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Neutron star core

“An 1nteresting neutron-rich hypernuclear system”

Coupling constant ratio; Xy = giY/ Oy (1=0,0,p)
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Hyperon-mixing
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Baryon fraction
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Neutron Stars and EOS

without hyperons
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Hyperons and massive neutron stars

S. Nishizaki, T. Takatsuka, Softening on the EOS
Y. Yamamoto, 7 2 RMF
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Thermal evolution of neutron stars

Rapid neutrino emission

via weak processes

(Direct/Modified Uruca)
A—>p+e +v,

2 —>A+e +v,

» Cooper pair £
IS, [iner crust] g

3P,-3F,(n),1Sy(p) [core]

—> Standard cooling
»YY pairing

—> Hyperon cooling

Rapid coolingZ {1l 95 1% E

35
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[S. Tsuruta et al., Astrophys. J 691(2009)621]

2 Standard cooling with heating
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» Hyperon superfluidity v.s.YY intarctions
Nagara event AB,,~0.7 MeV = no AA superfluidity ?
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Our understanding of hyperon s.p. potentials

1z

U,(N)
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ULS~ 22 MeV
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> mixing Prob.?

-40
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—40

Strong repulsive,
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Uy~+30 MeV
ULS ?, > width ?

U 0~
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= width ?

AA-EN mixing ?
H-particle ?
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Dynamics in Strangeness Nuclear Systems

Fujita-Miyazawa
3BF
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Hypernuclear Production Reactions

(m",K") reaction

Theoretical calculations
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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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“gule”

»Shrinkage effects (19% for the °Li core)

Role of the A-hyperon in nuclei

T. Motoba, et al.,PTP70(1983)189

E. Hiyama, et al.,PRC59(1999)2351

> neutron-skin or neutron halo

E. Hiyama, et al.,PRC59(1999)2351

Tretyakova, Lanskoy, EPJ.A5(1999) 391.

“Stabilizing”+*“Deformation”

21 Ne, 25, Mg (AMD)

M. Isaka et al, PRC83(2011)054304
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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
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Level i + M + (-8) QB 100 !
el energies 21863 .- 7/2% 2520 B
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H. Tamura et al., 1L ( )
NPAS853(2010)3
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! v e~ 4710 86176 .- 1" 6.562
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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) ‘yHe, '°,B,',B, "")\F
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G-matrix calculation in symmetric nuclear matter

A single-particle potential depth Kk =135fn"
UA(kF’gA):Z<kA9kN |gAN(w:5A+5N)|kA,kN> 4 L
Kn N Q «— Pauli-operator F
Oy (@) =V + Vi — Oy (@) —TV\_Ni
—QTQ —O |

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 3N e VAN =N
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 - —— —
— — \ \
exlery L
0 230Mev s
22 MeVa 312 Mev

The Underbinding Problem

JH ‘He  He

-0.31 MeV * _

- 1

1 -1.24 MeV
[ Underbound \

[ Overbound ]

/

AN single-channel calc.

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

0" -2.39 MeV

————— [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.

18




“The 07-1" difference is not a measure of AN spin-spin interaction.”
by B.F. Gibson

Hyperon-mixing

He

Il

n, Ay py py

o

ny Ay py Py

ANN three-body force

i

n, At Py Py

4
(unit in MeV) ( A H)
O°O 1+ 1+ '068 ) _070
+ " oo rooop o =8 070 R
-1.24 -1.08 103 -1.04 120 -121
— . T ~ I I —E— _0.97
Spin-spin \:/ 0.38 -1.04
A 0"

-2.39
0*

Exp.

ANN force i 0.86
v
-2.28
0+

phenomenological

VAN +VANN
V =6.20

VMC

0+
_ 1 52 _1 .43
) Coherent coupling 0" Coherent coupling
0*

Coherent coupling

Coherent coupling

227 210 2.18
0" 0 0* -2.51
O+
P.s =1.9% P..s =0.7% P.x =0.9% Pz =2.0%
D2 SC97e(S) SCI71(S) SC89(S)

[ 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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Production of neutron-rich A-hypernuclei with the DCX reaction

E10@J-PARC ¢ Ii ( I 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 Khin Swe Myint et al., 1 T,
AHe| bg Suppl.yl2(2000)383 gg/ /i //’///;
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\H iHe iHe {He ]He }{H@'}\’He lHe *H+2n+ A
0 0 0.0
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&l 1= ¥
of 5089 ] 4
' Y 2,04 e — |
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Y : ' Extremely
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» 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
% Eodeee _ R=(5.9 * 4.0) - 10‘6/K‘stop
S o . S
E [ ! 6
S | g |
E F ]
& 2200 1 \ 3 events

2101 E M H+2n +A 1.7 MeV

2005— E “ ......

190i"""' ﬂ XH(1+)+2n

120 130 140 150 160 170 180 190 200 210 ——— e e e —————

7" momentum (MeV/c) @ _______ /‘\i EI_(Qi)_—_i-_%rl : 3.7 MeV
Ksep + ‘Li— SHAT)252MeVIe) | Dalltz 4.2 MeV
“H > He @130MeV/c)
...... 6
ﬂ Akaishi 5.8 MeV AH

>E10@J-PARC

» Produce neutron-rich hypernuclei: ¢, H and ° ,He

> precise measurement of B.E. of ¢,H is possible 21




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

SgL ~11.321.9 nb/sr

H“ - -p,=1.05 GeV/c

1 99 . 5.8+22 nb/sr
1 4o,

F 1.0

N

w ~1/1000

M 120, K" 2C (1.2 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
7'p > KA

One-step process:

7 p—> KX
X p<>An

via 2~ doorways caused
by AN-XN coupling

oMo

S
\\
N 0 7
R 7 p—>KA 7
< >
7
\\KO /// é\
; )p \C/ 2 >
K’p— K'n
\\V4 A%
= Hyperon-mixing
N
T p—>KY /,/’/’
S~~~ Doorway A
p D
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. WZ

U, =11 MeV is fixed. Py =0.57%
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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
[I. 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]




>~ spectrum by (m—,K*) reaction at 1.2GeV/c

Study of X s.p. potentials for havier targets

[H.Noumi, et al. PRL89(2002)072301]
[P.K.Saha, et al., PRC70(2004)044613]
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1+exp[(r—R)/a]
=1, (A-1)"fn

.

V, =+90 MeV
W, =—40 MeV

a=0.67fm r,=1.1fm

2.5

209Bi

=Z3

o

Strong repulsion with large imaginary
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23 S Th 100 1ES 130 173
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NRS - Fpotential K-d—n"Ap Reaction in Fllght
Gopal amplitudes (¢ =135°) B
— (Ap)m”

wme (Ap+I'n+I'in-

oo
(=]
I

ZN 38, [10%]:
\ “Strangeness partner of deuteron”

threshold-cusp !?

R.H.Dalitz, A. Deloff,

s Aust. J. Phys., 36 (1983) 617
20r
10k
sn ) | NHCE R.H.Dali
50000 090N 202150 210 -H.Dalitz

Hyperon - nucleon c.m. total energy (MeV)

corwia d(y.K") spectrum near the N threshold
25 --—. NSCs9 1

’ R H.Yamamura, K. Miyagawa, et al.,

— NSCott

Tv == NSC89 PRC61 (1999) 014001
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AA correlation from production nuclei

B From (K-, K+AA) reaction B From Heavy-ion Collisions

C.J.Yoon et al., (KEK-E522),PRC75(2007)022201(R) A. Ohnishi, T. Furumoto, K. Morita (2012)
S=-2 dibaryon (uuddss) “H”

2cbump atE,, ~ 15 MeV Data: N.Shah, et al. (STAR Collab.)

3 12 AA correlation (Reduced corr.)
s | \-\ | | Data: STAR |)1'I('Iimina!r‘\'
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1 correlation
75 = 5 75 . .
N 8 8 R T » Preferred AA interactions 1/a, < -0.8
AA Invariant Mass-2M, (MeV/c™)
A fm-1, r s> 3 fm.
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Search for H-Dibaryon with a Large Acceptance Hyperon Spectrometer (J.K. Ahn, K. Imai) >3
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Comparison with resent studies . "

T

PWIA analysis with the Square-Well potential

[MeV]

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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Chiral dynamics in the nuclear medium

N. Kaiser, PRC71 (2005) 068201

-B= [MeV]

Us(py) ~ 59MeV : 3 N
repulsive 2R

p, = 1.2 GeVic

1 1 !
01 0.15
p [fm™]

1
0.2 0.25

5/dQdE [ub/(sr MeV)]

Semi-Classical Distorted Wave Model Analysis

M. Kohno, Y. Fujiwara, et al., nucl-th/0611080 (2006)
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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,
= 40 - H. Tamura, Y. Shimizu, K. Kubota,
E T R. E. Chrien, R. Sutter, A. Rusek,
§35 i W. J. Briscoe, R. Sawafta,

30 - E.V. Hungerford,A. Empl, W. Naing,

- C. Neerman, K. Johnston, M. Planinic,

u% o5 Phys.Rev.Lett. 80(1998)1605.
O
%520 [ 4.6 MeV

BZ+ =444+0.3 MeV
I'=7+0.7 MeV 7.9 MeV

T=1/2, 3/2

T=1/2 Theoretical Prediction

37 =0 | |

T.Harada, S.Shinmura,
Y.Akaishi, H.Tanaka,
NPA507(1990)715.

-40 -30 -20 -10 0 10 20 30 40 50
B (MeV)
z
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Isospin dependence of the (3N)-X potentials

CROSS SECTION (ub/sr MeV) [EXP.]
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T.Harada, PRL81(1998)5287.
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T.Harada, NPA507 (1990) 715.

\ 2

U°-U"A
bound state !!

“repulsive core
+attractive pocket”

100

o0

T=3/2

T=1 / 2 .
3x[§V(10*)+§V(27)}

1 1
3><I:EV(1O)+EV(27)}

U°4+U" /2A,
“repulsive”
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Remarks

Properties of the Z-nucleus potentials by
comparing theoretical calculations with the
available data:

Ustr) = L3(0) UL () (T )
core X

“strong 1sospin-dependence”

“repulsion inside the nuclear surface”
“shallow attraction outside the nucleus”

The calculated spectra for *“He(K~,n*) reaction

can explain consistently the available data from
BNL, KEK, and ANL.

2-3N potential: the y*He bound state with T=1/2, J*=0*

Strong Lane (isospin-dependent) potential and Coherent A-X coupling
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M= single-particle potential D M &
(K-~ KH)RIEARI LD ERFT
= -IRFDXERDBIE A~

B(K KH)RISIZKBDENA/N— D ERL

AAINA IN\—F%

BIT)LOavIZEBAANAIN—DOFER
AA bond energy

B AA-= coupled channel approach

B(K- K RSIZEBDAANA IN—# D hiE Ik




Studies of =" s.p. potentials

28g; (K'.K*)zag Mg
1.26 GeV/c
9|°b'4°

BEIMQW

E-hypernuclei via (K-,K+) reactions

YVE?

[C.B. Dover, A.Gal, Ann. Phys. 146 (1989) 309.]

V504M6V for r,=1.1fm (W =-1MeV)

DWIA analysis of ?C(K-,K+) data at 1.8GeV/c

T.Iijima et al.,NPA546(1992)588.
Tadokoro et al.,PRC51(1995)2656

P.Khaustov et al., PRC61(2000)054603 /0 N oV

d’6/dEAQ,, [nbi(sr * MeV)]

i px-=1.8 GeV/c

A "/,
F00=5.5° 7

- £1} 7 Khaustov et al.
F T.74, _ pc=1.8GeVic
“ohE
1 1

+10=—===—--
fss2

2C

»L _ | BNL-E885 ey
[ > s0L PR
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0L v
S [ 8%
]
- MeV o [ A 3L
— - i m r
W L 2 B
Rt
310 R 200
S laf
st Vo
- 1o0f
[ NN
-80 -60

Excitation Energy (MeV)

Semi-Classical Distorted Wave Model Analysis

100

~-B- [MeV]

200

M. Kohno et al.,PTP123(2010)157;NPA835(2010)358.

V2 =-20,-10{0,10,+20MeV <> fss2
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Hyperon s.p. potentials in finite nuclei

G-matrix+local density approximation M. Kohno, Y. Fujiwara, PRC79(2009)054318.

fss2 : SU, quark-model BB interaction by Kyoto-Niigata group
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= spectrum in DCX (K-, K") reactions at 1.8GeV/c

IS o
- -

CROSS SECTION (nb/sr MeV)
J
-

1.5MeV FWHM

T. Harada, Y. Hirabayashi, A. Umeya, PLB690(2010)363.

160 80

I15 +E
(a) Be
=20 10
oK™, KY) | |
1.8GeV/c (0°)
WS (E) = -3 MeV
2%(Pz)

Woods-Saxon
r,=1.1fm, a=0.6fm

_14 MeV
. . . |

340

360 | | | 380 400
w (MeV)

» Spin-stretched Z-states can be populated due to the high momentum transfer.

ds/dQ[>N(1/2))@sz |(1-) = 6 nb/sr, ds/dQ ['SN(1/27)@p=](2+) =9 nb/sr for V=14 MeV.
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Observation of AA Hypernuclei in E176/E373 Hybrid Emulsion

5 A/fHe PC+E > A2H6+ “He+t 2M, =B, <My [H'dibaryon }
L, SHe+ p+7 Jaffe, PRL38(1977)195

DEMACHI-
YANAGI

#2

10 um e \ :
A A A-1 ;
AAboundenergy | ABu(mZ)=Bu(u2)~28,(,2) s
event 2z Target | Bax [MeV] ABax [MeV] | Bit[MeV]
NAGARA 2 He 2C 691016  0.67+0.17 |(6.91)
MIKAGE 2 He 2C [ 10.06 +1.72 382+ 1.72
DEMACHIYANAGI A Be 2C | [11.90j+0.13 -1.52+0.15 |11.88
HIDA i\ Be O | [20.49]x 1.15 2.27+123 |18.23
12 Be UN | 2223+ 115 -
E176 B N[ 233+07 0.6 + 0.8
Danysz eral[17] )\ Be(/Be’) "N | [14.7k04 1.3+£04 | 14.74

H.Takahashi et al.,PRL87(2001)212502 67T o “ fUa®
K.Nakazawa , NPA 835 (2010)207 AB, (nHe)= 47 — 1.01 — 0.67 weak attractive

K.Nakazawa , H.Takahashi,NPA 835 (2010)207 Prowse, 1966 Nagara,2001 E mass update 42




E-AA spectrum in DCX (K-, K™) reactions at 1.8GeV/c

B0 T g ) T
1600 () be- INHE:
[ y 20 10 0
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2 gol  1.8GeV/e (0%)
K- . l"" " |
AN Two-step mechanism P ~
-~ ’ sl
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"-.\\\ /’.f E
™ A ,,r - A G
y:\\nD ’I/ ? C-:']J I
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|
. 340 360
One-step mechanism
40
K™ KpoK= T D<SAA K" I
“ p—o>K=E Epe - (b)
“** EN-AA coupling r~ mC+n iCeA
\\ ’,‘ [l
. e = 30 30 20
~o ’_,-— E— A A E k |
P Doorway e — 500 MeV
D D A L —-— 250 MeV
p > /3 —— A Zz 0 — 0 Mev
| N =
|I | 'I 5
J A =] . :
n —14MeV
n 10 5 .
H ixi
yperon-mixing S with EN-AA coupling
. . | L : . R
[T. Harada, Y. Hirabayashi, A. Umeya, PLB690(2010)363] 0 10 260 380 400
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=-AA spectrum in DCX (K-,K") reactions at 1.8GeV/c

15

160

10

CROSS SECTION (nb/sr MeV)

1.5MeVFWHM 0O

The large momentum transfer q=_ =~ 400 MeV/c leads to the spin-stretched =~

T. Harada, Y. Hirabayashi, A. Umeya, PLLB690(2010)363.

I | I : I
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I : : | B :
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I o
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| + } N '-\t/ : ‘/_
2 : » — /
! + 1 ,
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' et/ e
+ ' . o : P
@ S A
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: \ - _ -
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340 360 380 400

w (MeV)

doorways states followed by ['*N(1/27,3/27) @ s=_]1- — [“C(0%,2") @ s,p,]1~
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Remark

Studies of the DCX reactions (n*,K"),(K-,K*)

for hypernuclear productions
are
very important and promising .

FrY A -
ﬂ . BFuture subjects:

More microscopic calculations

R — * - based on YN, YY potentials are
p

fﬂf needed to compare them with the
;2 . forthcoming experimental data at
BE DR F#
' J-PARC.

T
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NAROVEBEER-PHEFEDHEAZHEHIELT

EAN
U, (A) ~ (-30) MeV, U< (A) ~2MeV — HBHEAE
YN —38 MeV ? E13@J-PARC
U, (2) ~ R, U ¢ (Z) 2 >p(=sn)EiEL P40@I-PARC
BAN-2N
a few % mixing, ANN3{A A — i FBE/ (/38—
EEN E10@J-PARC
U, (E) ~ (-14)-(-0) MeV ? — (K- KHRIG, =-JRFXHR
mixing prob. ?, H-particle ? —Hybrid-emulsion, AAEES
BK-N-A(1405)-1% E07, P42@J-PARC

U, (K7) ~ =200 MeV/=-50 MeV ?, “K-pp” ?
— (K_ﬂN)D (TC—I—DK—I—)&FS
E15,E23@J-PARC



SHe(K-,n)K-pp spectrum at 1.0GeV/c (Odeg)

E15@J-PARC A search for deeply-bound kaonic nuclear states by in-flight
SHe(K-,n) reaction, T.Koike and T.Harada, PRC80(09)055208.

SO | DHW | B.E.=15MeV | YA | BE.=45MeV
I =92 MeV _ I =82 MeV

missing mass spectroscopy
+invariant mass spectroscopy

Shallow De ep
Integrated cross section
in the bound region

~ 3.5 mb/sr (for YA)

S HetZRIDEALTE

» Distortion effects
D,..[’He(ls, —1s,)]
D, [“C(Ipy —1s,)]
=0.47/0.095 > 5{&

» Recoil effects
Mc/M, ~2/3 > 1.84%

» Small-size effects N el Dt E R T x2S P e Ik
=04 BEF2 1 AS SR EMeV)

1 '—l-":l;l.-“.r:-l'

SGM B.E. =115 MeV | | FINUDA | B.E. =59 MeV
I =67 MeV . I' = 164 MeV

Deep

d®c/d0,dE, (ub/(sr MeV))




Conclusion

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