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Nuclear chart with strangeness

Multi-strange system
such as Neutron star

pernuclei
clei

S=-1

Strangeness

Here, | will report the structure of
S=-1 hypernuclei.

Neutron Number



Recently, we had three epoch-making data from
the view point of few-body problems.
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Observation of Neutron-rich A-hypernuclei

These observations are interesting from the view points of
few-body physics as well as unstable nuclear physics.
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What is interesting to study
this hypernucleus?

It is important to obtain information about
charge symmetry breaking effect
of n-A and p-A.



The second major goal of hypernuclear physics

1) To understand baryon-baryon interactions Fundamental and

I important for the study
of nuclear physics

To understand the baryon-baryon interaction, two-body scattering
experiment is most useful.

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

I 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, as a substitute for the 2-body
limited YN and non-existent YY scattering data,

the systematic investigation of the

structure of light hypernuclel Is essential.



Hypernuclear y-ray data since 1998 (figure by H.Tamura)
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In S= -1 sector,
what are important to study YN interaction?

1) Charge symmet@

(2) AN—2N coupling

J-PARC : Day-1 experiment Jlab E05-115, Mainz
E13
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(1) Charge Symmetry breaking

In S= ¢ Energy difference comes from
Ep

dominantly Coulomb force

between 2 protons.

N+N-+N PR
0 MeV Pial Charge symmetry breaking
,/’, _ effectis small.
Q)Ax 7.72 MeV
O - /.
A© 1/2+
- 8.48 MeV ©°

1/2+
3H




In S= -1 sector

EXp.
0 MeV SHe+A 0 MeV H+A
-1.24 S — 100 1+
0.24 MeV
-2.39 ..............................

O+ 0.35 MeV




However, A particle has no charge.




In order to explain the energy difference, 0.35 MeV,

00 00
00 00

(BN+A) (BN+ZX)

-E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,
Phys. Rev. C65, 011301(R) (2001).

-A. Nogga, H. Kamada and W. Gloeckle,
Phys. Rev. Lett. 88, 172501 (2002)

H. Nemura. Y. Akaishi and Y. Suzuki,
Phys. Rev. Lett.89, 142504 (2002).

Coulomb potentials between charged particles (p, 2*) are included.



0 MeV SHe+A 0 MeV SH+A
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A - A. Nogga, H. Kamada and W. Gloeckle,
AHE | phys. Rev. Lett. 88, 172501 (2002)

-E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto,

Phys. Rev. C65, 011301(R) (2001).
-H. Nemura. Y. Akaishi and Y. Suzuki,
Phys. Rev. Lett.89, 142504 (2002).



0 MeV 3He+A 0 MeV “H+A

-1.24 ........................................................
1" J—
(cal: -0.01 MeV(NSC97e))
-239 ............................................ »
0+ J— T——

cal. 0.07 MeV(NSC97e))

H

There exist NO YN interaction to reproduce the data.

For the study of CSB interaction, we need more data.



It is interesting to investigate the charge symmetry breaking effect
in p-shell A hypernuclei as well as s-shell A hypernuclei.

For this purpose, to study structure of A=7 A hypernuclei is suited.

Because, core nuclei with A=6 are iso-triplet states.

6 6Li(T=1) “Be



7
\He TLi(T=1)

Then, A=7 A hypernuclei are also iso-triplet states.
It is possible that CSB interaction between A and valence nucleons
contribute to the A-binding energies in these hypernuclei.
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Important issue:

Can we describe the A binding energy of ZHe observed at JLAB
using AN interaction to reproduce the A binding energies of
A'Li (T=1) and /Be?

To study the effect of CSB in iso-triplet A=7 hypernuclei.

'He . 7
A TLi(T=1) . Be

For this purpose, we study structure of A=7 hypernuclei within the framework
of a+A+N+N 4-body model.

E. Hiyama, Y. Yamamoto, T. Motoba and M. Kamimura,PRC80, 054321 (2009)



Now, It Is Iinteresting to see as follows:

(1))What is the level structure of A=7 hypernuclel
without CSB interaction?

(2) What is the level structure of A=7 hypernuclei
with CSB interaction?
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Now, It Is Iinteresting to see as follows:

(1))What is the level structure of A=7 hypernuclel
without CSB interaction?

(2) What is the level structure of A=7 hypernucleli
with CSB interaction?




Next we introduce a phenomenological CSB potential
with the central force component only.

VESR () = (3.3) Strength, range
= ! - Pr (gronCSB | g, . oy yeren.OSBy o —foven r* are determined
. 1_;,.( GO g SR ¢ eaar? | so as to reproduce
the data.
0 MeV SHe+A 0 MeV SH+A
1.24 1+ ;100 L

-2.39
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0 MeV 3He+ A 0 MeV .
-1 -24 1 ’ ensanppian seras ST -1 .DO 1 .
0.24 MeV
-2.04
-2-39 ................................. > D+
b+ 0.35 MeV

Comparing the data of A=4
and those of A=7,

tendency of B, is opposite.

How do we understand these difference?
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We get binding energy by decay i spectroscopy.

aHe decdy +1H+3He —>2.42 +0.05 MeV
AN m+H+H+2H > 2.44 =0.09 MeV

Total: 2.42 =0.04 MeV

Then, binding energy of j‘\He is reliable.

4 @ n+H+3H >2.14 =0.07 MeV Two different modes
AN THE2H S 1.92 ££0.12 MeV =02 “TGV
Total: 2.08 ==0.06 MeV

This value is so large
to discuss CSB effect.

Then, for the detailed CSB study, we should perform experiment to
confirm the A separation energy of :H.

For this purpose, the experiment at Mainz was performed. This year, we have new data.

4He (e, e’K*) /‘\‘H Key experiment to get
information about CSB.



Preliminary data

— World data on 1H from nuclear emulsion
40 :— m M. Juri¢ et al. NP B52 (1973)

20

Counts

0

16 |

14 ccidental b.g.

12 |

10 |

- 0* state

Counts / (220 keV/c)

8
6.
1
0

105 110 115 120 125 130 135 140 145 150
Pion momentum in SpekC (MeV/c)

Data was taken by Tohoku Univ. Group (S. Nagao et atl.) at Mainz.
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Why is it interesting to study neutron-rich A hypernucleus
such as /,He?

Second of major goals in hypernuclear physics

4

To study the structure of multi-strange systems



In neutron-rich and proton-rich nuclei,

When some neutrons or protons are added to clustering nuclei,
additional neutrons are located outside the clustering nuclei

due to the Pauli blocking effect.

As a result, we have neutron/proton halo structure in these nuclei.
There are many interesting phenomena in this field as you know.



No Pauli principle

/\ particle can reach deep inside,
Between N and A

and attract the surrounding
nucleons towards the interior
of the nucleus.

Due to the attraction of
/A N interaction, the

resultant hypernucleus will
° become more stable against
the neutron decay.

Hypernucleus

~a. neutron decay threshold

\\‘
nucleus TS.l lV
SA

hypernucleus




CAL: E. Hiyama et al., PRC 53, 2075 (1996), PRC 80, 054321 (2009)

6He Another interesting issue is to study the excited states of ZHe.

/He
2+ . Al
\
\
\
\
0 MeV a+n+n S\ 0 MeV a+/A\+n+n
AN One of the excited
\
\ S5He+n+n State was observed at JLab.
O+ N 0\5\\ A
Exp:-0.98  -103MeV S | /
AN ‘- 5/2+ Neutron
20.0\\ RN 3/2+ halo states
64)..((\ 'V(\\ \\\ -4.57
b e
SO AN
/ RV N

Observed at J-Lab \0,00) 19 MV 1/2+
experiment \XO
Phys. Rev. Lett.110, o

012502 (2013).



. ]
‘Li(e,e’K*)’ \He
At present, due to poor statics,
It is difficult to have the third peak.

Theoretically, is it possible to
(FWHM =13 MeV) ¢ (vey have new state?

NP A A A ] Let’s consider it.

7L, K THE .o g

Fitting results

[ (nb/sr) / 375 keV ]

State Number of — By [MeV] (fﬂ—i) ‘197130
“Hel[Jo] @ j° { (Ey) [nb/sr]

events
1/2* 413420 | -5.5540.10£0.11 | 10.7£0.5£1.7
0F: gs] @ st (0.0)

g
3/2%,5/2F 230£15 | -3.65£0.20£0.11 | 6.24£0.1£1.0
[2F: 1.80) @ s, (1.9040.2240.05)

Good agreement with my prediction




Question: In /\7He, do we have any other new states?
If so, what is spin and parity?

First, let us discuss about energy spectra of ®He core nucleus.



[=12.1 =£1.1 MeV

(2+,1-,0%)? W r=1.6 +0.4 MeV

2 77/ 2.6%03MeV

[=0.11 =0.020 MeV

=0.12 MeV
2+ vz 1797 MeV

21+W//////////////A 1.8 MeV
0 MeV a+n+n

0 MeV a+n+n
o+ -0.98 o .0.98
6He 6He
EXp. Exp.
Data in 2002 Data in 2012

X. Mougeot et al., Phys. Lett. B

Core nucleus 718 (2012) 441. p(eHe, t)fHe



How about theoretical result?

I =8.76 —
=1.6 £0.4 MeV
4 1.6+0.3 MeV Sﬁ 1 B
2 -
. E—) 25Mey T2 o
-4 € Decay with |
21'" 0.8 MeV Is smaller than = O'_l 32 2_|_
0 MeV a+n+n Calculated with. 0.79 MeV
-0.98
0+ What is my result? O_I_
-0.97 MeV
°He
theory
EXp.
| Myo et al., PRC 84, 064306 (2011).
Data in 2012

X. Mougeot et al., Phys. Lett. B 6
718 (2012) 441. p(®He, t)SHe [—] C



Question: What are theoretical results?

=1.6 =0.4 MeV

2+ 2.6x0.3 MeV
2
'=0.12 MeV
2+ 1.8 MeV
1
0 MeV a+n+n
-0.98
0+
®He

EXp.

Data in 2012

X. Mougeot et al., Phys. Lett. B
718 (2012) 441. p(8He, t)®He

These are resonant states.

| should obtain energy position
and decay width.

To do so, | use complex scaling
method which is one of powerful
method to get resonant states.



The Hamiltonian for “He is written as

)
H=T+Vyy++ Z [V& N, + T’ﬁ%?“]

i—1

and for | He is written as
2
H=T+Vn+Vaa+ ) [Van, +Van, + Vi
=1

Complex scaling is defined by the following transformation.

U(8)f(x) =exp( z’%ﬁ)f (exp(i@)x)

H(8)=U(0)HU(8)™",
Hp'&)‘"—* U(ﬁ)l gp‘) .

As a result, | should solve this Schroediner equation.

H(@)‘ 'i'"a>=E(6)| @'a)
E=E +il/2



My result

Im (Energy ) (MeV)

E=0.96 + 0.14 MeV

He (27)

TT"He(3/27)+n

6

He (25)

Re(Energy) (MeV)

E=2.81 +4.81 MeV



Question: What are theoretical results?

=1.6 =0.4 MeV

N =4.81 MeV
2+2 1.6x0.3 MeV 5 2.81 MeV
2
'=0.12 MeV 0.5 Mev '=0.14 MeV
21+ . e 2+ 08 MeV
1
0 MeV a+n+n 0 MeV o+n+n
-0.98
os 04 0.98
6
He ®He
EXp.
| Cal.
Data in 2012

X. Mougeot et al., Phys. Lett. B
718 (2012) 441. p(8He, t)®He



How about energy spectra of KHe? ‘

r=4.81 MeV /

2 T/ 2.81 MeV

r=0.14 MeV 3/2%,5/2*
Z;rW 0.8 MeV

0 MeV a+n+n

-0.98
0+

®He

Cal.



15He+n+n

a _
He(3/2 J+n+ A

E=0.07 MeV+1.13 MeV
The energy is measured
with respect to
a+A+n+n threshold.



2.81(4.63) o*

2
2;
0.96 (0.14)
----------------- o+N+n
-1.03
6
He

| think that

It is necessary to estimate
reaction cross section

Li (e,e’K*).

Motoba san recently
estimated differential cross
sections for each state.

At E'?b=1.5 GeV and 6=7 deg (E05-115 experimental kimenatics)

4.3 nb/sr

0.07 (1.01) ggg 3.4 nb/sr
S 2 0 MeV
" a+n+n+A

0.03 (1.13)

465 5f21+ 11.6 nb/sr
_473 3;?-% 10.0 nb/Sr

127 49.0 nb/sr

—£5.39

Motoba’s Cal.
f He

experimentalists to

} | propose to
observe these states.

40% reduction
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‘Li(e,e’K*)’ \He
At present, due to poor statics,
It is difficult to have the third peak.

But, | hope that next experiment
(FWHM =13 MeV) ¢ (vey at Jlab will observe the third peak.

| , 0 > 10 1>
ebEOS (15 ]

Fitting results

State Number of =By [MeV] (ddﬂ_c;)‘
K 1e_130°
. (Ey) [ub/sr]

[ (nb/sr) / 375 keV ]

events
1/2* 413420 | -5.5540.10+0.11 | 10.7£0.5+1.7
s @ s, (0.0)

3/2% 5/2% 230£15 | -3.652£0.20£0.11 | 6.24£0.4£1.0
2% 1.80] @ 52, (1.9040.22+0.05)




Conclusion
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Thank you!






