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Introduction



Hyperons (Strange nucleons)

A 0(1/2+) 1115.7MeV ct=7.89cm, > pr-(0.64) nr’(0.36)
21 1(1/2%) 1189.4MeV ct=2.04cm, 2pr®(0.52) nm*(0.48)
>Y1(1/2%) 1192.6MeV ct=2x10"cm, > Ay

27 1(1/2%) 1197.4MeV ct=4.43cm, S nm-

1(1/2*) 1314.9MeV ct=8.71cm, > A’

H
I
p——
)
D

1(1/2*) 1321.7MeV ct=4.91cm, DA

€27 0(3/2+) 1672.5MeV ct=2.46cm, > AK(0.68) Eot~ =



How to produce strange particles

N+N 2K+ A(Z) +N, K-K+N, K+K+Z-N, ..,
TtN 2 K+A(2)

K-N 2a- A(X)

K-N 2K+E-

K-N 2K+ K% Q-

v(e)N 2 K+ A(X), K+K+=E-,,,

NSA  A(Y)

ete- 2 b, ¢, 2 s (strange hadrons)



\_ Where can we study strangeness?

= 7, K, p, p-bar,, —2>higher intensity
(CERN-PS, BNL-AGS, KEK-PS)
FNAL-MI, J-PARC, GSI-FAIR

mC Y
Mainz, ELPH, J-lab, Spring-8

s A
GSI, RHIC, LHC, NICA, J-PARC

m cte-
DA®NE(¢-factory), B-factory (Belle II)



Table 3. Summary of high intensity proton accelerators

LANSCE LINAC +AR 800 MeV

TRIUMF Cyclotron 500 MeV

PSI

ISIS
SNS
ESS

MI

J-PARC

FAIR
(SIS100)

Cyclotron 590 MeV
Synchrotron 800 MeV
LINAC+AR 1.0GeV

LINAC 2.5GeV

Synchrotron 8.0 GeV
Synchrotron 150 GeV

LINAC+RCS 3.0 GeV
Synchrotron 50 GeV

Synchrotron 29 GeV

100kW

75 kW

1.3 MW

180 kW

1.0 MW

5.0 MW

0.70 MW

1.0 MW
0.75 MW

0.20 MW

K.Imai
Rev. Accel. Sci. Tech. (2014)



\i—PARC (Phase 1 and

m—— Phase 1 50 GeV PS
3 GeV PS Experimental Area

(25Hz)

memmsmmsss Phase 2

R&D for Nuclear J
Transmutation

Linac r

(Su perconducting\;)

3 GeV PS
Experimental Area

Linac 50 GeV PS

(Normal Conducting)

Neutrinos to
SuperKamiokande

Phase 1 + Phase 2 = 1,890 Oku Yen (= $1.89 billion if $1 = 100 Yen).
Phase 1 = 1,513 Oku Yen .
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Table 1. Summary of electron accelerators

ELPH (Tohoku) synchrotron 1.3 GeV
ELSA (Bonn) synchrotron 3.5 GeV

MAMI (Mainz) mucrofron 1.5GeV 150KW
CEBAF (Jlab) recirculation 12 GeV 1MW

SPring-8 LEPS ~3 GeV Laser Compton v
10y (107 y



A-hypernuclei
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\_ First hypernucleus

Danysz and Pniewski
found a hyperfragment
in the nuclear emulsion

1n 1953.




“ hypernuclei in emulsion experiments

27000 hypernuclei (- decay) from 3x10° K- star (at rest) found
under microscopes. (AGS K- beam)

Juric et al., Nucl. Phys. B52 (1973) 1.

ranges of tracks from hypernuclear decay = T of decay particles
—> mass of hypernucleus = B,: binding energy (separation energy) of A

Mypc* =(M,,,, + M, )c* - B,
=D M+ T,
i i

Precision depends on the range-energy relation. A decay was also measured.
M, =111.57+-0.03 MeV  (PDG: 1115.683 +- 0.006 MeV)



N\ Weak decay of hypernuclei

= Free A = pm- (2/3) nm0 (1/3)

= Mesonic decay A, =2 m- +X(p), n’+X
small Q-value ~ (37-B,) MeV
only for light hypernuclei due to Pauli blocking
= Non-mesonic decay
NL->NN (pA->pn, nA>nn, NNA->NNN)
large Q-value ~ 176 MeV
dominant for heavy hypernuclei



< B, from emulsion experiments

Hypernuclide Number of Events B,/ MeV
1H 204 0-13+005
‘H 155 204 +0-04
4He 279 2:39+0-03
*He 1784 312 + 002
“He 31 418+0-10
AHe 16 not averaged
ALi 226 558 + 003
ABe 35 516 + 008
"He 6 716 +0-70
iLi T87 6-80+0-03
ABe 68 6-84 +0-05
AL _ 8 &50+0-12
“Be 222 671 +0-04
B 4 829+0-18
IEBE 3 9114022
B 10 289+0-12
Iig 73 10-24 + 0-05
g 87 11-37+0:06
12C 5 10-76 + 019
‘iC 6 11-694+0-12
1:C 3 12:17+0-33  D.H.Davis (1986) C. Phys.

1SN 14 13:59 +0-15




B,(MeV) vs A

( Juric et al.)
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Magic momentum

\_Momentum transfer g, for (K-,m-) reaction
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\ Spectroscopy with magnetic spectrometers

= Missing mass spectroscopy

Muyp = \,."(E,ﬁ + My - EK{)2 — (pfr+ + pi,+ — 2P+ P+ cosf),
BA = Mcore + MA - MHYP

N

O




A(n+,K+) A, reaction

(m*, K R

do / dQ (ub/sr/MeV)
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KEK-PS SKS spectrometer
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\ High resolution spectrum with SKS

B, (MeV)

-0.1- (P3n, PL2)NA
3.9 N (4.8MeV; 327) @5,
8.2 1C (2.0MeV; 127) ®s,,

10.8 2 (P> S172)NA

C |
A

O.Hashimoto et al.,
NP A639 (1998)



a+,K+) spectroscopy at SKS (KEK-PS)

“BPhint K" Ph, p, = 1.06 GeVic
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\ A single particle states

30 — —

Woods - Saxon z]”m A Single-Particle States
39 .
well depth = 28 MeV @ b . . Emulsion
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A

it to heavy nuclei
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“ Spin dependence (fine structure)

= [fa core nucleus (A) has spin I, a hypernucleus (A ,) has spin
doublet (J+-'2) ~<MeV

which depend on spin-dependent AN interactions (spin-spin,
spin-orbit and tensor interactions)

-> v spectroscopy of hypernuclei



large acceptance Ge detector - Hyperball
A

Hyperball

Peak efficiency 2.5% at 1 MeV

AE ~ a few keV



Setup of y spectroscopy experiment at KEK (E419)
A

Lucite Ccmiov
E419 setup :
s around the target J'
E419 '| ~LN2 Dewar
selup -
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‘Li(n+,K+) spectrum (thick target)
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7Li(.77;+,K+ '}/) VY SPeCIra H.Tamura et al., PRL 84 (2000)
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\_ level scheme of "Li ,

0. 1/2* 3.88 MeV
= =1
M1
M1
3% ... 1/2*
5/9" 2.050 é 60
.
1*_ ----- 3/2° 0.692 3/2
6L_ Tl ¥ vv‘1 Y(M1)
|
AL l 6?
¥
AN spin-spin
\°°° interaction

Os orblt 1 Shrink
19+4%



B(E2) Doppler attenuation method
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\_ “hyper-fine” splitting of °Be ,

Sensitive to AN spin-orbit force MeV/
~2 order smaller than NN ! >*

Akikawa et al., PRL 88 (2002) 82501

8 9, Be Split by
Be A /4 spin-orbit force

(Sa)

40 F <+—» 4315 keV
E °Be (K-, Ty) \Be

E w/ Doppler correction
5 13C, p2/3-1/2
= o . . .
ER- splitting 1s

3 consistent

l l 1 1 H 1 ! 1 1 1 1 I 1 1 1 l

2900 3000 3100 3200 3300
Ey (keV)

1 l 1 1
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Summary of observed vy

'S
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effective interaction ( J. Millener)

Energy levels were fitted by a shell model using following

‘ AN effective interaction in p-shell nuclei
| A

Van(r) = Vo(r) + Vo (r) sp sy + Va(r) Iansa + Vv (r) Iansy + Vr(r)Si2

v

T

Energies of the four hypernuclear level spacings that are described in terms of the spin-dependent AN interaction
parameters obtained by Millener’s shell model calculations [101]

Hypernuclear levels

Shell model calculation by Millener

AX (MeV)

Exp. (MeV)

AL E@/2Y) - EQ/2Y)
ALL E(7/2%,5/2%)
—E(3/2+,1/2%)

‘Be E@B/2Y)—-EG/2Y
50 E()—E@©)

. 444 A + 0.0545 4 + 0.0165y — 0.271T
—0.05A + 0.075 4 + 0.70Sy, — 0.08T

+A Ecore®

—0.037A — 246454 + 0.0035Sy +0.994T
—0.382A + 1.3785 4 — 0.0045y + 7.850T

+0.071

—0.008
—0.014°

0.692
1.858

0.043
0.026




WA coupling and 3-body force

-
Z
2z

= A2 mass difference (~70 MeV) 1s smaller than
NA (~300 MeV)

—> more important in hypernuclei
charge symmetry breaking Ap An



A=048MeV, 54 =-0.01 MeV, Sy = -043MeV, T =0.03 MeV

Very small A spin-orbit interaction and tensor
interaction !!

( no pion exchange in AN)

Compared to A N potential (model) through G-matrix
boson exchange (Niymegen)
quark cluster (Kyoto-Niigata fss)
chiral models



\ neutron rich hypernuclei 1

: sE T T
(e,e’K+) at Jlab (Mainz) ; » B J,|J]|1: At ,L'

p 9 A . : JLab E01-011
Li(e,e’K+)"He, 2 M R
S.N.Nakamura et al., PRL 110 (2013) : .. } |

Illllllll E | | || | }
@ |
*ﬂ _ ::: % 1 | :
LT
afft:i“mq@. fﬁ l.':“m HES —10 | I—lﬁl { Iﬁ - 5 Im
L sPL. AE=0.6 MeV B, (MeV)
e T THe (BO1011)  TLi"[617]  |Be[6]

By MeV) 56820032025 526003 516%0.08




m Missing-mass spectroscopy
s Non-CX reactions (NCX)
« (Km), (n7,K")

s Single CX reactions (SCX)
= (e,e’K") 5
thin target
« (Km0, (m,K)
Spectrometer ?
s Double CX reactions (DCX)
« (1, K), (K-,n")
= access neutron-rich hypernuclei
L. Majling NP A585 (1995) 211c
= possible with existing setup

= very low cross section !

roughly 1/1000 of NCX A

\_ Double charge exchange (w,K"), (K, n")

°Be

14
A B

13
AB€E

J-PARC E10



s 'B(n, K10, Li reaction at KEK
= P.K.Saha et al. PRL 94 (2005) 052501.
= Pion beam momentum

= 1.2 GeV/c — 11.3 nb/sr

- Studies of neutron-rich Hypernuclei

= 47 events in A bound region 4'05: """"""""""""""""""" F 1 ZGeV/]C
e M: m H | |
ézoo- i ,..+l+¢++.+++++.++++. ; { + {HHH
é s bt Mwwu | H } g
£ 150 +
o m*++++++++ +++++++++

HM;M 20770 60 50 100 120 'ﬁo'i

‘B, [MeV]



DA®NE (FINUDA)

= M. Agnello et al. PRL 108 (2012) 042501.
= SLi(stopped K-,nt") reaction

= measure also weak decay

« cuton T(n")+T(m)

s 3 events of candidates

= 2.9+2.0x10-%/(stopped K-)

n* momentum (MeV/c)

260

210}

250
240
230

220

200 -

190 Ly |

| | | | | |

|

n" momentum (MeV/c)

120 130 140 150 160 170 180 190 200 210

n* momentum (MeV/c)

- Studies of Neutron-rich Hypernuclei

K‘+6Li%i++/\6H

SH — . +°He

260 -
250 Eﬁ'
240
230
220

210f

200

190 Loyl

120 130 140 150 160 170 180 190 200 210

n momentum (MeV/c)



J-PARC E10 SLi(n-,K+) °Li ,
A

*K 1.8 Beam Analyzer
v'-1.2GeV/c - Beam 107/spill
v’ Ap/p ~3.3x10

*SKS Spectrometer
v'0.9GeV/c scattered K-
v’ Ap/p~1.0%10-3
v'dQ =120 msr

*Target
v'®Li (95.54% enriched)
v'C and (CH2),



K1.8 and SKS spectrometer at J-PARC




Kl.8 an at JPC
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\ E10 result

12C, peaks look reasonable (Spectrometers OK)

Almost no events in bound region (<nb/str) !

H.Sugimura et al., Phys. Lett. B724 (2014)
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20; @ 20:— Missing Mass [MeV/c?] &W
T '-iom. J. B U ;f 103— 0, = 2°-14° HM+++}#++
Excitation Energy [MeV] N\‘ OE +Wﬂmﬁ
poam e res pecapattfht ——— .
12C, 5800 5850 5900

Missing Mass [MeV/c?|




\ 2-nuclei

No bound state except *Hey (T=1/2) .
A(m-,K+) A(Z°) quasi-free spectra | H}

K
= 33 1.5
- . .
> Si
= 3 (@) (150 MeV,-40 MeV) = __'
z (V.E, ¥,5) s b
? 28 2(90 MeV, ~40 HeV) § 08
g’ (10 MeV, 40 Me) g °
w 1.3 1
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o NPT
DWIA fit gives repulsive X potential b Ni
(~90 MeV) il
) |
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Double-strangeness Nuclei
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\ Introduction

= Nucle1 with s=-2
(AA, H, ZN) (KAN, KN, KKNN)
Masses of AA, H, EN are close. ~28MeV
What are well defined states with s=-2 ?

= Double A hypernuclei  °He,, (Nagara)
s E-hypernucler ?
» H and H-nucler ?



Production of S=-2 Systems
! A

K

ol O H-Dibaryon

A-Hyper Nucleus

AA-Hyper Nucleus



e hypernuclei

vents with emulsion
(1963)29.
56)782.

s = stop expected

Problem of “unique interpretation™.

KEK-PS E176 Hybrid-Emulsion Experiment
~80 &~ stop events

One event ( AA Be or 13 B ) and Two twin-hypernucle1 events
C KEK-PS E373
New Hybrid-Emulsion Experiment to obtain ~ 1000 =~ stops



\ E373 Set up -Top View-

E373 Set Up  KEK-PSK2 beam-line
Spectrometer Magnet

"KURAMA"
1.0T YH
Heavy Metal I
1.66GeV/c  Collimater BPCS5 DC1 P

BACI1,2 CH
Kbeam [ gl A

< BPC4 IWI
r' DC23  FTOF [gT

Diamond, Emulsion,SciFi system




Setup around target

)

Fiber-bundle Emulsion
Diamond ‘&W’ £ >
Targ_et §X\\\\‘///‘1 /\\ ‘_\\\,,

7 A

AVANNNNY
SciFi-U-block
10cm

<

>

SciFi-D-block

Diamond

\

Emulsion

A K+
1/

= /
1

SciFi-block

A. Ichikawa et al. Nucl. Instr. Meth. A417, 220(1998)
H. Takahashi et a/. Nulc. Instr. Meth. In press.



\_Nuclear Emulsion

Side view

t:70um—7

Thin-type(#1), Thick-type(#2) ~ (#12)
Area : 24.5%25.0 cm?

Packed in vacuum chamber

Emulsion Mover

m Controlled with PC

s Move emulsion during spills

m Keep track density to 1x10%cm?



xample of Emulsion Image
y A

Raw Image Overlap Image




\_ Automatic Scanning
Track Finding Algorism (A. Ichikawa)

Take pictures at different z(focusing) position.
( z : pependicular to the emulsion plate)

emulsion bulk

shift each image by (-Ax,-Ay)
Ax =dx/dzX Az
Ay = dy/dz X Az

dx/dz,dy/dz : predicted value

Az : step size of z position

~ (.7 sec per one view

—

images

>
N
inefficiency

Make superimposed image

>
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Automatic Scanning (video)




\ Discovery of Lambdpha

A% He double-hypernucleus
Unique interpretation!!

Nagara: uniquely identified =+ *C— ¢ He + *He + 1
A6AHe e ?\He +p +7"

among 6 candidates of DH \

event m(&He) = 5951.82+0.54 MeV

Bam = 7.25+0.19%: 8MeV
ABw =1.01+0.20% 18MeV
(assumed Bz = 0.13 MeV)

H.Takahashi et al.,Phys. Rev. Lett.

87 (2001) 212502 -
. N

T
\ b}

ABan(,,Z) = Ban(,2 Z) —2B4("", 2)

m(H) = 2223.7 MeV/c?
(90% C.L.)

—2M(",Z) - M(*2Z) - M(,, Z). N
Revised value . TR ..
AB,, = 0.67 + 0.17 MeV | e b
J.K.Ahn et al., PRC 88 (2013) K =
o T0um . \ :
AA is weakly attractive "NAGARA" event \

presented by E373(KEK-PS) on Jan.2001



\_ Reconstruction and AB , ,

by Y.S. Iwata & H. Takahashi

Decay

double-hyp. #2 #5 #6

Baa [MeV] ABaa [MeV]

Production

Target #1 #3 #4  Baa [MeV] ABpp [MeV]
2C ,fHe*He p 2n > 169 > 10.6

2C¢ ,PHe'He d 1n 145107 822407
2C ,SHe%He ¢ 73102 11402
2C ,/He%He p 1n 21.6+13 133=%1.3
N ,%He i p 1n 244+21 182421
YN ,fHe °Li d 1In 258+13 19.6+1.3
N ,%He “He “He 1n 17.9+15 11.7+1.5
YN ,fLi*He ¢ 1n 262409 17.2+0.9
YN JLi p *Heln 315+18 17.9%1.8
50  ,8Li “He ‘He 1n 31.1+£09 19.9+0.9

AJHe 4He p =~ 7.1405 24405
fHe 3He p 7~ 69406 0606
THe G&He p - Iln <86 <03
AJHe SHe p 7= 63%07 -20+0.7
AﬁHe ?\He p ™ 2n <68 < —7.2
AﬁHe iHe d ™~ In <74 < —6.6
AﬁHe ?\He p ™ In <66 < —74
ASHe 1He® p 7=  7.7408 —63+08
adHe %He p 7~ 3n <7.2 < =71
adHe S%He ¢ 7~ 2n <82 < —6.1
afHe 5He t 7~ Iln <112 < -3.1
AﬁHe ?\He p ™ 2n <7.2 < =71
adHe SHe ¢ 7~ In <84 < —59
AjHe 1He® p 7~ In <112 <-31
JHe THe® d 7 13405 0905
adHe $He p =~ 64+08 -7.9+08

(AB, ,<20MeV)

(AB, ,>-20MeV)




Mikace event
A 10

:

2c+8 = ,SHe+°Li+n
— H+p+2n (1)

PC+E = \\'Be+p+n
< Li+p+n (2,

N+ E = ,\'Be+’He+n
< JLi+p+n ().



~ Demachivanagi event

P " »




“N+E8 = ,NBe+p+p+n (1)
0L 2 — A}\'Be+p+4He+n (2).



J-PARC EO07 (K.Nakazawa, K.I, H. Tamura)

A
BNL-AGS E964
Spectrometer Magnel
"KURAMA"
10T
i Emulsion| ~ |SCIFI
Heavy Metal K%
Collimater //_J,
- ... 'V
Ll \ | Il s
002,3 FTOF LST = = . Ll
DSSD |DSSD

10 times statistics ~100 DH ~10 clean DH mini-chart

Key: 10times faster automatic scanning



P

~ For E07
A ‘ DSSD

Double sided silicon strip
50um strip pitch -> 16um
resolution

New hybrid system was
tested successfully

New Automatic Scanning System

High speed and large area 40x40cm




\ =-atom X-ray to study Z-nucleus potential

Shift and width -> E-nucleus potential (real, imaginary)

Simulation (104 stopped =-)

60 Ag (8.7)->(7.6) |

40 Br (7,6)->(6,5)

Counts / 2keV

\ SCIFI
\

] mMulisio

|

\

O|L1WMMWMH\(L\MMMM

100 200 300 400 500 00
o E (keV) T

AEsyst ~ 0.1 keV

- AEstat
AE = #+0.14 keV Sta
stat © = +0.11 keV

——

\

Counts / keV
B RRLEY LRLL LLLL) LLAL) AL LLLU LY

> Al
280 300




=

Energy shift AE
depends on E-nucleus
potential.

(o))
(@]

~
o

N
o

Counts / 2keV

=~ atomic X-ray 10¢ =-

atoms

Simulation (104 stopped =-

Ag (8,7)->(7,6)

Br (7,6)->(6,5)

1
200 _~ 300 400 —_— 500 600

—

_— E (keV) R—

~—

o ——

AEsyst ~ +0.1 keV
+0.14 keV

AEstat

ABstat = = +0.11 keV

all Ml

e 1 e A

280 300 320 340 360 380 400 420

E (keV)



J—PARC E03 dedicated =-atom X-ray
K.Tanida

Fe(K-,K+) E-, ZE- Fe atom
X-rays detected with Hyperball

PWO suppressor
Fe target
(1.5cmX6cmX3cm)

KURAMA magnet
End gurad End gurad
FAC |
VAC
Tl BAC1,2 T2 / . Pl
! // // IHI |H| r ] ailll
i Ll target —
BPC3 BPC4 chs VR Den
DCl1 mi
| | b2 FTOF
YH
L] DC3




\_ Dedicated =-atom X-ray experiment

high intensity K-, large acceptance -> high statistics
if no shift for Fe, -> other appropriate elements
m 7.5x10° E-atoms = shift: AE=0.05 keV, width: AE=1 keV

1(a) (6,5) = (5.4) | L (b) (6.5) = (5.4) |
3 1600 3 1800F
& 100k M S 1600F
o I~ o
; 1400[ o
3 1200 i 3l 3 1400
°© I © 1200F |
1000f -
. 1000f .
800 ! -
- 800F {
800¢ 600
400f L a00F
C shift,widthFdkeV . Shift WidthEokeV
200f 200F
930540 260 280 300 320 340 360 950540 260 280 300 320 340 360

Energy (keV) Energy (keV)



~ =-hypernuclei ? — S (PR
i A
Missing mass spectroscopy ?g”i r m:'
BNL E885 ">C(K-K+)  °* &,
potential ~14MeV Y
J-PARC EO05 (T.Nagae) _ FBe
high resolution spectroscopy §5 53":-
K1.8 and new S2S g% 2‘
2C(K-,K+) AM~2MeV

Excitation Energy (MeV)



~ S-28 spectrometer
i A

N
<

5
<

rrri I TTrTrT I TTrTT I TTrTT I rrrr I TrTT l

-t
oL
-

PR

.

<d26/dQdE> (nb/sr MeV)
=

Vg= 14 MeV

0 -:10 0 10w
Excitation Energy (MeV)

-> New S-2S spectrometer
( T.Nagae)

Ap/p<5x1074, >60 mstr.



\ Spectroscopy of s=-2 nuclei

s Mixing of AA and E 80 —— : —T S
g E z 109} (a) '“1 (b) J ] §
< 50 g K+ f { &

states and H? R S H& Joo 2
. 2 40 C % 10 >,/ l‘ J ] -
small mass difference E \g | L ] @
30 :-_ e olzil[ 05 o7 1 ! -4 20§
Of AA and EN N28 MeV 20:L Mass of Outgoing Pamicle A'G:\,:-.l_.;; _ I_IJ .‘ %

L '"Bc|+2A e | 1o

10  Jge_ ABe+A L
: ot.l - .‘.-\..n mn.ﬂs,\ :-\ L \ . :
» Excited states of AA S

Excitation Energy of ''B + Z° (MeV)

states?

BNL-E886 K.Yamamoto et al.,

_ , P.L. B478 (2000) 401.
s Heavier nuclei



Back up



