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1. Introduction




Role of Strangeness in Nuclear Physics

©0%©°
Q ks/al () How are hadrons formed
uarksigiuons from quarks and gluons?

S, ¢, b quarks play essential roles
Constituent quarks,

other quasi particles Ooo oOO

Hadrons How are nuclei formed
from hadrons?

. *+ -« | Baryon-baryon 60 6 s quarks play essential roles
;e interactions @

Short range force Meson exchange
by quark picture picture

Nuclei

Test lattice QCD calculations



BB interactions and high density matter

We need YN, YY int.
both in free space
and in nuclear matter

I E

Attractive AN interaction (U ,= -30 MeV)
=> at least A should appear at 2-2.5p,

! ™ =°N attr. (U= +30 MeV)
E°N attr. (Uz=-15 MeV)

S 01
AN: Same in pure neutron matter? & =
. . (==

AN-ZN mIXIng? < 0'011 T — 5N repul. (U= +30 MeV)
>N: How repulsive? > [N T~ ENattr (U;=-15MeV)
_ . : a3 [ —
EN: Attractive or repulsive? S =

: S :
AA: How wea-kly attractlye : i z—/
Unbound H dibaryon exists? 0.01 17

8po 10p, P

KParN: How strongly attractive in nuclear matter? C. Ishizuka et al.,

J.Phys. G35 (2008) 085201

YNN, YYN strongly repulsive? Can solve the hyperon puzzle?



Recent results and plans of hypernuclear experiments

S=-1 systems: more accuracy S$=-2 systems: more strangeness

m y spectroscopy of A hypernuclei| J-PARC J-PARC
4 He y-ray observed

4AH )/-I'ay, 7ALi B(Ml), vee

m =~ Emulsion experiments
= ~ 14N bound state observed‘ KEK

= A hypernuclear spectroscopy via (e,e’K*] JLab | 5 g = hypernuclear spectroscop

7 He, 1° .Be, 12 B high res. spectra %° K, %8 K 12_Be observed J-PARC
MAMI e
m Decay pion spectroscopy of A hypernucler & atom X rays| J-PARC
J-PARC
4 H mass from 4 H->%He + i~ ;
A f A GSI, STAR, ALICE m Unbound H dibaryon search

m Lifetime of light A hypernuclei via Hl beams
Surprisingly short 3 |H lifetime

m 2*p scattering

J-PARC

J-PARC
m K'pp via 3He(K-,n) K-pp spectrum measured

m (Partly) took data

W Under preparation

m Kpp via d(x*,K*) K-pp like bump observed
Kbar-nuclear J-PARC

systems m K-pp studies at GSI-HADES s

K-d, K-He atom X rays J-parc




J-PARC E15

KbarNN search 3He(K ,Ap)n spectrum

% heutron counter
' charge veto counter

proton counter

{1 Gevic

K- Kpp

— .
reaction
°o- &—@QP -

1.0 GeV/c A W
detect " O
verything =* N

CcDS

1.2~1.3 GeV/c

O~

Or o5
P "CDS Invariant

]Missing mass
spectroscopy

decay
mass
spectroscopy

Counts / 20 MeV/c2

Iwasaki et al.
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2. S =-1Systems
Charge symmetry breaking in A hypernuclei




Charge Symmetry Breaking (CSB) in A=4 hypernuclei

B CSB in NN force (pp # nn) ol
=> B(%H) - B(3He) — EM effect ~70 keV |2 Z\\0z
B CSBin AN force (Ap # An) ‘.\{\((’(\3\\0
B,(4.H) - B, (¢,He) = 350 o rad GOV *He + A
= YN |nteract|0| ExP e(\m
B,(4,H) - B, (4,H_, =0-70 keV ’1+ 0962004| "
172" 1:0910.02 ™1 M1 .
B el ot I 1.15£0.04 172
i H \ 2.04%+0.04 0% 3He
Measure using 4 2.39+0.03
weak decay P@ AH 3 4 He
pion n B,




Slide by P. Achenbach

to beam dump

Decay-pion spectroscopy
of hyperfragments
with electron beams

e
electron beam \/’
,Y* K* strangeness 128
/‘
v¥p->AK
fragmentation

1 loosing energy ~100 MQV/C

Normal nucleus :yin target material
T
o High resolution
Spectroscopy

electron beam

weak decay Two-body decay at rest = mono-energetic pions

An independent method for precise mass measurement



Decay-pion spectrum

Emulsion A-'3 in

— World data on 4H from nuclear emulsion
£ 40 [ M. Jur et al. NP B52 (1973) bindi- ed scale
4 -0 F- 7// G. Bohm et al. NP B4 (1968) \‘e\op
L — HHl V. Gajewski et al. NP B1 (1967) de
12 [ =132.92£ 002 (stat) £ 0.04 (stabil £ 0.14 (syst) MeVic | s“(em u B ( H) (MeV)
Wb => B, [4,H] = 2.12+0.010.09 MeV/ ead
) C
) C
: er
L
| 4 H-> 4He +
“e\N A

132 1325 133 1335 134
Pion momentum in SpekC (MeV/c)

1345 13

o kR

115 120 125 130 135 14
Pion momentum in SpekC (MeV/c)

0
‘ 131 1315

145 150

decays of quasi-free _
produced hyperon A. Esser et al, PRL 114 (2015) 12501 accidental background



Charge Symmetry Breaking (CSB) in A=4 hypernuclei

B CSBin NN force (pp # nn)
=> B(°*H) - B(*He) — EM effect ~70 keV Bedjidian et al.

PLB 62 (1976) 467
B CSBin AN force (Ap # An) PLB 83 51979; 252

3 0
B,(*,H)-B, (¢,He) =-350 keV - *A 4 _____ Het A 1 vl data

B YN interactions models
B,(*\H) - B, (*\He) =0-70 keV _1* _o096+0.04 Measure

94+0.05 1%

, / with Ge
12t 100002 || M1 M1 N
U ? 1.15:0.04 172
H L + 7
.04+0.04 Q.- 3

Measure using 4 2.39+0.03
weak decay P? AH 3 4 He
pion N B, A




SksMinus
spectrometer

J-PARC E13 H. Tamura et al.

SMF

) .
SKS Pion
Iron block spectrometer
TOF —// o vt SksMinus”
sDC3,4 N ——
'
:
= Target

Ge array
“Hyperball-J” c34

Various
PID counters

Q12

D4
Mass slit
QML
a1 NN K1.8 Beamline
) Spectrormeter

\ 0 5m
/\ BH1 | |




4 He y-ray spectrum Missing mass of “He(K-,i")

3 2000 [ Oxr > 3.5 deg. pK - 1-5 GeVIC
Xigo - 24000 :_ bound region highly unbound region
e (511) (a) highly unbound region > - : : :
- 76 E r
R0 Cie (564) 2 3000
= "Ge (596) = -
=3 , Fe (847) Al (1014) £ 2000 [-
40 £ . "Ge(1039) S
—_ - o empty target
- 1000 |—
PR = . -
= (¢) bound region o b : o AU
=S 160 -20 -10 0 10 20 30 40
8 = 4AHe Excitation energy [MeV1
= Fit with
80 = _ simulated
= - Doppler-corrected
0 E- > 12 E peak shape
160 (d) bound region = F
= Doppler corrected \E 8
= g 4
80 E /_‘iHe : 17> 0" (1406)
%: 1300 1ado 1500
0 E Ey [KeV]

1500 2000 Y/ ane

E, [keV] A peak observed at 1406+2+2 keV

500 1000




.............................................. | frmed
ReSU |tS A. Fee-- SB eﬁec'i con .U. Yamamoto et al.,
PRL | arge Cok PRL 115 (2015) 222501
AB,(1*) : 0.03+0.05 MeV 17 0.95%0.04 [ 0.98+0.03 1+
3H 3He 1/2+ £.=1.09 1/2+
. Bl Ey=1.406 .
3 +0.02 " +0.002 / 3
H To002 / He
“ot D-PARC]
212:001z000 , >04=0.04 ot
[MAMI] AH 2.39+0.03
4
AB,(0%) : 0.35+0.05 MeV M sHe | M. Ukai
(0.26%0.09 MeV) B [MeV ] Eri. L-7

B Existence of a large CSB effect confirmed only by y-ray data
m B, [ 4,H(0*) ] confirmed, suggesting the emulsion #,He(0*) data also reliable
M Large spin dependence in CSB found by combining all the data




What is the origin of the large CSB effect?

u/d quark mass difference + EM effects
=> CSB in hadrons and hadron-hadron interactions -=-

Z
>

* 3+3~ mass difference + CSB in BB forces (Nijmegen SC97¢)
=> AB,(0%) ~70 keV at maximum.

SC: tensor dominated A3 coupling Nogga et al., PRL 88 (2002) 172501

* Shell model calc. using D2 => AB,(0*) ~200 keV. A. Gal, PLB 744 (2015) 352
D2: central-only AXY coupling

N A CAEpIing
* Ab initio calc. with Bonn-Juelich EFT force (LO) T
=> A(B,(0%*)- AB,(1*)) ~0.3 MeV. = central dominated AX coupling 50
D. Gazda and A. Gal, PRL 116 (2016) 122501 -
CSB
N A

The observed CSB effect is sensitive to AN-ZN coupling.

CSB effects in p-shell hypernuclei will confirm the origin.



Jlab E05-115
JLab (e,e’K*) spectroscopy

E 200 [~ #1\\ 12A B ‘j. =
S ok | | JLT tal.,
g )i S #51} e ; PROSO (2014) 034320
P | oy W ol
ot
:j -}
S AE = 0.5 MeV (FWHM) athieved
£, [MeV] T B E, [MeV]
. 05 10 15 B_(5MeV) 0 o5 0
%+ JlabE05-115 ' : .
g4g7ﬂ_ﬁa(e,e'K+),7\He 7A He e ,\H §'6if(g,iﬁlg')1"°i@ 10 A Be #4
@ 3F o quest 3 °r
= #1 _ 5 I
T "R
goﬁ WO &
S

e
4.:‘—
—H
—'—_._
—
—

o

s PR SR AR BRI A r

_10 5 0 5 10 N IR PR NUNAN N RTINS BRI BRI R
-0 8 -6 -4 -2 0 2 4 6

B[ eV]

. -B, [MeV]
T. Gogami et al., PRC 94 (2016) 21302(R) T. Gogami et al., PRC 93 (2016) 034314




(e,e’K*) spectroscopy and CSB in p-shell hypernuclei

7 7| i%
3 rtan
S -5.1 'mpo
= NS \ -5.16%0.08
) P2
54E - -5.26%0.03
Accuracy of -55F
absolute energy -56:5 | = ~
(e,e’K*) ~100 keV -57E | F|~ @ =F Theoretical
58F § o >3 —— prediction —
s9b [£F 5 — W/oCSB
(n K, (Kow) o0 (88 28 | - w/ CSB”|
~1 MeV a0 =90

T. Gogami et al., PRC 94 (2016) 21302(R)

Phenom. CSB int.

_~ which accounts for A=4

(Hiyama et al.)



3. S =-2Systems

==-nuclear bound states

10 pm



Nagara event (KEK E373) S=_2 World

: ; 6 He @ e .
e \ anHe a AzapE ) }
... ' : A

: <28 MeV 4
Y .
RZ(Z- 2V ATA = hypernuclei
Ba
=EN->AA

== _Al(Z2)+A
Baa|= 2B, + AB,,

AByp :, AA hypernuclei

J.K. Ahn et al., PRC 88 =0.67%£0.17
(2013) 014003. MeV weak decay




KEK E373
K. Nakazawa et al.

“Kiso event”

found by overall scanning method

10 um

K. Nakazawa et al. PTEP 2015, 033D02

uniquely 1dentified as

E- + "N — 1"Be + 3 He

Auger

o p electron
g-=4.38 £ 0.25MeV — .11 =0.25MeV
J,\OBe production : inthe ground state — 1n the highest excited state

3D atomic state of the E~—!*N system (0.17 MeV)

The first evidence for a deeply bound E state -> ="-nucleus is attractive



J-PARC EO07 ] ]
K Nakazawa et al. More S=-2 events with emulsion Measure

tracks

A hypernuclei and =E-nuclear bound states y
)/

% '~ gth (nuclear dependence) E production u+nters

B} | teraction K
“= " @ ith Ge detectors 6 o
:

-nuclear potential at the r‘_"‘"_ad'\af\o\'}amﬁc Y
from emulei- beaﬂ\ WA xground X =

[1]

= absorptionJ

K o GRS

. B
2 Fragmentation A f O"

€ ©

cays ~

Y | Y K. Nakazawa A
Beam Line gg‘\[t;lswn KURAMA h T e 6\ .p
Spectrometer Ge array Spectrometg T u’ R6-5 A— NJT., AN—NN
|




Spectroscopic Study of =-Hypernucleus, **zBe,

- via the 2C(K,K*) R ion :
J-PARC EO5 a the *“C(K-,K*) Reactio T —
Nagae et al.

m Discovery of =—hypernuclei as a peak(s) Mon. L3-4

m Measurement of = —-nucleus potential depth and width
m Coupling between = -nucleus and A A -nucleus Q1, 37t, 8.7 T/m

D1,86t,15T

S-2S Spectrometer
AE=1.5 MeV(FWHM)

— ' B 02,1245 T/m



Counts /0.5 MeV

Results of the pilot run (2015)

Using the existing SKS spectrometer (110 msr)

Missing mass p(K', K*) at 1.8 GeV/c Binding energy *C(K’, K*) (Carbon)
R N N N A =R L L e B
5001 ) — §1600:_ fhﬂ‘m 12 . B
oo p(K-KHZE" @ 14001 I L 2C(K, KY) E
: (CH2) : é 12000 JJ
300 ’ - o, 1000 T. Nagae
: : S00F | b Fri. L-6
200 E 600} J QF= |
C ™ ]
100F- = 400 7 = ]
- » . 200F h S
e T P P TS DN S L ¥ ! [ ) | IL~|.~ }
P37 1305131131513213251.331.3351.341.3451.35 85 0 50 7100 150 200 250 300 350 400
Missing Mass (GeV) -B.E. (MeV)
AE ~ 5.4 MeV fwhm

~ 50 events in the = bound region
Details will be discussed by T. Nagae on Fri at Hall L.



4
. Future Plans
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Counts / 0.25MeV

Density dependence of AN interaction in matter

To solve the hyperon puzzle, BB forces in high density (p > p,) matter necessary

Ab-initio calc. of nuclear binding energies => NNN repulsion necessary
Similar YNN (YYN, YYY) repulsive forces?

Precise B, data for wide A of A hypernuclei
0.1 MeV accuracy is necessary

89y (r*,KY) 89 Y

250

KEK E369 (SKS)
200

AE =1.64 MeV (FWHM)

-

o
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e
(=]
o

o
o

y

0 SAMJ

30 25 -20 -15 -10 -5

B, (MeV)

0

5w 0.00 0.05 0.10 0.15 0.20
A—2/3

M/Mstar

Yamamoto, Furumoto, Rijken et al.
PRC88 (2013) 2, 022801
PRC90 (2014) 045805

3.0

-

25
20
157
10-

0.5

0.0

11 / IIZ ‘ 13 ‘ 14 ' 15 ' 16
ESCO8 only R [km]
(no 3B force)



d26/dQdE (nb/sr/MeV)

(e,e’K*) at JLab 1
<00 OCa(yrnK Ey=1.3 GeV G =3° —
7 i A :

[ CAL(SLA) ‘d\ 4 £ —_——== ——=0 -1 —1io| | —= =]
400f . 4t 543 .
ol ) - (*,K*) at HIHR line _—

. s 4,2

5 + - ~ at J-PARC ext-HEF sk
200:— 2 . Slmulatlon
100 l | §AE = 0.3 MeV (FWHM)

3 I LV 3 expected

-25 =20 -15 -10 -5 0 5 10 1se | P
Hypernuclear Energy £, (MeV)

40 K, 48, K experiment approved

A single particle [ AE=1.6MeV(FWHM) égAY
energies in future

" (JI:_*,K*) at KEK Aa

g e el

BE accuracy < 0.1 MeV => Density dependence of AN interaction




muon for u-e
conversion

30 GeV p—
<31 GeV/c unsepar=*-
7




5. Summary

Highlights in Strangeness NP experiments
S=-1
Large CSB effect in A=4 confirmed.

B 4 Hmass measurementvia #\H-> *He +
H % Hey-ray measurement

-2
=—nucleus bound systems confirmed.

B =-14N bound system observed in emulsion (Kiso event).
M A pilot run spectrum for 2C(K-,K+) 12_Be shows bound state events.

Future

New experiments at JLab/J-PARC + Hadron Hall extension
=> YN interaction in nuclear matter => solve hyperon puzzle

S




Backup



10 (K-, ty) BNL E930('01)

Hypernuclear y-ray data (2014)
Old Nal data 7Li (n*,K*y) KEK E419 9Be (K',my) BNL E930('98)
3563__ 0" 1/2F
, T=1 T=1 268 3.040 2 __ 3/2*3 068 32 2" <0.1
etc. ( K'stops YT) Li ( K'stop, Y T° M1| [m1 ) B+ 2025 B - 0
) 2.186 3% __.- 7/2% 2.520 118 B
+ - 1+ 1"09 + _.-° 1 1.15 4 \~\~ M1+ 5/2+ 2.050
1/27 .- J27 - . E2| |E2
—_ M1 _— M1?
LTEPR E2
H N o+ He o ] " 0 g _ 4 0
e 3/27 0.692 Py 9 172+
4H 0 —= M1 Be ABe
AP PLB 62 (1¢ 6L 172% o
PLB 83 (1979) 252 7Li  PRL 84 (2000) 5963 PRL 88 (2002) 082501 NPA 754 (2005) 58c
A PRL 86 (2001) 1982 NPA 754 (2005) 58c
PLB 579 (2004) 258
PRC 73 (2006) 012501
12 (n*,K*y) KEK E566
13C (K-,ny) BNL E929 (Nal) e i o .
118 (n*,K*y) KEK E518 . 6.050 X Ap1/2 e BRSNS EESERee) .
— — . 0
X Ap3/2 / 3/0- 10.83 ﬂ
- o / Y —2" 6.786
; 1.986 . 5 .~ ,,' + __~4.710 . Lol 1- 6.562
0718 1,/ YW yg, U0 VRATTIT2892 j s Iz )a«/ _—
E— 172+ " 12832 {E1| [E1 eSS
+ . 231 _o* VY 1/2
0—2ur:- ety 82 . 0.161 T=1 g S
10 ~ 1 0 = E A ’ 3/2+ M1
+ b -0 - 4.439 g = 4.88
B 11 B 5/2 11C 5 1 20.161 27‘ 5/2+ M1 .
2 1C -0 ; E2 o__yp T e 12 o w2 — L 170,026
- [of} \A 4 Fre +0 -
A 'AC O Tiz+0 N 150, 2 150 16
s Ve AN A0
EPJ A33 (2007) 243 PRl 86
(2001) 4255 PRC 77 (2008) 054315 PRL 93 (2004) 232501
PRC 65 (2002) 034607 EPJ A33 (2007) 247

NPA 754 (2005) 58¢c

PTEP (2015) 081D01



¥EY Koike et al., Nucl. Instr. Meth. A 770 [2015) 1 EXle

Pulse | ub
‘ refrlger\at

Ge cooled down to ~70K
(c.f. 92K w/LN2) to reduce

radiation damage

-l —

eeeeeeeee

+ fast PWO counters
Eff. = 5.4% @1 MeV w0 bl Il R0
with 28 Ge(re=60%) “Helle] el

|




Slide by P. Achenbach

Setup at MAMI 1.5 GeV

to beam dump

photon dump

electron beam



. emulsion

ppression

BGO counters
for background

su

)

(rms)

Clover Ge

0.1- 3 keV
Ephoto = 2-3% @ 350 keV
sys. error < 0.1 keV

Expected shift :
stat. error ~ 0.1 keV (rms

-atomic X-rays via “Hyperball-X"’ (Ge array)

p—

=y

D

12C target

for

productior

P

=

b

T T ReV
(from m)

Faen

70-keV-~

316 keV

P———
e

(7,6)—(6,5) F

——

| Br



0.45

o
P

0.35

o
(&)

/A M, 5 oy [UD/ST/(15MeEV/C?)]

J-PARC E27

1.69 GeV/c pion beam, n (xt*,K*) A(1405), A(1405) + p -> K'pp

Two proton coincidence spectrum

0.25E

©
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|
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) L
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o o
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SRR SR SSpalld Sup LiEvaa i S8

~ ai
—

-]

—
A g g g L o

2 2l B2

B(Kpp) = 95 *18 . (stat) *30,, (syst) MeV

2.5 2.6
MM, [GeV/c?]

K-Ep search via d(Jt”,K*)_ Nagae et al.

One-proton coin. spectrum / inclusive spectrum

0.025 [

0.015f

Coincidence Probability

0.02f =

[ [ n* contamination

Proton coincidence

i‘h '}}!.‘r" ' 1

ﬂl h\

*}* "....."j}l‘ ‘.."“l.w
ot £ MHI |’¢“’ ‘M
21 22 23 24 25
MM, [GeV/c?]

Similar to DISTO / FINUDA results



350

300

250

200

150

Counts / 20 MeV/c?

100

30

The latest result:

3He(K,Ap)n

E 1 Sznd performed in 2015

- data .
= ++ 0.750 < cos6;™ < 1.000

- + 0.000 < cosO™M < 0.750
— + + (Scaled)
- T + -

: F¢ ¢ :
- x e
: %+ SR T. Yamaga
- Thu. R6-4
- N'+ % ]

- ++hu\v++ o ++++++++i¢$$ﬁ“ Soene -
__.1“‘Q_L [ | m_l_t
.0 2.2 2 4 2. 6 2 8 3.0

(Ap) (GeV/cd)

an

ﬁ 15 1st performed in ZOIA
Y. Sada, et al,

Prog. Theor. Exp. Phys. (2016) 051D01

M(A(1405)+p)
~M(K+p+p)

Ap invarinat mass

N
(=]

T T T T T T

Multi-NA sum

- -
[*) N @)

Count per 20 MeV/c2
N

N
N [
o iy
N
©
W

HHH .

Y ..
2 2122232425262
Mi....Ap [GeV/c ]

e Consistent with
the E15-15 result

— within statistics

* Peak(s) around M-,

can be seen .



Present Hadron Hall

56

K1.8 I <2.0GeV/c
. ~106 K-/spill &

<1.1 GeV/c

16 deg extraction
~2.1 GeV/c KO
nlledge © 30 GeV proton

——+ <31 GeV/c unseparated
2ndary beams (mostly
pions), ~107/spill

. <1.2GeVic
. ~108 K-/spill



Extended Hadron Hall (Plan)

e <2.0GeV/c _
« 1.8x108 pion/spill  * S deg extraction
. <12GeVic * xl0better Ap/p ‘ "C';5-2 GeV/c K°
e ~106 K- : |Hllﬁl;g \
e <2.0GeV/c [ E8 = g

¢ ~108 K/spill

<1.1 GeV/c
~105 - 1

-

l k1.8BR

= .~}.“~ v

o o Y% - R
g N o -
¥Y e 8 >
s >— <
S o s
.oy
-

« <10 GeV/c separated
pion, kaon, pbar
~107/spill K-, pb

105 m

\

. 30 CuyPreHn ¥ COMET
« <31 GeV/c unseparated 2ndary — Muon

beams (mostly pions), ~107/spill




High-Intensity High-Resolution line (HIHR)

Exp. Target

High Res.
Spectrometer ST

Intensity: ~ 1.8x108 pion/pulse
(1.2 GeVl/c, 50 m, 1.4msr*%,
100kW, 6s spill, Pt 60mm)
Ap/p ~1/10000 (Am~200 keV)

89y (t*,K*) 89 v

(EK E369 (SKS)

LN

= = 1.64 MeV (FWHM)




