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Neutron star core

= “An 1nteresting neutron-rich hypernuclear system”

Coupling constant ratio; Xy = Qw/ Gy (1=0,0,p)

qtuarkfhybﬂd traditional neutron star
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0.1 3 neutron star with
- E pion condensate
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(u,d,s quarks) 11 3
o = 2sc ~ 1014 glem ¥
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o0l E strange star
= cleon star
1 R ~ 10 km
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[F. Weber, PPNP 54(2005)193]
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Cassiopeia A nebula
NASA/CXC/SAO.

[R. Knorren, M. Prakash, P.J.Ellis, PRC52(1995)3470]

Hyperon-mixing




Hyperons and massive neutron stars

— | BHF

Z.H.Li, H.-J.Schulze,

PRC 78 (2008) 028801

— BOB

without hyperons

- —-Vi8
- --NO3 |

1.44M _

1.97M_ _ <——PSRJ1614-2230

P. B. Demorest et al.,
Nature467(2010)1081

n

Maximum Mass/Radius

o 1.5
2
=
with hyperons
| BHFSTBE(UI) Softening on the EOS
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0 Total Energy A o ; . g, = 15G |
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| 2) with Y (TNI3) PTP105(2001)607; NPA691(2001)432 ;3 ;
sool 3 With Y (TNI3u) 7 3
EIEBE R NN Y
wf S 2 g PRVESICKY[EIE
: [ ) Hadron-Quark crossover
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Thermal evolution of neutron stars

Rapid neutrino emission
35

[S. Tsuruta et al., Astrophys. J 691(2009)621]

via weak processes

(Direct/Modified Uruca)
A—> pt+e +v,

2 >A+e +v,

34

33

lergs/sec)

f

» Cooper pair
IS, [iner crust]
3P,-3F,(n),1Sy(p) [core]
—> Standard cooling
»YY pairing

Log L,

32 -

31+

H}Ei(fgeron cooling
L 152

4

16

153

=-...._| Cooling of Neutron star

N

%

- Hyperon cooling  *;

Cooling relaxation?

1 1
2 3

» Hyperon superfluidity v.s.YY intarctions
Nagara event AB,,~0.67 MeV = no AA superfluidity ?

5 6

Log Time (years)

very sensitive to properties of YN, YY interactions
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Dynamics in Strangeness Nuclear Systems

yy —— - \
Fujita-Miyazawa |JE
3IBF ] e
d N AL —
...... N= e \ A A N
A =T
""" | NA.— AAI 28 MeV
7 45;( EN-AA coupling
NN N f - very large ?
l S <.~~~~
NA — 7 T e D
ANSN | | o
~300 MeV ~1
) coupling 2% | |.. [Jz
Nuclei S «_ s
Strong ANN 3BF ?
NN Hypernuclei

» Various effects on the hyperon mixing
» Related to the 3BF in nuclei
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NARDO -1 FEBBEER

HOne-Boson-Exchange model

»Nijmegen potential
NHC-D/F>NSC89->NSC97¢,f>ESC04a-d—>
ESC06>ESC08a-c [Th.A. Rijken, M. M. Nagels,Y. Yamamoto, PTPS185(2010)14

» Funabashi-Gifu potential
[1. Arisaka et al., PTP104(2000)995]

BQuark Cluster model
» Kyoto-Niigata potential
RGM-F—>FSS—>1ss2 [Y. Fujiwara et al, PRC54(1996) 2180; PPNP58 (2007)439]

B Chiral LO Effective Field Theory

» Julich potential
[H.Polinder, et al., NPA779 (2006) 244;PLB653 (2007) 29]

BLatice QCD

» HAL QCD Collaboration

[H. Nemura, et al., PLB 673 (2009) 136; T. Inoue, et al., PTP124 (2010) 591;
PRL106 (2011) 162002]




Baryon-Baryon force in SU(3) basis from lattice QCD

T. Inoue et al., HAL QCD Collaboration, NPA881 (2012) 28.
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Short-range repulsive core in baryon-baryon interaction
Spin-flavor SU(6) symmetry

Quark Cluster Model | M.Oka,K.Shimizu,K.Yazaki, PLB130(1983)365; NPA464(1987)700

Quark-exchange symmetric antisymmetric

(antbaymmetried [3]1®[3]=[6]®[42]@[51]®[33]
orbital x flavor-spin x color singlet =0

Pauli forbidden state

S = () state

| W
[y

[—

L HHH ‘ ()
=

»SU(6)sp symm. = Strongly spin-isospin dependence
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Searching for Sigma-Hypernuclei (1980-)

COUNTS [ 2 MeV

CERN-PS, 720 MeV/c (0deg.
My =M, (MeV) @ : eV/c (0deg.)

R.Bertini al.,PB90(1980)375
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CROSS SECTION (mb/sr)

CROSS SECTION (mb/sr)
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(dU/dQL)Oo (mb/sr)

I 1 I | 1
4 - FREE SPACE KN — 7%
DIFFERENTIAL
CROSS SECTIONS IN LAB (0°
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Kpo>zZx'
3 L
2 L
\
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|
\J Knorz 2~~~
| ] | |
300 500 700 900
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G.P.Gopal et al., NPB119(1977)362.

CROSS SECTION RATIO
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do
do,
T T T T T {
RATIO OF CROSS SECTIONS
ISOSPIN vs.CHARGE BASIS
(FERMI-AVERAGED)
4 -
3
o(I=1/2)/0(1=3/2)
2 ]
| —
400 600 800 1000

R~ (MeV/c)

C.B.Dover, D.J.Millener and A.Gal, Phys. Rep.184(1989)1.
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Momentum transfer to A, X-hyperons
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Shift f2¥)

Width {&V)

Y BRFOIET—EEE -RFBEBRTIVIL

C.J Batty et al., Phys.Rep.287(1997)385
RMF | j Mares et al., NPA594(1995)311
Sigma atoms
i0? nes 80
A= (a) i . LDA+YNG-F
io? g a0t Sl ]
2 0l | J. Dabrowski, Acta Phys. Pol. B31(2001)2179
10 IN>§0I evif
\—-::.—'-:—‘:-“:—_'_'_
- 208
H=5 T = " 1 | | L 4
7 _2025 3.0 3.5 4.0 45 80 5.5 L UZ‘( Ib)
n=b r (fm) |
i / % ' |
10
<40
3 Ca 5
Ia_zl!lll |||I|I||I|III|II|ILI|II|IIII[IIII|||||| :20-
o 10 0 i 48 0 6 0 & 90 [~ 0 —
z At o i e
fﬂ3n=3ﬂ_4 ) LT
n -20 = 1 1 I I
30 35 40 45 50 55 60 6 7 8 9 10 r[fm]
/f r (fm)
lo? n=9 : : . 208
00 T T T T T T Flg. 2. Potentlal VL‘— m Pb.
i _— 80
10 3 /_m E 60 Pb
k= n= w0
! n=6 Ip:bé' 20 ¢ . . .
i/i > ol S—— * Repulsive core + attractive tail
1 L— - Fr. L \ \ O—~N 2>
40 F 205 60 65 7.0(f 7.5% 80 B5 90 | ° Laneﬂ?’/“/‘/’(/l/ﬁiﬁ:j] E/‘j
r m >
|||!||=|||[|||||:| |||||||I ||||III| .NHC-Fh\EL\?

.H].z LLIl]L

[ ip 20 30 40 50 o0 70 B0 by
z

NSC97a-f M LanelBILE| A TA & !

Only 23 measurements !! J. Dabrowski, PRC61(1999)025802




(K-,m*) Experiments at BNL-AGS 600Mev/e (4deg.)

CROSS SECTION (ub/sr MeV) [EXP.]

“PRLMBDIRREDEIRE" DR E (-1999)
EHEOT—4 S.Bart et al. PRL83(1999)5238

' ’Be(K ") o CLi(K,m%)

- (Kom) - (Km)
- 600MeV/c (4deg.) A - 600MeV/c (4deg.)

N\

w
(=]

30

0
o

T
I

20

CROSS SECTION (ub/sr MeV) [EXP.]

—_
o
L LI

10

BN

- T 0 1 Il
O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | L 1 _20 O 20 40

—20 0 =0 40 ¥ EXCITATION ENERGY (MeV)
Y EXCITATION ENERGY (MeV)

— There is no X bound state on both °Li and °Be.
— The ©~ and ©t™ spectra are very different each other.

Strong isospin dependence of the X-nucleus potentials
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7 RINAIN—F% D EE I 7E (1980s-)

- I DONINA )N —%(31F1
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-1V AL
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FROD?
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NN, YN

Interactions
BIOB) =27} {10 {10, D8}, DS}, B}

s s,
SUB)  wn nu
YN,EN-AN,AN  35data  §=—
Y%, EN-ZA-IX,EN-Z3-AA  S=-2
EX,23-EA S=-3
E= E= S=—4

Nijmegen soft-core potential

V.G.J. Stoks, Th.A. Rijken, PRC59(1999)3009
Th.A. Rijken, Y. Yamamoto, PRC73(2006)044008

Funabashi-Gifu potential

Kyoto-Niigata potential
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NN: 4233 data (0<T,,, <350 MeV)
I I I ] 1 T T

PP pp Ap—>Ap

760800 900 1000
T T T

Ap=>2p
- 125
-10.0
- 75

50

q 2.5

o
'Y
© 250
J

-

&

© 200
150
100

50

¥
sh1'p

-2

Tp—+An

1 EIQ:\I-}\‘:

I | | | | L
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- 1 i
200 300 400

7
DL(MeV ¢}

200 300 400 500

C.B. Dover and H. Feshbach, Ann. Phys. 198(1990)321

a-f

ESCO08

NHC-D —NSC89— NSC97 — ESC04a-d
NHC-F

Th.A. Rijken, V.G.J.Stoks, Y. Yamamoto, PRC59(1999)21

One-Boson-Exchange model

RGM-F— FSS — fss2

T. Fujita, Y. Fujiwara, C. Nakamoto, Y. Suzuki, et al., FBS.Suppl.12(2000)399; PRC64(2001)054001

I. Arisaka, K. Nakagawa, S. Shinmura, M. Wada,
PTP104(2000)995; FBS.Suppl.12(2000)395

Quark Cluster model
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{Ar")

2(1 385 u_-—’_rnaasl

number of events / SMeV

K-d—n A

Kd — Aptt”

Ap (2129}~

Eff. mass (Ap) versus eff. mass (Ar)
praton mom. > 150 MeV/c

5778 events

{Gev)

M{AT)

p Reactions (1960s-1970s)

T.H.Tan, PRL23(1969)395.
O.Braun et al., NPB124(1977)45.
D.Eastwood et al.,PRD3(1971)2603.

*S= - 1 dibaryon search
*YN interaction study
*(K~,m) reaction study

.H.Dalitz, Deloff, Czech.J.Phys.B32(1982)1021

YN potential NRS - D

700MeV/c

o{n” YN)

> e
«—=t—=——=== | hreshold-cusp state !!
| 3
=N 38,
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Fig. 1. Scatter diagram of the effective (Ap) mass versus the effective (Ax™) mass in the B
K=d— Apn—.
0

2120 2130 2140 {MeV) 2160

2180
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dgszJr! spectrum near the XN threshold
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T

HeBC Study of K—*He Interactions (1960s-1970s)
e K. Bunnell et al, PRD1 (1970) 98.
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A SmBYT7 R (1987-)

T.Harada, S.Shinmura, Y.Akaishi, H.Tanaka, NPA507(1990)715
-HeBC exp. at ANL (1970s)

“He(stopped K ~,p) exp. at KEK (1989)
“He(K ~,p) exp. at BNL (1992,1995)

JEFRBIARHT (-2000)

T.Harada, PRL80 (1998) 1605; NPA672 (2000) 181
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Two-body XN potentials in free space

I THDHH
HEERAD
T

Sigma-nucleon absorptive potential (SAP)
T.Harada, S.Shinmura, Y.Akaishi, H.Tanaka, NPA507(1990)715.

S-matrix equivalent to Nijmegen model-D (model-F)

50 - MeV : repulsive 50 MeV ]repulsive S0
. . 'S0
0 0 0
B0 - -850 -50
¥ attractive Strong absorption
. . AV >N—AN conv.
-100 L -100 ~ Pf Real -100 & Imag.

Strong spin-isospin dependence
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KAT Theory

Kurihara, Akaishi, Tanaka, PTP71(1984)561
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FIG. 1. A-a potentials. The solid, dashed, and dashed-dotted
lines denote the isle, SG, and Maeda-Schmid (MS) (Ref. 7) po-
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STRUCTURE OF THE §He HYPERNUCLEAR BOUND STATE

Toru HARADA, Shoji SHINMURA', Yoshinori AKAISHI and Hajime TANAKA®
Department of Physics, Hokkaido University, Sapporo 060, Japan
' Department of Applied Mathematics, Gifu University, Gifu 501-11, Japan
? Sapporo Gakuin University, Ebestu 067, Japan 4

Received 20 April 1989 2 He

(Revised 18 September 1989)

Abstract: The structure of § He is theorctically investigated on the basis of realistic N interaction, The 1989
bound state has spin-parity J" =0" and isospin T~} (99%), binding energy By+=13.7-4.6 MeV }Eﬁ%%iﬂ“

and a narrow IN -+ AN conversion width of I'=4.5-79 MeV, which are in agrecment with
experimental data obtained at KEK. The existence of the £ bound state with such a narrow width
is explained from characteristic properties of the nucleus-2 potential derived from the microscopic

sy lour-body calculation.
NN pot.: C3G
" Tamagaki . ATMS -~ KAT Theory
Kurihara
>N pot: ASP r 1 125 3
,,,,,,,,,,,mmnﬂgﬁi;:::;”m 0} ‘—:_|' I jJ E,‘] T = 5 —_
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L 4AH decay

e

I L
: (a) *He (stopped K™,m")

First Observation of
a Bound X

Hypernuclear State

KEK-E167 (1989)

R.S.Hayano, T.Ishikawa, M.Iwasaki,
H.Outa, E.Takeda, H. Tamura,
A.Sakaguchi, M.Aoki T.Yamazaki,
Phys.Lett. B231(1989)355.

4
. He

B, =32+0.37 Mev
['=4.6+0.5"Mev

Strong Lane term

R
U, =U,+U (T-7)

3 ] p.** y .Z* threshold

- ‘ 2 ++H ‘.l ) * He

i 0’-“ ¥” decay J]
¢ : —

i : h; "7 \
i : %Q v ¢ i
L ‘”N *%0 N
— ¢ &yV’“*VaNN .
R ., .
(K ’n_) 1 I 1 1 1 ) . I h—
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I | 22_ threshold i
— W : 7]
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F : £* decay ' 4 . y
1 1 I I. 1 1 1 l 1 |‘.‘ M
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UO _Ur

attractive
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T.Harada, S.Shinmura,Y.Akaishi,
H.Tanaka, NPA507(1990)715.
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“IS THERE A BOUND %4He ?” (1990)

R. Roosen, Ph.D. thesis

(Carnegie-Mellon University,1970)
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Assuming the existence of
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Countg per 0.5 MeV

Subtraction of hyperon decay background
and A component from the - spectrum
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Observation of a ;He Bound State

BNL-AGS (1995-)

VOLUME 80, NUMBER 8 PHYSICAL RE
T. Nagae, T. Miyachi, T. Fukuda, H. Outa,

< [ T. Tamagawa, J. Nakano'R.S.Hayano,
g 40 - -B;,=0 H. Tamura, Y. Shimizu, K. Kubota,
E i 4 He -By,=0 R. E. Chrien, R. Sutter, A. Rusek,
:%35 - 2 4 - - W. J. Briscoe, R. Sawafta,

l = "He(K,m) E.V. Hungerford,A. Empl, W. Naing,

30 - TC+) C. Neerman, K. Johnston, M. Planinic,

Phys.Rev.Lett. 80(1998)1605.

B =44£03 Mev 4.6 Mev
I'=7+0.7 MeV 7.9 Mev

T=1/2,3/2

d2o/dEdQ

N N

(=) O,
Illllllrlll’fg‘lilll

=

T01/2 Theoretical Prediction

37 =0’ ' '

T.Harada, S.Shinmura,
Y.Akaishi, H.Tanaka,
NPA507(1990)715.
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DWIA calculation for production cross sections

Green’s function method O. Morimatsu, K. Yazaki, NPA483(1988)493
ARJMIVETE DR EEE

ZAECHERINE DZFHiE !
|nclusive differential cross section
d’c KE 1
= <f10li >P o E-E +o
Ed0 @y o 1O HE-E+o
Sl‘ength functl on Green’s function

/
SE=>)f|0]i 5 5E ~E+E, —5)=—7lzhnj drdr’F ()G(E+Hgr, r)F(r)

UA,]/2 UX,]/Z O
X,1/2 L‘!;l/ 2 O
O 0 LJ);S/ 2

mG= Q( )T{IrnG(O)}Q( )-I—Q( -)f {ImG(O)}Q( )+Q( )T{IIHG(O)}Q( )-I—GT{V\(( }G

Coupled-channel Green’s function
T.Harada, NPA672(2000)181 . ){Gﬁ‘”

G(E;) =G (E,)+G"(E,UG(E,)

~— ~—

A escape >+ escape >0 escape Spreading (3N breakup)




‘He(K-,t ) spectrum at 600 MeV/c (BNL)

T.Harada, PRL81(1998)5287
— 1 Theoretical calculations
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‘He(K-,nt ) spectrum at 600 MeV/c (BNL)

oy ~ o)
- - -

CROSS SECTION (ub/sr MeV) [EXP.]
N
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=
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T.Harada, PRL81(1998)5287

‘ Theoretical calculations
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‘He(K-,t ) spectrum at Rest (KEK)

T.Harada, NPA672(2000)181

Theoretical calculations 4He ‘H
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% OF STOPPED K~ / MeV

COUNTS / 5MeV
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Pole positions of the Y-3N hypernucleus

5 —
4H 4 T.Harada, NPA672(2000)181
: e-. He ’
He+A A 2 SH+z* 3He+x°
[ 2.4 -1.1l l l
- _768.7 —75.5 -8.1
ol K?-x / —
N A
= A-2 Coupling A-Z Coupling
-5 -_ jé\lH e 3N Breakup
%
: P 14763 T~1/2 (99%)
g Spreading potential D EE A [—++] - i
fRR DB
. DalitzIZ CDiBFEEE R LGN o1, ) EZ(EOIG) =—1.1-i16.2 MeV

T— v 'Vvlv)

kP! = -0.335+10.399(fm ™)
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Properties of the 3N-Y potential
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‘He(K-,n") spectrum at 600 MeV/c (Sdeg)
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Coherent isospin and A-2 Coupling in /‘\‘ He- ; He
B.F. Gibson et al., PRC6 (1972) 741 ‘ A’; He> =g, (r)‘ : He> +4. (r)‘ 3H> +9. (r)‘ 3He>

T. Harada et al., NPA507(1990) 715
Y.Akaishi et al., PRL84 (2000) 3539.
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“The 0*-1" difference is
by B.F. Gibson

not a measure of AN spin-spin interaction.”

ns

ANN three-body force

1

4
4 He n, Ay pyps ng Ay py py n, A, Py py
wnitinmev) (o H) A
0.0 I -
Fooor 068 _0.70
. - IR e 008 _0.70 "
124 -1.08 103 -1.04 120 -121
—— . T ~ E— S — E— _0.97
Spin-spin v 0.38 _104 O+
A 0 -1.52 -1.43
ANN force i 0.86 Coherent coupling (‘)+ Coherent coupling 0" Coherent coupling Coherent coupling
| v _2.27 _2(.)10 _2'18  —
-2.39 -2.28 0" 0" 551
0* 0* 0+
phenomenological Fany =1.9% Fons = 0-7% Fanz = 0.9% Rons =2.0%
Exp. VotV
7620 D2 SC97e(S SCY71(S) SC89(S)
)
VMC [ Breuckner-Hartree-Fock ]

R. Sinha, Q.N.Usmani,
NPA684(2001)586¢

Y. Akaishi, T.Harada, S.Shinmura, Khun Swe Myint,
PRL84(2000)3539
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A-Y coupling effects on the (K=, 7t~ ) spectrum | Hyperon-mixing

T.Harada, NPA507(1990)715.

T ‘ T

I A B
-The A-X coupling effects play a
important role in reproducing

the spectrum.

- The A state is produced via X
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4He(K" spectrum at 600 MeV/c
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Shifts (eV)

103

10°

1ol

Widths (eV)

100

10~ 1

10~ %

Observation of

>~ atomic X-ray

G. Backenstoss, et al., Z. Phys. A273(1975)137
C.J. Batty, et al.,Phys.Lett.B 74 (1978) 27
R.J. Powers, et al.,PRC47(1993)1263

] Shifts C 493 Tu
S O 423 ¢Tu
40 60 80 100 Mg 5 9 4 8, l_‘u
Widths Al 524 ¢TI, Tu

Si 54 ¢TI, Tu
S 524 ¢I,Tu
Ca 625 Tu
Tt 6—=>5 Tu
Ba 928 Tu
W 1029 ¢I,Tu
Pb 1029 ¢ I, Tu

Only 23 measurements !!

40 60 80 100
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2 " -nucleus potentials fitted to the X " -atomic data

DD-A’

Density_dependent (DD) potentia] C.J.Batty et al., Phys.Rep.287(1997)385

) () () ¥2/N=20.1/23
2,4, —47[(1+mj{[b0+8 (p(O)J }p{r) [q Bl[ (0)) ] p\(r)}

p(r)=p,(r)+p,(r) op(r)=p,(r)—p,(r)

RMF | Relativistic mean-field (RMF) potential J. Mares et al., NPA594(1995)311
v2/N=18.1/23
LDA-NF | Local density approximation (LDA) with YNG-NF
D. Halderson, Phys. Rev. C40(1989)2173 WINZ0423 g lsive
T.Yamada and Y.Yamamoto, PTP. Suppl. 117(1994)241
J. Dabrowski, Acta Phys. Pol. B31(2001)2179 I
LDA-S3 Local density approximation (LDA) with SAP3 (simulates ND) l
T.Harada, in: Proceedings of the 23nd INS Symp. 1995, p.211 Attractive
WS-sh Shallow Woods-Saxon potential: (V,,W;)=(—10,—9) MeV
R.S.Hayano, NPA478(1988)113¢
t.p t. p—type potential (B;=B,=0): a,=0.36+10.20 fm
eff v2/N=23.1/23

C.J.Batty, E.Friedman, A.Gal, PTP. Suppl. 117(1994)227
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40

> " -nucleus optical potentials in 2’ Al+X -

ST A1
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20

Re Ug(r) (MeV)

—20

Real part

Imag. part

Real part

Imag. part

Type I

repulsive

strong (30-40MeV)

Type 11

(weak) attractive

weak (< 10MeV)
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Strong-shifts and widths on 2~ atoms

Y~ 28Si
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3ZS

C.J. Batty et al.,
Phys.Rep.287(1997)385
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2~ spectrum by (7~,K*) reaction at 1.2GeV/c

Study of X s.p. potential by (n~,K™) reactions

g
w

2.0

Cross Section [ 4 b/sr/MeV]
o

Targets: 28Si, >Ni, 1°In, 20°Bi

Direct X production at the nuclear inside

28S1 H.Noumi, et al. PRL89(2002)072301
Si 0,=6%2° k=095
05 — (X 2/poF = 33.6/56) {

- around binding )
 threshold region 7

------------
‘‘‘‘‘‘‘‘‘
~ -

(x 2/boF = 1 202/56)

' W . ' T

%5 0 25 50 75 100 125 150 175
“B s~ (MeV)

Woods-Saxon form

V; +1W,
1+exp[(r—R)/a]
R=r,(A-1)"*fin
a=0.67 fm r,=1.1fm

U, =

@\m\t\m\t\\w

V, =+150 MeV| | +90 MeV
W, =—15 MeV| | —40 MeV

(Revised)
P.K.Saha, et al., PRC70(2004)044613

56




BOO‘ |

600 —

400 —

CROSS SECTION (ub/sr)
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7 n-K'A
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I
|
| i
1 T

Elementary processes of
the wtp > K'A and

np > KX~ reactions

Production cross sections

The reason comes from the fact that the cross
section at 1.05GeV/c is larger than that at

- 1.20GeV/e.

Large momentum transfer

e

1000

1200 1400
PLab (MeV/c)

1800

g, ~400 MeV/c
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Optimal Fermi-averaging for an elementary t-matrix
T. Harada and Y.Hirabayashi, NPA744 (2004) 323.
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(m~,K*) reaction
at 1.2GeV/c

ZSSi

>

DWIA analysis with

the optimal Fermi-averaging

T.Harada, Y.Hirabayashi,
NPA759 (2005) 143

CROSS SECTION (ub/sr MeV)
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>~ spectrum by (7t~,K*) reaction at 1.2GeV/c

T.Harada, Y.Hirabayashi, NPA759 (2005) 143
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(m—,K*) reaction
at 1.2GeV/c

209B1

>

CROSS SECTION (ub/sr MeV)

DWIA analysis with

the optimal Fermi-averaging

T.Harada, Y.Hirabayashi,
Nncl. Phys. A767 (2006)206.
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Strong-shifts and widths on 2~ atoms
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rRy(r)[* (fm™")
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Coulomb
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Couloml?,.-" ’

(2pn) /™,

0.0

V/4
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Nuclear density distributions

>-"Co

Attraction:
Coulomb-assisted
+
Repulsion:
push out the 2~wave
functions.

l

Narrow 2 —bound state 1!

Cf. deeply pionic atoms
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>~ substitutional states by (K-,7t")

58Ni
2_

1.0MeV FWHM

120

—
o
o
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60

40
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CROSS SECTION (ub/sr MeV) [CAL.]

reaction (I)
: | | | | | | | | | | | | | II | | | | | | | | :
- OON{(KT, ) ' :
[ 600MeV/c (bdeg.) ]
[ | gy~ 110 MeV/e :
f (1d,.,) f)"
— 1p,..) | / —
Bl (1p,,) ' (1d,,,) i
— i 1, , —
i (1s,,) | ( 2 ]
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The recoilless reaction provides to produce a promising 2'- bound state.
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Comparison with resent studies

PWIA Analysis with the Square-Well potential

—r

J. Dabrowski, PRC60 (1999) 025205.

J. Dabrowski, J. Rozynek, Acta. Phys.
Pol. B35 (2004) 2303.

“The X s.p. potential is repulsive
inside nucleus. Only NHC-F is

acceptable.”
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“The repulsive X potential is not so strong as ~100MeV.”
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3 025
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| N. Kaiser, PRC71 (2005) 068201
! Us(pg) ~ S9MeV

repulsive

dE [ub/(sr MeV)]

Chiral dynamics in the nuclear medium

50 0

3

I
i K"
p, = 1.2 GeVic

Semi-Classical Distorted Wave Model Analysis

M. Kohno, Y. Fujiwara, et al., nucl-th/0611080 (2006)

Ol

Local Optimal Fermi-averaged t-matrix DWIA

WV

HI
m

H. Maekawa, A.Ohnishi, et al., Eur.Phys.J.A33(2007)269.
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AN IN—F%

B(ntt K)RIGIZEBDNAIN—BDERK
o F% D FIREIRBE, /N /\—F b LU VIR RE, etc.

BAKFDIRFRTUOVILERE D ELE
BEAARLFDEE
BGamma-ray spectroscopy of light hypernuclei

BOverbinding Problem on s-Shell Hypernuclei

b FBE N/ —%
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A s.p. potential and A spin-orbit splitting in *°,Y

H. Hotchi et al., (Exp.) 1.7 MeV
PRC64(2001)044302  KEK E369
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=Y () KY)
L e
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By b
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& 100
o B
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c B
3 60 [ gy
o C
O 4 e
20 [
o k .
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Excitation Energy (MeV)
T. Motoba et al. B
’ — Y (n+, K+)8
PTPS185(2010)197 % W p“=1.f](5 G:A\:E
% 250 =0 oL
SM analysis 2wl pwia
» AN-! particle-hole ex. L G0 0002wy %
> inter-shell coupling 3w}
©
@, 30
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Hypernuclear Excitation Energy Ej (MeV)

i \PLdf() V,?
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U — V I + V — IS *
A 0 Q) LS (mxc) rodr A
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£ " L4 1 V' ~-30 MeV
25 | - ]
E i "'!-“ : Py 3 (A—)OO)
20 E- i ‘ v ——— K. Ny L3 et — _; a=06 fm
—_— B " 'd.-.' ,..-i .
% R SR .! S e = A
= . C Vs =2 MeV
CE_‘. 10 E... ._' ,"i-. ........ g M- -
SE .-f . il . 1 WS analysis
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A
[O. Hashimoto, T. Tamura, PPNP57(2006)564]
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Y. Yamamoto et al., -5
PTPS185(2010)72
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Gamma-ray spectroscopy of light hypernuclel

35630 1/2* 308 )
T=1 T=1 3040 2 32°3068 44 32 2 <01
M1 RE— . 3.025 0
Level i + M + (-8) QB 100 !
el energies 21863 .- 7/2% 2520 B
in MeV Ly 512" 2050 o 2] le2
' (74)
E2
1 0 o _Y 0 xxx <—E(calc) keV
0 6_1::;;-' |M1 082 03 8Be %Be (xx) <—E(AZ) keV
Li ™~ 172" ,
. (72) Millener
H. Tamura et al., 1L ( )
NPAS853(2010)3
( ) 2* XAP1/2 1’2 10,98 507 0"
xAp3/2 7 - 10.83 (6W
H AN
: ————?2" 6.786 f;zs)
! v e~ 4710 86176 .- 1" 6.562
- e e 3-95_‘:;;: js}z*,wz* 3/2°
P : 2.832 ; 4,229
0718_T. ___E . 1 ; .
2718 1, 231 ot ¥Y 1;2 22
E2 / . T=1 68 M1
0 3" 7/2* . 4439 2" 3/2%
I ¥ ¥ M 0(‘)263 o2 4t ¥Zo161 572 M1
B g 72 267 e T %s3 vy E2 03 1l —— 02 L1 0026 23
A (56) 1/2\C 61 S T/ 0 14 372+ 0 i 000 (-33)
(61) "1z 3¢ N 15N 92 150 165
A A (42) A

Spin-dependence of the effective AN interaction [R.H.Dalitz, A.Gal, AnnPhys.116(1978)167]

Van = VA SN - 54+ Sp Z\ 54+ Syl _'\ iy + TS Microscopic Shell-Model
A=79 A= = 15, Sy T keV) 1nclud1ng AN-XN coupling effects
A>0 = —15, Sy T (keV) [D.J.Millener,NPA835(2010)11]
E13@J-PARC

» AN spin-dependent force/AN-ZN coupling force/Charge symmetry breaking (Ap#An)
» Magnetic moments p, in a nucleus from B(M1) ‘\He, '°,B,',B, "")\F
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A single-particle energies in symmetric nuclear matter
UA(kF’gA)

G-matrix calc. QTQ

Scattering length
g -1.90fm -2.29fm -2.78fm
at -1.96fm -1.88fm -1.41fm
A +0.4
0 (unit in MeV) i v -0.9 i
odd ! -8.0 )
\ 5 v
10 = : i \1/-10.0 i
So |1 74 146
v | !
20 — ’S,-°D, | T 033
| | y
251 <316 NSC89
-30 — | NHC-F 308 __
v -40.5
-40 ™ NHC-D
v Bando-Yamamoto
1985

Y. Yamamoto, H. Bando, PTP.Suppl.81(1985)9; Y. Yamamoto, et al.,PTP.Suppl.117(1994)361;
Th.A Rijken, V.G.J.Stoks, Y.Yamamoto, PRC59(1999)21; Th.A.Rijken, Y.Yamamoto, PRC73(2006) 044008;

OBEP: Nijmegen YN potential Models
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Y.Yamamoto, T.Motoba, T.A.Rijken, PTP.Suppl.185(2010)72.
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G-matrix calculation in symmetric nuclear matter

A single-particle potential depth N’ k- =1.35fm"
UA(kFagA):Z<kA9kN |G (@ =€, +8N)|kA9kN> I Kk
kn N Q «— Pauli-operator F
O () = Vi + Yoy — 2, () — —ON—
©=-Q1Q = j

G-matrix

Effects of the AN-XN coupling in nuclear matter

Y.Nogami, E.Satoh, NPB19(1970)93

a=-1.8fm, a=-1.6fm

(unit in MeV) AN single channel 24

S AN-2N coupled channel

0
_10 I H = | —|— N o = —|— O =
N A N A N fA N A
=20 [ Spin-isospin saturated
0 342
Exp.
ANN i Q N
40 [— thr;;(?;);)dy g VAN N e Van.zN
50 [— [ repulsive 206 Overbinding! _ __§ %_9_ \[ suppressed]
v
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Overbinding Problem on s-Shell Hypernuclei

The Overbinding Problem

JH ‘He  He

0.0
031MeV 1+ 1 24 Mev
spin-spin - —— —
— — \ \
(G0 o
0 239Mev| P
Il Vo 3.12MeV

The Underbinding Problem

JH ‘He  He

1+ -1.24 MeV
[ Underbound \

\ [ Overbound ]

1
1
1
1
1
\

AN single-channel calc.

Dalitz et al., NP B47 (1972) 109.

0" -2.39 MeV
—— i — — [Exp.]
7 3.02Mev
Q
[VAN,ZN - VZN,AN z
e _ suppressed

g-matrix calc. with AN-ZN(D2)

Akaishi et al., PRL 84 (2000) 3539.

75




“The 0*-1" difference is
by B.F. Gibson

not a measure of AN spin-spin interaction.”

o

Hyperon'miXi ng ANN three-body force

1

4
4 He ny Ay pypr n, Ay py Py n, A, Py Py
wnitinMev) (o H) A
0.0 I -
Fooor 068 _0.70
. . 1+ 1+ - " V08 070 I+
124 -1.08 103 -1.04 120 -121
— . T ~ I I —E— _0.97
Spin-spin \:/ 0.38 _104 O+
A 0 -1.52 -1.43
ANN force i 0.86 Coherent coupling 6+ Coherent coupling 0" Coherent coupling Coherent coupling
| v _2.27 _2(.)110 _2.18  —
-2.39 -2.28 o 0 Y
0* 0* ot
phenomenological Fany =1.9% Fons = 0-7% Fanz = 0.9% Rons =2.0%
Exp. VotV
7620 D2 SC97¢(S) SCY71(S) SC89(S)
VMC [ Breuckner-Hartree-Fock ]

R. Sinha, Q.N.Usmani,
NPA684(2001)586¢

Y. Akaishi, T.Harada, S.Shinmura, Khun Swe Myint,
PRL84(2000)3539
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The A-X coupling effects in neutron matter

S.Shinmura, Khin Swe Myint, T.H., Y.Akaishi, J.Phys.G28(2002)L1

Incoherent

° e Excited (1p1h) stat
o XxC1te states

R Ok’\»gﬂ P
oL~ .0 +|® 0

A X A X

A N NN N A N NN N A N NN N A NNNN

n p n p

usually included in g-matrix

A NNNN A NNNN
(@ (b) (c) (d)

Single particle potential for A_,.

MeV

0 | | | | | Ground states
. 5.8% o Coherent ®
20 Ng NSCoTe o 3\,%
- = e m
o~ .9 +|©® — @ \\;\V"L‘%
A X0 A X0
40 | 82% t Acon=ASZ"
- i 270 i
NSC89
(nsces)| L = L
. 16.3%
60 A - ’ [coherent A-Z coupling ]
coh MIXING 22 6%
probability
-80 — TS :
o o5 1 15 2 25 3 TIheA,,mixing isenhanced in the neutron-excess
nucleon density/normal density environment.
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Production of neutron-rich A-hypernuclei with the DCX reaction

E10@J-PARC ¢ Ii ( T K* ) SH Sl “Hyperheavy hydrogen”
’ A = Y.Akaishi, NPA738(2004)80c
"Be(z~,K") /He

'H (°He, 2H) °H
G
Superheavy hydrogen 7. ﬁ[j W/
i
9 H Khin Swe Myint et al. 1 T; 77
C ’ A
A :
FBS. Suppl. 12(2000)383 ;ﬂ/ )
TS .-"'.-"'.-"'-"'.-"' e
AH iHe iHe {He He ﬁH@'RHe He H+2n+ A
0 0 0.0
- Larger\neﬁtron-excess - @
2 4 2 =
: ; !
o fel ¥
i 25089 | 4
: i P B
8 : :* -8 A H+2n : |
g xSC97f1-10 B2 =
> =
12 2 o Attraction =% . 4—1 Coherent A'Z}
I £ Do i - f,’é,r Z coupling
[ o D2 4.1 —
— . Extremely
A binding energies “Hyperheavy hydrogen” [ °H enhanced

» Coherent A-X coupling in neutron-excess environment -




First observation of the superheavy hydrogen ,°H

M. Agnello et al., NPA881(2012)269.
M. Agnello, et al., PRL108 (2012) 042501.

> observation of 3 candidate events of ®,H bound state
B, =4.0 £ 1.1 MeV
» BR(DCX)/BR(NCX,12LC) ~ 3x10-3

— 260 1
% | S _ R=(5.9 * 4.0)- 10_6/K_st0p
S as0F R -
E [ ! 6
% 2405— E .';'_’, A H SH + A ! 0 Mev
Y
E F ]
& 220 \ 3 events
2102— E "'!_-,_ 3H +2n+ A 1.7 MeV
2005— E “ ......
190i"""' ﬂ XH(1+)+2n
120 130 140 150 160 170 180 190 200 210 e
7" momentum (MeV/c) @ _______ /‘\i EI_(Qi)_—_i-_%rl : 3.7 MeV
Kao+ ‘Li— (H{T)252MeVIe) | — Dalitz 4.2 MeV
“H > He @130MeV/c)
ﬂ Akaishi 5.8 MeV
SE10@J-PARC

» Produce neutron-rich hypernuclei: ¢, H and °,He
> precise measurement of B.E. of ¢, H is possible
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AD initio calculation of ,>He with full realistic interactions
B H.Nemura et al., PRL89(2002)142504

0.7 | SC97e(s) Better understanding of the A-X coupling
oo i — sle (M) and Tensor force
T 05 Hyperon-mixing
= 7] ? T.=1®% ~1.5% admixture
= 0.3 —
g 02 “Incoherent A-X coupling”
17 ¢ 1.-0®A
007 | | | | |
0 1 ! 4 5 -The X admixture of
.
~1.5 % appears in °,He.
;E =0 - L=2 — -The a-particle is not
S.=0 S.=1 S.=1 8.=2 S.=2 a rigid core.
2He
JJ‘L
(T.=0)®A 89.14  0.03 0.19 3.7 5.36 S
(TC = 1) R 2 0.10 0.09 m ~ 0 0.01 The Incoherer]t Zadmlxture
"He 80.56 — 10.44

IS also important.

80




The A-X coupling effect in ')Li hypernucleus

microscopic shell model

2- mixing probability
P(19,Li) = 0.48 %, AE=0.33 MeV

(1) Ae—UL Mg Fermi# and GTEIFEE
(2) PHEFBEIRZTIET(T+1)IZELH
(3) 7,LilZEEERL TSEREL

ALi, SLi, JLi, LI O BERBICE 1 A-L #EEHRE

.1+ o 3t e
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00 I|I |JI : . —Hik I.II . .
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Umeya, Harada, PRC79(2009)024315
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PEFIBFIA/NA /N = DERK

E10@J-PARC

— ! N-star . .
3= Neutron-rich A hypernuclei
N (Lg;llble—hypfrnuclei
= Hhypernuclei

. SCX,DCX

g (y, K*), (K-, 1)
(TC_, K+)9 (K_, TE+)

-

M, 2 hypernuclei

_~Neutron-rich nuclei

F
r i
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Hypernuclear Production Reactions

(m",K") reaction

Theoretical calculations

Momentum transfer

@ /V ® K’
— ~ b\;g/< i
e < 2s T
dap {\ \AL=0—>*@'1d——“‘ VO
n ?(\\‘)\ -@—1p——  A
PG ) |
55 MeV @ l
A\ J
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\. J
by R.Hausmann and W.Weise
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800 T T T | T T T T T | T T
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| 0= 0 . BNLJ-PARC
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r 1
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o - e
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>SFe target

H.Bando, T.Motoba, J.Zofka, Int.J.Mod.Phys. A5(1990)4021
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Py= 720 MeV/c (0+0°)

N™*=0.70
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EXCITATION
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AYARNY
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(Ko,m)

Stooped K-

q,~280MeV/c
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12C

CROSS SECTION (ub/sr MeV)[EXP.]

CROSS SECTION (ub/sr MeV)[EXP.]

12

1=

A spectrum by (n*,K*) reaction at 1.2 GeV/c (6°)

Sengitivity of the spectrum to the A—nucleus potentl al parameters
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CROSS SECTION (ub/sr MeV)[EXP.]
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Harada, Hirabayashi, NPA744 (2004) 323.
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First production of neutron-rich A hypernuclei

1OB( T, K+)lf\) [1| A spectrum by DCX (n~,K*) reaction at 1.2GeV/c

KEK-PS-E521  P. K. Saha, et al., PRL94(2005)052502
35-0 |1 L L L L L L L B e e
 40p ‘ 25MevFWHM ]| - p,=1.20 GeV/c

Cross sections

—30.0 F 3.0

[ 2.0

ggL ~11.321.9 nb/sr

H“ - -p,=1.05 GeV/c

1 99 . 58+22 nb/sr
1 do,

F 1.0

N

w ~1/1000

M 1120z, KH2C (12 Gevie)
tu dl 17.5+0.6 pbise

100 120 140
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(r—, K") —Double Charge Exchange (DCX) Reaction

Two-step process:

7 p— KA
K'p— K'n

7z_p—>7z0n
'p—> KA

One-step process:

7 p—> KX
X p<>An

via 2~ doorways caused
by AN-XN coupling

oMo

S
Ne )
7
N < |7 p—>K°A 7
< >
7
\\KO /// é\
> > \C/ L >
K'p— K™n
\\V4 A%
= Hyperon-mixing
N
7 p—>KY /,/’/’
S~~~ Doorway A
p X
b — .. :
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A spectrum by DCX (n—,K*) reactions at 1.2GeV/c

Harada, Umeya,Hirabayashi, PRC79(2009)014603

Spreading potential dep. V\é

U, =11 MeV is fixed. Py =0.57%

10B 20 i 1 | | | ] | | | ] | | | | | | | | | | 20 (_]
— | 1.20GeV/c 50 ] 0
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A spectrum by DCX (stopped K-, 7t *) reactions

If the £~ admixture probability of ~0.6 % is assumed in '?,Be,
we demonstrate the (stopped K-,n") spectrum on a !°C target.

Early
KEK data

12 ‘ _
C i 1I2C<K "IT+)
1000 — 3D orbits
n, I
ey
=, I
]
2 I
Z
— H00 — 1
S b <Be

Integrated
production rate

~A4x107° /K H—

O I 1 1 |
—20 0 20 40 60 80 100

E, (MeV)

DA®ONE data: UL (2.0+04)x10” /K" M.Agnello, et al.,PLB640(2006)145.
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ZYNEB DD\ /RO

» XN 3S, [10*]: Strangeness partner of deuteron

» Repulsive core: Quark Pauli forbidden states [51]

» ANN three-body force: AN-ZN coherent coupling

» Production of neutron-rich A hypernuclei: ¥ doorways

» Magnetic moments

>

BKecywords

Hyperon mixing + DCX
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Conclusion

Studies of
the production and spectroscopy of
strangeness nuclel are
very interesting and exciting
at J-PARC.
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