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many-body
strong interaction 

Nucleon-nucleon (baryon-baryon) interaction 

Many-body problems

10−15 m

Baryon
(Hyper)
Nucleus



10−15 m 104 m

Baryon
(Hyper)
Nucleus

Neutron Star

Understand these systems in the same framework.

New information from 
astronomical observation

Terrestrial experiments

many-body
strong interaction 
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Gravitation Wave from neutron star mergers
LIGO/Virgo PRL 119, 161101 (2017)
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NICER  :   NS x-ray hot spot measurement
Physics 14, 64 (Apr. 29, 2021)

Great progresses
Macroscopic features of NS

Microscopic understanding 
becomes more important!



Asym. Nucl. Matter : Neutron Stars, Strange Hadronic Matter

𝜌0

Neutron Stars

Sym. Nucl. Matter : Limit for size (due to Coulomb force)

Nu ~ Nd ~ Ns



Hyperon Puzzle
Based on our knowledge on Baryonic Force:

Hyperon naturally appear at high density (r=2~3r0)

２𝑀⨀ Neutron Stars

Too Soft EOS

Contradict
to 

observation

Additional Force 
to make EOS stiff 

AFDMC by Lonardoni

AFDMC by Lonardoni et al. PRL114 (2015) 092301, updated (2016)

ESC08c + 3B/4B RF : G-Matrix Calc. by Yamamoto et al., PRC 90 (2014) 045805.
Variational Meth. + AV18+UIX   by  Togashi et al., PRC 93 (2016) 035808

J0740+6620 (2019/9/18 2.14 𝑀⨀sol, Green Bank Obs.) 



D.Gerstung et al., Eur. Phys. J. A (2020) 56:175.

With Hyperon
too Soft

With 3BRF
recover stiffness

ChEFT(NLO: Saturation Decuplet)+Brueckner-Bethe-Goldstone eq.+LN-SN,LNN-SNN coupled channels



J.Haidenbauer, I.Vidana, EPJA (2020) 56:55.

M.M. Nagels et al., PRC 99 (2019) 044003.

D.Lonardoni and F. Pederiva, arXiv:1711.07521. 

LEC from YN scat.

LEC from SU(3) sym.
NN scat.

L Single Particle Energies of L Hypernuclei by Various Calculations

ESC16
ESC16+ (Inc. 3BF)
G-matrix

AFDMC

ChEFT



Λ
208Pb KEK-SKS

Y.Yamamoto et al., PRC 90 (2014) 045805

Λ
139La KEK-SKS



Effective interaction
in medium

G-matrix, BHF

Bare BB interaction 

Boson exchange

Ch EFT 

3BF
LN-SN

NLO, NNLO

Skyrm HF
Hyper-AMD
Shell model

Hypernuclear
Structure

LQCD
Light HY

Mid. HY

Heavy HY

LEC
Microscopic 
cluster

Reliable Scat. Exp

NS EOS Astronomical Obs.

Mean field

How to treat many-body problems

Density dep. LN

Ab-initio
NCSM
Q. MC



Nucleus

n

L

K+

p+



KEK-PS E369 with SKS Expected at HIHR beamline

60 days × 3M p/spill @ KEK K6 60 days × 200M p/spill @ HIHR

∆E~2.3 MeV(FWHM) ∆E~0.4 MeV(FWHM)

12C, 6,7Li, 9Be, 10,11B, 28Si, 40Ca, 51V, 89Y, 139La, 208Pb



NO limit of beam intensity 

Present beamlines:
~106 pions/pulse,
Dp/p ~ 1/1000

HR beamline (Pmax = 2 GeV/c)
+ High Res. Kaon spectrometer

3deg. Ext. angle, 5.0×1013 ppp on 50% loss target 

(T2) 46kW, 5.2s  (92kW on T1)
1.4msr%, (Updated by T. Takahashi )

𝜋+

200 M 𝜋+ /pulse

HIHR:
~2 x 108 pions/pulse, 
Dp/p ~ 1/10000



NO limit of beam intensity 

Present beamlines:
~106 pions/pulse,
Dp/p ~ 1/1000

HIHR:
~2 x 108 pions/pulse, 
Dp/p ~ 1/10000





From H.Noumi, HIHR/K1.1 Domestic WS





HIHR
@J-PARC Ex.
1.1GeV/c p+

Reaction 𝟏𝟐𝐂(𝝅+, 𝑲+) 𝚲
𝟏𝟐𝐂

Beam Momentum Resolution 0.25 MeV/c

Scattered Particle Momentum 

Resolution 

0.37 MeV/c

Mass Resolution 

(Beam Optics)

0.32 MeV
(Mom. Dis. Match)

Straggling in Target 0.09 MeV
(100 mg/cm2)

Total Energy Resolution 0.33 MeV  (FWHM)



Resolution study (GEANT4)



𝑥𝑡𝑔𝑡
′ , 𝑦𝑡𝑔𝑡

′ < 0.02

Position corresponds to excitation energies. 

−𝐵Λ𝑟𝑒𝑐=Σ𝑎𝑖𝑗𝑘𝑙𝑥𝐹𝑃
𝑖𝑦𝐹𝑃

𝑗𝑢𝐹𝑃
𝑘𝑣𝐹𝑃

l

Res < 360 keV (FWHM)



KEK-SKS
Δ𝐸 = 1.45MeV

KEK-SKS
Δ𝐸 = 2.3 MeV



20 msr



HIHR@J-PARC Ex.
1.1GeV/c p+

Reaction 𝟏𝟐𝐂(𝝅+, 𝑲+) 𝚲
𝟏𝟐𝐂

Beam on target (/ sec) 3.85× 𝟏𝟎𝟕 𝝅+

(200 M/spill, 50kW)

Target Thick (mg/cm2) 400
(1.8 g/cm3 x 0.22 cm)

Solid Angle for K+ (msr) >20

Kaon Survival Ratio 0.12
(11.4 m for QSQDMD)

Cross section (μb/sr) 8.1

ExpectedYield (/h) 53.1



30 days for light targets

73 days for  heavy targets

104 days for total

GOAL : 
Resolution < 400 keV (FWHM)

Peak determination precision  40 keV (𝜎~ 17 keV)



HIHR JLab Mainz

Reaction (𝝅+, 𝑲+) (e,e’K+) Decay p

Achievable 
Precision (keV)

◎

<100

◎

<100

◎

<100

Applicable
hypernuclei

◎

All Z

○
Light – Medium Heavy
(Larger Z, higher BG)

×
Only Ground states 
of light hypernuclei

Flexibility of 
beamtime

◎
Standing Beamline with 
dedicated spectrometer

Hypernuclear Factory

×
Large-scale Installation

(several months)

○

Kaon Spectrometer 
Installation

(a few weeks)

Absolute
Energy Calibration

△

𝚲
𝟏𝟐𝐂

𝒑 𝝅−, 𝑲+ 𝚺−

Decay p 

◎

𝒑 𝒆, 𝒆′𝑲+ 𝚲, 𝚺𝟎
○

Elastic e scattering



Beamline design

Magnets design & construction 

Detector Design &Construction

Beamline construction

Performance test & commission



 Physics Motivation

Spectroscopy of L hypernuclei with (𝜋+, 𝐾+) reaction at HIHR beamline

Study of LNN 3-body force

Key information to solve the Hyperon Puzzle

Systematic Study of CSB for various hypernuclei (complimentary to (e,e’K+))

Provide standard data of L hypernuclei for decades

 Necessary Beam

1.1 GeV/c  𝜋+ beam, 2.0 × 108 / spill (50kW, Pt 60mm,extraction angle 3degrees)

 Beamtime request

30 days run for 12C, 6,7Li, 9Be, 10,11B, 28Si, 40Ca, 51V, 89Y

73 days run for 139La, 208Pb

Total 104 days

HIHR will be a unique hypernuclear factory which provides various

high precision data to construct a reliable baryonic interaction model

and to deepen our understanding of quantum many-body systems.


