2016.11. 2
Compact Stars and
Gravitational Waves

Strangeness Nuclear Physics
and
Neutron Stars




Contents

1. Introduction

2. S =-1systems
— AN Interaction in neutron matter
— KbPar-nuclear systems

3. S =-2systems

§ =& hypernuclei (T W‘\‘-
4 "Hyperon })uzzl”..g;?f future prosg ’ct forA\l\IN int.
i : -

5. Summ@ry



1. Introduction

Exotic flavors in NS?



Attractive AN interaction and hyperon mixing
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Baryon fractions in NS
IS sensitive to BB interactions
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We need all the YN, YY interactions in free space and in nuclear matter
(at high density...)



Experimental status of YN, YY (+KPa'N) interactions

Poor Ap, X*p scattering data + Various hypernuclear data

Experimentally known: Experiments running or planned
B AN int. attractive (U,=-30 MeV) .

The same in neutron matter? A H ﬁ

Effect of AN-ZN mixing? n-rich A hypernuclei ~ Charge sym. breaking
B SN int looks st | i in A hypernuclei

Int. I00OKS strongly repulsive. =
- Jy Iep bvo/ Y*-p scattering
How large repulsion? m A-p scatterin E hypernuclei
-> No 2’s in NS? P P 9 o

NaP
B =N int. is unknown. Attractive or repulsive? -> ='s in NS? &

[xl

B AA int. weakly attractive (B(AA) =0.7 MeV) Need more data to cnnflrm

H dibaryon above AA threshold? & ¢¢¢
S
B KP2'N interaction strongly attractive. AA hypernuclei ‘5
How large attraction in nuclei? ‘- H dibaryon
-> Kaon condensation in NS? pCQp K-nucleus

Nijmegen ESC08 model reproduces most of the existing data well.
Also important to test Lattice QCD calculations.



Charge symmetry breaking
In A=4 A hypernuclei

3H ‘He

2.1 S=-1S5Systems
AN Iinteraction In neutron matter

Charge symmetry breaking in A hypernuclel
Neutron—-rich A hypernuclel

Isotope effect of A binding energies



AN interaction In neutron stars?

A has no isospin => AN interaction should be the same
In symmetric nuclear matter and in pure neutron matter

Symmetric matter Neutron matter
? N A N
et g 12.C. 2 o oy 208 ply Nodata [ z.|>
Can be different due to N A N

ANN(T=0) # ANN(T=1) from A-Z mixing and others
Charge symmetry breaking in AN (Ap #An)
We need to study

B Charge symmetry breaking in A hypernuclei
B Neutron-rich A hypernuclei

B Isospin dependence of A binding energy (Ann force)



Charge Symmetry Breaking (CSB)

In A hypernuclei?

B CSBin NN force (pp # nn) . ation @ aited
=> B(®H) - BeHe) — EM effect ~70 ke\/ . 44| confirm
X en
B CSBin AN force (Ap # An) EXP
By(*\H) - B, (*\He) =-350keV ?? __3H+A 9 _| SHe+A
B YN interactions models o oenenoe |/ Measure
BA(4AH) - BA (4AHe) = 0-70 keV - 1.24+0.05 17 | with Ge
127100002 . o+
3 1 5 1154004 7
2.040.04 7 PHe
41 2.39+0.03
Measure using 0 A 1 ‘He
weak decay B ?
i A
pions n

(MeV)



Slide by P. Achenbach

Decay-pion measurement at Mainz

—  World data on 1H from nuclear emulsion T _ _ | _
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J-PARC E13 H. Tamura et al.

Y Spectroscopy
of hyeprnuclel
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J-PARC E13 H. Tamura et al.
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counts ,

*He y-ray spectrum
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Charge Symmetry Breaking (CSB)
In A=4 hypernuclel

HEA O HEEA
A. Esser et al.
i T.0.Y |
AB,(1%) : 0.03+0.05 MeV  pRL 114 (2015) 12501 ©.yamamoto et al.,

PRL 115 (2015) 222501

'1+ 0.95+0.04 | 0.98+0.03 1+

1j2* /2%
N Ey=1.406 .
3H = +0.002 3He
+0.002 ;
‘ot [-PARC]
2120011009 204004 ot
Ui AH 2.390.03

4
AB,(0%) : 0.35+0.05 Mev P B [YMeV ] AHe
(0.26%0.09 MeV) " A
B Existence of a large CSB effect confirmed only by y-ray data
m B,[4H(0")] confirmed via 4,H -> “He + - decay , suggesting the emulsion

4,He(0*) data also reliable
M Large spin dependence in CSB found by combining all the data




Charge Symmetry Breaking (CSB)

In A=4 hypernuclel

H+ A 2

A. Esser o "
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M Large spin dependence in CSB found by combining all the data




What is the origin of the large CSB effect?

u/d quark mass difference + EM effects
=> CSB in hadrons and hadron-hadron interactions |
-
* X*¥- mass difference + CSB in BB forces (Nijmegen SC97e) F———
=> AB,(0*) ~70 keV at maximum.

Nogga et al., PRL 88 (2002) 172501 N A

* Shell model calc. using D2 => AB,(0*) ~200 keV. A. Gal, PLB 744 (2015) 352
D2: central-only AX coupling

(SC: tensor dominated A2 coupling) N A AX
coupling
% Ab initio calc. with Bonn-Juelich EFT force (LO) T
=> A(B,(0%)- AB,(17)) ~0.3 MeV. = central dominated AXcoupling [[~="~ 50
D. Gazda and A. Gal, PRL 116 (2016) 122501
™ csg
The CSB effect Is sensitive to N A

AN-2N coupling.

CSB effects in p-shell hypernuclei will confirm the origin.



Neutron-rich hypernuclei

e Strong mixing of AN-XN

* Coherent effect in proton/neutron-rich nuclei

B.F. Gibson et al. PRC6 (1972) 741, etc

Akaishi et al. PRL 84 (2000) 3539

Larger mixing in a host nucleus with larger I

=> How large mixing in n-rich hypernuclei?

10B (1, K*) 19, Li

PRL 94 (2005) 052502
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. 5
6,His bound? e

FINUDA@DA®NE

M. Agnello et al., PRL 108 (2012) 042501

K-(stop) +°Li->°,H + 7+

® H->®He + 1~

3 events of bound ¢, H reported.
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Ann bound state??
HypHI@GSI

C. Rappold et al. PHYSICAL REVIEW C 88, 041001(R) (2013)

Search for evidence of 'n by observing d + =~ and ¢ + =~ final states in the reaction
of ’Li+ 2C at 2A GeV

200f d+m- (a2) d+n _ ]
o _ 100} t2<z<30em| The only interpretation
150 - I .
s ™ 2 sof is weak decays from a
0 X
& 100 o 60} Ann bound state.
g2 | £ 40,
S 50 3 . .
8 .| O 20F %..| Buttheoretically unlikely.
T w— op = —~—— c¢f.3,H (=Apn)is bound by
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MaSS (GEV) MaSS (GEV) BA_ 130 keV.
; _ (bl) t+47~ (b2) t+47m- )
80-1""313 —10<Z)<3U :m ok T+ 2<7Z 130 :m => To be examined
T | 3 50 by a dedicated exp.
= 60 Z 40
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= a0f = 30
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Ann bound state??

PHYSICAL REVIEW C 88, 041001(R) (2013)

HypHI@GSI
C. Rappold et al.

Search for evidence of 'n by observing d + =~ and ¢ + =~ final states in the reaction
of ’Li+ 2C at 2A GeV
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g £ 4of
3 50 S 20’"' But theoretically unlikely.
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High resolution (e,e’K*)

spectroscopy at JLab
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(e,e’K*) spectroscopy
for isospin dependence in A binding energy

Compare 4°Ca (e,e’K*) “°. K and 4%Ca (e,e’K*) 8, K
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Figure 2-8: Latest results of A separation energies for *jKand *}K as a function of Cr
calculated with AFDMC. Errors are statistical errors in Monte Carlo calculation and future study S.N. Nakamura (TO ho kU) et al.
will make them smaller.

AFDMC calc. by D.Lonardoni, S.Gandolfi et al. The experiment has been approved.



2.2 S =-15ystems
K-pp and Kba"N mteractlon
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KPar-N interaction and K2 nucleus

* KN interaction
— Known to be strongly attractive from K'p atomic X-ray shift and

low energy K p scattering data
— A(1405) (1/2°) can be interpreted as a K'p bound state

* Kpp bound state KNN (1=1/2) The simplest Kbar nucleus

— Theoretical prediction of B.E. and I depend on the KN interaction and
theoretical framework.

* Kin matter
— Clarify possible existence of K- condensation in neutron stars

— Extremely high density nuclei can be produced?

Calculated K~ pp binding energies B and widths I (in MeV). A. Gal / Nuclear Physics A 914 (2013) 270-279
Chiral, energy dependent MNon-chiral, static calculations
var. | 7] var. [&] Fad. [9] var. [ 10] Fad [11] Fad [12] var. [13]
B 16 17-23 0-16 48 30-70 60-05 40-80
r 41 40-70 34-46 61 00110 45-80 4085
[7] N. Barnea. A. Gal, E.Z. Liverts, Phys. Lett. B 712 (2012) 132. [11] N.V. Shevchenko, A. Gal, J. Mares, Phys. Rev. Lett. 98 (2007) 082301
[8] A. Doté, T. Hyodo, W. Weise, Nucl. Phys. A 804 (2008) 197, N.V. Shevchenko, A. Gal, J. Mares, I. Revai, Phys. Rev. C 76 (2007) 044004,
A. Doté, T. Hyodo, W. Weise. Phys. Rev. C 70 (2000) 014003, [12] Y. Ikeda, T. Sato, Phys. Rev. C 76 (2007) 035203;
[9] Y. Ikeda, H. Kamano, T. Sato, Prog. Theor. Phys. 124 (2010) 533. Y. Ikeda, T. Sato, Phys. Rev. C 79 (2000 035201.

[10] T. Yamazaki, Y. Akaishi, Phys. Lett. B 535 (2002) 70. [13] S. Wycech, A.M. Green, Phys. Rev. C 79 (2009) 014001.



Previous positive data for Kpp

D +p @ Tp=2.85GeV

reaction

on ® 7Li+12C

method
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3 . + v+ - Slide by Y. Ichikawa
K'pp search via d(nn*,K*) | parcE27 B

d(rt*, K*)X reaction (P, = 1.7GeV/c)
K'pp is produced via a A(1405) doorway.

i+ n - A(1405) + K*
N\(1405) +p = Kpp
(>quasi free A* )

T Missing mass K*
RO 7
~ oW
Y

~ e 1%

NN &

N\ *

d

Y.Akaishi, T.Yamazaki, Phys. Rev. C 76 045201 (2007)

Coincidence with dK(_n",KgK/'\pE
protons PP P
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J-PARC E27
Nagae et al.

K pp search via d(x*,K*)

1.69 GeV/c pion beam, n (rt*,K*) A(1405), A(1405) +p -> Kpp

Two proton coincidence spectrum  One-proton coin. spectrum / inclusive spectrum
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B(Kpp) = 95 *18__ (stat) 3%, (syst) MeV Similar to DISTO / FINUDA data
Y. Ichikawa et al., PTEP 2015 (2015) 021D01



Another K'pp search exp.  TPARCED

Iwasaki et al.
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Slide by T.Yamaga

The latest result: 3He(K,Ap)n

E1 52nd performed in 2015 E151st performed in 2013\
- with x30 more data Y. Sada, etal,
Prog. Theor. Exp. Phys. (2016) 051D01
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3. S=-23ystems
= hypernuclel

10 pm

kISO event



Slide by Nakazawa

AA hypernuclei from emulsion (KEK E373)

Nagara event

Mikage event

6
AAHe

(unique and
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“Kiso event”

found by
overall scanning
method (E373)

10 pm
K. Nakazawa et al.

PTEP 2015, 033D02 “4 )
C
. . . 04
uniquely identified as

Auger

= -+ ]4N —> LOBE} -+ iHﬁ o P electron

g-=4.38 =2 0.25MeV — 1.11 =20.25 MeV

fBe production:  1n the ground state in the highest excited state
>> 3D atomic state of the E~—'*N system (0.17 MeV)

First evidence for a deeply bound E state = Z-N attractive
-> 5~ can exist in neutron stars



J-PARC EQ7: S=-2 systems by emulsion

M Collect 10 times more S=-2 events
m Confirm AA interaction strength (nuclear dependence)
m  More samples of Z-nuclear bound states

B Measure = -atomic X-rays with Ge detectors
m Shift and width of X-rays -> Z-nuclear potential

m Stopped = events identified from emulsion image -> no background
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The experiment just started this spring.
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Counts/Z kev

E-atomlc X-rays via “Hyperball -X”” (Ge array)
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Spectroscopy of =-hypernuclei via (K ,K*) reaction

m Discovery of =-hypernuclear states as a peak(s) J-PARC EO5
= Measurement of =-nucleus potential depth and width Nagae et al.
m Coupling between =-nucleus and AA-nucleus

Similar to 89Y (n*,K*) 89,Y
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Spectroscopy of =-hypernuclei via (K',K*) reaction

Pilot run (2015) using the existing SKS spectrometer

Counts /0.5 MeV

m Discovery of =-hypernuclear states as a peak(s)
= Measurement of =-nucleus potential depth and width Nagae et al.
s Coupling between =-nucleus and AA-nucleus

Missing mass p(K', K*) at 1.8 GeV/c
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AE~5.4 MeV FWHM: much better than the previous BNL exp (~14 MeV)



4. Hyperon puzzle
and future prospects
for ANN Interaction




Hyperon puzzle

m Hyperons (at least A’s) must appear at p = 2~3p, ,,2 eliable samples
B EOS with hyperons (or kaons) too soft to support <:> of ~2.0Mg NS

heavy (>1.5 M_,,) NS’s in “standard” frameworks
=> Unknown repulsion should exist at high p
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Various models to support 2 M_,, NS with hyperons

M ntroduce strong repulsion in 3-body force (NNN,
YNN, YYN, YYY)

M Quark Meson Coupling model

M Density dependence in coupling const., hadron
mass, etc.

M Relativistic framework
M Lattice QCD

M Phase transition to quark matter
= quark star or “crossover”

YN strong repulsion at high density really exists ?

Any experimental evidence for that?
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Density dependence of AN interaction

affects A hypernuclear data?

We have almost no information on BB forces in high density (p > p,) matter

Ab-initio calc. of nuclear binding energies => NNN repulsion necessary
Similar YNN (YYN, YYY) repulsive forces? How large are they?

Experimentally approach:
Precise B, data for wide A of A hypernuclei
0.1 MeV accuracy is necessary
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BE accuracy < 0.1 MeV => Density dependence of AN interaction *°
Theorists, can you extract it from precise A BE data?
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Summary

B YN, YY interactions in free space and in nuclear (neutron) matter
should be studied to understand the inner core of NS.
=-1
B A larger charge symmetry breaking effect in AN int. is confirmed for
A=4 hypernuclei via y-ray measurement.
B Exciting data for n-rich hypernuclei (°,H, Ann) should be confirmed.
B New data for K'pp appeared, further investigation necessary.
S=-2
B A =-nuclear bound system was discovered in emulsion, suggesting
= to appear in NS. EZ-atomic X-rays will be also measured.
B 12_Be hypernuclear state(s) were also observed in (K-,K+) reaction,
indicating a rather deep Z-nuclear potential.
Future
B A’s binding energies in wide mass numbers will be precisely
measured at Jlab and J-PARC to approach the ANN force.



