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NUCLEAR PHYSICS :
STUDY OF QUANTUM MANY-BODY SYSTEM
GOVERNED BY THE STRONG INTERACTION

(Hyper)

Neutron r
Baryon Nucleus Sution o

10* m

Terrestrial experiments New information from
astronomical observation

Understand these systems in the same framework.



Wide variety
High-resolution
Extreme conditions

Single experiment
Is NOT enough,

) systematic study
‘Theoretlcal Models ’

necessary
Ba ryonic Force based on QcD Many'bOdy systems

Nuclear Physics :

Experimental Inputs, Check of Models

High-Quality A Hypernuclear Data

Nuclear Physics :

Study of quantum many-body systems Study of quantum many-body systems
bound by the strong interaction bound by the strong interaction
300 v
Quaric DoF Nucleon DoF Effective Interaction (Depends on Models) 3body o

u, d sector:

> NN scattering Exps.
Hadron Spectroscopy ¢ u, d, ssector:

Study of Hypernuclei

Long Distance

High Energy Low Energy
Quark color magnetic Heavier meson / Yukav. 1 Potential
Multi T exchange one ". exchange
Baryonic Force

QCD Nuciear Potential Models



New Astronomical Observations of NS

CC4.0 ESO/L. Calgada/M. Kornmesser
Brightness
Brighti

131u371y831|4 9oedS pieppPOD

NICER : NS x-ray hot spot measurement
Physics 14, 64 (Apr. 29, 2021)

Gravitation Wave from neutron star mergers
LIGO/Virgo PRL 119, 161101 (2017)

Great progresses
Macroscopic features of NS

~ b

Microscopic understanding
becomes more important!
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HYPERON PUZZLE

Based on our knowledge on Baryonic Force:

Hyperon naturally appear at high density (p=2~3p,)

AFDMC bv Lonardoni /
Too Soft EOS

Contradict
N to
e observation
oTe TIIasme A Al 2 Mg Neutron Stars

NSe3 ———— D DM

UIxX  —--—-- BOB(N+Y)
— APR V18(N+Y)
DBHF —--—-- SFHo(N+Y)
FSs2cc
FSS2GC

AFDMC Additional Force

M ' 10 to make EOS stiff

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

ESCO8c + 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



3BF recovers stiffness

symmetric nuclear matter

With 3BRF
recover stiffness

With Hyperon
too Soft

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

NLO13

AN + ANN
..... AN only

ChEFT(NLO: Saturation Decuplet)

3BF - Density Dep. Effective 2BF

Brueckner-Bethe-Goldstone eq.

AN-2N,ANN-2NN coupled channels



A Single Particle Energies of A Hypernuclei by Various Calculations

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

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

[vem] 3

NLOI13 |
LEC from YN scat.

T

emulsion
(K1)
(=t kY

(e.e’K") NLO19

AFDMC

LEC from SU(3) sym.
NN scat.

D.Lonardoni and F. Pederiva, arXiv:1711.07521. J.Haidenbauer, I.Vidana, EPJA (2020) 56:55.



Precise measurement of various B,
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A in various orbits

Results: Difference in k. dependence

e Comparison between ESC14+MPP+TBA and ESC12+MPP’+TBA’
(MPP: original) (MPP’: weakened)

. 40
Example: K

s state in 7K p state in 3K

ke from ADA
1 29,K(s): ke =1.26 fm?

- i€ ESC14

16

odd-state force

ESC14 only

L — ESC14 + MPP + TBA

'AO Weakly repulsive ]

20 40
Mass number 4

s state in 4
(k. = 1.26 fm- |

ESC14+MPP+TBA

p state in %Ki
(k. = 1.15 fm'?)

ESC14+MPP+TBA

1.0 12
kg [ﬂn'l]

08 1.0 12
ke [fm-! |

40 K(p): kp=1.15 fm™?
40, K(d): kg =1.02 fm™

Calculated B, values can be different in p states and d states

ESC12
Strongly repulsive
odd-state force

O Exp K 4 \DSAI
A K
ESC12 only

+ — ESCI12 + MPP + TBA
r ===- ESC12 + MPP’ + TBA’

20 40
Mass number 4

M.Isaka, Intn’l WS on Strangeness in Neutron Stars — Physics at J-PARC HIHR/K1.1 beamlines, 17-19, June, 2021
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Understand Hypernuclei and extend to Neutron Stars

Spectroscopy-of

Hypernuclei
Reliable bare baryon interaction @ HIHR

Ab-initio Light HY
| _a.Mmc S
) NLO, NNLO 7‘
Boson exchange 3BF | .
Reliable Scat. Exp AN-XN G-matrix, BHF
@ J-PARC KL Density dep. AN

Mid. HY

Effective interaction Mean field

in medium v Heavy HY

How to treat many-body problems

Astronomical Obs.



Various spectroscopic methods of A hypernuclei

Resolution Abs. Cross sec. | Momentum
(MeV;FWHM) Energy (nb/sr) Transfer

Reaction spectroscopy
(K~,m™) >2 O © 1000

(*, K o 10 g
HY

~0.5 © A 0.1

Decay Spectroscopy

X
© - - Fragments

High Intensity High Resolution beamline
at J-PARC Extended Hadron Hall



High Resolution, High Intensity (mt*,K*) spectroscopy

12C’ 6,7|_i, 9Be’ 10,llB’ 288i’ 40Ca’ 51\/, 89Y’ 139La’ 208Pb

KEK-PS E369 with SKS
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Present beamlines:

H I H R ~10° pions/pulse,
Ap/p ~ 1/1000

High-Intensity High-Resolution Beamline

for High Precision (mt*, K*) Spectroscopy

. Dispersion matching; NO limit of beam intenSity HIHR:
» Well established technique for GR, SHARAQ, ~2 x 108 pions/pulse,
but first challenge for GeV meson beams Ap/p ~ 1/10000
Experimental target
HR beamline (P ., = 2 GeV/c)

(dispersive focus)

+ High Res. Kaon spectrometer
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3deg. Ext. angle, 5.0 X 103 ppp on 50% loss target

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




HIHR

» High-Intensity High-Resolution Beamline
for High Precision (mt*, K*) Spectroscopy
. Dispersion matching ; NO limit of beam intenSity

« Well established technique for GR, SHARAQ,

but first challenge for GeV meson beams

Experimental target
(dispersive focus)

N

K Spectrometer HESRERESSRIRR
(QQDMD) Z

1 production target

Present beamlines:
~10° pions/pulse,
Ap/p ~ 1/1000

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

QsabmMD
Dispersive beam Spectrometer

Dispersive  TGT
Focus




Momentum dispersion match

Kaon spectrometer Reaction part Pion beamline

S11 S12 Sie T 0 0 bi1 b2 bis Lo

S21 S22 S26 0 0/6,+1 0 b1 baa bog 0o
0 0 1 0 0 (K6+ DQ)/0y + C 0O 0 1 do

——
Focal plane Target IF2
Momentum matching condition — byyg + gy + bagdo,
- - . P . = (Opscat/00)(1/Pscat)
xXp = (Spaby T-+s50b)xg - total magnification = minimize Eap z;apz( /)(pbt) IPset)
+(S11bs T F+s17b73)00 - point-to-point focus = 0 (OPscat/ Q) (1/Pscat)-
+(511b16T + S45b>5—+-57¢€ ) 0o --- momentum matching = 0

L (Siebsre®O - kinematical correction 2 0

+5,¢0Q 00 - a position shift by the excitation energy



Resolution study (GEANT4)

S11 S12 S16 T 0 0 bir bia bis Zo
= | S21 S22 S2 0 6/6,+1 0 bar baa bog to
0 0 1 0 0 (K0+DQ)/by+C 0 0 1 5

Reaction Point Pion beamline

Ve
S K
-~ = -

Kaon Spectrometer

- [N - o T DosEQiRe QL5 E5C018

Beam momentum spread -> Position spread on target




Resolution study (GEANT4 Simulation)

Position corresponds to excitation energies.
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00 (1025 M)

EXPECTED SPECTRA

Simulation
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Yield study with GEANT4

* Noy' cut
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EXPECTED YIELD OF HYPERNULCLE]

HIHR@J-PARC EXxX.
1.1GeV/c ©t*
Reaction 2¢cmt, KH)1ac

Beam on target (/ sec) 3.85x 107 ™t
(200 M/spill, 50kW)

Target Thick (mg/cm?) 400

(1.8 g/cm?3 x 0.22 cm)

Solid Angle for K* (msr) >20

Kaon Survival Ratio 0.12
(11.4 m for QSQDMD)

Cross section (ub/sr) 8.1

Expected Yield (/h) 53.1




First Campaign Experiment

GOAL :

Assumed arg Expected Requested Beam

SRR CRET RN Resolution < 400 keV (FWHM)

for g.s.

Peak determination precision 40 keV (o~ 17 keV)

--m-
) I ] B I
) I ) I

Sub -
total 1764
(heavy) (73 days)

Grand
Total 2488
(104 days)

73 days for heavy targets

30 days for light targets 104 days for total



SCHEDULE

- FY2021 | FY2022 | FY2023 | FY2024 | FY2025 | FY2026 | FY2027 | FY2028 | FY2029 | FY2030

:Izggr::: :sf construction parallel to beam operation in the first 3 years,
beam-suspension in the next 2.5 years

The Extension Project of the HEF (6 years)
—‘ | P
rrent Programs with SX Power Hall Extension panded Programs
towards 100kW ‘ with more BLs
]
__‘
COM ET Constructlon COMET1 Construction COMET2
__ ‘

Beamline design Beamline construction

Magnets design & construction

Detector Design &Construction ni
Performance test & commission



New ideas
Decay pion spectroscopy for p-shell hypernuclei

Compact Solenoid Spectrometer

j‘\Z S>AZ+ D) +7n

@ Optimized for detection of decay pions
(P =90—-130MeV/c)

HIHR Line Intensity: ~ 2.8x10° pion+/pulse _
@ For example, Magnetic Field 6 Tesla = 2 S, 65 i, 1 6omm) b8 . :
T o — H. Fujioka @Strangeness in NS — Physics at

Curvature Radius 5.6 cm for p;, = 100MeV/c

(tracking of helical orbit inside a magnet) | pe - - .,::-5; 4 J_ PARC H I H R/Kl . 1 (202 1/6/18)

P possibility to use an NMR magnet

® Aiming at momentum resolution
of the order of 0.1%, corresponding to
mass resolution below 1 MeV in FWHM
Hiroyuki Fujioka (Tokyo Tech) / fujioka@phys.titech.ac.jp 3 1/35 %ﬁI%*?
Tokyo Institute of Technology

Decav Pion Spectroscopy for p-shell Hypernuclei at HIHR

ArXiv:2110.04462, the White Paper
Double Charge Exchange for neutron rich hypernuclei 4Z(n~, K™)4(Z — 2)

%N Cusp study d(m*,K™)
n,n'nuclear bound states 12C(x*, p)
Tetra neutron *He(~, 7 %) *n



SUMMARY

» Physics Motivation
Spectroscopy of A hypernuclei with (™, K*) reaction at HIHR beamline
Study of ANN 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 A hypernuclei for decades
» Necessary Beam
1.1 GeV/c ™" beam, 2.0 x 108 / spill (50kW, Pt 60mm,extraction angle 3degrees)
(No limit for m beam intensity. Stronger beam is welcome)
» 15t Campaign of the experiments
30 days run for 12C,57Li, °Be, 1011B, 28Sj, 40Ca, 51V, 8%Y
73 days run for 13°La, 298Ph

Total 104 days

HIHR will be a unigue hypernuclear factory which provides various
high precision data to construct a reliable baryonic interaction model
and to deepen our understanding of guantum many-body systems.



