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Major goals of hypernuclear physics

To understand baryon-baryon interactions Fundamental and

Important for the study
of nuclear physics

Total number of
Nucleon (N) -Nucleon (N) data: 4,000

YN and YY potential

Total number of differential cross section Models so far proposed
. (ex. Nijmegen,
Hyperon (Y) -Nucleon (N) data: 40 Julich, Kyoto-Niigata)

NO YY scattering data have large ambiguity.




Therefore, for the study of YN and YY interactions,
the systematic investigation of the

structure of light hypernuclel iIs one of the important
way.

(it is planned to perform YN scattering data at J-PARC.)

Once YN and YY interactions are determined, we can
predict interesting phenomena which cannot be imagined so far.
In addition, we could study inner part of neutron stars which

have been observed.
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Ab-initio calculation
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two-body interaction.

Hypernuclear y-ray data (2019)
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Mass-Radius Relation of Neutron Stars 2021
2.5|'|'|'|'|'|'

[ JO740+6620 1 b AYUSNI Ol A 2
2.0F J0348+0432" 5 & (i NHzO (i dzZNBypearnuciel
: 11614-2230 1+ Eospy clustervariational
® 15 = 1 calculation done by Togashi
S UE Gwi70817 \ ]
~ i ]
; 1.0 - 1 Still, the maximum mass of
r 1 neutron star is less than twice
s 1 of solar mass.
0.5F .
| == NN + NNN + AN i
0.0 I T AT N T N TN N T N T
6 g 10 12 14 16 18
J16142230: Nature 467 (2010) 1081, APJ 832 (2016) 16
R [km] J0348+0432: Science 340 (2013) 1233232
JO0740+6620: Nat. Astron. (2019)
Hype o np Uzz I e GW170817: PRL 121 (2018) 161101

YAdaAy3d LI NI 2Fb, D2a7400 SNBOUAZ2Y



(b1 b O2dzL3 A y-3I 1
Non-strangeness sector 80 MeV
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Mass is smaller.

It is expected that
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Threebody effect
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Effective twebody force Threebody force

In the neutron matter or neutron star, threleody force
might play important role.

Charge symmetry breaking effect



Charge Symmetry breaking

In S= ¢ Energy difference comes from
cp

dominantly Coulomb force

between 2 protons.

N+N+N PR
0 MeV Sl Charge symmetry breaking
Pl _ (n-n,p-p) effect is small.
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In S= -1 sector

0 MeV SHe+s
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-2.39
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In order to explain the energy difference, 0.35 MeV,
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0 MeV 3He+s 0 MeV SH+s
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There has been exist NO YN interaction to reproduce the data.



________________________________ He + A
*He(K-, 7 )(px = 1.5GeV/c)
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(1)YN scattering experiment at K1.1
(2) To study neutroiNJA Chperpucleiat HIHR
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Structure of neutron-rich He A Hypernuclei using the cluster orbital shell model

T. Myo!?
Y General Education, Faculty of Engineering, Osaka Institute of Technology, Osaka 535-8585, Japan and
% Research Center for Nuclear Physics (RCNP), Osaka University, Ibaraki 567-0047, Japan

E. Hiyama3*
3 Department of Physics, Tohoku University, Sendai, 980-8578, Japan and
SRIKEN, Nishina Center, Wako, Saitama, 351-0198,Japan

We calculated the energy spectra of the neutron-rich He A hypernuclei with A = 6 to 9 within
the framework of an o« + A + Xn(X = 1 ~ 4) cluster model using the cluster orbital shell model.
The employed constituent particles reproduce their observed properties. For resonant states of core
nuclei such as *He, °He and "He, the complex scaling method is employed to obtain energies and
decay widths. The calculated ground states of  He and § He are in good agreement with published
data. The energy levels of § He and §He are predicted. In  He, we find one deeply bound state and
two excited resonant states, which are proposed to be produced at J-PARC by the double-charge-
exchange reaction (7, K") using a ?Be target.

For® He, there have been
To be published in Physical Review (e, observed data.
- To predict binding energy of
O 0 " &Y tnpdel this hypernucleusit is
n X=1 4 necessary to reproduce the
6 He He8 He? He 8El_llwergy spectra of core nucle
e
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Energy spectra of He Isotope nuclei:
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The theoretical results are in good agreement with data.
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In 3 He, three bound states are predicted.
e -, K reaction at PARC usintBe target, it is possible
To produce thes@yperucleus
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A. Umeya T. Harada, E. Hiyama
Shell model calculation
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YN scattering experiment Improvement of potentials
Y. Ichikawa-PAREESO Chiral potential etc.

YN interaction from view point of Alitio calculation such as
Lattice QCD
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S=-2 hypernuclel
and
YY Interaction




What is the structure when one or more Ss are
added to a nucleus?

0:0-0:0 -
It is conjectured that extreme limit, which includes
many s s in nuclear matter, is the core of a neutron star.

In this meaning, the sector of S=-2 nuclei

double s hypernuclei and ? hypernuclei is
just the entrance to the multi-strangeness world.

However, we have hardly any knowledge of the YY interaction
because there exist no YY scattering data.

Then, in order to understand the YY interaction, it is crucial to
study the structure of double s hypernuclei and ? hypernuclei.



Next step: S=-2 sector
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6He 10Be [1] K. Nakazawa, et. al., Prog. Theor. Exp. Phys. 2015, 033D02 (2015),
S s R Q E. Hiyama and K. Nakazawa, Ann. Rev. Nucl. Part. Sci. 68, 131 (2018).




EQ7 Approved proposal at J-PARC

AnSystematic Study of douPARCGHE
by Nakazawa and his collaborators(done in 2018)

It is difficult to determine ((1) spin-parity

-

(2) whether the observed state Is
the ground state or an excited state

My theoretical contribution
/ using few-body calculation

)

comparison
Emulsion experiment | «——— _ _
Theoretical calculation
input: s s i nteraction to
the observed binding energy of ;$He

the identification of the state



Successful example to determine spin-parity of
double s hypernucleus --- Demachi-Yanagi event for 1fABe

Observation of  19Be --- KEK-E373 experiment

Demac ll'llﬂnaﬂl event

wtwo body case at point A
|E'+‘C-'BE+I ar :.Be’+t| 2001
ABw - -1.14201 or +1.862015ME

1) E+"N-=+B+p+n
¢ ABy : AT IMEV

11.90+ 0.13 MeV
v ground state ?-
—

excited state ?

Demachi-Yanagi event



Our fewbody caluclation method

Gaussian Expansion Method (GEM)nce 1987

A variational method using Gaussian basis functions

Take all the sets of Jacobi coordinates

Developed by Kyushu Univ. Group,
Kamimura and his collaborators.

Review article :
E. Hiyama, M. Kamimura and Y. Kino,
Prog. Part. Nucl. Phys. 51 (2003), 223.

Highprecision calculationef various 3and 4body systems:

multi-cluster structure of light nuclei,

Exotic atoms / molecules Light hypernuclel,
3- and 4nucleon systems, 3-quark systems,




PRC 64, 044001(2001)

Benchmark-test calculation to solve the 4-nucleon bound state

7 different groups (18 co-authors) “He

1. Faddeev-Yakubovski (Kamada et al.)
2. Gaussian Expansion Method
(Hiyama and Kamimura)
3. Stochastic varitional (Varga et al.)
4. Hyperspherical variational (Viviani et al.)
5. Green Function Variational Monte Carlo

(Carlson at al.) 4-nucleon
6. Non-Core shell model (Navratil et al.) bound state
7. Effective Interaction Hypershperical NN: AV 8 0

HarmonicsEIHH (Barnea et al.)




Benchmark-test calculation of the 4-nucleon bound state

Good agreement among 7different methods
In the binding energy, r.m.s. radius and wavefunction density

H. KAMADA et al. PHYSICAL REVIEW C 64 044001
TABLE 1. The expectation values (7) and (V) of kinetic and 0.026 . T T T T
potential energies, the binding energies £, in MeV, and the radius in
fm. 0.02
Method (T) (V) E, N s
' 0.015
FY 102.39(5) —128.33(10) —25.94(5) 1.485(3) qg
GEM 102.30 —128.20 —25.90 1.482 :
SVM 102.35 —128.27 —25.92 1.486 = 0.01
HH 102.44 —128.34 —25.90(1) 1.483 O
GFMC 102.3(1.0) —128.25(1.0) —25.93(2) 1.490(5) OUIS 0.005
NCSM 103.35 —129.45 —25.80(20) 1.485
EIHH 100.8(9) —126.7(9) —25.944(10) 1.486 o

r [fm]

very different techniques and the complexity of the nuclear
force chosen. Except for NCSM and EIHH, the expectation
values of 7 and I also agree within three digits. The NCSM
results are, however, still within 1% and EIHH within 1.5%
of the others bhut note that the FTHH reaults for 7 and 17 are

Congratulations!! | was very happy

FIG. 1. Correlation functions in the different calculational
schemes: EIHH (dashed-dotted curves), FY, CRCGV, SVM, HH,
and NCSM (overlapping curves).



Successful interpretation of spin-parity o
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E. Hiyama, M. Kamimura, T.Motoba,
T. Yamada and Y. Yamamoto
Phys. Rev. 66 (2002) , 024007
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6.91 + 0.16 MeV

Demachi-Yanagi
event



