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Why Hypernuclei?
-- Extending Our Knowledge on Matter

Nu~ Nd ~ Ns
s Strangeness in neutron stars (p>3 -4 p,)
Strange hadronic matter (A — o)

AA, E hypernuclei

}"'",?"

Neutron-rich nuclei

‘30

O neutron

7 7 f halo

[ R R~ R — T -

neutron number
3-dimensional nuclear chart



direct reactions

(K, o), (nt,KY) n-=A

(K, 79), (n7, KO, (e, e'KF)

(K, n*) pp > An

(n*, KO) nn == Ap

p >

A Must be bound

Critically bound or unbound ?

E:v:;:-nser\m»sentzlll'yr known bound hypernuclei (B kKnown)

145e —
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ﬂEe ﬂEe
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v --- e 10Be || 11Be || 12Be -—-
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BLj i = TLi ===
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o He §j| *He == 6He - 8He --- ---
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A\ Hypernuclear Chart

excited states known

v rays measred



Motivations of
hypernuclear y spectroscopy

Baryon-baryon interactions

A hypernuclear structure = AN int. (meson or quark models)
f c.f. nuclear structure <€— NN int. (phenomenologically known)

Unified understanding of B-B interactions

Impurity effects shrink
-~ 9
Change of size and shape (shrinkage), J A

New symmetries, Change of collective motions,...

Medium effects probed by hyperons free from Pauli
N-spin-flip B(M1) — g,

swelling?



Hotchi et al., PRC 64 (2001) 044302
89Y (n* K*) 89, Y

250

KEKE369 (SKS)  f,

Counts / 0.25MeV

1 I
30 25 -20 -15 -10 -5 0 5 10

B, (MeV)

A Single particle states
-> potential depth
U, =-30 MeV
I forbidden V,n< VN

A N

YN forces from

hypernuclear structure

AN spin-spin, spin-orbit, tensor forces ?
AN <-> XN coupling force?

=> precise data necessary

NN interaction

SU(3) + meson/ quark models

Free YN interaction

G-matrix calc.
Effective YN int. Few body calc.

Shell model calc.

Hypernuclear data




v spectroscopy and
AN spin-dependent interactions

- Low-lying levels of A hypernucleus

‘y') or (x* K*)
“Hypernuclear
SN v 1y 172 Fine Structure
$ J / split by

Y AN spin-dependent
A_.IZ interactions
A < 0.1 MeV
Only Ge can SSUUGE A, S, T
separate

(~2 keV FWHM)

- 2-body AN effective interaction Dalitz and Gal, Ann. Phys. 116 (1978) 167
Millener et al., Phys. Rev. C31 (1985) 499

eff - e o S -
Van = Vo(r) + V() $43 + Va(r) LS, + Wir) Ly + V() S,
A S, Sy T
p-shell : 4 radial integrals for py s4 w.F.



ﬂxpe rball (Tohoku/ Kyoto/ KEK, 1998)
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AN,

m Large acceptance for small #ZaEs .
hypernuclear y yields '
Ge (r.e. 60%) x 14
Q ~ 15%

Epeax™ 3% at 1 MeV

m High-rate electronics
for huge background
1 TeV/sec, 100 kHz

m BGO counters for ° and
Compton suppression

Resolution of hypernuclear '
spectroscopy
1 MeV -> 2 keV FWHM




BNL-AGS: 24 GeV p, 2x10"/spill E930 Setup
-> 0.9 GeV/c K-, 2x105/spill

Hypernuclear production by K-n -> A n-
do/dQ ~ 1-100 pb/sr

V| |[XIX
— I'EI FDI. Ill_
T 'l. 2 ( FD3
|| R H,’/{ _.|-"""
.......... — |
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Im
Water target . . .
FC side view
IC2. |
K > et Hyperball frame
o Sept.-Nov., 2001

[l drift chambers

[1 Cerenkov counters

=,

™ Ge detector

lastic counters
- BGO detector o

Hyperball



Present status
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TyLi
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ZAQ

Best-studied Hypernucleus E419: Li (x* K') Li
E930-2; 1DE {K-.H-}H?LE* o Tlei*

(", K*)
L@ KWy £ /ot 388
KEK E419 1 i T + T=1 .
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Sasao et al., PLB 579 (2004) 258



9, Be
AN spin-orbit force

BNL E930(’98)

- Hiyama et al: PRL 85 (2000) 270

8 9,Be Split by E(3/2*)-E(5/2*
Be & & SPHTSm;t force Meson exch. 0.02(3 - O.)ZO (Mev)
. o 4 Quark model 0.035 - 0.040 MeV
Be_ (K, mvy)°,Be 43+5keV -> Favors quark models
40 5/2+% . 3/2* |

Counts / 5 keV

Doppler shift

- Millener:
corrected —

E(3/2*)-E(5/2*)
=-0.035 A- 2.465S .+ 0.936T
S = -0.01 MeV

30§

20

10

Consistent with

D:I S T R T A R T T T N T TN . SN TN TN T R TN S ST NN T

2800 2900 3000 3100 3200 3300 Py
Akikawa et al,, PRL 88 (2002) 082501; g, (v, VeIV small kSCSp"tt'"g
Tamura et al., HYP03 mn-=,



16,0 and AN tensor force

AN tensor force:
How is the nuclear tensor force without pion ?

N A A N

000000000

Tensor force really very small?
Explained by meson exchange models?  ‘——."" g J¥1/2

Py 'Sy, (12,C): AE= 2/3 A+4/3S,-8/5T p
Pyy'S,,(1,0): AE=-1/3 A+4/3S ,+8 T AL



Counts 3 ke

Counts / 3 keV
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Fine structure of 16A0 and AN tensor force

Simulated peak shape

— for a fast transition — f

RPN I (I S B2 R
Afier
Doppleér 20 =t I e

comrection| | Before.......
- : Doppler : 10
:_ ............. fecscacadicacdhasancin c ‘..},[T':ml'.ﬁ],_[

Counts / 2 keV

||'||nq‘|-1| "
6700

= PR |11,.|1.‘|H"-~—u.._| |.

6400 6300 6600 6700 0 - —
6400 6500 6600

160 (K-, ) E, (keV)
' AE = 26.1+2.0 keV (prelim.)
E(1)-E(0) = -0.39A+1.4S,-0.005Sy+7.8 T+ AX

( Millener, 2001 )
<- 4=0.46 MeV, S/1 =-0.01 MeV

-> T =26 -32 keV Firstinfo.onT

6.18 _3_-":2_:::-_ am=ml
MeV

ND NF NSC89 NSCO7f ST G
Meson Exchange model
T 18 33 36 54

predictions agree
(keV)




Hypernuclear Fine Structure

4, S, T: consistent
AE = 2.47S ,+ 0.94T

AE = 1.314+ 2.14S ,- 2.32T 2+ 32" 3/2" -
- e A3 keV e
+ R
3 —i’ 4T keV | 2
* 512"
‘ -310 keV
AE = 0.68S,,
- 327
1+ "_'.":. L 2R | 692 keV ' 0+ T A AR 4 1/2+ 1/2° y 1
S 12% 8Be 0 CH - 26 keV

AE =1.444-0.27T AE =-0.39 A+ 1.38S ,+ 7.82T
7 1i 9 16
/ ALi l l Be l Ne.
A= 04MeV S,=-04MeV S,=-0.01MeV T=0.03 MeV

All the spin-dependent force parameters
determined.



J-PARC (Japan Proton Accelerator Research Complex)
By KEK+JEARI completed in 2008 at Tokai, Japan

| Materlal and Biological Nuclear and Particle
Smence FaC|I|ty Physics Hall
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New Hyperball for J-PARC Hyperball-J

Super Clover
Ge detector

Single
Ge detector

Background §&
suppression.
counters

e~10% at 1 MeV (x4 of Hyperball)
Rate limit: 500 kHz per each Ge (x5)

K beam: ~ x100 Bottom half viewed from top

=> Yield: x400 for single y
x8000 for yy



Plans of y spectroscopy
at J-PARC (+ Hyperball-J)

(1) Complete study of light (A<30) hypernuclei
(2) Systematic study of medium and heavy hypernuclei
(K-,m"y) spin-flip/ no-flip productions

AN force (AN-ZN, p-wave,..)
B(E2)-> shrinkage, New symmetries

(3) _n-rich/ p-rich/ mirror hypernuclei

(K-, vvy) in-beam method Charge sym. break in AN force
(K-, =°y) mirror hypernuclei Shrinkage of n-halo

(4) Spin-flip B(M1)
(K-mmy), (n*,K*y) Doppler shift atten. i, in nuclei (p-dependence)
(Kmy p) y-weak coincidence

(5) Double strangenss (- atom X rays and AA-hypernuclei)
(K-, K*y)

=N, AA interactions



2C (' K*) 12,C Light hypernuclei

SKS AE~1.5 MeV(FWHM)

=W

s I Pl

| --- example of 12,C
| Simulation: K1.1, 10g/cm2, 120 hours, Hyperball-J
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\ a-t+n+n 2* at+A+ntn
n-rich hypernuclei PR+ T

-0.69
by (K-,n°) reaction _ EZ :
_ > L 6He T _AETH" tHetn
--Disappearence 2 A Y
_ " 7 S B e ."',_ +
of n-haloin"\He i .| %A ..4.43‘ E‘ 3/2 7 He
" X +
Drastic B(E2) change -6.12 1/2

Calc. by Hiyama

i 0.58 B(E2) erm4 0.068

0.03 )
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Z =
O_‘:’OO‘I i {1 \\\ —]
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. 20
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AGATA(500kHz) at J-PARC?
->¢,X 9, g, x 25 of Hyperball-J

New experimental possibilities open.

Impurity effect of A:
Change of deformation, collective motions, ..
Shrinkage by A A -> Density of strange nuclear matter

Various n-rich hypernuclei  such as ',Li, 12, Li
(K-,n*) ~ nbl/sr 1B (K-,n*) 11, Li (A makes '°Li bound)
K- -in-beam: (K-,yy) 12 Li

Systematic spectroscopy of various AA hypernuclei
Z (K, K*) -[Z-2] > ,,Z  +..



Summary

Hypernuclear y spectroscopy with Hyperball in progress
-> AN interaction, shrinking effect from B(E2)
First success of yy coincidence

7.Li, °,Be, 1,0 : Hypernuclear fine structure
-> All the AN spin-dependent force parameters
(4,S,, Sy, T)determined.
LS (S, S,) quark picture favored
Tensor (T) meson exchange OK

J-PARC high-intensity K beam + Hyperball-J (or AGATA)
-> “Table of Hyper-isotopes” incl. heavy, n-rich,.. hypernuclei
AGATA will further extend possibilities.



A-Spin-flip B(M1)

B(M1) ~ |<®
1, in nucleus -> medium effect of baryons

J, +1/2 &é a1 Oc

core nucleus Je-1/2 ?é ‘I’Al dc

in s-orbit

ch hypernucleus
B(M1) o< <@ |pnz| @;> |2

= |[<opt dcl GedZ + G | op | e 12
< (gec-9,)?

Doppler shift attenuation method [same as B(E2), established]
(m*,K*y), (K, m"y) for light hypernuclei

v-weak coincidence method [new, only possible at J-PARC]
(K-, mpy) for heavy hypernuclei

Accuracy Ag, < 5% achievable  -> p dependence of g ,



Setup at K1.1 Beamline: K1.1
} Plastic Counters (K1 1 BR)
SC4 pritt chambel- at 1.1, 0.8 GeV/c

5m

4.2x107 K-/spill
Kint> 1
n* at 1.05 GeV/c

Plastic Counters

/ BC1 \iWPC or SCFI Pion Spectrometer

11 BC2 HyperbaII-J (SPESII)
9 i Spectrometer: SPESII
Beam Spectrometer (existing)
BC3 B%4WPC~°;C1 S\ Aplp < 2 MeV (FWHM)
Cerenkov 2 ~ 20 msr
Around Target Tang‘t
(side view) f I—I
U A | I_I I_I = >
. / f Hyperball-J (20077)

Counters BGO or GSO
Ge New CDS



(K", K*) experiments with K1.8 + SKS

— KEK-SKS T. Nagae
E hypernuclear

spectroscopy

AA hypernuclei , [

+ CDS for decay r’s
hybrid emulsion

weak decays
Y rays

l

=N, AA, EN-AA | ¢©
interactions

BEAM

H‘n 1100 MeVic
I".I_ | [} im \
1.8 GeV/c K-beam

1.0x107/pulse




(1-b) Light hypernuclei
Impurity effect
--- example of 20 Ne : change of cluster structure

shrinking effect

i 1616 3" considered - parity states + parity states
(mbst) i (cluster model)
(K1) "-.
0.8 GeV/e i . i
10deg 1 —?-\‘ l'-|
02 1070 |
0275 1ph 2" 17
0.25 — L. 028 5/2+"-,£_'L— 142
L0 0 11274 0" 123
E(MeV) 20N (MEV)lg . |'|
i ARAC Ne i Bl
! Vi [EL
(a) Millener et al. ( Y 2 o
» (1)_0.25
<V Mly © 0
1
%\ e (MeV)

(b) Sakuda - Bando



K1.1

K1.1
K1.8

Strangeness Nuclear Physics
Experiments at J-PARC

Day-1 experiments

E hypernuclear spectroscopy by (K-,K*)

AA hypernuclei by sequential = decay method
and by hybrid emulsion method

Precision y spectroscopy of A and AA hypernuclei, E X-rays

High-resolution (7,K*) spectroscopy for A, Z, and n-rich A
hypernuclei

Weak decays of A and AA hypernuclei

K-nucleus bound states by (K-,N) and (K-,n) reactions

AN, 2N, =N scattering experiments



Do we understand wam | e s

nuclear force'? [AfeV] from textbook bly Tamagaki

[ repulsive core

Short-range forces (=repulsive core,

LS force) determine the L 100 LS force

“basic properties of nucleus”

(=saturation, magic number). ViR, )

- 30
Quark Cluster Model 0 05 10\ Ts—~—— 20 25

- NN repulsive core r [fm]

A-N mass difference ™ color magnetic int
Wluldid!stsl] [%
H dibaryon (SUy(3)xSU(3) singlet) VOPy)

= Attractive core in AA-=N channel

u_lm -
(1=3/2,5=1) strongly repulsive core @ \ W
« >N (I= S=
p M

< quark Pauli o
- LS force — quark gluon exchange TV - :
. uark-giuon
— A:very small qexcha?]ge’? meson exchange

> .aslargeas N



BC (K, my)

A spin-orbit splitting in 13,C BNL E929

P12 P3» Single-particle level splitting

E(1/2-)-E(3/2") =152+54+36 keV

10< O<16

10 11 12 13/ 9 10 11 12 13
Ey (Mev) EyMev)

0<6n<7-
o>)30' -
= i
p—
0‘20'
~
W
=
510-
(@)
O
0 bt TR
9 10 11 12 13
E y(MeV)
~~ L
=
2100
> E
S,
p—
biC} S
=lo :
1

FIG. 2. vy ray spectra taken in coincidence with scattered 7~ ’s
(upper panel) and differential cross section of 1/27 and 3/2~

6 8 10 12 14 16
GTC (degrees)

states calculated by Motoba [18] (lower panel) are shown.

w/ Nal array

XAP1f2 12 1110
X Ap3/2 ; a0~ 10.95 ¢
] 0.15
! E1 |E1
III +
4,439 2+;’ﬁ,_,; 352+ 4.91
T 5/2
EZ2
= 0F Yvy
12 o 2% ©
C AC

Ajimura et al., PRL 86 (2001) 4255



How to measure Tensor term: '®,0 and 5,N

To be observed
{Important transitions)

Me\
395 17 .-
2.31 0"
1/2%

1‘+

ot —qw A
14 +
N 15N339/

A

0.76A - 2.255, ~9.89T

Millener et al., PRC31 (1985) 499,

Millener, private comm. (2001)

+
0" 17 MeV

s
_:::::-'-:: 3"||E_
1% 6.18
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e o 1/2"
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\ %0
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| |

p1/2 shell --- Large contribution of the tensor term

Phys.Letl. 79B (1978) 157

160 (K-, n°) 16,0
pk= 715 MeV/c



Upgrade of Hyperball

Construction of Hyperball2 in progress. Ready in 2004

Clover Ge (r.e. >120%)
+BGO x 6 added

Peak eff. | Mg Clover
~ 2.5% -> 5% at 1 MeV 8

Beam test of Clover Ge

(T536, June 2003) OK BGO

counters
VME-based fast readout Ge
detector &

Improvement of preamplifie

individual |
Ge detector
x14

Ge detector



J-PARC NP-Hall (a sample plan by
Noum)———+—F—7—7—

PN e, e N . T e



Physics output from 7 Li

(", K)
MeV .+ MeV
3.563 L A— "{fEJ' 3.88
T= 1=
M1| | M1
3 . 7/2% 2,520
2.186 —=-x jh‘“ i
. o 5/2% 2.050
|
E2,
: E2
|
| S, Y 1 aptoeer
0 Xl ---
. M1 v
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