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1. Introduction



Motivation: Strangeness makes nuclear physics
deeper and wider

BB interactions

Unified understanding of BB forces by u,d ->u,d,s g~
Short-range forces by quark pictures *
Test lattice QCD calculations

Impurity effect Behavior and
@@ in nuclear structure properties of baryons
Changes of size, In nuclei tea 1
‘ deformation, clustering. Baryon mixing ©®m ‘
Nuclear structure study using 3-body forces
hyperons Modification of baryons
-

Clues to understand Cold and dense ..
hadrons and nuclei nuclear matter

from quarks




“Hyperon puzzle” in neutron stars

B Hyperons (A at least) should appear at p ~ 2-3 p,
EOQS’s with hyperons or kaons too soft =>cannot support M > 1.5 M,

m H

Mo

NS mass

vy NS’s (~2.0 M, ) were observed.
% => Unknown repulsion at high p

’ M Strong repulsion in three-body force
\\ including hyperons,

2.5

2.0

Ignore hyperons NNN, YNN, YYN, YYY ?

MSO0

MPA1 ] ) ) )

EN’:s PAL1 Chiral EFT is successful in NNN force.

R ms2 Extension to include hyperons requires

TRM3 N\t high quality YN scattering data.

J1903+03%7 FSU

1.5} J1909-37

SQM1

—— PAL_S\ i — \ \ /!l m phase transition to quark matter ?
(quark star or hybrid star)

We need to know YN, YY,
Ke'N interactions
Quark matter both in free space and

0.0
7

8 o Y P R in nuclear medium

NS radius (km)



Are all hyperons bound in nuclei?

250

Hotchi et al., PRC 64 (2001) 044302

¢/ A 40 A hypernuclei from 3,H to 298, Pb  with |
~80 excited states have been
experimentally produced.

U, = -30 MeV (c.f. Uy =-50 MeV)
-> Should appear p ~ 2-3 p, in neutron stars
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Counts / 0.25MeV

o
(=]
T

KEK E369 E(SKS) fAE QA
AE = 1.64 MeV (FWHM) Wl
L i,clA, J‘I‘LE[LM"JN
89,y ﬂ W
PA i

Jud

X2 No bound systems observed
(one exception: 4;He)
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B, (MeV)

Noumi et al., PRL 87(2002) 072301

I taround binding

BT I N T

£ Si 0,=6+2°

threshold region

4t

— (X #/ooF = 33.6/56)

#£=0.95

Potential looks strongly repulsive. <
U ~ +30 MeV
-> Does not appear in neutron stars E‘ Z:‘
How strong is the repulsion? Bafe
>N scattering experiment necessary 5o
T
? B No definite data exists °

il b b b L
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Comparison of hypernuclear production methods

K*/=n* beams (from protons) : (K-,n7), (7*,K*) | cERN-PS, BNL-AGS,
Secondary/weak beams ; thick targets KEK-PS, J-PARC

-> Limited resolution in reaction spectroscopy
Large cross section -> Less background, relatively large yield
n =>A : energy calibration difficult
=> Coincidence experiments of A hyp. (y-ray, weak decays)

S= -2 systems by (K-,K*) DA®NE

Electron (photon) beams: (e,e’KY) Jlab, MAMI

Primary/strong beams; thin target -> Excellent resolution
p =>A . precise energy calibration
Less yield, accidental background

=> High resolution A hyp. spectroscopy, Precise mass determination

HI beams
Indirect reaction, ID from weak decay via invariant mass GSI
-> Various hypernuclear species, Combinatorial background
=> Lifetime, Magnetic moment, Exotic hypernuclei LHC, RHIC
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2. S=-1systems

y-ray spectroscopy of
A hypernuclel



Hypernuclear y-ray data (2015)
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Hypernuclear y-ray data (2015)
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AN spin-dependent |

A

[=)

nteraction strengths determined:

Sy

eff - = - T -
Van = Vop(r) + Vo(r) sysy + V(r) Liys, + W(r) Liysy + Vp(r) Sp;

Sy

A=0.33 (A>10), 0.42 (A<10), S, =-0.01, S, =-0.4, T=0.03 MeV

* Almost all these p-shell levels are reproduced
by this parameter set. (D.J. Millener)

* Feedback to BB interaction models. Nijmegen ESC08 model is
almost OK. (But AN-XN force is not well studied yet.)
=> go to s-shell and sd-shell

-
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AZ (K™, ) AZ*

—Z+y

B Tag production of hypernuclei

B Detect y-rays from hypernuclei

Iron block — A ™~ «
TOF

SDC3.,4

| h
Hyperball-J
Ge
liquid He [ . - [
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magnet
I
. _}
>
K BH2,) /) Target o || n
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BAC2 } H :| SACT [
pulse-tube 1
cooler
20cm
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“Hyperball-J*
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SKS magnet
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K1.8 Beamline
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J-PARC E13 Setup oo spectrometer
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Counts / 0.5 MeV

Result

x10°
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Charge Symmetry Breaking in A=4 hypernuclei

"H+A 0 *He + A
A. Esser et al., T.0O. Yamamoto et al., 3H SHe
PRL 114 (2015) 12501 PRL 115 (2015) 222501
17 0.95£0.04 | 0.98+0.03 |+
gt & " Lzt
s BT LOO902 Ey=1.406
+0.002 / 3 He
+0.002
Bedjidian et al. " [J-PARC]
PLB 83 (1979) 252
etc. —— 2.04%0.04
= 1[2; :,3: ]io o \ ¥ o* Old emulsion data
W M. Juric et al. NPB 52 (1973) 1

* AH BA[MeV] A|-|e ?

A large CSB effect in AN force (pA#nA) confirmed.
Spin dependence in CSB effect cf. B(®H) - B(*He) — EM effect ~70 keV

Previous theoretical works failed to understand it.

A.Gal suggests it can be explained with a YN force with different Z—A coupling.
A. Gal, PLB 744 (2015) 352, D. Gazda and A. Gal, PRL 116 (2016) 122501



Level scheme of 19AF (J-PARC E13 result)

Assigned from the peak width (Doppler broadening or not)
and the expected yield.

present

1/2°;1 i
1/250 1.266 |

191p3050 1.081 -

1.77 SU::'I 1.042 ——'a"’
46.9 p 37,0 0.937

P

This E1 is very slow

L 7/2%:0 |
M st
5/27;,0 0.895 |

|1 E1

i slow /i/
sd orbit

. 3/27,070.316 | n
. M1 |
130 0.000 fast |
J5T E, 18 ' 1/27;0 0.0 E
Mev) F T Ey

19F

A (MeV) sd orbit
fast: Doppler broadening (< 1 ps)
slow: No Doppler broadening (> 1 ps)



Level scheme of 19AF (J-PARC E13 result)

Shell model calculations for g.s. doublet (3/2*,1/2*) spacing

Millener 305 keV Effective spin-spin interaction strength
from p-shell hypernuclear data (A=0.33 MeV)

Umeya 419keV NSCO7f
245 keV NSC97e
EXxp. 315.5 = 0.4 +0.6/-0.5 keV

E2

This E1 is very slow

i slow /
sd orbit

3/27,070.316 | n
10 0.000
J°T E, 18 1/2:0 0.0
Mev) F T Ey

(MeV) od Arhif
:‘OSV‘ The theoretical frameworks and the inputs (AN interaction
strength and range) are good even for heavier hypernuclei.



A-dependence of 2 B &@

A i
AN interaction 6@ : 0.316 MeV
strength —

S
.'. A b

S dy

0.692 I\/IeV
6@ SAPN

These splittings
are understood
well consistently.

1/2+

1.406 MeV

0+ Y A
) SASN
AHe




2. S=-1systems

>-p scattering



Slide by Koji Miwa

Baryon Baryon interaction by Lattice QCD

6 independent forces in flavor SU(3) symmetry
8®8 =

Strong repulsive core -

>*p (s 1, T= 3/2) Ep (5=0, T= 1/2)
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T. Inoue et al. . .
Prog. Theor. Phys. 124 (2010) 4 Weakly repulsive or attractive Core




Baryon

The same behavior was predicted |

Slide by Koji Miwa

Qcb

by Oka-Yazaki’s Quark Cluster Model
6 independent forces in Tiavor su(3) s

g repulsive core -

8®8 = PARC E40
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Y*p Scattering Experiment
J-PARC E40 (Miwa et al.)

* 1.3 GeV/c ©* p-> K*Z* reaction
« X* track not directly measured

« Measure proton momentum vector
-> kinematically complete

1 \p
: N tracking detector
Lﬁ2 target
J T
| CFT
: BG
1 ) (0}
! Calorime
1 7T )

N e e e e = = — _—— e — = =

Inside a vacuum chamber

= do/dQ for X*p, ¥ p, X p->An
(ps; = 400-700 MeV/c)
=> confirm quark Paul effect

Run from Feb. 2018 at J-PARC
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Chiral EFT 550 MeV/c
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Slide by K. Miwa

Expected accuracy

ds/dQ : 2.4mb/sr isotropic (assumed)
20,000 scattering events

derive do/dQ for 3 momentum ranges

— X7p: *0.11 (stat.) *=0.15 (syst.) mb/sr
— X*p: *0.15 (stat.) *=0.15 (syst.) mb/sr
for 2.4 mb/sr

Simulation for p = 0.5 - 0.6 (GeV/c)

Xp->An

ul

E () Simulation E
45 Cross section in simulation r
4 E 500MeV/c NSC7f ’,4'

SEETEIER 500 MeVic fss2 A
3.5
3
25k
2
155
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0.5F
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-1 -08 -06 -04 -02 02 04 06 08 1
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3. S=-2 Systems



Emulsion Results (KEK E373)

Nagara event Kiso event New

electron

E- 4+ N — },\OBe + ff\He
*\nHe -> S He+p + 1~ : -
The first clear AZ hypernucleus

AB,,=0.67%=0.17 MeV Bz-=4.38 + 0.25MeV,
= 1.11 =£0.25MeV
H. Takahashi et al., PRL 87 (2001) 212502 K. Nakazawa et al. PTEP 2015, 033D02

A-A is weakly attractive E-N is attractive



=-Hypernuclear Spectroscopy via (K,K*) Reaction

12C (K-,K*) 2.Be with SKS spectrometer Nagae et al., J-PARC EO5
( K- p > = K"‘) T. Nagae et al., PoS INPC2016 (2017) 038

) Binding energy I_‘C(Kia K*) b) Binding energy “C(K', K*)
= L N e L e e L I I
- C | (5] s
ﬁ 700 — = ,,0:_
F 3 o TR \l
< gooF- = SIS (\0,(
S s00- 3 5 6= AE~5.4 MeV § g
° e S Q,\ 3
4005 = 12 < =
3006 = 10~ E
F - BE Unphysical Background =
200F E N E
1005 = 5 =
T TTET ] 2 an( N ] =
; TS, P N B DI EI N S W S B Ly LT I T T =
“.__=50__0- 50 100 150 200 250 300 350 4 Q80-160-140-1 5

LT [Ty T
20-100 =80 —60 —40 =20 O

-B.E. [MeV
o

b~
=
(=)
I
-
=

-B.E. (MeV

—

Rather deep bound states

If Uz is as deep as U, (-30MeV), = should appear first at p ~2 p, in NS.

-> ”"Hyperon puzzle” more difficult to solve?



J-PARC EO7
K. Nakazawa et al.

More S=-2 events with emulsion

B Collect ~102 AA hypernuclear events from ~10% =
m Confirm AA int. and extract AA—=N effect
m More =-nuclear events -> =-N interaction

= stop

B Measure = -atomic X-rays (Ag, Br) with Ge detectors
m Shift and width of X-rays -> E-nuclear potential
m = absorbed events identified from emulsion image—> no background

emuision

Emulsion

\ OF wall
|
\
1

Finished beam irradiation this Jue.

Emulsion analysis has started. KURAMA spectrometer




4. Future Plan
J-PARC Hadron Hall Extension



Extension Plans of J-PARC Hadron Hall

S= -1 Systems High precision

A hypernuclear spectroscopy
« <2.0GeVic
+ 1.8x108 pion/spill
* x10 better Ap/p

y-ray spectroscopy
weak decays
S=-2 Systems AN scattering 5 deg extraction

« ~5.2GeV/c KO

AA, E hypernuclei * <1.2GeV/c . Good n/K
H dibaryon e ~106 K'/Spi” m -—
<2.0 GeVic DDA =] KL
~106 K-/spill m 4 o >

< 1.1 GeVic m
~105 K-/spill

<10 GeV/c separated
pion, kaon, pbar
105m . ~107/spill K-

30 GeV proton

<31 GeV/c unseparated

2ndary beams (mostly pions),
~107/spill

Requesting a budget...



5. Summary

B Kaon(pion) beams, electron(photon) beams, heavy ion beams
are all complementary to each other.
B Present status at J-PARC:
B y-ray spectroscopy of 4,He and °,F confirmed CSB in A=4
and revealed spin-spin splitting in sd-shell hypernucleus
B =-nucleus bound systems have been observed in old
emulsion (E714N) and in 2C(K",K*) 12_Be spectrum
B New emulsion experiment for more AA and = hypernuclei +
=-atomic X-rays has been successfully performed.
B X*p scattering experiment will start soon.
B J-PARC hadron Hall extension is planned to construct new kaon
beam lines and a high-reolution pion beam line.



