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1. Introduction



World of matter made of u, d, s quarks
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Present Status of

A Hypernuclear Spectroscopy

A Hypernuclear Chart
(2005)
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Counts / 0.25MeV

(*,K*) data and AN interaction

SKS at KEK-PS
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-> Nuclear potential of A

U, =-30MeV (c.f. Uy =-50 MeV)
-> spin-averaged central force of AN

Better resolution is necessary for
AN spin-dependent forces, AN-XN force, ..

. v, (e,e’K*) spectroscopies

U5 %5 20 45 40 5 0 5 10
Mass of hypernucleus -B, (MeV)

Hotchi et al., Phys.Rev.C 64 (2001) 044302

Unified understanding of B-B interactions
in the quark (+meson) picture
together with 2and &£ hypernuclear data




Present status of BB interactions from Hypernuclel

S=-1

AN:

>N:

S=-2

z %5

Established Data | To be studied Necessary data

U,=-30 MeV  B,, 8Y (n*,K*) 8,Y, etc.

LS, spin-spin, tensor y-ray data (*\H, /,Li, °,Be, 3,C, 16,0, etc.)

AN-ZN (3H/%H/> He)

odd-state force, r-dependence, charge symmetry breaking
More y-ray data, high resolution (e,e’K*) and (n",K*) data

Uy strongly repulsive 28Si (n-,K*) 28,Si,..

strong isospin-dependence “4He (T=1/2, T=3/2)

LS XN scattering data

Uy, spin-isospin dependence High resolution (- ,K*) A;Z data

weakly attractive (AB,,=1.0 MeV) °,,He
Uz (~-14 MeV? °C(K-,K*) ?_Be )
spin-isospin dependence )
SN-AA High resolution (K-,K*) #.Z data
H dibaryon resonance? }More Z events and their decays
H-like correlation in nucleus?/




2. y-Ray Spectroscopy



Hyperball2 (2005~

Efficiency 2.5% -> 5%
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Clover-type
Ge detector
(rel.eff. >125%)
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Single-type
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AN Spin-dependent interactions and
Y Spectroscopy

m Two-body AN effective interaction  Dalitzand Gal, Ann. Phys. 116 (1978) 167
Millener et al., Phys. Rev. C31 (1985) 499

eff - Bl ggi e
Van = V() + Vg(r) s sy + VAr) Liys, + W(r) Liysy + Vr(r) Sy
A SA Sﬂir T
p-shell : 4 radial integrals for py s, w.f.

m Low-lying levels of A hypernucleus

y-) or (x* K*)

“"Hypernuclear

sﬁf y |y 4172 Fine Structure
J / split by
(] AN spin-dependent
A-17
Z J-
ore

7
interactions
A
A . 1/2 X 0.1 MeV
Only Ge can S A, s/; > T

separate
(~2 keV FWHM)



Determination of the spin-dependent
force parameters

4,S,, T: consistent

f AE = -0.044 + 2.46S + 0.99T
AE =1.294+ 2.17S - 2.38T o+ 3/2* 3/2° 1-
7)o+ e +43 keV
3" aT1keV o/2
. * 5/2°F
-310 keV
AE = 0.70S,
R 3/2*F
1;'—0’,‘: 692 keV M O+ v v 1/2+ 1/2' v 1-
61 i A A 4 \ 4 + LR :: T 26 k V
Ll 1/2 8Be 150 ' O_ e

= + -
AE =144 4+0.055,-0.271 AE =-0.38 A+ 1.38S + 7.85T

/ 7 Li l 19ABe l 16,0

A= 04MeV S,=-04MeV S,=-0.01MeV  T=0.03MeV
PRL 86 ('00) 5963 PRL 88 ('02) 082501 PRL 93 (2004) 232501

All the spin-dependent force parameters determined.



Study of AN interaction from y spectroscopy
BNL E930 (AGS D6 line + Hyperball)

Discovery of “Hypernuclear Fine Structure”

16 - o) 16
%Be (K-, w'y) °;Be 0K, D0
40%: 4345 kev o w/ Doppler correction > 30 e H 2611—20keV
= Aok — (spectrum revised) Y § : !
a o 20 o =it --------------------- i
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s T e I S
Akikawa et al., E2]| |E2 Ukai et al
PRL 88 (2002) 082501 | PRL 93 (2'60 4) 232501
oY 0 — 0 iy -12 0.026
8Be 9 150 o O
0 ABe %9
AN spin-orbit force: S,=-0.01 MeV AN tensor force: T=0.03 MeV
=> agree with quark-model predictions => agree with meson-exchange
model predictions




Consistency Test (Millener’s framework)
A= 0.4MeV, S,=-0.01MeV, S,=-0.4MeV, T=0.03MeV

+ size correction, 2A effect (Millener)

1/2*
O+—'"‘ 3773 3877 1-
- os* + o
T=1 KT/ 6554 6559 1_. . 7803 481
. 7/2+ * 1/2+
—: | || ) 51147
3 5/2+ 0+ I / \ 4 1/2+
T=1 2398 2268
1* ST 802 1/2° y L 1* ‘ 12°
K ‘ —_— I !
T 1/2* 15 0 14| 3/2*
6Lj 7 i O 16 O 15
ALl A Hints forAZcoﬂ\HJImg
Iy
,+ 3/ N or other effecig”
— 1] 32, 180 <100 .
5/2+3004 3024 __.::. e — 1/2+ 1020 1482
B T4 72+ 'r
£+ 1OAB A< 0-3 3+ ““ S O 9
e —— IR N - VY.
8B 1/2* ’) 2y 198 5/2 MeV
A Inpu [keV] 11 B H
A
- {eSl predicted measured



Comparison with BB interaction models

> G-matrix calc.
by Yamamoto

A s, syl T (mev
ND 20.048 |-0.131 -0.264| [0.018]
NF 0.072 |-0.175 -0.266| | 0.033
NSC89  1.052 |-0.173 -0.292| | 0.036
NSCO7f  0.754 [-0.140 -0.257| | 0.054| |
(“Quark” 00 -04

Strength

2quivalent to quark-m

pdel LS forCe by Fujiwara et al.

EXp. 0.4

-0.01

-0.4

0.03

Spin-orbit forces (S, S,) cannot be explained by meson models.
Data seems to favor quark models. Consistent with Hiyama et al.
--but °, Be calculation by Fujiwara et al. (quark+meson) cannot reproduce it.

Tensor forces (T) is well explained by meson-exchange models.



Extraction of YN interaction properties
by cluster model

1+ _ Hiyama et al., PRC submitted.
input )
1/2% ,:"/1.0810.02 M1j| 1.1 MeV 12
3H ot 0*
44 U=k .+ Calc Exp
A —_L[[D 047 0477Mev
) o+ INPUL 5/2
— __ j 43 keV
572 ) y 3/t
SH— ‘ ) 069 0.692MeV
oLi . 127 B, .
ot 11 "L Yinput
. 1/2*
Be 9 Be NSCO7f

+ V(El1), V(E3), V(O1), V(O3) adjusted
+ V(ALS)=- 0.83 V(SLS)



6000 wiean LR LY
" (1‘C+,K+) 12 C ﬂfﬁf.j;_
5000:_ B ,J—J Unbound Region 1_2 C an d 11 B d ata
4000; fé;}:‘ne A ES566
- 12 +
- E518 C (n*,K")
3000
- Hf 1B (* K*) /
o W
10002 . e //
- B,(GeV) | 0718 1 e o+ 1 482
.0.02 -0.015 -0.01 0,008 0 ‘0605 5ot 5615602 E2 “//—
60
E 1B (1/2+—5/2+) 0 3T .. 772" 0.263 P R
50/ 1482 keV \\‘4 "“n_‘m 0
w/o Doppler 1DB 527"
E 40— correction 1}1 B Ex (MeV)
gan ‘ ! 2.000 1/2.-: 1"/2.654
= gn J"rmf'l[Lh{rL’lL i L e ] ' ( y M1
o 2 W W W 0 — 320 . 2
Jj| P 1Sl gchtlysl,g)we.lgsth an prediction 11 10

of 415 keV from 4 = 0.43 MeV C 120 ExMev)

10 = 11 B{ J,r2+_;.5‘.-2+} - i2 - B

=1 s |27 ey | WDopster || VS (520
E:L_*EJ 'i! EHJN | w/o Doppler 2 | | consistent with
%:E [IJ I'{ﬂh i Wﬂ}. %4 correction % d: l ﬁ | SN =-0.43 MeV
S o ! S | LR 1NN |

-n:n-_r # Hj 1| | i1 - ’ ‘l h l| _

o SR '

2:;; 150 200 350 DINilﬁHlIHfl:nn u: ' I_k i' ] "" LILLL 'N 1'I1 [ ﬁ ] I]M

E? {hﬁ'\f} 2200 2300 2400 2500 2600 ZET:D f:ell‘l}jiﬂﬂﬂ 3000 3100 3200




Proposed DAY-1 experiment at J-PARC

Feasible even with low intensity beam (~2uA)

(Kmy) at p =1.5GeV/c

(1) Spin-flip B(M1) measurement and g, in a nucleus
7\Li: Least ambiguities exist and most reliable. (500 hrs)

(2) Further AN interaction study from p-shell hypernuclei

10 11 B
AB and %, B: (100+200 rs) 0 mation of AN spin-dependence

Inconsistency exists. AN-ZN coupling
Experimental data not enough.
Few-body approach as well as shell model is possible.

(3) Radial dependence of AN interaction from sd-shell hypernuclei
19 F . Easiestin sd-shell (100 hrs)

(4) Charge symmetry breaking in AN interaction and

spin-flip property in hypernuclear production

4AHe . Largest CSB is suggested but previous data is suspicious.
Easiest to observe a spin-flip state (100 hrs)

(K,K*y) at p, =1.8 GeVic

E-atomic X-ray measurement (Ag, Br, Fe,..) ->EN interaction



Proposed DAY-1 experiment at J-PARC

(Kmy) at p =1.5GeV/c

Feasible even with

low intensity beam (~2upA)

— 1 Snin flin BMIAY measurement and g, in a nucleus

T(SA-dN) >F(SA-pN) biguities exist and most reliable. (500 hrs)

action study from p-shell hypernuclel

| as V|

sensitive to interaction range JC€ (
and exchanging meson mass

n sd-

(4) Charge symmetry br

112t 108002 M1
3H T ot

H

Very large CSB !?

M1 | +
272 |1.15+x004 ™, 12
+ 7
2.04+0.04 b 3He

N
N d OO+200 hrS) Confirmatinn nf ANl cnin dAonondonco
= P' S.  oesso00 4He(K-,m) 6=10°
.96 0.
S 1ot ef 1.24+0.05 1%,

2.39i0.034
A 4 AHe
B,(MeV)

spin-flip property in || Not theoretically understood.

4AHe . Largest CSB is suggested but previous data is suspicious.
Easiest to observe a spin-flip state (100 hrs)

(K,K*y) at p, =1.8 GeVic

E-atomic X-ray measurement (Ag, Br, Fe,..)

-> =N Interaction




B(M1) measurement and g, in nucleus

u, In nucleus -> medium effect of baryons

B Direct measurement of u -- extremely difficult. swelliné.
B B(M1) of A-spin-flip M1 transition -> g,

Can be investigated using a A in Os orbit Established for “hypernuclear shrinkage”

n’ li . )
~100% Doppler Shift Attenuation Method in7,Li from B(E2) :  PRL 86 (01)1982

—vers

I=BRI/z E3 B(M1
9 M J. +1/2 6é VAT Ve
JC
B(MT) = (2Jyp +1)7 |‘< iow I 1 [ 'Pyp >|? 6 M é
3o -112
(2J + 1 |< WAL Ve " M " WAT Ve > |2 core nucleus A?] - VAl Ve
1= Godo* GaJa = ged * (- 9e) I pemuciens

= 8t 2Jc+1 (gA-gC)z [E-'LNZ]

Difficulty:
DSAM works only when t <t
tis very sensitiveto E as B(M1) 1/r E?2. ButE, is usually unknown.



counts/ keV
ik L e h )
= = =2 [ o =3

[
=

Test dataon B(M1) in 7,Li (BNL E930)
10B (K-, ) 1©0,B*, ~ 10,B*(3%) ->7,Li*3/2) + 3He

indirect population

| . pre[lmmary simulation
=L ALI(692) = f
| ”":1»'.‘ __ GalBa : T=195ps |
H ‘ L | | (Baz i‘ |
H - L1 ey . 10 | i
I “n " ll"% g o) [ x=05ps
Euf| g g & i |

- i oll M Fa : .

WA 1 T << 0.1 ps ) stopping time

- "%Ge(595) M AU S LY *-F?ps
E B T (S T ST S S SIS TR (N (U N LN LN S ) SN N [NNUY S D [N N LN SRR | 640 660 I.f}m] ?m;l - 720 740

600 650 700 750 300 (keV)

e E., [keV]
T =0.58 5'5g9PS

BR(M1)=100% | B(M1) = 0.30%3.18 [u\?] |

preliminary
(statistical error only)

-

®& g (free) = 1.226 py

g, =11 +8§ 2N

First data of g, in nucleus

Indirect population => more background, ambiguities in production



Proposed B(M1) measurement at J-PARC

To avoid ambiguities, we use the best-known hypernucleus, 7,Li.
B Energies of all the bound states and B(E2) were measured,
B vy-ray background level was measured,

M cross sections are reliably calculated.
Bt =0.5ps, tg,,=2-3 psfor 1.5 GeV/c (K,m) and Li,O target

+ 5
= - -+
3563 —1=LO  aHetrd ., 3.94
' 112" 3.877 Calc. by Motoba
- F ol IR
S Li(K =)L
M1 M1 2 -
o ok (K U ) ﬁ % pk=1.5 GeV/c
2 186 =0,3 - : A
. _"-‘ ? 12 2‘521 13“‘-1,6 . it
Ml N 2
—_ 52 2050 5.8 9.1 01 -
;' e |
* - E el « calculated point
T=0,1" 327 0.692 ~0.5 0.48~0.56 £ P "
0 M1 S = - ¥
6+ . \DT Iy 2 o 0L~
E.. L1 - /2% 0 2%
' . B : \
(MeV) ALI Eex I:T (ps) T (ps) g 32t T)
(Mev)  lexp]  [calc] s | ol
PRL 84 (2000) 5963 ; "_::,#’
PRC 73 (2006) 012501 ) ,;:j,-”
" IT:- -_3 4 [} ] 1 12 14 16 18

Ok, (reactionangle) [deg]



3. (e,e’K*) Spectroscopy



E140a

12C(n+,k+)12AC @ SKS
First (e,e’K*) Data | |
-- Jlab Hall C (E89-009) |

counts/0.25 MeV

40

20 |-

1lB(gs)><A(OS) ,s

S S e 200 205
Hypernucleus \ 11
yD ol 1,2 B(gs)><A(0p)
2 3
12 'K+ 12 B &
C(e,e’K") mA_ \ Calc. by
| Motoba/ Millener
Meastire e beam o
at mo deg. e ""'""1.8 G‘EV/E % 60 I
_ _ g’scn'
B Spin-flip states 3
B p->A : mirror/ n-rich hypernuclei ” 40:
M Resolution can be improved.
1.5 MeV FwHM by (nt*,K*) 30
1
0.9 MeV FwHM by (e,e’K*) 0 5 10 Ex Energy (MeV)
1

Miyoshi et al., PRL 90 (2003) 232502.

-10 -5 0 BA(MeV)

0.3~0.4 MeV FwHM W/ HKS




HKS @ Hall C --Dedicated (e,e’K*) Spectrometer

| Enge Spectrometer |

—

Wire Chamber—»]
Hodoscope—>

High-resolution Kaon Spectrometer (- %
Ap/p=5x10+4->2x 10 4 [FWHM]
Q=4 msr ->16 msr (w/ splitter)

Tilt method >

Avoid bremss. & Moeller electron bg.

singles rate ~200 MHz 2 <1 MHz

=>much higher beam current
heavier targets



4. Neutron-Rich A Hypernuclei



(", K*) Reaction Data (KEK E521, K6+SKS)

1.2 Gevic 10B (m-, K*) 10 L
Motivation 350 [

M Production mech.
2-step charge exch.
(mp->nln, nOp->K*A etc.)
Y- admixture (m p->X K*, £ p->An)

B A-X coherent coupling = ]
B Behavior of n-halo with a A 5,15, : + * ;
;.10.0 Almost no ++++++ ﬂ ]
|6‘\l tEackground ++ #
ot ] o Wbt
Results ; oot TN
. 0,0L.m.~n"?°f*.........................g.ﬁ.g
M Larger cross section for 1.2 GeV/c w 40 20 0 20 40 60 80 100 120 140

than 1.05 GeV/c -B, [MeV]
-> ¥ contrbution is large ?

B Cross section for bound region Saha et al., PRL 94 (2005) 052502

(n,K*) [ (n*,K*) ~1x1073 First data on n-rich hypernucleus



Coherent A-X coupling
and n-rich hypernuclel

m Correctly describes the binding energies
of 3,H, 4,H/ 4, He, >,He
(Solves the overbinding problem of > ,He)

m Important for large-T hypernuclei

m Large effect on structure and
Cross sections

4
AHe
0.0
1+ Ly 1
1.24 -1.20 -1.21
—.
-1.52
-2.10
-2.39 0
o* Py =07 %

Akaishi et al.,

PRL 84 (2000) 3539 EXp SC97¢e(S)

'H |5He. “H) °H

- .-'f{’.-' I _r'}" A

Superheavy h','drcrqen fﬁ H+ .’\
1 ? r’. g /. s

, /'

F A
L AT r /
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L 7. .f- ,»
SIS A
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0.0

-4.4 MeV

o
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Study of n-rich hypernuclel at J-PARC

Proposed by Sakaguchi et al.

(n,K*) reaction with SKS and K1.8
107 pions/spill -- Not limited by proton beam intensity

°Li (n",K*) °\ H
Be (n-,K*) ?,He
1B (n,K*) 10, Li (again)

12C (TC-, K+) 12AB e



Future: Eo

n-rich hypernucler < bHe © aHe+n+n oy n
~ - o)) B "'\\ \ T T P
by (K-,x%) reaction L%, - % g&%fg ,
] N~ Y ~4.43
--- Disappearence 5r e faHe
of n-halo in 7AHe - Drastic B(E2) change -6.12 1/2
1058 B(E2) e2fm*  0.068
> 0.059

Calc. by Hiyama

0.03

7 He(1/2+)

0.01f

"core—n+ P (Fooren ) (fm_1 )

Teore-ne P(reoren )

2

20

Fecore-n  (fm)



5. Weak Decay



Weak Decays in Hypernuclel

- (A > pn) Mesonic
M o (A > nm°) g~ 100 MeV/c
ot (C1/T) < (
Mo (Ap > np) (1N) Nonmesonic
-
. nm rn (An - nn ) o) g~ 400 MeV/c
L Mo (ANN-> nNN) Sensitive to
short range part
of BB interaction
N N I' /T, (=np ratio) puzzle:
n P
T K, p 0. N S Large statistical and systematic errors
(FSI, n-detection, proton energy loss,..)
Inconsistent with theories
A N A P n



Slide from H.C. Bhang

Slnqles spectra In NMWD

0.3 :
i (El} ,x ]
% 02“_ + -8-: ncutron | 7
= L 8- : proton 4
O L A
20.1F > -
LI ' ]
e

0— 1 : . 1 ® :_L::

0.3 T T : r—y—
7 12 N
S [ @ (b) AC ]
L i - neutron | 7
= 0 2? ¢ -8 : proton 1
- - A
< [ * ., i
Z H ® o ]
0; ' SR s B : - . " : ' 1 l:

0 20 40 60 80 100 120 140

Neutron / Proton Energy (MeV)

Okada et al.,

PLB 597 (2004) 249

r

N, / N, (60 < E < 110 MeV)
~2.1740.1540.16

- I/I,=0.61+0.084+0.08

N, /N, (E > 60 MeV)
~2.002=0.09=-0.14

> I,/T',= 0.58+0.06+0.08

[,y =0 was assumed to derive
these values.



YNN(Esum)

Y (COSO)

\n(COS)

Slide from H.C. Bhang
Coincidence Yields (NN correlations) ; > He

=Z 0.05 }

o+ (@ npcoin EW nn coin —F@ir Energy Sum Spectum
iz ‘2‘ Sharp peak in Y, (He)
oE L — gL PP A at Q value(Ap->np).
’ E (MeV) 200 E (Mev) > FSI not severe in He.
ol (€) np coin 1 | (d) nn coin
| 10| Angular correlation
20 _|—L E
0 1 I SN R ool en e em ]
0.14 i 0.1:—
* ++i+ oos
0!++ * | o_iil++u+++
-1 -0.5 COSOnpO -1 -0.5 COSGnnO

/T, ~N,,/N,,=0.4520.11+40.03
B.Kang et al., PRL 96 ('06)




Slide from H.C. Bhang
[, /T, results and hint for three body process

OME,
OPE DQ model

——r Singles

>He : 0.61+0.081+0.082 (E462)
tz C : 0.58+0.06+0.08 (E508)

5 He : 0.45 #0.11 =+0.03+(E462)
12 C : 0.50 +0.13 #(0.05) (E508)

Coincidence

The difference can be understood if there were I',,

(J-PARC proposal by Bhang et al.)



Present questions in weak decay

m Three body decay (I',,) exists?
-> 3N coincidence data, more accurateI', , T,
(Proposed by Bhang)

= A, notunderstood yet
Maruta et al. by pn coin.: a
-> Theoretical challenge

;"M =0.3120.22 <->theory: a,"M ~-0.6

m Al =1/2 not experimentally examined yet
-> precise measurement of 4,He (An ->nn) or #,H (Ap ->np)
(Proposed by Ajimura/Sakaguchi)



6. Summary

New experimental techniques for A hypernuclear studies.
High-precision y spectroscopy
(e,e’K*) spectroscopy at Jlab
(n,K*) spectroscopy for n-rich hypernuclei
pn, nn coincidence measurement in NMWD

v spectroscopy has done for most of the p-shell A hypernuclei.

All the AN spin-dependent force strengths were determined, and
consistency seems almost OK.

Planning a precise B(M1) measurement for g,.

(e,e’K*) spectroscopy at JLab achieved <1 MeV FWHM resolution.

Hall A and C are studying various hypernuclei with improved (~0.4 MeV)
resolutions .

Future plans for heavier hypernuclei with a new apparatus.

First observation of n-rich hypernuclei °,Li and future plans for others
by (n,K*) reaction

In the weak decays, the n-p ratio puzzle was solved but A, T',y, Al=1/2rule
are to be studied.

J-PARC as well as JLab will start data collection from 2008 with improved
beam and apparatus.
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