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Particle and Nuclear Physics at HEF
Comprehensive research on the origin and evolution of matter and the universe
* the mystery of the matter-dominated universe, _
+ the evolution from quarks to hadrons (the smallest composite particles) ~ “82%
* neutron star as a giant atomic nucleus. Quark dominated universe
o Search for physics beyond
Intensity frontier accelerator o o the Standard Model
providing intense and variety of secondary beams o %0
K1.8BR B <20 GeVic ° 4 | A

<1.1 GeV/c
~5x10° K-/spill

Mass acquisition
mechanism of hadrons

~ 2.1 GeV/c (16 deg extraction) eo
107 KO /spill v

Quarkx 3

L L& 7 30 GeV proton N B
Nl ~1010/sp||| L
Primary protc ton =75 = = { Baryon-baryon mt;ractlon
30 GeV, 82 KW\ oAz suqqad™ =L ™ Orseee@
(Goal 100 kW)
E‘Zl“f{g 5

PP  Strange matter?

% Quark matter?
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Particle and Nuclear Physics at HEF

Comprehensive research on the origin and evolution of matter and the universe
* the mystery of the matter-dominated universe,

. . . . Big Bang
the evolution from qua_rks to haQrons (the smallest composite particles) B ¢ o matter-
* the neutron star as a giant atomic nucleus. Quark dominated universe
> . o Search for physics beyond
pu—>e conversion measurement o © the Standard Model
Search for charged lepton flavor violation o © 0 o

100 times improvement over present upper limits

Rare decay of neutral kaon

Search for CP violation beyond the standard model
The world's highest sensitivity exceeding the standard model

Mass modification of vector mesons in nuclei

Mass acquisition
mechanism of hadrons

Quarkx 3

Elucidation of the mass acquisition mechanism of hadrons Nucleon
. . . . eo Q208
Vector meson in nuclei : 10 times more precision i - Dases

Systematic study of Kaonic nuclei
Study of exotic hadron bound system including K

Mass number dependence of kaonic nuclei :5::,‘ . ’S'E-O
Spectroscopy of S=-1, -2 hypernuclei S

Elucidation of the appearance mechanism
of E, A hyperons in dense matter

Excellent mass resolution of 2 MeV for E hypernuclei

RS Strange matter?

“sis s Quark matter?



Hypernuclear physics

Baryon-Baryon interaction Study of light A, = hypernuclei Spectroscopy of heavy hypernuclei

= hypenrnuclei  Nuclear char in S=-2 sector
N
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Nuclear char in S=—1 sector

(-, K9), (e,e’K+)
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Density dependent AN int., ANN int.

Neutron star




Progress of theory & experiment of BB int. study

Theoretical progress

Hyperon-Nucleon int. w/ chiral effective field theory
(J. Haidenbauer et al.)
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two-body three-body - T p—An regction strangeness sector
force force [ :
4 ® E40 data ] 125
- I i — | ta=11
o Xt - chital EFT calg. ; .
-------------------------- 3S-  — NNLO /i 75 |  ya=13

50

do/dQ (mb/sr)

N
T T
|

__________
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L S

XX ps = 500 MeV/c

10 05 00 05 1.0 i
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Improving accuracy w/ our new data

2.0 25 3.0

1.5
rffm]

ALICE Collaboration,
Phys. Lett. B 833
(2022) 137272

Experimental progress BB interaction by femtoscopy

Ve = J S(r) |q'(k_*’,F’)|2d3r*

Fix source size(S(r*)) 2
Study interaction from wave function (¥ (k*, 7))
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Hyperon potential by Lattice QCD
BB interaction at almost physical point for multi-

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

Particle correlation
between A and p

-~ 2 T | B L
< E a) ALICEpp \s =13 TeV ;
2 18 high-mult. (0-0.17% INEL>0)
I 8 p-A ® p-A pairs ’
1.6[a Fit NLO19 (600) 7
[ ¢ — Residual p-X% yEFT
Lar | Residual p-= ® p-=° ]
L & — Cubic baseline

300 400
k* (MeV/c)

200
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>.p scattering experiment at J-PARC (E40)

3. Energy of proton P CATCH system

Cylindrical Fiber Tracker

i

BGO calorimeter

K+

2. Scattering angle

0 N

Zp scattering

2 production

mentum of 2

TR T

Liquid H, target

Many X hyperons are produced in LH, target

> are tagged by n*p->K*X reaction

e Y beam:17 M
e Ytbeam:~65M

Secondary Xp scattering events are detected
by surrounding detectors

« Xp elastic scattering
e Xp->An reaction
« 2*p elastic scattering
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Systematic measurements of Xp do/dQ

First accurate and systematic measurements of differential cross sections of X-proton channels

>-p elastic scattering (0.47 < p (GeV/c) < 0.85)

~8 .
E L < L ]
» | p2=470-550 (MeV/c) I p2=550-650 (MeV/c) ‘
Q | SR g
E 6 | ° Thiswork JOR— v
o [ |° ez S
T f Chiral EFT +
S 4r | . 1es2 ¢ A1 -
- | Escosc + - | s il ‘F R
2 — ‘o".‘é_:-m- F@‘ gavi T L i

>-p—~2>An reaction (0.47 < p (GeV/c) < 0.65)

Differential cross section of Zp — An reaction

(3,

do/dQ (mb/sr)
=Y

(a) 470-550 (MeV/c) (b) 550-650 (MeV/c)

. This work
Chiral EFT NLO13 (cutoff 600 MeV) !
Chiral EFT NLO19 (cutoff 600 MeV) NG
- - = fss2 :

ESCO016
"""" NSC97f
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B4+ _¥ ¢
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T o
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K. Miwa et al., PRC 104, 045204 (2021)

K. Miwa et al., PRL 128, 072501 (2022)

Quark model (fss2) and chiral EFT seem to be rather consistent with data,
whereas Nijmegen (ESC) models is inconsistent at the forward angles.



do/dQ [mb/sr]

do/dQ [mb/sr]

E40 data : much smaller than fss2 prediction and E289 results

do/dQ of Z*p elastic scattering

T. Nanamura et al., Prog. Theor. Exp. Phys. 2022 093D01

fss2

NSCO7f

xEFT NLO13 (cutoff 600MeV)
xEFT NLO19 (cutoff 600MeV)
ESCO08 (0.55 GeV/c)

E289 data (0.35<p(GeV/c)<0.75)
E251 data (0.3<p(GeV/c)<0.6)
present work

0.65 < p (GeV/c) < 0.80 "
o
R
A
'0” O‘;
'o’ ‘\!" l—
Pt i
''''''''''''''' "':‘“‘ _.—‘—"
gAY
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217-0.8-0.6-04-02 0 0.2 0.4 0.6 08 -1 -0.8-0.6-04-02 0 0.2 04 0.6 0.8 1
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Pauli Forbidden !
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First experimental derivation of phase shift of 3S;

955, [degree]

D & N R

= -=- A 33510
C —— B 63S1<0
o + B 335150
- NSCQ?f —o— C 33S1<0
U e C 535150
0if""ESC16
= —— NSC97{
(1] o fss2—
OF e = = X
oF e T s ESC16
- 6(381) .......................
o T
0‘_ fSSZ ''''
I PEPITE IR I SIS IS I I BT B
0O 01 02 03 04 05 06 0.7 08 09 1

>* momentum [GeV/c]

Derived phase shift suggests that the 3S, interaction is moderately repulsive.
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do/dQ of Z*p elastic scattering

T. Nanamura et al., Prog. Theor. Exp. Phys. 2022 093D01 _ . _
N Comparison with HAL QCD XN potential
iz FSS
E fss2 10
B NSC97f D ttg=11 —e—
3 xEFT NLO13 (cutoff 600MeV) : g | =10 ——
...... D i, H1QT09
xEFT NLO19 (cutoff 600MeV) 0 | t4,=08 .
ESC08 (0.55 GeV/c) | f |
E289 data (0.35<p(GeV/c)<0.75) Tteed L1 LI L. R S " + ___________ 40 datg
E251 data (0.3<p(GeV/c)<0.6) |
present work '
% (c) 0.65 < p (GeV/c) < 0.80 ',1'
E ’ :
4:. L= e e o 40 b — e — S— 2R } }} } } 4
21'-“;"":‘"""'@ L i B L 8(°S4-°D4;2Gauss1Yukawa2Tensor) |
I Iif R et 2 S %0 0 20 40 60 80 100 120 140
0108060402 0 02 04 06 0.8 —1 -08-06-04-02 0 02 04 06 0.8 1 Ecy (MeV)
COSBCM

COSBCM

E40 data : much smaller than fss2 prediction and E289 resuits H. Nemura et al., EPJ Web of Conf, 175, 05030 (2018)

Derived phase shift suggest that the 3S, interaction is moderately repulsive.



New Xp scattering data and progress of Chiral EFT

i i Difficulty at higher
Development of Chiral EFT at NNLO have got started with E40 data momentum
5\\H\HH\HH\.HH 87\w“\““\““\““| 87\www\““\““\“ ™ 2+p->2+p
3"p—An reaction - 7p elastic scattering | - >*p elastic scattering ,,': o
i ] van i van i 3
4; . E40 data ; E ,'E E NL819 (reﬁtted) ,’E 7:_ plab=600 MeV/c ‘;
r 8 L .,.1: =~ NL i r |
- chiral EFT calc. o B " — NNLO |
L __NLO + fl &b il _ s~ NNLO-A i
%3 — % i I % | !
g NNLO g gl 3 Py = 500 MeV/c !
E ¢ E L P =500MeVic i1  Eg4r
ST ST o S
3t S 3
'8 27 '8 3: o 'cb: 3F
S v = 2 . 2 """""
1 I I -
P, = 500 MeV/c 1 R 1; ————————— o E
07””\””\””\””7 b L e b ] 0: I R R
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 Q] 0 -05 0.0 0.5 1.0
cos 0 cos 0 cos 6 cos 6
K. Miwa et al., K. Miwa et al.,
PRL 128, 072501 (2022) PRC 104, 045204 (2021)  T-Nanamura etal., PTEP 2022 093D01 J. Haidenbauer et al

Eur.Phys.J.A 59 (2023) 3

But, the interactions are not uniquely determined yet.
We need more data from additional channels (Ap, ...) and additional differential observables (polarizations, ...)
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Hype rtriton pUZZIG Heavy ion experimental results settle down ? |

Theoretical predictions Theoretical predictions
----NPB47 (1972) 109-137 — PRC77 (2008) 027001 = = Nuo. Cim. 46 (1966) 786 =+++ Nuo. Cim. 51 (1979) 180-186
—wcmios s A b LT
R IHAH PR 136 (1964)B1803| —@———— 4w 1 0
; I:_._ % ik T _LJ | Batioglio talk at EMMI Workshop 2023
H PRL 20 (1968) 819 P
B ” Q/demeron PR 180 (1969) 1307 | 4 o B
L| A NPB 16 (1970) 46 | —— : |
- W B PR 1 (1970) 66 o | HADES : Ag+Ag Vs=2.55 GeV
——— || PRD1 (1970) NPBG7(1973)269_ —‘l&,— i t=256+22+36 pS
~ : I m STAR, Science 328 (2010) 58| ‘EE"—IL* ; | (M. Lorentz talk at EMMI Workshop 2023)
o | | NPB52 (1973) 1 HypHi, NPA 913 (2013) 170 | E'El: : i
B 1 | ALICE, PLB 754 (2016) 360 | aE—I' ,_A e o WASA-FRS : 6Lj+12C 2 GeV/A
== STAR,Nat. Phys 16202 = (010 0908 Nt - 1, B, :under analysis
| | ALICE, PLB 797 (2019) 134905 : 44’3'*
B || N STAR, PRL 128 (2021)202301_ a%jl B
@ | e bkl ALICE, Pb-Pb 5.02 TeV B ! I:'l] h
: el au o INNGOSI G ey 0 1y o
0405 0 'O‘g 04 08" 0 100 200 300 400 500
. 2 0.4 0. el
B, (MeV) H lifetime (ps)
B, measurement Lifetime measurement by direct time measurement
« MAMI : decay pion spectroscopy « ELPH : 3He(y, K*) reaction
« JLab : 3He (e, €’K*) missing mass spectroscopy « J-PARC E73 : 3He (K-, n%) reaction

* J-PARC EO7 : hyperfragment at K- interaction on emulsion



time measurement between

Lifetime measurement by direct | %
production and decay

E73 has stated data taking of 3,H run

3,H production was confirmed
from the decay 7—’s momentum

273kW*Day executed in May, 2021

T

3He 3AH Y

K *»&H ~
WP

e

~114 MeV/c

-

Pilot run for 4,H lifetime measurement was successful

Counts / 2 MeV

4005

350

300F
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200F
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100
50

T PR

R A, T

206 = 8(stat.) = 12(sys.) ps

g ——Data £ :— E
E e quasi-free A - :
2 0 B o
o oo 2 /ndf = 26.8/28
2 - 2
.-« Background Sum "07 Sl E
ok, C
2 2 60 =
= C
> &
= B 40 2
= 20 =
e ; ik E & A -
AT ,‘J\%ZHMW. bl L7 o P e | __-:'fl' s 0 E :LT'_ st sy 2t Vi B R o s Sy S e ) :’T,H_F
2025 202 2.15 01 005 L= 0 0.5 1 =

Charge x Momentum (GeV/c)

Timing (ns)

T. Akaishi et al., PLB 845 (2023) 138128

counts/2MeV/c

K +°He 2 H-+1’

slows down and
decays at rest

"H - He'l =

‘H*H+p+a"

450—

400

350—-

300

250

200

150

100

ution

nl 5 SR L feasoneseiee i

-0.25 -0.2 -0.15 -0.1 -0.05
pion momentum * pion charge[GeV/c]
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H dibaryon (SU(3) flavor singlet hexaquark state)

.
Theoretical progress on S=-2 syste -] S
200 T T T A 0
H-dibaryon My = 2380 MeV o
] §’50'
2 | %am
= "'If Attractive color- _ 01
“|l magnetic interaction Mz = 2260 MeV 201 == ta=11
e ta=13
- 1I-Rlet, ‘15‘0 IIII D;ﬁ’n(glgi Map = 2230 MeV 03 10 20 30 40 50
1400o.o 1.0 [2;1 ] 3.0 40 E cM [ MeV ]
- Definitive experimental confirmation is awaited
< 500 ' P
§4OOE | Simulation 1
. . . ) B ]
Search for H-dibaryon via 2C(K-, K*) reaction : E42 = g
' = 3 300 |- k
* Invariant mass measurement of AA and = p system £t -1 My ;
: 3 200 Oam = V1€ -
with HypTPC R B, 6200 A\ events :
» High resolution and high statistics measurement is O i .
realized Y 23 235

IM (AA) (GeV/c?)



TPC <dE/dx> (a.u.)

10?

Progress on analysis of HypTPC

19

Development of track finding algorithm using Hough transformation

Hough Space in YZ (6. 1)
r=zcosé@+ysind

"o R
sl oty o

ol A T U0 120 1 |

1
-p/z (GeVl/c)

10"

100 150 200 25

Ol deg. ] Z[mm]
Invariant mass reconstruction by HypTPC
(/\‘;: :"I"‘]"‘l"'l"‘I"‘\"'I‘": @2400:_""N""I""|"" _;
S 6000 - 1= 2200 =
L : 1 Q2000 -
O 5000 [ 19 e b E
o C ] o o 3
=3 : 1 S 1600 - E
> 4000 . 4 : ]
8 N <o 1400 =
= - 1 1200 E E
£ 3000 |- 1 =a ] 5
g - S 1000 - =
= E 12 800 F =
O 2000 |- - : ]
: ] © 600 =
: 1000 |- ‘ = 400 [ E
1‘ 1 1 1“1‘ 1/‘1' g 7 200 - -
p ) J S PSRN 2 B B PR e = = 0:‘...\...‘1.1.11..“1“,.:
p/z [GeVic] 1.04 1.06 1.08 1.1 1.12 1.141.16 1.18 1.2 1.2 1.25 13 1.35 1.4 1.45

M, (GeV/c?) - M, (GeV/c2)



Observation of an exotic hadron bound system including K- meson

Strong attractive interaction between Kbar and N - Exotic hadronic system with Kbar meson
New development of detailed systematic investigation of novel nuclei containing K-mesons

4 N\ « Mass dependence of Kbar-nucleon system from K-p to K-ppnn
« Aiming to clarify the origin of QCD mass and the mysteries of
w “ high-density nuclear matter by measuring changes in the
properties of K-mesons in nuclear matter.
Kp Kpp K'ppn K'ppnn
k j 00— 7 1 71
i 0.3 <q, <0.6 GeV/c
E15 at K1.8BR @80_ mg + 2my, ]
Clear observation of N |
K-pp system = ol P\« KNN — Ap 1
= E
c .
~ KNN3 .
§<40— g - The peak position is below the Mgy
% : } =>» We interpreted it as KNN signal.
=20/ m | -
I BE =42 £ 3 (stat.) 3 (syst.) MeV
0

e T, | I' =100 7 (stat.) +1° (syst.) MeV

2 22 24
my (G@V/Cz) * obtained as peak position & width of simple Breit-Wigner



Observation of an exotic hadron bound system including K- meson

Strong attractive interaction between Kbar and N - Exotic hadronic system with Kbar meson
New development of detailed systematic investigation of novel nuclei containing K-mesons

;omo_@

USSP SRR K'ppn K'ppnn K-p and K°n mass thresholds

J-PARC E31 @ K1.8BR

» First derivation of S-wave KbarN scattering
amplitude in I=0 channel from 3 X decay modes.

« Mass dependence of Kbar-nucleon system from K-p to K-ppnn

« Aiming to clarify the origin of QCD mass and the mysteries of
high-density nuclear matter by measuring changes in the
properties of K-mesons in nuclear matter.

N
o c

—_
(6]
|

d*o/ dM,sdQ,,
[ub/MeVsr]
o
F..s [arbitrary]

5 |
0 -
E 2 Scattering amplitude of I=0
? ; . --= |maginary
Resonance pole was found at o§ 1 - — real
1417.7+69 *11 4 [-26.1760 *17]i MeV/c? S R N |

S. Aikawa et al., Phys. Lett. B 837 (2023) 137637 1350 1400 1450 1500
. Alkawa et al., Phys. Lett. ( ) 3 Mass [MeV/CZ]



Observation of an exotic hadron bound system including K- meson

Strong attractive interaction between Kbar and N - Exotic hadronic system with Kbar meson

New development of detailed systematic investigation of novel nuclei containing K-mesons

wﬁ@@

Kppn K'ppnn

« Mass dependence of Kbar-nucleon system from K-p to K-ppnn

« Aiming to clarify the origin of QCD mass and the mysteries of
high-density nuclear matter by measuring changes in the
properties of K-mesons in nuclear matter.

K'p

by T. Hashlmoto @ HYP2022
T T .

o + IM(Kppn)

J-PARC T77 @ K1.8BR

N
o
TTTT

'Pﬁ'@ﬂﬁlﬁﬁ?ﬁ@é}lfy—
| 0.3 <q, < 0.6 GeV/c

w
[4))]
TTTTT

w
o

Invariant mass of Ad system
shows enhancement below

the Kppn threshold.

N
o

Counts / 30 MeV/c?
lallll llllallll LU

= « Experimental measurement of internal quantum numbers
such as spin parity to establish a novel atomic nucleus

m,q (GeV/, p
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Topics with S=-2 hypernuclel

Performed experiment
Future experiment

s-shell AA hypernuclei
« 5,,H : Possible lightest AA hypernucleus (E75)

* A=6~17 AA hypernuclei

Energy Spectrum of S=-2 systems

\ E Hypernuclei
(A-1 )g.s.®PE

L Azape
| <28 MeV Bz

[II]
Z
5
—+
()
=
Q)
(@)
=
O
>
i C.)O"O

- R
' = 7 Ul B8 « Confirmation of AA interaction and nuclear structure effect such as
D shrinkage due to A (E07)

BA (O-» :
¥ Alzo)A / * = hypernuclei
B 5
7 (A-2,s®5,Py  E=N-AA Coupling « Emulsion (E07) & spectroscopy (E70)
e Mixing of 3 - 8%7? ] ] ]
22 : / » =N interaction with X-ray from =-atoms (E03, E07)

(A‘2)g.s.®SA

'

« =N interaction at nuclear surface

Double-A Hypernuclei . .
* AA p-wave interaction

» excited AA hypernuclear state with one A hyperon in p-orbit
« Direct production of AA hypernuclei via (K-, K*) reaction (E70 ?)

» Search for H-dibaryon state (E42)
« Sharp resonance just below EN threshold is predicted by LQCD

A-A Interaction

Weak Decay




Double A hypernuclei at J-PARC and KEK

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

Nuclide By [MeV]
an%Be  15.05 +- 0.11
a'Be  19.07 +- 0.11
an?Be  13.68 +- 0.11

Where, Bz- = 0.23 MeV

10 um

%0+ 87 - (\%Be, LLBe, JABe)+*He + (¢, d, p),
> f\He + (p,d,t) +p + xn,

<> *He +p+m .
1, ,Be is the most kinematically plausible
(in the assumption of capture on atomic 3D state)

> Bya (ABys) = 19.07 + 0.11 (1.87 + 0.37) MeV

The value of AB,, seems to be inconsistent with that of the NAGARA event

. (MeV)

B, B

Mass number dependence for B,

25
B 13
i AAB %
, E176
20—
u o
_ @
L Y ,
L Q 10p, .~ ,
157 bo\} AAB? ?  Demachi-Yanagi-”
0
- 10Be*
10—
5__ Nagara
O_I L1 I L | | |1 | I I - I 1 1 | L1l | |-
0 2 £ 6 8 10 12 14

16

Mass number A



= hypernuclel

Confirm the attractive Z-nuclear potential from observation of = hypernuclei in emulsion

25

= atom

E nucleus

~——

Nuclear s state ?

p state

T s state @

Energy

A

:@ distance

T MeV Coulomb potential

~6 MeV
Kiso event
I '\
X nuclear potential 0,Be

-

Irrawadi event

N

\_ PTEP. 2021, 073D02 Yy,

™ Auger

electron

K. Nakazawa et al.,
PTEP. 2015, 033D02

Measure the mass of = nuclei produced by
absorption of Z- into “N nucleus in emulsion.

Two different energy levels
« BE ~1 MeV (p state)
« BE ~6 MeV (s state)

Nuclear p state

|Ibuki event
5 AHe A% #
Fete TN PHYSICAL ™.
Review ¢ 5 He
. \ . LETTERS . A
PR '

"S.H. Hayakawa et al.,
PRL, 126, 062501 (2021)



= hypernuclel

Confirm the attractive Z-nuclear potential from observation of = hypernuclei in emulsion

Measure the mass of = nuclei produced by

= atom =nergy absorption of Z- into 4N nucleus in emulsion.
m distance .
_ | :@ Two different energy levels
R @Mb wtenial + BE ~1 MeV (p state)
staie
P « BE ~6 MeV (s state)
s state @ -6 MeV Nuclear p state
Kiso event '
- Ibukl event
Nuclear s state ? X nuclear potential 0, Be >,He N k4
4 5 =- PHYSICAL ™.
] L P / _ Review ¢ 5 He
( Irrawadi event W #6\"‘#&\@7— N 7, A

Observation of deeply bounded = state is big surprise

= atomic X-ray measurement plays essential role in determining
 the probability of arriving at each nuclear state and Hoydkawastal,
« Z=A potential around nuclear surface. o

¥ M. Yoshimoto et al.,
PTEP. 2021, 073D02




peak significance  counts/ keV

counts/ keV

peak significance
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First attempt to measure = Atomic X-ray in EO7

=-Ag/Br atomic X rays in emulsion

Triple-coincidence hybrid method
1. = production by spectrometers /
2. E stop ID by emulsion

3. X-ray measurement with Ge detectors Diamond
target
X-ray peaks were not observed due to lower emulsion and "'-— | emulsion
Ge detector efficiencies than expected
Br (8J>71) Ag (9K>8J) Br (7I26H)  Ag (8J>7I) K+ 0 10 20 cm
206 keV 255 keV 316 keV 370 keV
100 150 200 250 300 aso energy [keV] 44 ;
S O Eo— - E— T o 1 o-stop p-stop with Auger electron
T o }IJ\_HL,‘ e [ - "p-stop with Auger clectron” | (Nuclear fragment from =- stop) (Absorption by heavy elements)
T lnt F"]ﬂ' a1 PlJ‘ILn[lnHPLI”Hn”' f |
35 -c"_
2;_ .................................................................................................................................................................. -
B T L L Y T T T L A A R LT I L e
Oif\ ._.MAD [\/J\ f\l ~ /\h\ /\ ﬂ[\ [\./\ i r\/\/\
100 150 200 250 300 350 E,.. [keV] 400

300 350 energy [keV] 44

(©) "G-StOp without short prong" + -
"p-stop with Auger electron"

Auger electron

0

3=

= = |
2__ .................................................................................................................................................................. =- i
= o {
= - S5

T T T I ¥ A PET TP ONE DITTTTO T AT | PR

oi_/\ A I\A/\ /\/\ /\ o N ]\AA/\/\/\A/\ D AA/\ -

100 350 E,,,, [keV] 400
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Fe atomic X-ray (E03)

> : ¢ 1.3 < Missing mass < 11.4 GeV/c?
1 e 220;_ Prellmmary ]| ?8?5?22553’“‘2”)
Tvg' n=7 ’:, -g f:g ? >>Mn 126 keV [ —> l o Energy resolution ~ 2 keV (FWHM) for 307 keV

> = , I |o Energy calib. accuracy ~ 0.3 keV
; /( w3 \
g ™ T 140— — ~{ 110 kev 172y
E Nuclear absorption __——_ 120 ;— n 6->5:
::: w/O st. int //,’_—‘_._ __;:.I‘_\J 1005_ — B S ' u | WWUMMMW%J‘U 284 keV/

IEnergyshift T V) / 80— JW‘ . H”JLM
7/ a4 -
n=5 |'/ (@ / 60— J\N\Mﬁﬂ ! : . Ww
\ N 40 5 '
Nuclear absorption — = :
> 20:_ . ‘ :
|(Orbita| angular momentum) 00: L1 a1 5I0 T N 1(|)0 [ R B 1!_)0 I I R 2(|)o L 25|0 I N B 300
. . Energy [keV]
n=7—6 : X-ray energy = 172 keV « small shift/width
n=6—5: X-ray energy = “286 keV <« finite shift/width due to =N interaction zlroe (;:)euar: dp::\l;rs;;:::l:ures
expected shift ~ 4keV, width(I') ~ 4keV
@ BG level is consistent with our expectation
GOOD!
X ray yields are found to be smaller than expectation? Future measurement

sanr  — Good S/N measurement may have advantage w/ = stop identification

than high statistics measurement. using active target
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E70 experiment with S-2S spectrometer

Construction of S-2S has been completed!

Aerogel 12_Be spectroscopy by ?C (K-, K*) reaction
Cherenkov

[Counts / 1.0 MeV]
NI N
S W O W

ro
c

o
h
HIIITTH'II|IIIITTTITTT|HIIITHTIIIIII”TTTT

Water
Cherenkov

h

10

u‘ -

Drift
Chambers

Missing Mass resolution 2 MeV (FWHM)

2 = 55x107* (FWHM)

2024 Spring : Commissioning with beam
K- 2024 Winter : Physics run

1.8 GeV/c



E70 experiment W|th S- 28 spectrometer

Construction of S-2S has been comp|GESEELIEIZEN =" i ] o

Aerogel
Cherenkov

Water

We thank support by

Cherenkov » J-PARC staff
TOF Rl s + Collaborators
. Active Fiber Target
Drift - for energy loss correction
Chambers H-_hypernucleus &
<> Decay % S
A?p = 5.5x10~* (FWHM) k.9

2024 Spring : Commissioning with beam K'
2024 Winter : Physics run 1.8 (

30
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12C X-ray measurement with AFT

Construction of S-2S has been completed!

Aerogel

Cherenkov In E03, we found that X ray yields is smaller than expectation.
— Good S/N measurement may have advantage

than high statistics measurement.

=- stop ID w/ Active Fiber Target
95% background reduction! (w/ 70% survival ratio)

We have chance to take X-ray data
in parallel with E70 (E hypernuclear spectroscopy w/ S-2S
physics data-taking

— 8U
E :
% 3 K:\ Stop point
a0l
20:‘ e o0 BGO counter — Beam

ob- Ge crystal H H

T~ AFT
0 10 20cm

Water
Cherenkov

-20 .-_

—40-
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Hadron Experimental Facility @Xtension (HEF EX) PrOJECt

Present HEF exPand research PEOGTNTES ‘ Extended HEF r
(2009~) at the Hadron Experimental Facility >

to further explore )
Origin & Evolution of Matter 2N

¢ High-p (11:20) - ha“

" gt | COMET
o© e

1 production target (T1)
1 secondary-charged beamline (K1.8/K1.SBRM/X

1 neutral beamline (KL) + 1 new production target (T2)
1 primary beamline (High-p) <+ 4 new beamlines (HIHR, K1.1/K1.1BR, KL2, K10)

1 muon beamline (COMET) 4+ 2 updated beamlines (High-p (720), Test-BL)



Extract density dependent AN'interaction

- Ultra-high-resolution A hypernuclear

spectroscopy
* intense dispersion matched © beam

- Systematic AN scattering measurement

* intense polarized A beam

Investigate diquarks in baryons )

0.0 High-resolution charm baryon spectroscopy
(20) * intense high-momentum 7t beam

E High-resolution multi-strange baryon
spectroscopy

X * intense high-momentum separated K beam

Most sensitive K? — %YV measurement
* intense neutral K beam

Y —«) <
Search for new physics beyond the SM ’

Expanded Research i

Programs
at the Extended Facility

3




From Quarks to Neutron stars

towards unified understanding of strongly interacting systems over 10%° scale difference

Hadron Physics

proton quark x3

80 -Que.

‘.Q ‘9 Quarks
—

Time

BE2Za2zoizasn - P
o B2 i ;
LatticeQCD | i |
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Strangeness physics

~  Neutron matter?
Neutron star ©

L

.

n

s

Hyperon matter?

p ™
= hd

Q

S0 n /

- B

Quark matter?

)

-
J

IPPIro

(
HE —--—- SFHO(N+
s2cc
S2GC
DMC
10




Strangeness Nuclear Physics: Hyperon in Dense Environment

Why can heavy neutron stars exist?
» Hyperons (A, Z, ...) emerge in dense neutron star matter?

ANN 3 Baryon Force is a key

Low Hi’sity
/|

T T T T
symmetric nuclear matter

L A @ /heavy A-hypernuclei:\
' A binding energies (B,)
- density dependent
AN interaction
- We need precise

@6 \ measurements /

0 1 2 3 4
p/py

We need to determine

a tiny fraction of 3 Baryon Force effects
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Strangeness Nuclear Physics: Hyperon in Dense Environment

Why can heavy neutron stars exist?
» Hyperons (A, Z, ...) emerge in dense neutron star matter?

ANN 3 Baryon Force is a key

Low Hi-rsity

T T T
symmetric nuclear matter

- Past measurement @ KEK-PS §
b 208 ph AE~22MeV  n, +++++

/heavy A hypernudEi\% o ;*No sufficient resolution

A binding energies (B,) ‘
- density dependent

1 @Q AN interaction

- We need precise

G O @ \ measurements /
o (T J 5,5 & 3
We need to determine .

a tiny fraction of 3 Baryon Force effects

300 D- Gerstung et al., Eur.
Phys. J. A(2020) 56:175

High density

Low density
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Strangeness Nuclear Physics: Hyperon in Dense Environment

Need separation of each A orbital state

Counts /0.1 MeV

6000

5000

4000

3000

2000

1000

Why can heavy neutron stars exist?
» Hyperons (A, Z, ...) emerge in dense neutron star matter?

ITIIIIIIIIIIIIlflTlllll]llll]

Simulation
208Pb HIHR
AE = 0.4 MeV

High density

In

hA

s

333 thck Sl 333 333 303

I Past measurement @ KEK-PS
) 208 ply  AE~2.2 MeV S

o

S

Low density

10

proton

A

eutron

Low density
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Strangeness Nuclear Physics: Hyperon in Dense Environment

Why can heavy neutron stars exist?
» Hyperons (A, 5, ...) emerge in dense neutron star matter?

Ultra-high-resolution A-hyp. spectroscopy HIHR beam line (High-Intensity High-Resolution)

Counts /0.1 MeV

6000 [ First dispersion-matching beam line in GeV energy
I Simulation N
5000 208pb HIHR 9 - B g
= 0— I oo ood
- AE = 0.4 MeV L
4000 [ -
E fr ~2000 —
3000 [ - for beam
B ~4000 —
: d, n . .
2000 [ oo Ul W Q, S magnets for dispersive
: : H\ . . ‘ ]
£000i m 3 .“b condition [
- 1 . F < Ap/p 10'\{ 4} Achromatic Focus point

10-100%,500" “s000 0 75000 710000 48000 20000

* No need for beam tracking
@weutron * Intense © beam of > 102 /pulse
roton . . .
® Break through the resolution limit:

High densit Low densit
J ./ y ~2.2 MeV - better than ~0.4 MeV (FWHM)

up to 2 GeV/c



Strangeness Nuclear Physics: Hyperon in Dense Environment

Why can heavy neutron stars exist?
» Hyperons (A, =, ..

6000

.) emerge in dense neutron star matter?

Ultra-high-resolution A-hyp. spectroscopy HIHR beam line (High-Intensity High-Resolution)

Counts /0.1 MeV

First dispersion-matching beam line in GeV energy

Simulation

5000 208Pb HIHR

In

Z) 1) TI'"I”I]WITF

0 C\_‘:x/"”’ i ——
AE = 0.4 MeV °
4000 - . very precise
) | A-binding energies @ HIHR
2000 F

&
2-body AN interaction @ K1.1

or beam

for dispersive

Achromatic Focus point

/ .

-

DenS|ty dependent AN interaction

N Bl ~ 7% RSt T R

N1 enseo 70 Noaryy (W o 111 /N

High density ow density

715000 20000

up to 2 GeV/c

10000

- new understandlng of neutron star matter on limit:
~2.2 MeV =2 better than ~0.4 MeV (FWHM)



Summary

« J-PARC is a powerful accelerator facility for particle and nuclear physics.
* Alot of hadron and strangeness nuclear physics programs

* Recent highlights
» Accurate measurement of Xp scattering cross sections
« Clear observation of kaonic nuclear system
» Systematic compiling of double A hypernuclei from KEK to J-PARC
» Clear identification of Z hypernucler states

* Near future programs
« Lifetime measurement of 3,H
» = hypernuclear spectroscopy with S-2S spectrometer and = atomic X-ray measurement.

 Facility upgrade
« Hadron extension project is under consideration

 Ultra high-resolution hypernuclear spectroscopy with dispersion matching method at
HIHR.



