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Neutron matter

From Quark to Neutron star

Bound system interacting by strong interaction with completely different scale.
Neutron star

Hadron Nucleus, Hypernucleus

Strange hadronic matter 2
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From Quark to Neutron star

Bound system interacting by strong interaction with completely different scale.
Neutron star

Hadron Nucleus, Hypernucleus
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From Quark to Neutron star

Bound system interacting by strong interaction with completely different scale.
Neutron star

Hadron Nucleus, Hypernucleus
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F Baryon-Baryon interaction in SU(3) symmetry
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Baryon-Baryon interaction in SU(3) symmetry

Lattice QCD calculation . . . : } |
T Inoue. AIP Conf. Proc. 2130, 020002 (2019) Newly appeared interaction in BB(YN, YY) interaction
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Baryon-Baryon interaction in SU(3) symmetry

Lattice QCD calculation

T. Inoue, AIP Conf. Proc. 2130, 020002 (2019)
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PRESENT HADRON EXPERIMENTAL FACILITY

Slow extraction of 30 GeV proton beam with ~65 kW (2021 /June)

* High intensity 2ndary beam : K~, ™

* A part of primary proton beam

K1.8BR (~1.0 GeV/c K~ beam)
e Study of KN interaction

» Strangeness nuclear physics, Hadron physics

* Kaonic nuclei —
KN interaction

e Kaonic atom

K1.8 (~1.8GeV/cK~. 1.2 — 2.0 GeV/cn¥)

Study of hypernuclei with S=—1,-2
Hyperon-proton scattering experiment

Baryon-Baryon interaction
(Especially focusing on $=—2)

== high-p

Hadron in nuclear medium

; Effective degree of freedom for hadron structure

high-p (30GeV primary proton beam) constructed in 2019

¢ Study of nature of vector meson in nuclear medium

120 (2ndary beam up to 20GeV/c ) future program
* Spectroscopy of charm baryon



Hierarchy of matter studied via strange hadron clusters

(a) Baryon-Baryon forces from quark hierarchy

@ Study of S=-2 system with hybrid emulsion method (E07)
@ Many S=-2 events are observed.
> *-p scattering experiment (E40)
2
Analysis to be finished soon. ?\’/{\

B =-atomic X-rays (EO3) g
Finished successfully.

B H-dibaryon search (E42) ‘ H u dges"d
Just finish data taking at end of June 2021. ¥ O;
B =-hypernuclear spectroscopy via 12C(K',K*) (E70)
Runin 2023.

(b) Why “nuclear hierarchy” exists?

K—nucleus = sub-hierarchy of Meson-Baryon systems

12C(K-,p) EOS data -> Very-deeply-bound K-nucleus (or A*-nucleus) ?

Y. Ichikawa et al., PTEP 2020 (2020) 12, 123D01
B Change of A’s magnetic moment in a nucleus (E63)

Under preparation.
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Experimental apparatus of EQ7 |

2016-2017 550 P // | 5
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Observed events of double hypernuclel in J-PARC EO7

Published identified events:

s i
:l-\t’n‘gj E [’Pv

5 33 events
Slide from J. Yoshida

H. Ekawa et al.,
Prog. Theor. Exp. Phys. 2019, 021D02 (2019)

Nuclide B, [MeV]
* apa%Be  15.05 +-0.11
aatlBe  19.07 +-0.11
| aat?Be  13.68 +-0.11
10 pm bis © Where, Bz = 0.23 MeV

160 + 2= — ({Be, ‘LBe, 4Be) +*He + (1, d, p),
> AHe-l—(p,a’,t) +p + xn,
< ‘He+p+7~.

M. Yoshimoto et al.,
PTEP (https://doi.org/10.1093/ptep/ptab073)

S. H. Hayakawa et al.,
Physical Review Letters, 126, 062501 (2021)

B-. =1.27 +- 0.21 MeV B-. =6.27 +- 0.27 MeV

=+ 1N ->,1%Be + ,°He = + 1N -> ,°He + p°He+*He+n



https://doi.org/10.1093/ptep/ptab073
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Published identified events:

hypern uclei in J-PAR current and Future program of
o 0 o S=-2 system

e X~ atomic X-ray measurement

e H-dibaryon resonance

e X=-hypernuclear spectroscopy

Bk

. 4

Deeper understanding of
=N interaction

H. Ekawa et al.,
Prog. Theor. Exp. Phys. 2019, 021D02 (2019)

Nuclide  Bxx [MeV]

3 AAloBe 15.05 +0.11
AAllBe 19.07 +-0.11
' AAlzBe 13.68 +- 0.11

L. \
10 um & Where, Bz_=0.23 MeV

%0+ 87 — ({9Be, AiBe, A3Be) +*He + (¢, d, p),
> iHe+ (p,d,t) +p + xn,
— ‘He+p+n~.

S. H. Hayakawa et al., M. Yoshimoto et al.,

Phy;ical Review Letters, 126, 062501 (2021) PTEP (https://doi.org/10.1093/ptep/ptab073)

B-. =1.27 +- 0.21 MeV B-. =6.27 +- 0.27 MeV

=+ 1N ->,1%Be + ,°He = + 1N -> ,°He + p°He+*He+n



https://doi.org/10.1093/ptep/ptab073

corresponds to shallow potential

-W, [MeV]

Study of K nucleus in J-PARC E05 12C(K~, p) analysis

K_
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(M)

Y. Ichikawa et al., PTEP 2020, 123D01

K- optical potential of K~ + 1B system
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Hyperon proton (Yp) scattering experiment and YN interaction

Experimental difficulty due to low intensity of hyperon beam and its short lifetime

A
BY%Y A PARTICLE B. Sechi-Zorn, et al. Phys. Rev. 175 (1968) 1735
) Ap total cross section N, YN interaction
K %\
300] Ap ELASTIC SCATTERING CROSS 2of ]
SECTION AS FUNCTION [ == -
\ OF MOMENTUM - =
o -
— 5 a F/B = 18204 . A
2,00 > . Hypernuclei
c;) g PA = 180-248 MeV/c
7)) x 30
< s N I O T
] s [ | ] (a)
b 1001 2 201 va
0 %\ 1.2 |
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Neutron star and YN interaction

Two-body YN scattering is essential to understand the internal structure of neutron star.

® |Interaction at short range
@® Basic information to derive 3 body force from hypernuclear structure

Hypernuclear physics based on Realistic YN interaction neutron matter

strange matter ?

ﬁ p,, A, ¢ AAYES ALY
: AR, RSO —ER

YN scattering experiment

Lattice QCD . Gravitational wave from neutron star merger
Recent theoretical framework EOS of neutron star
F (%, " 25—
ﬂ _ g@j w/ Hyperon (w/ YN+YNN int.)
rSimulation —
_ @ 200 —
KEK data ; A “‘1-‘:\\\
AN @ L o7 Y. Yamamoto et al.
W% + = L, | PRC90, 045805
A it (2014) §
s 0.5+ o o o
! W INA RO 4K 5
O -l oo W/ Hyperon (w/ YN int.)
INA IN— DR LT )L F—(MeV) 11 12 1R3[km] 14 15 16 Time [ms]

Ultra high-resolution A hypernuclear spectroscopy



J-PARC E40 :
Measurement of do/dC2 of Xp scatterings

Physics motivations
* Verification of repulsive force due to quark Pauli effect in the X*p channel

= Systematic study of the XN interaction by separating isospin channel

Pauli effect in quark level

. . 0.04 ¢
Large repulsive core is expected
in Lattice QCD 0.02 |
S
G 0
=4
Large do/dQ is predicted in Z*p channel -0.02
-0.04 ¢

Measurement of do/dQ

2*p elastic scattering
2" p elastic scattering
>"p =2 An inelastic scattering

= 4,500 events
= 4,500 events

- 2,700 events

2*p potential by Lattice QCD

IN(I=3/2), t-t,=8, 3pt
m,_~700MeV

0.5 1 1D 2 2.5
r (fm)

H. Nemura et al.
Few-Body Syst (2013) 54:1223-1226




do/dQ (mb/sr)

Theoretical calculation of do/dQ of Tp channels

* Quark Cluster model (FSS, fss2)
* Y. Fujiwara et al., Prog. in Part. and Nucl. Phys. 58 (2007) 429

* Nijmegen model (ESCO8c)
* T. A. Rijken, Prog. of Theor. Phys. Suppl. 185 (2010) 14

= Chiral EFT (NLO)

= J. Haidenbauer et al., Nucl. Phys. A 915 (2013) 24, and private communication

Yp (0.5 < p (GeV/c) < 0.6)
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E40 EXPERIMENTAL SETUP

Two successive two-body reactions

3. Energy of proton ttering angle
2p scattering

KURAMA spectrometer
* Identification of K*
*  Momentum analysis

Detection of 2p scattering event
by CATCH detector

Momentum reconstruction

of X beam
CATCH system ,

» DN
s

Cylindrical Fiber Tracker
L .

¢ BGO calorimeter

Beamline spectrometer

*  Momentum analysis of
beam

J-PARC K1.8 b&bimline




2. beam identification

2 beam in LH, target is tagged by the magnetic

| spectrometers

CATCH
_— LH, target >-
—Be— N
| KURAMA spectrometer analysis

| Relation between m? and momentum |
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2. beam identification

CATCH

LH, target -

2 beam in LH, target is tagged by the magnetic

spectrometers
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identification
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do /dC2 of np scattering from X~ decay

np scattering ®  E40 data

. A Reference data
| | E40 np scattering from X~ decay ———  PWA (NN-Online)

ESC96 (NN-Online)

0.550-0.600 (GeV/e

149-175 (MeV)

/_
?
5\

do/dQ (mb/sr)
o

y 5 + 2
Good reaction to understand E E i
our systematics to measure T TP T T R O AP S
Y 0y 05 0 05 4 05 0 05 =
do/dQ
cosoO cos6

The derived do/dQ of np scattering are reasonable.

25



Counts
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Kinematical identification of 27p scatterings

Z_

Check kinetic energy difference between
* E, casureq : measured energy

ECGlC
based on 2 p elastic scattering kinematics

AE(Z_p) = Emeasured - ECGlC

: calculated energy from scattering angle

AE(Z p) distribution
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do /dC2 of the X7 p elastic scattering

Differential cross sections of X p scattering

N
1 T 7

~8 ’
2 .
3 [ PeA70-550 (MeVie) p,=550-650 (MeV/c)
Q | 7
£ 6| - Thiswork RO r
G - o E289 . .
E 4 i Chiral EFT ‘.‘
Saf ... ' :
T T fss2 A
I ESCO08c |
2 4 s ‘Q‘ P
| e Ay b
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o= e P il I
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0-1-*?8%-r¥'mi1#| R B R L...;.-.q.v-nﬂ-‘«,-""f“':r‘;’#ﬂ*d
)Y 05 0 05 1 05 0 05 1
coso coso

K. Miwa et al., arXiv:2104.13608 [nucl-ex]

do /dQ of the Z-p scattering shows a clear
forward peak structure.
* Large higher (p, d, ... ) wave contribution

Angular dependence of theoretical calculation
seems to be consistent with our measurement.

* fss2 (quark model) reproduces the data for

0.55<p<0.65 GeV/c
* Chiral EFT and ESCO8 are smaller than our

measurement.

This is the first accurate do/dQ2 data in higher
momentum region.

Our data can impose much stricter constraint on
theories. 7l



do/dQ of the Z-p=2 An reactions

Differential cross section of ¥'p — An scattering

~ 5 :
o — ——
Qo — «  This work
L QY -
g 4 0.45-0.55 (GeV/c) “OE_ 0.55-0.65 (GeV/c) fc’“:" il
o i simiw ss
= — B o [ ESCO8c
I [ ESC016
3 82120 (MeV) : % 120-165 (MeV)
= +
— _“,»5""'
o — 1 1 1 1 | I 1 1 1 | l | 1 1 1 I 1 1 1 1
& 1 05 0 0.5 1
coso coso

do/dQ of the £-p—=>An scattering shows a moderate forward peak in 0.45 < p (GeV /c)< 0.55.

In the 0.55 < p (GeV/c)< 0.65, do/dC2 looks flat, although the fluctuation in data is large.

* fss2 reproduces well in 0.45 < p (GeV /c)< 0.55.
* Chiral EFT also shows the reasonable angular dependence.
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Discussion

Relationship between the isospin basis and the flavor SU(3) basis

S BB channel (I) 'E or °0O °E or 'O
0 N(I =0) —= (10%)
Update AN NN( 1) (27) ——
interaction oy AN(I=1/2)  75[(8s) +3(27)]  _5[—(8a) + (10)]
Cova-1n Loea-en s +ao)
SN = 3/2) (27) (10)

>N (I=3/2) can be investigated from the Z*p channel.
* This channel will be also finalized in near future.

>~p=2An channel is pure 2N (I=1/2) channel
* It also relates with the AN-XN coupling directly.

>p is superposition of ZN (I=1/2) and ZN (1=3/2)

By combining our data, all 3 multiplets should be constrained in P-wave momentum region.

v" First constraint on LEC for Chiral EFT in p wave region
v" AN-XN coupling parameter in Nijmegen model

First step to construct realistic YN interaction by the cooperation between theories and scattering experiment.

We expect

* the AN interaction will be also updated because it consists of the same multiplets.

A hypernuclear structure should be calculated by theoretical models which reproduce our Xp scattering data

30



FUTURE PROSPECT

Proposal for an experiment at the 50-GeV PS

New project: Measurement of the differential cross section and spin observables
Ap scattering experiment at K1.1 beam line with of the Ap scattering with a polarized A beam

polarized A beam

K. Miwa(spokesperson), S. H. Hayakawa, Y. Ishikawa, K. Itabashi, K. Kamada, T. Kitaoka,
T. Morino, S. Nagao, S. N. Nakamura, F. Oura, T. Sakao, H. Tamura, H. Umetsu, S. Wada

Submitted to J-PARC 32nd PAC Tohoku University, Japan

M. Fujita, Y. Ichikawa, T. O. Yamamoto
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T Extend J-PARC Physics Capability
Our strategy at [-PARC

Go forward physics programs of S=-2 hypernuclei and
Kaonic nuclei at existing beam lines

1.2~ 1.4 GeV/c

: S=-2 physics

We need new beam lines for S=-1 physics
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Ap scattering with polarized A beam

To suppress B.G. in the A production,
we request at least 2 protons for scattering analysis
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Simulated results w/ 100M A

Differential cross section of Ap scattering
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Simulated results w/ 100M A

Spin observables in Ap scattering

Analyzing power Depolarization (D)
Left scattered event Right scattered event Change the spin polarization after the Ap scattering

Depolarization (Dyy) of Ap scattering

Analyzing power e NSCO7f
— ESC16 s
0.50-0.60 (GeV/c) xEFr13 E 1_
[ 128 (MeV) _ xEFT19 s [
. __ = Julich §0-
74— === Simulation - 1 N Slmulatlon
T 0.40-0.50 (GeV/c) T 0.50-0.60 (GeVic)
. . _1 87 (MeV) T 128(MeV)
Simulation ST T
C [ 0.60-0.70 (Gevic) ff. 6.7.o:o.aol(ele\'//c') """" 1_ -
C| 176 (MeV)
0.5 =
= = _ —— NSCo7f
0 VTR g — o —ESC1g
g o L 4 —  0.60-0.70 (GeV/c) T 0.70-0.80 (GeV/c) XEFT13
At - 176 (MeV) T 229 (MeV) — YEFT19
-0.5 —=®th 1~ T — Julich
- - = Simulation =1 - - - Simulation
1 111||11||,1|lll||,,llllllllllll - ||||1|11||1||||1|'|||||||1||||1|||||1
-1 -05 0 0.5 1 -05 0 0.5 1 -1 -0.5 0 0.5 - -05 0 0.5 1
cos6 coso

In the middle momentum range (0.5~0.7 GeV/c), 10% level accuracy can be achieved.

We believe that these new scattering data becomes important constraint to determine spin-dependent AN interaction



Summary

- BB interactions are important to understand
Generalized meson-exchange picture with (broken) SUL(3) symmetry
Role of quarks at the short range
Complicated dynamics of nuclear system with hyperon (hypernuclei, neutron star)as its basic

Interaction

« Scattering observables of Yp scattering are essential inputs for constructing realistic BB
interaction models

Now, Yp scattering experiment, which can impose a strong constraint on theoretical model, becomes
P & €Xp p 8
possible

- Systematic measurement of ¥p scattering was performed at J-PARC

By accumulating 18M £- (70M %+) beams, ~5,000 Z-p and X*p elastic scatterings were identified. This
enables us to provide do/dQ with ~10% level accuracy for fine angular pitch (dcosf=0.1)

do/dQ for -p elastic scattering for 0.45~0.8 GeV/c shows a clear forward-peaking structure due to P-
and higher wave contribution

do/dQ for T-p>An scattering for 0.45~0.8 GeV/c shows rather moderate angular distribution

- Future project to measure do/dQ and spin observables of Ap scattering w/ polarized A beam

These measurements are important to reinforce the current AN interaction for deepening hypernuclear
physics.

We hope our data become important inputs to improve theoretical models
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