N-forces from theory and experiment

- Roles of 3NFs (3BFs) in A > 3 

 Frontiers of nuclear force study
 to understand nuclear forces from quarks
 to understand nuclei/matter from NN & 3N-forces

 in Progress

～Consistent Understanding From Quarks to the Universe～
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To explore the laws of the nature, step in 1 →  2 → 3 .

Tao produced One,
One produced Two,

Two produced Three, and
       Three produced Everything.

“Tao-te Ching”, Lao Zi in B.C. 400
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