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1. Introduction:
Hyperons in neutron stars?



Mystery of matter in neutron stars 4/24

Outer crust

Neutron-rich Inner crust
nuclei Pasta nuclei
- , Outer core
C. Ishizuka et al., J.Phys.G 35 (2008) 085201 - (Almost pure)
U,=-30 MeV, Uy = +30 MeV, U_=-15 MeV L A - Neutron Matter
assumptions based on experimental suggestions : — * ’
Inner core

Hyperon Matter
(Strange Hadronic Matter)

?

on fraction

S
—_

-
g Inner core
0.01 £ Deconfined o)
2p, 4p 6p 8p9  10p, Quark Matter * -

p (density)
Sensitive to YN, YY interactions Hyperons (A, E—) should appear at p ~2-3 po




Hyperon Puzzle S/24

EOS’s with hyperons are too soft to support massive NS’s of >1.5 M.
2.0 M_, neutron stars are observed.

=> Don’tuse U, , Uz, Us at p=p,!

1.97+0.04 M,

sun Ignore MPA1 MS0
J1614-2230 (2010)  2° . .

(2019) hyperons ; i M Repulsive three-body force in NNN.
2.01+0.04 M,,, \B AP Ms2 .
J0348-0432 (2013} 2 itz mpmmmipm Also in YNN, YYN, YYY?

190340327 FSU

2.140.10 M| but no clear experimental evidence

sun

JO740-6620 (2020) , '
[72)

M Deconfined quark matter?
. Quark matter begins to
T Sec appear at ~2p, ?
170 o 85 ° -> repulsive
k)

7 8 9 10 11 12 13 14 15 MeV

NS radius (km)
Determine YNN 3BF

NS can be described in the hadron level or not




Strategy for solving the hyperon puzzle 6/24

High quality AN, ZN, AA, =N, ...

Fcecise light A AN, 2N scattering data Femtoscopy data

t.ypernuclear data @:-PARC, JLab, SPring-5,. ' 'wmu -ALICE, RHIC-STAR, GSI,..
DJ-PARC, ALICE,STAR,..

Talc. of YN/YY int. in free space Lattice

=N, AA hyf ernuclear SU(3); chiral EFT / Meson-exch. models q QcD

hypernuclear data S ructure “Real:stlc" YN/YY models
(K,K)@J-PARC

Nd scattering Ad, ANN Femtoscopy

Precise B, data of Calc. of < _L- ~_L-
va.ious A hypernucle’ hypernuclear » YN/YY int. in nuclear matter
(e,e’ky& M ab - [~ ;@J-PARC Structure =YNN 3B int. (chiral EFT framework)

L

Observational data of NS . Understanding
Realistic

« Xrays (NICER, XRISM..) EOS high density
* Gravitational Waves matter in NS




2. YN interactions in free space



YN interaction 824

Np, Z*p scattering with bubble chambers in (1960s)

YN interaction

<~ 0.30 GeV/c, poor quality, o, no do/dQ for Ap (Nl\i/j!:)ndeeglzn
N hypernuclei (+ £ hypernuclei): B, + level scheme (1960-) NSC, ESC)

But, YN int. in nuclei is significantly different from YN. Int in free space

Q N N A N A N A NN

"High quality YN scattering experiments

2P 0.44-0.80 GeV/c do/dQ (J-PARC E40)

AP 0.9-2.0 GeV/c o (JLab CLAS) PRL 127, 272303 (2021)
0.3-0.65 GeV/c do/dQ2 (SPring-8) -> started data taking
0.4-0.8 GeV/c Pol.A -> do/dQQ, Analyzing Power, Depolarization (J-PARC E86, future)
" Femtoscopy

Ap <~ 0.3 GeV/c via pp coll. @Vs=13 TeV (ALICE) -> (ALICE Run3)

*Hypertriton (loose pnA system) B, > 7 :inconsistent => being converged
Precise data from STAR, ALICE, J-PARC, MAMI,...
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Z*p
scattering
at J-PARC

> p elastic

X' p elastic
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5
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2 p— An

(b) 550-650 (MeV/c)
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pA correlation (femtoscopy)
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ALICE, PLB 833 (2022) 137272

T T T

a) ALICE pp Vs = 13 TeV

high-mult. (0-0.17% INEL>0)
o pA @ PA pairs
Fit NLO19 (600)
—— Residual px% yEFT
Residual p=~ @ p=°

O=0=0=0~
+ 1 + " + + [ : " + + ] " " + +
t T

1 " "

/1

Nsame( *)

Clk) = | N )
mixed

[ (K7, 1) 2d3r = &(k)
This data + Scattering data in 1960°s
are used to tune the chiral EFT force (NLO19)
PLB 850 (2024) 138550
=> U,=-36 MeV
< Hypernuclear data: U,=-30 MeV
=> Suggesting a repulsive ANN 3BF

- Cubic baseline

AN-

2N “cusp”

k* (MeV/c)

—— *_‘,{,/
__ --!_W““‘o __
0 100 200 300 400

Ny

P
Measurement of AN—XN cusp
via K'd - n=Ap is planned.
=> >N scattering length (J-PARC E90)

Ny



M J-PARC EO7 emulsion irradiated by K- beam
was analyzed by T.R. Saito’s group in RIKEN.

B Machine learning to find 3,H -> 3He 7 events.

B 1 ’'srange was converted to the m energy,
where the systematic error was reduced

The benchmark, Hypertyriton (pnA)

down to 50 keV.

Counts/800 pm

A new B, value from emulsion
A. Kasagi et al., arXiv:2504.01601v2

[#]
[=]

=]
o
II|III

20
- 3 H— 3He +1-
15_— A -

10

5

3 Pion range

L

IIII‘IIIIIII L1l
1g000 20000 25000 30000 35

Ll
000 40000 45000

Ll | L1 1
50000 55000
7 length [um]
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—— 0172 + 0.040 MeV
New emulsion _0.23+0.11+0.05 MeV
—— Present result
ALICE
25] PRL 131 (2023
=3 STAR (2023)
. 7 [27] Nat. Phys. 16 (2020)
Old emulsion
(averaged) = [16] NPB 52 (1973)
: 4 . [64] PRD 1 (1970)
—_ [63] PIAS 68 (1968)
b — | [62] II Nuo. Cim A 43 (1966)
U I [61] Nuo. Cim 26 (1962)
. — { [60] Nuo. Cim 21 (1961)
|
).25 0.00 0.25 0.50 0.75 1.00 1.25



New data Experiment

after 2018 STAR

ALICE
HADES
WASA-FRS

J-PARC
E73

J-PARC
EO07

MAMI

Status of Hypertriton data

Reaction
HI (Au+Au)
\s=3GeV

HI (Pb+Pb)
\s=5TeV

HI (Ag+Ag)
\s=2.55GeV

HI (SLi+'2C)
2GeVA
34He(K-,n0)

K- on emulsion

"Li(e,K*)

Method

decay length
inv. mass

decay length
inv. mass

decay length

decay length

decay
timing

decay

range

decay
momentum

T (>AH) ps
221+15=%+19
253+11+6
256+22+36
(preliminary)

under analysis

Under analysis

Kino (Thu)

12/24

3
BA( AH) Me\
0.41%£0.12=%=0.11

0.102+0.063
*+0.067

under analysis

0.23+0.11
*+0.05

under analysis
AM~=0.02

T~

3 3 -
AH->°Hem

3 3 -
AH->°Hemn

Hypertriton is an excellent benchmark on AN interaction in free space but

with a little effect of ANN 3BF.



3. Studies of Double strange systems
at J-PARC
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=-p from femtoscopy and lattice

ALICE, Nature 588, 232 (2020)

4

BB ALiCE data E_p

- Coulomb

Coulomb + p—=-HAL QCD

Femtoscopy data is

consistent with HAL QCD calc.

100 200 300
Kk* (MeV/c)

HAL QCD
125 '
— | ta=11
75 |  ta=13

V[MeV]

U
=25 I'”

125
= | ta=11
100 VE(So)| | wa=12

| ta=13
s/ Strongly attractive
(H-dibaryon channel)

V[MeV]

_25 4
—50 1
—75+ T
0.0 0.5 1.0 15 2.0 2.5 3.0

rifm]
K.Sasaki et al., Nucl.Phys.A 998 (2020) 121737




=-hypernuclei in emulsion (J-PARC E07) 15724

K-+ “p”-> =+ K*, then Z=-is stopped in emulsion and captured by C, N, O nuclei.

‘ : S. H. Hayakawa, M. Yoshimoto et al.,
IBUKI ) PRL126(2021) 062501 IRRAWADDY PTEP 2021, 073002
- event 10

event

First precise
determination of B

: 2
20um g
-2 15 -> 5 5 4

Bz-=1.27 * 0.21 MeV Bz-=6.27 * 0.27 MeV




: — : 16/24
Observation of p- and s-state = hypernuclei (?)

M. Yoshimoto et al., Prog. Theor. Exp. Phys. 2021, 073D02

=14 B WS+ Theoretical
15'—c =N 4p Present data Coulomb predictions
:“ 2 - I — T

3D
ry —  Exp.input ]
T m— 2P Ip 1p3n 7

N
1
1
v [1]
\
\
S
[1]
N
)
[MeV]
A b
[ [
W S
¥
|_._|
S
2
|

a —6:— — Isip 4
— Q . Sp— 15 ]
s- | e@5 Sz L o - w32
= @ 18 _8;_ :'[ 15 -
) ~10F T
r SLO -
—12:— - 7
Nuclear force g 5 5 S s x5z T8 2 T I
~ o = Zz £ g s IS 22 0
e X ¥ 5 2 5 ¥ ¥ E 3z 3
& Y, m B g g ﬁ N o]
— @ = =4
EN->AA strength very small? - 2

Nijmegen NSC: = absorption mainly from 3D, 4%-0.3% from 2P orbit (T. Koike)
HAL QCD (~ 1/10 of NSC) -> 2P/3D absorption comparable, but 1S absorption still negligible

m(Z-) - m(Z°) = 6.9 MeV => p(=°) state via =—=mixing? (Gal-Friedman, PLB 837 (2023) 137669)



12C (K-,K*)'2Be missing-mass spectroscopy

(J-PARC E05)

% Resolution: 14 MeV(FWHM) @BNL - 8 MeV@J-PARC E05

=

~ ¢F - 12

S F Fit with 2 Gaussian peaks

E 30 Assuming a narrow =ZN—AA width

— C
20F N ..p

S @

% 1DE— *

© D . t PRSI -
=40

DWIA calc. [

Lam
Lﬁl I 1,5~ -f /
~ 003 [ o ST /

0.02 -

d’o/d

001 ll-:: RS i

T.Motoba, S.Sugimoto |

=30 20 40 0 0020
/—BE [MeV]

ESC04d

NPA835 (2019) 223 *%ao 5~

1
10

Y. Ichikawa et al.,
PTEP 2024 (2024) 091D01

K+
First observation of
=-hypernuclear peaks

Bz values
—2.4+1.3728 MeV
8.9 +1.413% Mev

D4
Better resolution necessary
to identify states

=> J-PARC E70
w/ a new spectrometer
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N1 Q1 E70:
B N D 12C(K-,K+)1ZEBG
#_._-a--\ w/ a new spectrometer

New experiments have been just finished

i Active Fiber Target
\‘5\ E~ hypernucleus &
N = Decay

Ry
< bt 5

PN
W

N
o

Energy loss correction
2 Stopped = selection

[Counts / 1.0 MeV]
g 4
m |

N
W

FWHM
20

T. Gogami et al.,
EPJ Web of Conf.
271, 11002 (2022)

Data-taking just
finished

5 10 15 _
absorption

energy shift

/

E96:
12C = atomic X-rays

BGO counter
Ge crystal/ﬂ

absorpion7— D
\yie d ratio

-> EN->AA width
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H-dibaryon search H dibaryon . Y Tinoue etal, NPA'881 (2012) 28
and study of EN interaction 080 - w © ExactSU(3),
(J-PARC E42, J.K. Ahn et al.) Oo < | 1 s h
> 000 BBW = J%AA + J%ZZ +\/% E,
Above AA threshold AL 1 olet (H.Ch n |
Detect H-AA PC for high-rate operation avor singlet (H-Channel)

O.‘O 0‘.2 0.‘4 18 110 112 114 116
d\ /gfm]
K.Sasaki et al., NPA 998 (2020) 121737
=T
Almost physiéal point

125

\ 0.0 0.5 1.0 r[:Il:r‘Sn] 2.0 25 3.0
80 NZ (11
HypTPC i i0
Target % 60
BH2 \ o 'O uy
% §40
B ©
% E} o0 | N Ya=11
E 10 ta=12
. . I t/a=13
Analysis almost final. 2 2" e : S B
. BC3 BC4| SDC1 |scH NS \ EculMeV]
Box will be opened soon. SHS Magnet spcy =" L o we  Resonance just above the threshold?
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r—

=N inelastic
Ep— 2n, AA]

«J-PARC E42 (This work)

sKEK E224

> - S 80 F
ED 200 - i [ ] 4 :%
& # 8
E 150 [ s o % 60|
s |3 W ‘
12 - K- 5 100 - °mg;’irﬁ.‘jﬂ:ﬁiim”;, HJrJr 1 ) 40 -
Clk:Kem) 7 7 M o
v | _ +
and 50 12C(K , K+_.)_‘_ +ﬂ +++++ Eﬂ(on aQ&) rOX
12 - + | . -—:*"‘'ET_=|=:F:F-I:rl-"'::+ | * l\ZC(Kli’ K= ‘
C(K ’K AA) =30 20 10 0 10 20 30 40 50
| | E- (MeV) = 2
Spectra  : 1 &
z §6ow Ep - AA s 10
2 '540_ e / K™p — AM; Mp — AK* IL
[1]
(J-PARCE42) 2o = — 1
A O %5 0 o5 1 +
< cosBA 6
% 40 +
©
k) 4
v 20 — ‘} % jr
12C(KK*AA) T Eikonal ap
% 50 1(30 1;0 2(1)0 250 0
E; (MeV) _02

W.S. Jung et al., arXiv:2503.17614v2 [nucl-ex]

0.6 0.7 0.8
= Momentum (GeV/c)



4. Hypernuclear spectroscopy
for ANN interaction
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How can we extract YNN 3-body force effect ?

Single particle energies of A in hypernuclei => sensitive to AN density dep. (= ANN 3BF)

® A is distinguishable from nucleons. No Pauli from nucleons.
® \We know the local density where the A is located.
® Different mass numbers, orbitals -> probe different densities

v W = Ji )

° ° 0 0 o o o o
0 - ] " » Q o (=} Q Qo Qo 1 . 1 : 1 . I
I ‘ —— : cL:o o o o o o o
0 o TTTT | TTTT ‘ TTTTTTTTTTTTTTTTITTI | 1 _30 -
e > N R M.M. Nagels et al. PRC99, 044003 (2019)
l [): 0
- N 3 el Y . ;S — w/o ANN int.
ar N N — i
= o 504 w/ ANN int.
23 2 o ] _ Nijmegen ESC16
E Ad
3t i —121 ‘
'® o 2.&
-~ o
§- o _J 0 -
& Sur
: s . o
. -+
8t -‘_—_’_’_ ok - T
++ 0.00 0.20
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Experimental Plans

JLab @Hall C Umeya, Thu.
E12-15-008:; 4%48Ca(e,e’K*) 4048 K
E12-18-013: 2%8Pb (e,e’K*) 208, Tl

T=1 ANN force => Ann force in NS

2000

J-PARC @HIHR line 'HIHR
at the extended Hadron Facility

for beam hi“
.

Q, S magnets for dispersive

§ & 8 38
‘

. + + 12 28 i 40 Sakuma Fl'i. condition
P84 (TC ’K ) AC’ ASI’ Aca’ ’ . AchromatlcFocusplnt’;(f
51AV, 89AY, 139/\La,208APb Pion intensity > 2x10%/spill » “”ﬁmﬂ At
Dispersion matching \\'—,557(
< ¢
AM < 400 keV (FWHM) ;‘ AM ~ 0.3 MoV rwim 529" _

Together with AN scattering exp. (E86 @K1.1), % Ap/p = 1/10000 g
those B, values give info. on ANN strength. TR =i L

‘\m\‘&\‘\\\\\\‘\\
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Summary

. In order to solve the hyperon puzzle of NS, we need YN/YY interactions
both in free space and in nuclear matter to extract information on YNN 3BF.

. High quality X*p scattering data at J-PARC and high statistics Ap
correlation data are being used to improve

Hypertriton binding energy data from various experiments including J-
PARC emulsion data will be also used.

. = hypernuclear data in emulsion and from (K-,K*) spectroscopy indicate an
attractive =-nucleus potential with a narrow =N-AA width.

. To investigate ANN interaction, precise A hypernuclear spectroscopy as
are planned at Jlab and at the extended J-PARC Hadron Facility.
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