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Electron
Low Energy
~100 MeV

~1 fm

Nucleus : 5 fm

Electron
High Energy
~1,000 MeV

Nucleon : 0.8 fm

Electron
Very High Energy
>10,000 MeV

Quark : point
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Proton

« ZE'>1/2: Callan-GrossE{R =
2xXF1=F>
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Fig. 18. The Callan-Gross relation: K,vs ¢, where K,is defined in the text. These results
established the spin of the partons as 1/2.

Mean Square Charge of Interacting Constituents (S=0)
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Fig. 11: Comparison of the ratio of integrated electron-nucleon and neutrino-nucleon structure
functions to the value 5/ 18 expected from quark charges. The open triangle data point is from
Gargamelle and the tilled-in circles are from the CIT-NAL Group. From Ref. [45]. The quantity
Q) is the mean square charge of the quarks in a target consisting of an equal number of
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Hypernuclel

> A Nucleus with Hyperons
iy Main Mass ,

> Lifetimess] Decay channels [MeV/c?] Isospin

0 p: uud Stable(?) 938.3 12
n: udd 887 pe-Ve(100%) 939.6

- A:uds 2.63x10-1° | pTT-(64%), NTT0(36%) 1115.7 0
2*iuus | 08x|010 |pTTO(52%),nTT-(48%)|  1189.4

-1 >0:uds | 7.4x1020 Ay (~100%) 1192.6 |
S - dds |.48x10-10 nTT-(99.8%) 1 197.4

, = 0: uss 2 9% | 0-10 A TIO(~100%) 1315 >

- = - dss |.64x10-10 A TT-(~100%) 1321




Strangeness

World of
Strangeness Nuclear PhyS|cs

.........

....

.....

Ordinary nuclei

Neutron Number

......

~300 stable nuclei
>3000 unstable




Normal Nuclel

» Many-Body systems composed of proton(uud)& neutron(udd)

» Quark many-body systems with u & d quarks only Fermions

Saturation Density: po=2.5x10!4 g/c
Binding Energy: 8 MeV/nucleon
+Pauli Blocking, Repulsive core

Density Distribution

le_

0.20F

010

m?3




Hypernuclel

lei No Pauli Blocking
0, d, & s quarks —Higher Density

- ..'
. -
P
.
Ehd ’

> A(uds)-Hypernuclei, Double-

» Quark many-body s

» Implant s quark(s)
with u, d quarks

H.Takahashi et al., PRL 87,212502(2001)



» Strangeness Degrees of Freedom

# Something beyond the “standard” Nuclear Physics

4x10'2 | Big Bang

Plasma
3x1072 -

2x1012

Temperature (K)

Quark-Gluon

Neutron Star




Neutron Star core ?

quark-hybrid star
traditional neutron star

neutron star with
hyperon star pion condensate

™ Fe

\106 g/cm3

10" g/cm3
1014 g/cm3

‘ neutron star with

stranae _auark star

kaon-condensate
R~10 km N

= >
M~1.4 Mg




Brief history of Hypernuclea

Spectroscopy

» Discovery of Hyperfragments (1953) by M. Danysz and |.

Pniewski
ACTA PHYSICA POLONICA B 35 (2004)

¢ Discovery of V particles (1947) by G. Rochester and C. Butler




Farly days - 1950s~1960s

> Stopped K reactions in Nuclear emulsion and He bubble
chamber

& High efficiency for Hyperfragment formation
& ldentification of Light Hyperfragments

@ 3AH ~ ISAN

& Binding energies of ground states

& Spin assignments for several ground states




Stopped K- on tHe

» A\ emission ~70%

» 2 emission ~30%

» Non-pionic ~17%

TasLE III. Branching ratios for K~ absorption at rest.

Events/ (stopping K™)

Reaction og

K-Het— Ztr~H3 9.3£2.3
— Ztrdn 1.940.7
— St~ pnn 1.6=£0.6
— It nnn 3.2+1.0
— 2t unn 1.0+0.4

Total Z+= (17.0+2.7)9,

K-Het — Z—7tH?3 42412
— 2= rtdn 1.640.6
— =T pun 1.4+0.5
— Z~7% He? 1.040.5
— 30 pd 1.0£0.5
— 2770 ppn 1.040.4
—> pd 1.6£0.6
— 3" ppn 2.0+0.7

Total === (13.84:1.8)%

K He*— A He? 11.242.7
— 1A pd 10.9+2.6
— 7A ppn 9.5424
— 7~ 29 He? 0.940.6
— 7720 (pd, ppn) 0.3+0.3
— 70 A () (pun) 22.544.2
— A (2% (pnn) 11.7+24
— 7TA (Z)nnn 2.140.7

Total A (29 = (69.24+6.6)9,
Total=A+2 = (100_71°) 9}




Hypernuclear Production

by stopped K-

» o(10-3) per stopped K- ;... not so bad

TABLE IX. Calculated capture rates per stopped K~ (in units of 1073) for production of 1s,
states (1~ transition) and 1p, states (0" and 2% transitions) and selected experimental rates.

Transition Input 2B [3] 12C [2] 150 [2]

1~ [K,] 0.203 0.425 0.219
[Kpp] 0.060 0.125 0.055

Experimental rates 0.28 + 0.08 0.98 +0.12 0.43 +0.06

0* [K,] 0.096 0.216 0.134
[Kpp] 0.011 0.021 0.020

27 [K,] 0.547 1.052 0.872
[Kpp] 0.192 0.410 0.330

0F 427 [K,] 0.643 1.268 1.006
[Kpp] 0.203 0.431 0.350

Experimental rates 0.35 4+ 0.09 23+0.3 1.68 = 0.16
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Fig. 10. Variation of the B 5 values with the hypernuclear mass numbers.



In-flight (K,7T17) In 197/0s

» Heidelberg-Saclay group
> “Magic momentum” - Recoilless condition
. L -1
@ Population of Substitutional States: (P, , P4 )

& Spectroscopic information on Excited states

& Small Spin-Orbit splitting in A hypernuclei
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Data In the (K-, TT7) reactions

> 10AO
¢ 0,=0.8%0.7 MeV — V| ¢=4+2 MeV

h )2 df (r)

MC rdr

Up = V5 f(r) + Vi (

For ordinary nuclei:
V,~50 MeV,V, =20 MeV

Counts

Counts

150

-5, f(r) ={1+ exp|(r — R)/a]}""

300
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| B |

210
1

Muy-Ma
I?Q, l 180

=

12 .|
C (k)

(a)

I[!l'r

MA"Mn
(19%,1%'&) An

—

ééfé"m@ééé 3%

-40




> 2 hypernuclei in (K', ")
@ narrow states — not reconfirmed

4
@ one bound state yHe—confirmed

> Success of (7 7,KT) Spectroscopy
» Success of Hypernuclear y Spectroscopy

» H-particle search, Double- A hypernuclei




N the 21st century

> (e,’K™) at JLab

9 AE~0.9 MeV mumllp 0.3 MeV

> (K gop ) at DAFNE/FINUDA

€ AE~0.7 MeV
» |-PARC, GSI, Mainz, ...







How to produce hypernuclel !

> Strangeness exchange reactions: (K-, TT°)
¢ Large cross section ~ mb/sr at 0 deg.

¢ K- intensity limited




> Associated production: (T1%, K*), (e,e’K*)

€ Smaller cross sections: ~|Oub/sr, ~Inb/sr

¢ High intensity beams: >106 11+, >10!3 e-

77'.+

7¥+n - KT+ A

K+




FRxID &2 DINE

(K-,1T) (T7+,K*) (e,e’K*)
peeaM (GeV/c) ~0.7 1.05 1.8
da/dQ)(ub/sr) 1000 10 103

lgeam (s°!) 10+5 10+6 >10+13
AQ (msr) 20 100 20
nx (g/cm?2) 3 3 0.1
AE (MeV) 3 2 0.2
Relative Yield™ 2 1 >3




R IT 1

» DWIA (Distorted Wave Impulse Approximation)

> Impulse Approx. : pinc— high, A=h/p—small « Ifm

| [E1 8 EL 2[01 B EL 3[E]BXEL ...
» AN TOERIRIE ~ B BEGELDERIRIE
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Distorted VWave

> Eikonal Approximation: E » U, pR » |
X (b, 2) = (b, 2)

)% . 1 >
N ) = explig r = Sous [ plb i)

Mean free path = 1/po=1/(4 fm2)(0.15 fm-3)=1.6 fm, 0=40 mb

— % ZRHE CORIGHXECHY

—




Hfective nucleon number
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Spectroscopic

Information

» Mass—Binding Energy
» Missing Mass measurement in in-flight reactions
» Weak decays of Hyperfragments

» Spin Assignment
» Weak Decay

» Gamma Decay




208Ph(e,ep)

> zAN(e,e’p) z-1IA'N: nucleon hole state

» Deep Hole States — Large Spreading Width > a few MeV

Figure 32. Experi
“*Pb(e,e’p)27TI.
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Excrited levels

of A-hypernuclel

L e L L L

-------------------- ~ (e.eK), (Km)

(1'["", K'*'} 3

A P
Z-1 B, Fe====r=r=======
A n
Y ; A-1
/%:‘_{: —| A
Weak decay i 7 y-spectroscopy

AE~3 keV




Monochromatic Peak

» Mesonic decay of Hyperfragments

4 (Mev/c)
> 4AH 133 ne, M037 w005 912 855 803 Gn
{-‘ 0.15 T T T 1 LB v T L | L
=
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[~ 1 1 n
0
8 10 Ept
] | J!;J 1 1 1 | L 1 1 ] ;
) 2
b4l 438 343 24 305 I 286 261 248 (MeV)
4T

Fig. 9. The theoretical #~ decay spectrum I',-(1H)/I'y as a function of the proton->H relative
energy E,,.




Quasl-monochromatic

» SAHe—T1T- +p+4He; prr = 99.9 MeV/c, Ap~1.4 MeV/c

T | H T 1 I | 1 ] { { { io'15
I z B
3k " e —> e+ p+1” | 3
: | 2
i |
B HE
= ! YNG 0.104
- o 1
. + | =
S ] | W
o &I K : LE
2 R
t {
SL 4 |
- i !
' %
o a2 B% L__100
34 32 30 28 26 24
Ep o 4 6 8 10T“ (MeV)
g
O s "oy Mgy w3 e 51 (Mevk)

Fig. 4. The theoretical =~ decay spectrum I, ( 1He)/I", with YNG drawn as a function of the pa
relative energy E,, is compared with the observed @~ decay spectrum taken in the emulsion

experiment %), The calculated =~ decay rate is compared with the experimental values '>*°) in
table 1 and fig. 5.




Mesonic Decay Rate

» ['w/T" A~0.4 - 0.6 for light fragments
- MESONIC DECAY o CAL-ORG % (CAL-YNG
1.0 ™T T T T T  E—
- A AH AHe ARHe ]
0.8 — o \;;:- -
L X L FO -
L Q
~ 0.6} . % -
S
< o T
\”R 0 4‘,_ o) -
= e I p 4
L o -
Q2+ -
%
0 i | A 1 l | 1 1
an 7w w 7w T T 7«
Fig. 3. Summary of the theoretical w-decay rates in units of I”,. The open circle and the cross correspond
1o ORG and YNG, respectively. The =~ decay rates of ,{He in the case of the F0 .1.1 interaction are

also shown. The experimental values for }He are taken from refs. '>>%).



Y-ray spectroscopy

K-+ AZ
stopped

w, mtv

direct
reactions

Y-Y/ ¥-1 coincidence method
for hyperfragments

fragmentation
P-] n] {I, A

Abundant production

v-Y coincidence

/\ y-Tt coincidence

hyperfragment
[ n-rich / p-rich |

by H.Tamura



» Charged-particle Spectroscopy

» magnetic spectrometer: Ap/p > 10-4
» AE = 0.3 ~2 MeV
» Absolute Energy Level
> selectivity for produced states

» Gamma-ray Spectroscopy: Low detection efficiency
» Nal(~100 keV), Ge( 2-3 keV): Excellent Resolution
» Energy level separation

» Low-lying states below particle-emission threshold
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HYPERON RECOIL MOMENTUM
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Sticking probabilities
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> (K- 11-): q<100 MeV/c=2A/=0 dominant




Angular Distributions

> A Z — O y (K™, 7t Pk = 720MeV/c
—— L=0
> SNT?SA 08
<
S 05
g
004
N
> Al = | S \
\§ 0.2 S
> P3/2N—>S|/2A '
WpT N AT '
>N\l =2 =R NS
0° 5° 10° 15° 20° 25 8-
> P|/2N _’P3/2 A go r(l)o 130 22}0 zgo 300 M:\;c

Fig. 4.1. #-dependence of the single-particle transition matrix element {n /4 | /.Y, U_| nnyly) calculated for the
(K, 7 ) reaction at py = 720 MeV/c.>>



(K-TT) on 12C&'60
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™ Small change of g

@12 5 C:good agreement with a DWIA cal.

2o(n*, KN™®,C P_=1.06 GeV/c
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T.Takahashi et al., Nucl. Phys.A670 (2000) 265c.
Cal. by K.ltonaga et al., Phys. Rev. C49 (1994) |045.



Spin of 4AH (1)

284
l | 5
i / -
24{} !
> 4 H=3H(1/2)+ A (1/2) |
\
° ° 20‘ \ I
» Initial State: J=0 or 1 \ va_f
/
. ars) j
» Final State:  (0°), 4He(0+) 3 /
S| J=0 |
. i IT
» s-wave(J=0) or p-wave(J=1) 51\ o
z &l—-z-.rﬁ:_f\'_-k-_ e o =
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Fig. 1 The angular distribution of the m~ from the decay

aH*>n~4He!, for hyperfragments produced in the capture
reaction K-4-Het— jHY4n°.



Spin of 4AH (2)

> Vv.s. pA/(S“Tp?)

1 ‘He
_— —S-Wave

bobE boph
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Fxg 3. The ratio R4 = ( AHZ> 7+ He)/(all #~ mesonic decays of AH) as a function of
r /(p +52 ). The curves illustrate the results of the calculations made by Dalitz and Liu {4] for



Motivations of

Hypernuclear Spectroscopy

> Extract YN and YY interactions

@ difficulties in YN and YY scattering measurements
» Hyperon as an impurity

¢ structure change, new symmetry, etc.
» Hyperon in nuclei

¢ effective mass, magnetic moment, etc.




Realistic Nuclear Force

» Based on a lot of pp & pn scattering data:
» ~5900 do/d(2, >2000 Pol., +1700 data
1.00
1000
Axx
do/dQ 0.75 -
0.50 -
100 |- ] 0.25 -
0.00 /\
025 ¢
10 - e
-0.50 - : :
3 (]
-0.75 |- : i teeeay
1 . I . ! . -1.00 L I | I |
0 45 90 135 0 15 30 45 60 75 90
0 [degrees CM] 6 [degrees CM]
pp observable do/dQ at Tia, = 50.06 MeV pp observable Axyx at Tia = 350.0 MeV
—— PWA93 » Berdoz et al., SIN(1986) —— PWAQ93 ® von Przewoski et al., IUCF(1998)




Hyperon-Nucleon

Scattering

2*p, Ap: only 38 data points

" ="p elastic scattering
and = p—/AA reaction

= Asymmmetry in Ap and
>*+p elastic scattering

A+p, > +p, 27+p and E"+p scattering

200 7?0 8?0 9?0 1000
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Ap—> 3
250 P p— 12.5
’—___
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-
<
[
()
=

| ! | ! | 1 ! L !
200 2300 400 200 3200 400 o600 A0a. 400

pL(MeV/c)

from Dover & Feshbach Ann.Phys.198(90)321
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Baryon-Baryon Interaction

Qo A SN2 NN AN =190
O=""1T"LIN(1T=I7"Z)~INTIXIN(T=17Z4)

S=-2 IX(T=2)EN-SA-IX(T=1)EN-SX-AA(T=0) P> U N d erstan d | N g Of th e ﬂ aVvVor S U (3 )

S=-3 EX(T=3/2)ZZ-EA(T=1/2)

S=-4 Z=(1-1) baryon-baryon interaction

S=0 NN(T=0)

S=-1 IN-AN(T=1/2) @ Y_N Y-Y < N_N l

S=-2 EN-ZA(T=1) / . ) .

§=-3 Z3(1-32) Repulsive or Attractive ¢

S=—1 IN(T=3/2)

8=-2 EN-ZA-EXT=) @ Repulsive cores in Y-N/Y-Y ?
S=-3 EX-EA(T=1/2) o

S=-4 Z5(1-0) What's the origin ¢

S=-1 EN-AN(T=1/2)

S=-2 EN-ZA(T=1)EN-ZZ-AA(T=0) . .

S=-3 EZ-EA(T=1/2) @ Spl n—dependent fOrceS N Y-N/Y-Y
S=—1 IN-AN(T=1/2) @ D | b a ry0 ns

S=-2 EN-ZA-Z3(T=1)EN(T=0)
S=-3 ZX-EA(T=1/2)

S=-2 EN-II-AA(T=0) H Di ba ryon 7



Quark Cluster Model
- 150 Hard Core

NN repulsive core — color magnetic int. -

A -N mass difference o LS Force

i
H dibaryon (SUf3)xSU(3) singlet) [uTutdTd4sTs VEP)
= Attractive core in A A-ZN channel B \
- 2N (I=3/2,5=1) strongly repulsive core % T
+ quark Pauli blocking

* LS force = quark gluon exchange
— A :very small

2 :aslarge as N - 2
2
@ | G

- . p,Ww @(f@
quark-gluon picture - Meson exchange picture




Theory Interest in Flavor Nuclear Physics

e Recent Model building:

1.

Nijmegen models: OBE and ESC Soft-core (SC)
Rijken, Phys.Rev. C73, 044007 (2006)
Rijken & Yamamoto, Phys.Rev. C73, 044008 (2006)
Rijken & Yamamoto, arXiv:nucl-th/060874 (2006)

Chiral-Unitary Approach model
Sasaki, Oset, and Vacas, Phys.Rev. C74, 064002 (2006)

Julich Meson-exchange models
Haidenbauer, Meissner, Phys.Rev. C72, 044005 (2005)

Julich Effective Field Theory models
Polinder, Haidenbauer, Meissner, Nucl.Phys. A 779, 244 (2006)

Quark-Cluster-models: QGE + RGM
Fujiwara et al, Progress in Part. & Nucl.Phys. 58, 439 (2007)
Valcarce et al, Rep.Progr.Phys. 68, 965 (2005)

Th.A. Rijken




QCd-world |

QCD-world I: mesons and baryons

< Colored Quarks and Gluons

<— Qut-integration c,b,t

EFT I, scale A >> 1 GeV/c?
weak-coupling g << 1

<= Low-Energy world

Chiral-Quark-Model:
& scale A~ A,sp <1GeV/c?
strong-coupling g ~ 1

mesons, baryons, glue-balls

)

Flux-tubes, string-states
QQ- and QQQ- bound-states « Lattice-QCD
Q(Q-dressing Baryons, Mesons

Th.A. Rijken




QCD-world I

QCD-world II: Baryon/Meson-baryon Interactions

baryons, + quarks,
mesons . gluons

Quark-Cluster
RGM-approach

Baryons,mesons,
M < 1.5GeV/c?

Goldstone-boson exch.  Meson-exchange models  Quark-Gluon-

+ contact-terms Nijmegen NSC97, ESC04, + OBE-exchange
Chiral Pert. Models: Ehime, Jllich, etc. Tokyo, Kyoto-Niagatta,
Van Kolck, Epelbaum, Tabingen, Salamanca,

Bonn-dulich, Barcelona, etc. Nanjing, etc. B
Th.A. Rijken




Quark Paull principle

. SU (6) ss-contents of the various potentials
> (OS)6 IS not allowed for [5 I] on the isospin,spin basis.

[222]. x [51] 5 x [6]0 # [1°] (5.1) V= aVi + bV

> n:-|dduS{2[++->-[+-4>--++>)/3/2 NV NN (01 V(I =1) =5V + 5Viss
NN — NN (1,00 Vnn = V51 + 2Vjz3

b 3o |dds>{2|++->-|+-+>-|-++>) /34/2

AN — AN (0,1/2) Vaa = 2Vi51) + 2 Va3

AN — AN (1,1/2)  Van = 5Vis1) + 5Vsy

YN - SN (0,1/2) Vs = 1LV + 15 Viag
XN = XN  (1,1/2) Ves = 5Vs1) + 5Vsg
YN - XN (0,3/2) Vs = aVisy + 2Visg

SN - N (1,3/2) Vas = §Visy + 5 Vg




Hypernuclear structure and

AN interaction
VVAN=UG+Vs 0 * 0 ,+V Alr® O+ VNGr® O v+ VTS

(a) Central Attraction Only  (b) Central + Spin-Orbit Force




Impurity Effect - |

»>—Glue-likerole

¢ Energetical stabilization
¢ Resonant states in neutron-rich nuclei
—Bound states in A-hypernuclei

6.—
L
sz- M_ .
+ i) iRy —eemeBRe
" oen+A i“::%, oo
2r . g T SLivA [ J—
[ 08 S— ) a
. 5 _— — &
0 x+n *'”Hf.+n G+d === fe+d X+t > et oLtk -P',He: —
02 1 + 7% 3% 55
- W 5% v -
35‘. 'm- 1&"'
®He  SHe 15* 3.50
4 -394 0~
1_
9
-6l ®Li ALi 6.15 12 - ®Be  ;Be
| Li 8L
_8 -




Impurity Effect -2

» Structure Change

» Shrinkage of nuclear clusters
fm o=
5 o-t o—d
8 ..
45t Be ;_,4
B(E2) «|<f| 12 Y2 |i>[2 0. % 7 6, .
/N 4 L L L
<R4 or (B<r2>)2 ol ] f .
L, 35| 34 -y gt~ 2T
' 5?2*\ a.67 ‘\_iﬁ;x'
4% 408 313
3 - 1T?ﬁ-—0\_‘/__ ]f";“)
32" .
25| 1Be 3 e
8 - .
7 AL ;Ll




Impurrty Effect -3

» New symmetry:

[(c0)®sA]  8Be-analog

¢ Supersymmetric state or

Genuine hypernuclear state

[(co)®p;AA]  9Be-analog

"Be(nT, K1)} Be

[(ac)®pyAA]  Genuine hypernyclear




(r+,K) Spectroscopy

[ fia s = =
+ (K 9 TC )

T ™% 0471

5Fe (k1) %CFe

» Merits

E j":: P, = 720 MeV/c
* Large momentum transfer q~350 2 | o=
Z“——DI—'—TAT!;‘F'F:?LL = S oF
MeV/C -25 —;u <15 -10 -5 T
24 ™% 0,030 ad s ( T +9K+)
* Efficiently produces deeply-bound 5 fo o
£s] 5Fe(n’.K") *CFe
states é;: " p,=1040 Mev/c

* Low backgrouds: Y, n

=}>

S(E) AX
0.0 0.2 0.4 0.6 0.B 1.0
1 1] 1 S B |

» Demerits

* No difference in angular distributions

En (MaV)




(Tt K™T) Spectroscopy

Reaction mechanism: =]

Dover, Ludeking, Walker, Phys. Rev. C22(1980) 207 3.

Success at BNL(1985, 1988)
AE~3 MeV

Up to 89AY

Textbook
Example !

LLIJJII[‘L_LLUUEJ._L_LUHIII

do/d0 (ub/sr/MeV)

» q~350 MeV/c
natural-parity stretched states

(¢ (€. )] with J=¢ +¢,

-30 -20 -10 0 10 20



AEROGEL
CERENKOV

LUCI

CERENKOV

KEK-SKS

800 MeV/c
700 MeV/c

.

600 MeV/c

\_._ TARGET

BEAM

im
J

Superconducting
Kaon
Spectrometer

for the (1t K1)
reactions

Constructed by INS,
Univ. of Tokyo,
from 1987 to 1990

In operation since 1992

Bmax=3T(5OOA)
Pole Gap=50 cm

10.6 MJ stored
Cold Mass ~4.5 t

. ~280 tons




Design Specifications of the

SKS

- Momentum resolution:
0.1%(FWHM) at 720 MeV/c
- Solid angle: 100 msr
- To get enough yields
- Short Flight Path: ~5 m

* To reduce KT decays

- Initial Goal of Energy Resolution:
2 MeV(FWHM)
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Challenges in the SKS

- Good Energy Resolution: <2 MeV(FWHM)
* Magnetic Field Mapping: AB/B<10-3

- Fully automated 3D positioning system
-+ (120,000points x 7excitations) in 1.5 months
- Very careful calibrations

- 3 T magnet with very low heat leak
- He transfer line with rotation capability




Momentum resolution

» K6 Beamline

» Matrix representations X, =00DQOx,,

for magnets % =(x,y,0 = dx/dz,@ = dy/dz,0 = (p - py)/ p,)
» <x’| 6 >~0
- Gl (1) G8) (vlo) Kalo)
» Resolution in |st order R R DRORSD
: QODQQO=|(¥'|x) (¥]y) (F'[F) (Flg) (9]6)
(x'|x)o, @) @) @lo) (@le) (@)
5> , 0 0 0 0 1

(¥




(Tr,|<+) experiments with

SKS

> E140a: 198, 12¢, 285, 8%y, 139, 208p,,

B Phys. Rev. C 53 (1996) 1210.

> £336: /Li. ’Be, 3¢, 160

M Nucl. Phys. A 639 (1998) 93¢, Nucl. Phys.A 691 (2001) 123c.

> E369: 89Y, 5IV, 12 in high-resolution
8

B Phys. Rev. C 64 (2001) 044302.

> 521 10g(m1-, k)

B Phys. Rev. Lett. 94 (2005) 052502.




E[40a:

First (TT7,K™) exp. with the SKS

Targets: 10B, 12¢, 28g;j, 89y, 139 5 208py,

. 12 A C: First observation of core-excited states

Confirmed A Shell Structures up to 208APb

La(nt KH' La, p, = 1.06 GeV/c zﬂng(r:" K+)203 Pb py = 1.06 Gewc
[ E I. ! ; i i ’ E i l: E 30 Ll i | L L] L} L] T L} T
— ; ol i i Ela L= 1 T L S LA
0-4_ E . hTO""‘l; i ——— Total, 44? o i ]
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RS- g7l 0.4 ' 132t 5 : g [ ) : ;
g H X PPN (PRI, | ~1 H o ‘..i' L TR
i hory . pl(] —— e — ...".! Des
—_ e ———— Continuum & ; D e
I : — : 3 .. d ...... .{
5 715 i o i g e
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-~ E 2 s et e
¥ i
0Fdg 3
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0 50 100 150 200 250
A
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Best energy resolution

AE(FWHM)
=1.45 MeV

i

2.0 MeV

2C 0.9 g/cm2

e 12 E140a
-(n K )1\ C (arbitrary)

100 — \ﬂ_

Q
Q

(#) ]
o

=9
=}

counts/0.25 MeV

(]
o

01,?0 175 180 185 190 195 200 205
My - Ma (MeV)




Core-excited states of ,12C

New states are resolved.
Effects of AN spin-dependent forces

(MeV)
—~ 12.35+0.09

~ _— == .~ 1083:004
= 10F —

= 5/2- S—

~ 8r — - — _-—  8.11£0.14
5 o e —— T~-— | 6.1720.13
— _ — — T

L o4 520 T o~—-"

(;.) ol 1/2 _— — — 2541014
LLJ - ~e— —_—

O——3/2 - /—/’_ — — OOO
11C

JA JB NF NS E140a E369




Parrty-mixing intershel

coupling

- T. Motoba, in HYP97(Nucl. Phys. A 639 (1998) 135c.)
14
|12C;J+>=[S4P7]_®1PA+_ I
;@/10' == e
Zosl — . .
e o — =
C ozl —  —— T
of 2
CEXP CAL L EXP
C 1
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F336:A7Li A 3C A 60

Excitation energy [MeV] Excitation energy [MeV]
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- BAs=23.1£0.1 MeV
- Energy Splitting
- AEf=1.70£0.10 MeV

. AE4=1.63+0.14 MeV
. AEp=1.3740.20 MeV

- Peak Ratio

. R/Lf=0.99+0.07
. R/Lg=0.69+0.06

- Extra n-hole at +4.1+0.1

MeV, width=3.2+0.2 MeV

d(]/dgg,,14ﬂ(f.lb18ff0.25 MeV)

1.8

KEK E369




Single-particle motion of A

N heavy hypernuclel

. Ug=-30.5 MeV
* M A =0.7~0.8xM A

by Y.Yamamoto

EQY(E-l-, K+)

KEK E369

Excitation Energy (MeV)




F369: A2 1V

Splitting in d-(and p-) orbit(s)
BAs=(20+£0.13)+0.56 MeV

Width=1.95 MeV
Peak Ratio=1(fixed)

Extra n-holes

At +3.3+0.2 MeV,
width=1.95 MeV

At +6.6+£0.2 MeV,
width=3.46 MeV

dﬁ/dgg..,q 4&(Hb/5¥'/0.5 MEV)

KEK E369

u L I E 4 : P LI .. L
=30 -EE -3]' -15 -10 -5

- B (MeV}




Heavy A-Hypernuclel

= A bridge to strange matter
= 2-body Y-N interaction
= Baryon-baryon interactions in SU(3)s
= Short range part: meson picture or quark picture ?
= Light hypernuclei (A<~20)
* Fine structure <= Spin-dependent interactions
= Cluster structure
. (A>~80)

= Single-particle potential: Ug(r), mA*(r), VANN, -

= Neutron star (A~10°7): p >5 00

>

= Hyperonization Softening of E.O.S.
= Superfluidity




A pilot experiment for spectroscopic studies of
the neutron-rich A hypernuclei via the (7t~,K*) reaction

Production cross section/ Background (sensitivity)
= Understanding of the Reaction Mechanism

Akaishi et al. ) TR
PRL .He l,,,xl“"|
N1 Al N
-;unls*m000)3539
2o ) 1 L 0% 007
* 103 . 1 1 28 070 I 1+
-1.74 —i -1.20 A4.21 —_—
104 —_— 057 |
- \l -152 1 :3 "\‘ o |
— 227 210 218 '
e - : 231
’ Prpg=19% Feny =07 % P 8% O
F:-.-;,z =20%

Exp D2 5C97e(S) SCO7KS) SCBY(S)




A -2 coherent coupling in A=4 hypernuclei

...solved an underbinding problem,
— Known as an overbinding problem in —
5 A He Y. Akaishi e 2/, PRL84(2000)3539

To be confirmed/examined in other examples

In the (T, K*) reaction...

(KEK-E521, Fukuda et al.) -0-*0——"P— S -
...... 2
] 10 , ‘ HCoherent coupling
o-0-0 o-0-0—| TWo-step >-0-6 nL.
—0-0- -0-0- ‘ - — oo I |0 JAN Li




(MeV)

*H+2n+ A
0.0

°H
6L (T, KY) A

“Hyperheavy hydrogen”

-12.09

1- ﬁll

2 2 W 1217
Zh -
Z
=i ‘\‘ 0-21 r
S v MeV
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-12.28
D2 int.
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> Two-step process: s
— 7)) !
n ~ . + '\Q 70 |
K 27
\\ // o 60
\\\ /// .9
\\\ n ‘/// N " 8 50
p \\\TCO ,// é\ 240 N
p ; p) \O/ A > A 830
O |
\\// v 20

I(')B(TC-’K+)I(')ALi

At e forwand ungle

"' 0.9 0.9§ I 1.05 I.IX A1.15 1.2 1.25 i.3

eam Momentum

> Single-step pr8tess | e
_ K+ = D6 5 (11"*‘ 2
T f B
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h gl 3 v
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OB(TT,K)'ALI - @1.2 Gevic

¢
" R

T.40 20

FIG. 3. Missing-mass spectrum of the (77—, K™) reaction on a
10B target at 1.2 GeV/c. The horizontal and vertical axes are the

0 20

40 ' 00 120 140

B, [MeV]

same as Fig. 2. An expanded view near the A bound region is

V
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FIG. 2. Missing-mass spectrum of the (7, K™) reaction on 4
108 target at 1.05 GeV/c. The horizontal axis shows the binding
energy of a A, whereas the vertical axis shows the cross section
in terms of nb/sr/MeV.

PK. Saha et al., PRL 94 (2005) 052502.

shown 1n the 1nset.



TABLE I. Hypernuclear production cross sections for the
bound region averaged over the scattering angle from 2° to
14°. The cross section with an asterisk shows a lower limit by
extrapolating the quasifree components linearly. The quoted
errors are statistical.

Reaction Cross Section
1.05 GeV/c 1.2 GeV/c
RC(#, K+)}X2C 18.0 = 0.7 ub/sr 17.5 £ 0.6 ub/sr
UB(#", K*)B 7.8 £ 0.3 ub/sr

B 7 0




2. mixing ?

» T. Harada et al.,, PRC 79 (2009) 014603.

4 T T T T | T T T T | T T T T | T T T T | T T T 4
L d Q
- UB(m™K") A
= I 1.20GeV/c 1] o
é 3__ ‘/ _3 %
= | N1 2
5 | 1 g
= - -
— o
Jez  Ps~0.47-0.68%
s ] <
I {1 5
0 1t g
IS 4 1 a
- * . ?
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O 1 L] [ I 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 O
—30 —20 ~10 0 10 20
E, (MeV)

FIG. 3. Calculated inclusive A spectra obtained by the one-step
mechanism near the A threshold in the °B(z—, K*) reaction at
1.20 GeV/c (6°), by changing Vs, for the A-% coupling potential.
The experimental data are taken from Ref. [12]. The solid curves
denote Vs, =4, 8, 10, 11, and 12 MeV when — Wy = 20 MeV, with
a detector resolution of 2.5 MeV FWHM.




summary

on (,K) spectroscopy

» The (11,K) Spectroscopy has been successful.

» Gross feature of Single-particle levels of A

» Effective for Heavy A hypernuclei

> High-resolution spectroscopy (AE-0.2 MeV) will

be interesting . L\\\ o
% ; ~i . » Emulsion
of o . g’ = t::-,\\.‘.'\\-LT t‘!n (m ’I‘()
»  Possibility to study neutron-rich IR T
o N, T T o
- -+ uc.l \ l"s \ .\\ T l ! 9
S il Wy g Tl
hypernuclei with (11 ,K ) A VI -
£ " P
(3} \f T
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Yy spectroscopy

* Low-lying levels of A hypernucleus

(Kyx) or (n*,K*)

"Hypernuclear
, Je1/o Fine Structure
J ) Y split by
) - AN spin-dependent
Az / > ) 4 * Y "Ee;a?:;z
;A core | Y112~
Only Ge can AinDs A, SA: T
separate

(~2 keV FWHM)

- 2-body AN effective interaction

eff > - > - > -
Van = Vo(r) + Vi(r) 5,8y + VA(r) LS, + W(r) Lndy + V() Sy,
A S, Sy T
p-shell : 4 radial integrals for py s, w.f.




Hypernuclear Y -rays

before Hyperball

1,4 He | 1.10£0.04 MeV Nal
7 Li 2.0340.023 MeV Nal
7 Be 3.079+0.04 MeV Nal
'OAB not observed Ge
@ i ®

/L
12 ‘I""’_.-r 1" 1.08 1t 1.15
0 _,:" 0 .
3 ~, MI Heen M1
) H H'n- ﬁ+ ﬂ EHﬁ ‘h“-\.‘

B2 | [E2
00" vy —.
Be ?\BE



H YPE rball (Tohoku/ Kyoto/ KEK, 1998)

B [|arge acceptance for small
hypernuclear y yields

Ge (r.e. 60%) x 14
AQ ~15%
7] peak™ 3% at 1 MeV

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

B BGO counters for 10 and
Compton suppression

Resolution of hypernuclear
spectroscopy
1 MeV — 2 keV FWHM




Hyperball




E419: y spectroscopy of 7 4 Li

» First exp. with Hyperball
» B(E2) — shrinking effect

> Spin-flip M1— AN spin-spin force Setup for KEK-E4.19

Wifrt Kruh 7.1
Lucne Cerenkov \ SKS Li (‘It ) K 7) ALl
\ Aerogel Cerenkov™ SKS

, TOF wall/~ \\/ “\\ Hyperball magxngt

y ALY

- 7 S

\ \ / SENENY \ \ 7 F--‘f S
! R P _( R } Drift | +.LN2 Dewar o

\- “ Oy { P / chambers ‘—1_\ I r,-h\f

+ / ’ % J .,lj FJ. J_-'f"" PAIT
K //< o Hyperball Timing ¢ 74 3
Drift = o Couqter IS f ’;tfé:Go
chambers ™ == ™ T xS ' _
QIO - | 7L'I'ta_J_rget H — X
Q9 Timing ' i Drift Chambers
D dm /_l_ counter Drift . = =
Drift chambers / ’J:? EhamGars
*’ j’ 02
Ié"JL'lEr e Seam |
"\\ R, i 1 m
’@( > Spectrometer 4 22
P

s K6 Beam Line Side View

cCerenkov
1;04 GeVic Around Target



E419: SKS+Hyperball

T T 7L| (TE+,K+) I
i SKS only (E336)  #
= " +++++{»++ -

1

- l

. I LI W ¥

0 | i l 1 L 1
5 10 20
Excitation Energy MeV)

Hh 22 0.5MeV

i 1 1 : I : I 1 I I 1 I 1 1 ] - T - ~ I ~ - - - ]
200 — I | I % 20 60 Doppler saift corrected
- 50 Doppler X y
: mw\)\r shift ] 8 60 L Mu(1/2%,.,~1/2")
i : corrected | g 10 Ml(l/Z*-,,l-r3/2+)
150 i~ I 7 = 40 )
| - W“’MJHAM 2 | > ¥
g ! 0 P B P h 2 9 g 20 l
- 200 1000 .
% ! 2 - S ofd “MW“"}"“L L'
= 10 SBIL Miaseta1/e AL r {8 %OF 7L
5 Sg[o. M3/t 1/2Y) | oo 15 | s
o $Hl T — \ '2t1/2Y)) 4 8 60f |E2(5/27~1/2%)
of| WENE[ 5 N m
2 S T + 1o+ ! -
WM A1 5% L (nTKTy) A
" E l z()F‘
N o S B hay 1 ] o e myeliing
0 900 10GC 1800 2000 2500 2000 3000 4000

E, (keV) E, (keV)
Tamura et al., PRL 94(2000) 5963

First observation of well-identified hypernuclear ¥ rays with Ge.
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Doppler shift attenuation method

{,
Tt /‘
> T y.decay ~ T stopping 7 L "~ .
> 5.8 ps 13 ps o
» mixture of a sharp peak and a
broad peak
L| In motion
Doppler Broadened
Er  =Eyr/r(1-BcosB)
L| at rest
Sharp peak
T Yy -decay ™~ T stopping




using Dopper Shift Attenuation Method

Lifetime Measurement

25: | | | I | I | | | | | | | 1 J I | | | | | :
20 - + + 1 w0 - | B
C E2 (6/27->1/27) 1 |
= - }‘ best fit ] ' ,
X 1 sF =7 ps
~ 15 — ) = 0.9 T=8 ps |
C\EH : ©(612)=88=GIE0T ps| | soppedbecay | 5 s
=S 10 | = Simulation
o I - .
1800 1900 2000 2100 2200 2300 2000 2100 E_(keV)

£, (keV)
I(E2; 5/2*->1/2*) = BR/ 1 (5/2*) = 1.22 x 10° E® B(E2)

BR=93.6x3.8%
[ weak decay (23040 ps) ™!, BR(5/2*->3/2*)=3.8+3-2%]

=> B(E2)=3.6+0.5+0-2 e?fm*
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1.59 x 10'°(F)*B(F1)
1.22 x 10°(E)° B(E2) in e*(fm)*




(1K)

. -
e <77z 3.38MeV
Mav 3" . /2
218 | _ . o
L=2 :. R | ‘?;;.’#2050 6 &Q
E2:
; E2 + 6
L 3/2
0 y ... 33 0.692
L=0 ..., Y(M1)
BLI YYYW_V{,O
AL I

Predicted by Motoba et al.,
Prog.Theor.Phys.
70 (1983) 189.

shrinking effect

P n
Qo A 00
in \.
0s omlt& I Shrink
&.

B(E2) [¢?fn*

109409 — 36%05%33
B(E2) «|<f| e r2 Yo |i>|2 0.9+0.9 0.4

= 19+4% shrinkage by A

«R* or (B<r?>)2  Tanida et al., PRL 86(2001) 1982

1/3 t’/\”

spin-spin interaction

A =0.50 MeV

N- LS interaction
SN~ -0.4 MeV

PRI 84 (2000) 5963




9Be (K-, T 7) I A\Be
BNL E930-1

split by
: spin-orhit force

(Sa)

13C (K-, m 7) BNL E929

w/ Nal array
X Ap1/2 12 4110
T 0es ¥
; 0.15
:a (_:" SA.)
;| E1| | E1
5 ar2"
4439 2 . 4.91
T 52"
: o (808
it
0 + 0
12 13 I
C AC

Ajimura et al., PRL 86 (2001) 4255




P1/2, P3/2 single-particle level splitting

E(1/27)-E(3/27) =152+54+36 keV

e Bp ﬂ?« 0. 10§ e Byelé
b v .
o |

O 00 D12 013N 1oz 200 10 12013

Counls/0,. ] McV
[
(=

Eyivevy oy EytMeav
13
— C(K., )
s
S~
= L VO
=
ela '
="

a 2 4 5 3 10 12 14 16
G,[ (leprees)

'IG. 2.y ray spectra taken in coincidence with scattered 77 7s
(upper panel) and differential cross section of 1/27 and 3/27
states calculated hy Motoha | 18] (lower panel) are shown.

-forward

(pl/Z,n-l ’pl/Z,A) AL=0
-backward

(pl/Z,n_l ’pS/Z,A) AL=2
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Counts / 5 keV

w/0 Doppler correction
(spectrum unchanged)

N
lhT |||‘|', |

e SN ~

/7 / ~ ~

. \\
et T s S P e T |

IE

qrh
[

= 1 L 1 1 ' 1 L
3000 53100 3200 3300

Counts / 5 keV

w/ Doppler correcticn
(spectrum revised)

.A 14)\4_1 l'i-; Lo

Revised
Results

3200

3000 3100 3200
Ey (keV)
T < 0.10ps
AE =431%5 keV

E=30241+3x1, 3067£31+1keV

Hiyama et al: PRL 85 (2000) 270
E(3/2%)-E(5/2™)

Meson exch. 0.08 - 0.20 MeV
quark

0.035 - 0.040 MeV

- Millener:

E(3/2%)-E(5/2%)
=-0.035 A- 2.465S A\ +0.936T

S A= -0.02 MeV
Consistent with
very small LS splitting in 13/\C

x2 /dof =1.22




IE&) Highly unbound region L (d) Simulated peak shape
- o6129)” . 0(6175) w/o Doppler correction i After
505 5 Doppler
i = [ Before correction
>0:" ' ' S RS bR E-_Dc:pphar
8 3 ® 16 Bound Region | correction
% 20E A w/o Doppler correction
= 1 ,WJJM
o 10§
) 3 SR . 22
305— (© ' O(SE) Bound Region g
20; w/ Doppler correction g 10
10 O
(R R RIS o el ' A 0
6000 6200 6400 6600 6800 7000
E, (keV)
AE = 26.1+1.4+0.6 keV
6&11:7 E(17)-E(07) = -0.39A+14S A -0.005SN +7.8T+LS

o y 172 T=

ND NF NSC89 NSCI7f Some of

( Millener, 2001 )
<- A=0.46 MeV, S A =-0.01 MeV

26 -32 keV Fistinfo.on T

18

33 36 54 (keV) Meson Exchange model

predictions agree




Summary of p-shell levels

> A=0.48 MeV, SA=-0.01 MeV, Sn=-0.43 MeV,T=0.03 MeV

Table 18
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)
/{Li E(3/2T) —E(1/27) 1.444A +0.054S4 4+ 0.016Sy — 0.271T +0.071 0.692
ZLi E(7/2%,5/2%) —0.05A +0.0754 +0.70Sy — 0.08T 1.858
~EG3/27,1/25)*  +AEcore”
/?Be E3/2Y) — E(5/27) —0.037A —2.46454 + 0.003Sy +0.994T  —0.008 0.043
1/?0 E(17)—-E0O) —0.382A + 1.3785 4 — 0.004Sy + 7.850T —0.014¢ 0.026

Experimental energies obtained by the Hyperball experiments are also shown. The effect of the A-2' coupling
estimated by Millener is listed as A,

AEWJ1, ) =1QJ1 + DEW)) + QJy + DE(J2)]/(2J] + 2J5 + 2) denotes the center of gravity energy for
the doublet (J1, Jo).

5 AEcore = E(Li; 3%) — E(®Li; 11) = 2.186 MeV.

¢ A small 1~ mixing effect of 0.016 MeV is added to a A-X' coupling effect of —0.030 MeV.




108 (k-, m) 10AB

A0 < -By*<-10MeV  *uncahibrated
(5 MeV lower than the ? ,Be gate)

2 3

Counts / 2 keV
— 18] 2
2

o 38
IT]7

No 7y -ray peak observed.
(Upper limit to be determined.)

1.8MeV—-—9A139+p o
(K, m)

—— 2_} <100 keV 0O ~200keV from A= 0.5 MeV

B Confirmed
/\ Chrien et al., Phys. Rev. C 41 (1990) 1062.




Summary of Hypernuclear

108 (K-,my) BNL E930('01)

Li (n*K*y) KEK E419 9 - '
Lt ate. ( Kiatos 1) + + Be (K',my) BNL E930(98)
) 3563__ 0" 12" 368 - ) "
1ot 1" 1.08 =1 3.040 28 __ 3.068 I - <01
—_— Mi| M1 ,3.025 ) -0
M1 5/2 9 1
SH ™. " 2186 3* .. o 7/2% 2.52( 11(\’ B
~~~~ 5/2* 2,050
ﬁH PLB 62 (1976) 467 =l
PLB 83 (1979) 252 Eol
Li ( Kstop: Y79) v + 0 0" vy 0
- 1 .- 3/27 0,692 8 g 12*
1/2+/,/’ 1457 —6 = M1 Be ABe
— M1 ? Li “—d—v—wz* 0
8 70 PRL 88 (2002) 082501 NPA 754 (2005) 58¢
N o+ Li PRL 84 (2000] 5963
. A= DRL 86 (3001] 1982 NPA754(2005) 56c
AHe PEB-576-(2004 258
PLB 83 (1979) 252 PRC 73 (2006) 012501
180 (K- -
12G (r+K*) KEK E566 C (K'my) BNL E929 (Nai) 160 (K-;ry) BNL E930(01)
* X Ap1/2 12" 10 08 "
1B (n+,K*y) KEK E518 XAPSRTTT e 1083 p AR
i ——2 6.7
; "y 4710 6176 . 1 6.56
s / 395_:::’_ ) 32t 2t 32
F VT 1.986 /E1| |E1 ” 4.229
0.718 1+/:- 1.482 £ + +
AL ) ; 231 0 12
/ = - 2.268 i
+ ; 3/2* - -
0 32:__ 7/21 0.263 4.439 2*7 . =488 M1
10, + ; + 1/2* ) g
B 1 52 : E2 Oy 1:-- Q__12.. 17 0.026
'AB N A | 0 1y w20 ":'-L_Lo :
T2+ N 15 196) 16
e B¢ AN A0
NPA 754 (2005) 58¢ EPJ A33 (2007) 243
PRC 77 (2008) 054375 PRL 93 (2004) 232501 by H.Tamura
PRC 65 (2002) 034607 EPJ A33 (2007) 247




Hyperball-J

Ge (single, r.e.~60%) x ~32
- peak efficiency ~6% at 1 MeV
( x ~3 of Hyperball)

Ge crystal PWO counter

Mechanical cooling
-- Lower temp. for less radiation damage
-- Save space for flexible arrangement

PWO background suppression counters
replaced from BGO for higher rate

Waveform readout (under development)
=> Rate limit ~2x107 particles /s
(x5 of Hyperball)



Best K- beam momentum

LAB CROStE SECTIONS

6 T I I T ] T I T I T I T
K-+n—-> A+ ‘
5| — S — n° -
r oo
VAN momemel |
a0y 15
\\\\

CROSS SECTION (mb,/sr)

2 \ //
\\ ¥
SPIN-F LIP \ - 7 AR i %3
1 \\_\ R 7 e N
:- N R
~ g ' . g\\z’/” .
oL —tessduatis e T e N e
0.8 0.8 1.0 1.2 1.4 1.6 1.8 2.0

LAB MOMENTUM px (GeV/c)

Both spin-flip and nonflip states should be produced.
— pk=1.1 or1.5 GeVic

Pk = 1.1 GeV/c : K1.1 + “SKS” (ideal)
Pk = 1.5 GeV/c : K1.8 + SKS (realistic)

High K/x ratio to minimize radiation damage to Ge detectors
— Double-stage separation. K1.8BR is not good.




Beam and éetug 1

(K-,m-vy) at px = 1.5 GeV/c

Both spin-flip and nonflip states produced
Spin assignment from angular distribution SMF

|

Spectrometer: SksMinus
Ap ~ 4 MeV (FWHM)

Q2 ~110 msr o
SPO—=>
| Hyperball.l— 0 jEsAC
BH2—==—B -
Hyperball-J = BC3.4
e ~6% at 1 MeV Z%j
A I K'7 1.5 GeVic
Beamline: K1.8 /T T
0.5x106 K-/spill at 1.5 GeV/c (9uA) LTS LA
Kir >> 1 = //
e
A rﬁ,g T i
KJ . 8 __,-w-“”"’“--“ji U ‘Cl \L){ L,/L : BHI




g factor of A In nucleus

B Motivation
u, in nucleus -> medium effect of baryons

Can be investigated using a A in Os orbit A Swelllng’s'

m B(M1) of A-spin-flip M1 transition -> g, Reduction of constituent q mass?
Swelling?
B(M1T) = (2Jup + 1)-1 < Wiow Il 1l Yup >|2 g,
= (2dyp * 7 K wap we Tl wat we> 2 é)J  derm 66 VAT Ve
= godot gaJdA = God + (GA- Ge)Y —._ M

gC ¢ gA A gC (gA gC) A care nucleus Jo -172 \?é VAL Ve

/A in s-orb

3 2J,,.,+
= 8T 250W+ 1 (g\- gC)2 [ I'INZ]
¥ C

B How to measure

Doppler-shift attenuation method : applied to “hypernuclear shrinkage”
4 16n 3 in7,Li (5/2+->1/2*) from B(E2)
'=BR/t =—g— E; B(M7) PRL 86 (’01)1982

B Preliminary data (statistical error only)
from 7,Li (3/2+->1/2*) (BNL E930)

g, =-1.1 +0.6 06 L @& g, (free) =-1.226 uy -> < 5% accuracy at J-APRC



Proposed B(M1) measurement

kY 5
3563 —1=LO Hetd ~
. 1/2
MI M1
T=0,3
2,186 ———2cs ... | -
: :‘MI
— ‘ 5/2*
F:w 2
I Y Y 3p
0 6 s M1 &
Ecx Ll v y l-'"2+
(MeV) L.

PRL 84 (2000) 5963
PRC 73 (2006) 012501

Difficulties in B(M1) measurement
m Doppler Shift Attenuation Method works only when t <ty

m T is very sensitive to E, because B(M1) o< 1/t o<E 3. But E, is unknown.

B Cross sections and background cannot be accurately estimated.
Previous attempts: 10,B, "B (E, too small -t >>ty,,) 7,Li (by product: indirect population)

K-,77)

3.94

3.877

2,521 1.3~1.6
2050 58 9.1
0.692 [ ~0.5 | 0.48~0.56
0

Eex T(ps) T (ps)

(MeV) [exp] [calc] —

do/d€) [pub/sr]

25

15 |

To avoid ambiguities, we use the best-known hypernucleus, 7,L.i.

B Energies of all the bound states and B(E2) were measured,
® vy-ray background level was measured,
B cross sections are reliably calculated.
m 1 =0.9ps, tg,,=2-3 ps for 1.5 GeV/c (K-,n-) and Li,0 target

Calc. by Motoba
"Li(K7 ®7),Li
pk—1.5 GeV/e
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Expected yield and sensitivity

Yield estimate
Ny = 0.5 x 10¢é /spill
Target (“Li in Li,O) =20cm x 2.0g/cm3 x 14/30 x 0.934 /7 x 6.02x1023
Jdo/dQ(1/2;1) AQ x BR(1/2*;1—3/2+) =0.84 ub x 0.5
£(Ge) x ¢ (tracking) = 0.7 x 0.6

-

Yield (3/2+— 1/2+) = 7.3 /hr(1000 spill) 1400 |- Simulated
| C

= 3600/ 500 hrs |
Background estimated from E419 7AM:— M1(3/2'= lf'zl) 1.0 ps

1000

mStat. error At/t=5.4%

%0
=2

o
=)

%
o~
counts / 2 keV

400

BSyst. error < 5%
mainly from stopping time,, |

Fitting result: 0.478+0.027 ps

('-lllllllllllLl s 1 o 1 g o 09 w
620 640 560 630 700 720 740 760

Ey  (keV)
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History of ¥ Hypernucl

>~ atom X-ray : Level shifts, widths

* CERN(‘75), RAL(‘78), BNL(‘93)
- 12¢208pp, 23 data points

o Vopt(l‘)=teffoQ(l’) (C.J Batty, Nucl. Phys. A372 (81) 433)
- -Re Vopt(o) ~ 25-30 MeV, Attractive
« -Im Vopt(o) ~ 10-15 MeV, Absorptive
* XN—AN conversion (strong interaction)

* X hypernuclei may exist, but the widths are broad
- No Spectroscopy I' ~2ImV




404 C.J. Batty et al. [ Physics Reports 287 (1997} 385—445

Sigma atoms

3 _
107 ¢ 3
- =4
- (a)
0% L
i
-‘:;10 “E—
> -
&= - n=3
§ _
I? n=06
A /
10 3
IO'Z_HHI ca v b e b by v b b
0 i0 20 30 40 50 60 70 80 ag
Z
10° = n=3
g n=4 (b) /i
0% n=9
: 3
=10 b
Nt = T
= " n=3 T/ n=10
§ L 4

—
UBRIERRRIEY
=
i
&%

-] 3
10 ﬁ

10—2lIIl‘tlil|1llIl_llllill_!ili!llllllillblilit!

T 1 iIlTIII

0 10 20 30 40 50 60 70 80 90
z

Fig. 9. Shift and width values for sigma atoms. The continuous lines join points calculated with the best-fit optical potential
discussed in Section 6.2.




>-Nucleus potential

* 2-atom X-ray

C.J.Batty et al., NP A372(81)433.
4ah? \(

2u )

= —(28 +i15)MeVp(r)/ p,

V() +iW(r) = -( 1+ ML) ap(r)

N

a =0.35+i0.19: scattering — length,

u: reduced — mass

- DWIA analysis: Green Function method

Morimatsu and Yazaki, NP A483(88)493,
R.S.Hayano, NP A478(88)113c.




Narrow width problem In

| 980s

S S
* IBe(K~,) at CERN(1980) ST "
- Narrow peak(~7 MeV) in unbound region % : # WN Mﬁ M
S cof W
. BNL,KEK Cla W
F \
35 %
l 98e (K117} Be () HL l e T # | lmeé?g;;;zC ﬂ
p 60 \ l Tt T hh = | Mﬂ ‘
L el ) i i
o K S | H Pt } k g + 1
8 m H H+ | * | f +++++ Pttty 2 2o + + # H | #‘4, |
2 2ol | HH o + H++++++++H+++H+++ ; ﬁ:‘r ﬁ#ﬁ H #
LY b L 240 26 T H2éto 300 3




BNL ES8/

- 600 MeV/c
- 4 degrees

- No Peaks !!
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E88/ vs. CERN Data

50

8

d°0/dQdE (ub/sr/2MeV)
N
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o
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BNL E887 v.s. CERN
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10 He(K' " _\‘_I_—l_l_ﬁ—

20 10 0 10 20 30 40 50
% fal8 2 ®Li(K 1)
2.._ 20 ?Li(K,n*) T e |
% 18 Juilla X \\\\\\\\\\\
=2 20 -0 0 10 20 30 40 50
2 (MeV)
% 38 : Be(K'.n)
O 20

50 10D 10 20 30 40 e

S.Bart et al., PRL 83 (1999) 5238.
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Repulsive !

DD potential
80 T T T T T
- C.J.Batty,E.Friedman,A.Gal, el <
>
PhysLettB335(94)273, = 40t
PTP Suppl.117(94)227. ST | a
> 0 ==
« JMares et al., NP A594(95)311. =
T s 30 35 40 45 50 55
r (fm)
60 T
o = Ca |
.o _RMF potential in Pb 3 " °
T T T i 1 1 1 T 1 : 20 b ]
20 NL | & |
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Existence of any

bound states 7

- Only candidate

m spectrtum

. 4He(K‘St0p,ﬂ:')  R.S.Hayano et al. Y —
- predicted by Harada and L2s
Akaishi

100 |

- Definitive evidence ?

0.75

% of stopped K /MeV

0.50

- Large bakcground

0.25

* K- orbit (12)) / R
0.00 200 225 250( ) 275 300
Myy—M, (MeV
* SorP? Bs=2.8+0.7 MeV

My=12.1+1.2 MeV

R.S. Hayano et al., PI. B231 (1989)
H.Outa et al., Prog. Theor. Phys. Suppl. 117 (1994) 177.




BNL E905: In-flight

(K=

T. Nagae et al., PRL 80 (1998) 1605.

.
=
|
I
o
|
=

- 600 MeV/c, 4 deg. i
- Simple analysis: DWIA |
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Harada and Akaishi

- Strong Isospin dependence

« Lane term

+ Ucy=U0+ UtTeet /A

* T. Harada et al., Nucl. Phys. A507(1990) 715.
* T.Harada, PRL 81 (1998) 5287.

- —1/2- Y0 - yt
\ T=1/2; UY - U

I.IO 2.10 310 40

3 0 b
% i R(fm)
'*qé)—zo -
Caor S attractive
= T=3/2: U0 + 1/2Ut
2" repulsive
_g 50
o) | R(fn’;\)




U=V +1W3x No 2-hypernuclear bound states, but 4zHL

A K*
fT\ / ° °© o fr
A - e el |
A X

IS. 5| (a) Attractive
Inclusive spectrum tells the 2 potentia$ '
L . w
W
w
5
oy oo G J Bl
" .’ . A N\ O—»
B2 2= ) 5
33 FHLR et l = S
=5 0 : 7 E=T I
AZ "1 wmaw [ O- o %
:g - Bﬁ Z : (‘g
w 7] Nuewen  [8lH [‘” W@l o
: (attractive)? o
-50
WEORTH (Nusleus) Z-FFtk( T-Nucleus]

O Binding Energy
(Myyp)




- Similar Shape

PK.Saha et al,, Phys. Rev. C 70 (2004) 04461 3.

- No peak in -By- <o MeV

- Maximum @
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Cross Section [ub/(sr MeV)]

Cross Section [ub/(sr MeV)]
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[ heoretical analysis

by Harada & Hirabayash

100

» Vo=1+30 MeV, Wp=-40 MeV
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sSummary on

hypernuclel

» No narrow states in unbound region

» One bound state in *, He
» 7o Li ? Nucl. Phys. A 547 (1992) 175c.

» 2 -Nucleus potential is repulsive in
medium-heavy system.




S=-2 Systems




HyDriQ

Emulsion
ExXperiments




KEK EI/6

1M ciancensesieer — lntroduction of experimental method
-~ 1. select Q.F. (K-,K+) reaction & reconstruct K*.

2. following up K* meson in emulsion.
k+ 3. following down E- cand. track.
4. check seq. topology of DHY at end point.

— E~ stops : 77.6 +/- 5.1 events
captured by
S light elem. (C,N,O) : 42.3%38 %

M1 -10 9 8 7 6 5 4 3 2 -1 0 1 2 3 4 [cm] heavy elem. (Ag, Br): 57_71‘8:(15%

BSSD BSSD

X Y VSSD VSSD

X Y
'l

most probable case
UN+E =>BB+p+n
11\:13\3 => 11§3C* + U~ = Ex=4.9 MeV

13g B44=233+/-0.7 MeV
AA™ ABas= 0.6 +/- 0.8 MeV

[Assumption]
Bz=- = 0.17 MeV (atomic 3D in 1¥N-Z")

S.Aoki et al, NP A 828 (2009) 191.



KEK E373

Scintillating Emulsion In E373, we changed the target
Microfiber Bundle =

SciFiBundle) Emuslion (E176) ==> Diamond,

Diamond” N1 |_Downstrean used SciFi-Blcok and -Bundle.

TargetX - A 1. select Q.F. (K-,K+) reaction,
) 2. reconstruct E- cand. track,
Ji - 3. following down E~ cand. track,

‘éﬁfﬁéﬂk 4. careful analysis of the vertex.
chock) ==>~103 =~ stops
Emulsion B —
100 pm gel 40 or 60pm base film the most significant result of
*L' 500 um gel the past 5 years
= in hypernuclear physics. ”
5 Final Report of the 2004 KEK PS External

200 # foocee Review Committee (August 30, 2004),p5.

base — | for NAGARA event

thin plate 11 thick plates




» Nagara Event

AR mwe Unique assignment (1°C + == — ,%He + *He + ¢
Rt . > 3He + p 4 7.
s T 1. From Consistency in A& B : Bz-<1.86 MeV
- = A" A 2. By kinematical fitting : Baa = 6.79 + 0.91 Bz~ (+/- 0.16) MeV
| AN

T A\ S ABis= 0.55 + 0.91 Bz (+/- 0.17) MeV
if we take into account B=z-=0.13 MeV [atomic 3D : 12C- =]
Afj\He Bis =6.91 +/- 0.16 MeV, ABa1= 0.67 +/- 0.17 MeV

{ - . Q‘ cf. in the paper PRL(2001) Bui1 = 7.25 +/- 0.19 MeV, ABu = 1.01 +/- 0.20 MeV

This discrepancy was come from the mass change of Xi- hyperon in PDG.

-

H.Takahashi et al., PRL 87 (2001) 212502.




Summary of Emulsion

Assumed B AB1s

=" | Bas1-B=- ABuas-BE-
ey T level  [MeV] [MeV]

Jov4 Capct‘uredi [MeV] [MeV]

6 Bia =6.79 + 0.91BE" (+/-0.16)
NAGARA axHe 2¢ 5. 055 10,9182 o017

B=-<1.86
" 0.03 3.69
MIKAGE \%He 2c | i/ 172 +-1.72
DEMACHI- $20 - 11.77 -1.65
YANAGI AAB€ M0 E 2%
1 16 . 20.26 2.04
HIDA  11Be 0 . 4-1.15 +-1.23
12 Ny 2

M.Danysz et al., PRL.11(1963)29;
R.H.Dalitz et al., Proc. R.S.Lond.A436(1989)1




Systematic study of double strangeness nuclei
j'PA RC EO7 with Hybrid emulsion method

Ge (Hyperball=X) Emulsion

Stack
P C
— . | S
il ©
K=
' |8
| <
1.8_GeV/c ; =
K = il =<
: e
d )
—- L=
s i ‘.j )
AA hypernucleus = hypernucleus X-ray from =- atom

- O~
&y e



Concept: 10k =- stop events, which is 10 times statistics more than that of KEK-PS E373

KEK-PS E373 J-PARC EO7 (in proposal)

Emulsion gel 0.8 tons 2.1 tons

Purity of K- beam  25% ~85%

=- stop yield ~650 10k

S=-2 hypernuclei 9 ~102
Physics motivations

Subjects: S=-2 systems Physics: baryon-baryon interaction

s-shell AA hypernuclei: ,,4H, y\5He, and ,,5H ———AAS-wave interaction

AA P- int ti
spectroscopy of AA hypernuclei (A =6 ~17) wave Interaction

_ _ — ZN interaction
= hypernuclei (z!3B, z15C, and <17N)

AA-ZN coupling
X-ray from E-atoms (E-+Ag, or Z-+Br)

- Production, structure, and decay
AA hypernuclei in excited state of S=-2 systems

146



A31ouyg

= atom X-ray spectroscopy at J-PARC (E07)

—. Hyperball-X Ge detector array
Level scheme of Z° atom for X-ray measurement

A

w/o strong int. /
X
w/ stron Energy shift

absorption

Hybrid emulsion method | 1 LOTS3
Select (K°, K¥) reaction by spectrometers |

. =

Select = stop event by emulsion image

= stop (0 stop) y
; | Coincidence with Hyperball-X data

Emulsion

Ny = £\
—— K Analysis status
N =" Ag atom , =" Br atom data (from the emulsion)

— 20% coincidence analysis is finished

. -
« B g

= C atom data (from the diamond target)
— On going




Beam exposure

May-Jun. 2016
KURAMA Commissioning : 5.0 days
Physics : 4.9 days

4/15 - 4/19, 2017 (44kW)
Emulsion exposure : 50 h
calibration : 19 h

5/25-6/29, 2017 (10 - 37.5kW)
Emulsion exposure : 23.4 days
calibration : 8.5 h

A - 4

Jul. 15t 2017, Run end

e

photo @K1.8 counting room

Year Beam power K- intensity K- purity Time
[kW] [/spill] [h/mg
2016 42 260k 81% 6.5
2017 44 310k 83% 5.6
2017 37.5 280k 82% 6.0 —
2017 10 - 35 120k — 270k 50% - 82%118 emulsgon medules
148

in Feb, 2018 in Gif

u-u.




=- selection from the (K-, K+) reaction by off-line analysis

SSD | [SSD2

for selection

Vertex residual

Missing momentum vector vs =- track e b

High dE

Criteria for =- track selection

Emulsion sheets

[IPRF] J.27g"

S : ; P | Colies (T
Scattered particles i ’fﬁiz!
- R S Y o 4

woow HNEY JJHG

ro
IIIII

Intgral 3.30824CE |

K+

| mom[Gey/c]

I 2 g e
momentum E o g
o ' ‘:f‘_\ ey !
1 Phv ﬁr‘  t 3
AT )":" e ey
L. iy 1 L Sk 7
;-:— _.f-::'\' B 'g{f{z}".".""""." .
N O h |t n.3 B ;. -F,,.
B 1 1 1 1 1 1 1 1
1 "5 e 25

Charge*hass[GeV/cZ]

by simulation for 118 modules

Level

prediction/mod.

1

2
3
4

1Kk
negligible

~440
~850
6.2k
16k

High S/N & stop ratio 1st priority
Realistic selection

All =-stop

All combination

149



* Disassembling
* Photographic developing

m —pvolume for readout
~(+-200um)2
emulsion module (13 emulsion sheets) Q

0.4mm Thin-type

~(+-10um)?
;- . y7 1 %@ )

~440 predictions of =- tracks

per module * 1.0mm Thick-type
|

S ‘ y o

stop, decay, etc.

Track following for =- stop event

~
/

1.0mm Thick-type

Beam direction

Automated Track Following (Sample Movie)
= https://youtu.be/3fiwI5tDx2U 150




2019 May
So far, 70% of emulsion sheets has been scanned at least once.

KEK-PS E373 EO7 (current)
=- stop with nuclear fragment 430 1.6k (1.6k/430=3.8)
S=-2 system 9 26

11 double Lambda events 8 twin eve

L AR S

151



2019 May
So far, 70% of emulsion sheets has been scanned at least once.

KEK-PS E373 EO7 (current)
=- stop with nuclear fragment 430 1.6k (1.6k/430=3.8)
S=-2 system 9 26
11 double Lambda events 8 twin events 7 others
| TO05 6T/ ] )
AA8|-I Many Many Many Many
or candidates (AAC ) candidates candidates candidates
Art0Be
C C_lsc
( C ) ( C ) Many (4N +Z2-) 160+E- || =
AA AA candidates in progress atomic IBUKI
|
B Many aall - i
a4 ~ )candidates or (14N b ':'_) _(12C 5 )
MINO AABe in progress In progress
Found Found
recently recently
* Nuclear species of some event are identified.

* Bz or AB, , are measured quantitatively in several events (red framed). 152




Double-A Hypernucleus MINO event

H. Ekawa et al.,Prog. Theor. Exp. Phys. 2019, 021D02

( )

= -

p
\ ; L 4He T[_> )
. | \\._;\.16.(.)Jr.\E-QAABe+4He+H anBe 2 \°He +H+p+xn SHe > He+p+Tr
' +10 L1
1k —_ 10 11 14 4 W e A Be T AA Be I
£ = » (aabBe, s.Be, ibce) He | iz, a, »), B/\ l '
— 2He— (p, 4,6) + p+an,
«s4He | p 7.
AB,, : AA interaction energy
M(%Be) + M, - B, M(9Be) + 2M,, - B,

Possible interpretations By [MeV] AB,\ [MeV] kinematic fitting x2 p-value[%]

=-+160 -> ,,10Be +4He +t  15.05 +-0.11 1.63+-0.14 115 0.9

=-+160 -> ,,11Be +4He +d  19.07 +-0.11 1.87 +-0.37 7.3 6.4

=-+160 -> ,,12Be* +4He+p  13.68+-0.11+E, -2.7+1.0+E, 113 1.0

AA11Be is most probable by kinematic fittng 2 (DOF=3)

where, B-_=0.23 MeV, 3D orbit of 160

In a new nuclide event of ,,Be, a AB,, AA interaction energy has been obtained successfully.
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Deeply bound =-14N systems B:-(=2"+“N)

0.1/4 MeV:3D atomic state

Prog. Theor. Phys. 105 (2001) 627. 0 *

KISO B--1.03+0.18 | 1stex g.s.
event (MeV) _or 1 i
(KEK-E373) 3 87 = 0.21 .

2 | e
S
()
KINKA 3 g =
. . :
event s 0
(KEK-E373) 4 *
‘E 1st. ex
| -+ v @
IBUKI-- --- 6F Qo
et " Balzzxo1 | S
S. Hayakawa, PhD thesis (2019) Osaka Univ., Unpublished S q
()
=

* Multiple candidates of = hypernucleus with B;_beyond 3D atomic level in E--14N systems -

* We expect more examples through further analysis in EO7.



Search for Double-A\ with

Sequential Weak Decay

> Large Branch of Mesonic Weak Decay in Light
hyperfragments

» Characterisitc TT- emission




5/\/\H — 5/\He+T[_ 0.83-1%

== energy lose
P 11—~130 MeV/c & “Hypernucleus x
Formation | 0.3 %
M/Ttot ~0.21 ~ 20 % ~03%
— 4He+p+'|-[_ DOUb'G-\A\C‘Of*OUD giaﬁs = deanionaioh

d
re

P 1—=99.2 MeV/c

Width =1 MeV/c -
[ /T tot ~0.39 Two A - Fragmenfs®

Double- A Fragment




{MeV) (MeV)

(MeV/c)

Fig. 8. The .1-binding cnergy B, ,{He) is plotted as a function of the weak decay pion momentum q...
The corresponding .1 { interaction matrix element AB,, is also shown on the right scale. The hatch for
the = decay indicates the predicted pion momentum width 4q =0.45 MeV/c
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Fig. 7. The theoretical 7~ decay spectrum I',.-( , SHe)/I', with YNG is drawn by solid line as a function
of the proton- 3 He relative energy E = Eg5 e - The shallow A-binding energy case described in sect. 4.2
results in the dotted curve in which case the pion momentum and energy should be shifted (cf. fig. 8).
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SysStem an

reactions were

)

K+

1.1x102 (K-,
identified by 48D48 spectrometer, whi

covers 2-10 deg.

o -




Cylindrical Detector System

* Large solid angle /2% of 41t
* Momentum resolution for 100MeV/cmt  9-10MeV/c(FWHM)
— Solenoid magnet Uniform field variation less than 0.5%

— Cylindrical Drift Chamber (CDC)
Low Z materials

gas ; He:CoHg=50%:50%

field-wire ; gold plated aluminium

12 layers ; 6 stereo layers, 6 axial layers, 576 cells
— Z-Chamber 5.5mm pitch Cathode strip readout-MWPC

— Hodoscope Finemeshed-PMT in Maanetic field

130cm

L7 Y,
4% A A A o A S A, ;;,4%;
Ly A ”

z s
M e e e e o e L e e e e % /A
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Consistent with known single A hypernuclei 3 4
AR+ 7\ H

(114.3 MeV/c¢)
(108.4 MeV/¢)

(114.3 MeV/c)
(~ 98 MeV/c)

(~ 116 MeV/c)

(~ 97 MeV/c)

(~ 103 MeV/c¢)

P, (MeV/

new interpretation by S. Randeniya: 7 A /

T 1§ @Ea [HeH |z & E@E EEE @E
E o 4 RMuluoucHa B FMa =E
> A Eod|le B BEE alIEER 3 o0
Q@ 150 Er NndO uvOOun~enur OO0
E 0 o EDEECDIDDDIU]U e =
~— L cn_ Jd0Onm O m—7 gOOOoo
I140— B 3oSSN L3 MEEES
2 L g g 0 g 8 =g
0ocJaf3aJe gl ]3000=00Z 2 .
acroodcood] Moo 1V
130 £ nunJuaJgeOrOoou
T e I I 1 g
nmreO TJ0OcC 4|0c0CO
120 BoU_JrQcOanuona
oCof 3 a0 oo
o G R o 5SS = = 11
110 FOUB DS L) m
- m ow oued S A
"B E@dReE
3 EEE4HS
100 | ooO 103
T EAED
Mmu 4
g0 CLr I I11
u
ER:]
gg Lt 8 1 0 2 I o 2 O 1 7 T e 1 I
80 90 100 110 120 130 140 150 160

25
20
15
10

114 MeV/c

1
e

133 MeV/c

111

G

:'\#'\

zﬁ e M s v | 1
25 104 MeV/ec 114 MeV/c
iy r ) v
15 — -|l
| | TN | U I | ] | -
100 125 150 100 125 150
P_(MeV/c) P_(MeV/c)

Phys. Rev. Lett. 87, 132504 (2001)

Candidate for AA hypernucleus decay

(114.3 MeV/c)



4azH (single A binds to 2H by 0.13 MeV)

t— (104 MeV/c)

3, H
- (114.3 MeV/c)
4\He
4AHe excitation(MeV) ABAA(MeV) 3He
7.75 1.8

Search for two body decay mode 4AAH — 4AHe(11) + o
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Contents

« Past measurements on “K-pp”

« FINUDA, E549 : K-si0pA reactions (K-pp)—Ap
« DISTO : pp—~ApK*

» HADES, LEPS, E15 3He(K-,n)

+ Recent measurements on ”K-pp e

+ J-PARC E27 : d(mt+,K+pp)X

« J-PARC E15 : 3He(K-, Ap)n in the first data taking in 2013

» Discussion : Role of A(1405) as a doorway Recent high-statistics data by T. Yamaga

+ Summary
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PHYSICAL REVIEW C, VOLUME 65, 044005

Nuclear K bound states in light nuclei

Yoshinori Akaishi' and Toshimitsu Yamazaki’
Unstitute of Particle and Nuclear Studies, KEK, Tsukuba 305-0801, Japan

2RI Beam Science Laboratory, RIKEN, Wako 351-0198, Japan
(Received 21 August 2001; published 1 April 2002)

The possible existence of deeply bound nuclear K states is investigated theoretically for few-body systems.
The nuclear ground states of a K~ in *He, *He, and °Be are predicted to be discrete states with binding
energies of 108, 86, and 113 MeV and widths of 20, 34, and 38 MeV, respectively. The smallness of the widths

arises from their energy-level locations below the 2 7 emission threshold. It is found that a substantial con-
traction of the surrounding nucleus is induced due to the strong attraction of the /=0 KN pair, thus forming an

unusually dense nuclear medium. Formation of the T=0 K~ ® *He+ K ®°H state in the “He (stopped K, n)
reaction is proposed, with a calculated branching ratio of about 2%.

DOI: 10.1103/PhysRevC.65.044005 PACS number(s): 13.75.Jz, 21.10.Dr, 21.45.+v, 21.80.+a
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(K, w ) production of nuclear K bound states in proton-rich
systems via A* doorways

Toshimitsu Yamazaki?, Yoshinori Akaishi®

& RI Beam Science Laboratory, RIKEN, Wako, Saitama-ken, 351-0198 Japan
b Institute of FParticle and Nuclear Studies, KEK, Tsukuba, Ibaraki-ken, 305-0801 Japan

Received 2 January 2002; received in revised form 13 February 2002; accepted 13 February 2002
Editor: J.P. Schiffer

Abstract

We propose to use the (K™, 77) and (z T, K™) reactions to produce deeply bound nuclear K states in proton-rich systems,
in which an elementary formation of A (1405) and A (1520) plays the role of a doorway state. Exotic discrete K bound systems
on unbound nuclei, such as- K™ ppp and K™ pppn, are predicted to be produced, where a high-density nuclear medium is
formed as a result of nuclear contraction due to the strong K™ —p attraction. © 2002 Elsevier Science B.V. All rights reserved.
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Invariant-mass spectroscopy for condensed single- and double-K
nuclear clusters to be formed as residues in relativistic
heavy-ion collisions

Toshimitsu Yamazaki?, Akinobu Doté °, Yoshinori Akaishi®

4 RI Beam Science Laboratory, RIKEN, Wako, Saitama 351-0198, Japan
b Institute of Particle and Nuclear Studies, KEK, Tsukuba, Ibaraki 305-0801, Japan

Received 26 September 2003; received in revised form 9 January 2004; accepted 9 January 2004
Editor: J.P. Schiffer

Abstract

Using a phenomenological KN interaction, we predict that few-body double-K nuclei, such as ppK “K~ and ppnK~ K™, as
well as single-K nuclei, are tightly bound compact systems with large binding energies and ultra-high nucleon densities. We
point out that these K nuclear clusters can be produced as residual fragments in relativistic heavy-ion collisions, and that their
invariant masses can be reconstructed from their decay particles.

© 2004 Elsevier B.V. Open access under CC BY license. The unique signature for K cluster formation is a
clear peak to be revealed in the invariant-mass spectra
of its decay particles, if all of the decay particles with
their energies and momenta are correctly identified.
This method applies to limited cases, where K clusters
can decay to trackable particles, such as

i) ppnK — A +d, (13)




Bound States of Baryon number=2

+ S=0 : One bound state
* deuteron = p+n with T=0, JP.=1+ AA, T=0, [F=3*
+ S5=-1: No bound states ?
* A hypernuclei : A>3 3,H)
KPP
« Y. hypernuclei : A>4 (4-He)
2 §=-2:77

* AA-H dibaryon, EN



New type of Strange matter

# Strange meson (K-, Kbar) in Nuclei.

Excitation Energy

(MeV)A -
’ — o] K™ Meson
500} ) _
— ), (o, KY S
L KL D S
—- _A-1 AU —
400 = [Z+1] K [Z+1] — (K',N) u
+ _A-1
300k AA®A_2[Z] s éogm{é]ﬂ
200 s Q [Z+1]
T [Z+1]
1001 A &2
oL N\

Alzl Aze1] 1Z2+2]
S =-2 Nuclei S =-1 Nuclei S =0 Nuclei

Kaonic Nuclel




KN Bound States

» Prediction by Akaishi and Yamazaki
» KN scattering lengths

> K-p atomic shift(KEK E228)

» Mass & width of A(1405)

. 1

» Strong attraction in
1=0 KN interaction

> K-pp, K-ppp, K-pppn, ...

MeV
0

K+ pp

+
a

' |>
N |+
Q |a

------

nucl
K
MV K +3He
1 2 m
T I

| w
e
—

eV

\Y



Formation of High Density State

Density [fm™]
0.00 0.75

ppn

total B.E. = 6.0 MeV
central density = 0.14 fm-3
R._.=1.59fm

O

Density [fm™]
0.0 1.5

ppnK-

total B.E. =118 MeV
central density = 1.50 fm3
R, ~0.72 fm

ppnK-K-

total B.E. =221 MeV
central density = 3.01 fm-3
R, ..=0.69 fm

,o>,oox10 17

Dote et al.

» Formation of Cold(T=0) and

» Chiral symmetry restoration
» Kaon condensation

Dense( 0 >5 0 () nuclear matter

4 I<qg>, -l

Density

T. Hatsuda and T. Kunihiro, Phys. Rev. Lett. 55 (1985) 158.
W. Weise, Nucl. Phys. A443 (1993) |59c.




K interaction

» KN interaction

—> strongly attractive in the isospin |=0 term
(A. D. Martin, kaonic hydrogen X-ray @ KpX)

» How about K-Nucleus interaction ?
» Very deep attractive ! (150—200MeV)
» Shallow attractive ! (50—75MeV)

» Ambiguity remains with kaonic atom data (0<< 0,)




Hadronic Atoms

E. Friedman, A. Gal/ _Phvsics Reports. 452 (2007).89—-153

> Klein-Gordon equation 15 -
5 5 - __Pauli principle :
[V — ZM(B + Vopt + Vc) + (Vc + B) ]lﬁ =0 (h = C= 1), Tr /// ——————————————— -
£ o5 Self-consistency
A—1 ‘% //’/ _____________________ p—
2uVopi(r) = —4n (1 + T%) {bolp,(r) + p,(N] + 1:b1lp, (r) — p, ()]} s o - //,//
o5 {7
2V (1) = =47 (14 ) [ag- (PP, (1) + ag-n(p)py (], 1 f—
opt M Kpppp K—n\P)Py ’ P
where st/
aK_p:bO_b19 aK_n:bO—I_bl g
£ ]
0 0.2 0.4 0.6 0.8 1




K-p Interaction

near threshold

» Threshold branching ratios

I'(K- +3-
y= TP T ) 364 0.04,
IK—p—n 2

K p— a2 ,n2")
R, = , : =0.664 4+ 0.011,
I'(K~ p — all inelastic channels)
I'(K~p — 7°4)
R, =0.189 £ 0.015.

T I(K-p — 104, 7020

> K-p Scattering data /

> Kaonic hydrogen

I
€ls — ITS ~ —2a3u%<_paK—p(1 — ZaMK_p(lnoc — Dag-p)

a(K-p)=(-0.78%0.15+0.03)+(0.49+£0.25%0.12)i fm

o7 (mb)

ot (mb)

ot (mb)

ot (mb)

ot (mb)

ot (mb)

100

p. (MeV/c)

150




Kaonic Atoms

C.J. Batty et al. | Physics Reports 287 (1997) 385-445

Kaonic atoms
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+ KN : attraction in Isospin=0

+ Kaonic hydrogen X-ray ; SIDDHARTA
M. Bazzi et al., NPA 881 (2012) 88-97.

* Low-energy scattering measurements + Branching ratios at threshold
« A(1405) below the K-p threshold
« Jn=1/2-; Moriya et al., Phys. Rev. Lett. 112 (2014) 082004.

* Antikaon-Nucleon Molecule from Lattice QCD
; J.JM.M. Hall et al., Phys. Rev. Lett. 114 (2015) 132002. | N

e
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2
E
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« Possible existence of “K-pp” : Y=1, I=1/2, J*=0-
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Past Measurements on App #1

* First evidence of K-pp with 6Li+7Li+12C
by FINUDA 0

“ Alot of back-to-back Ap pairs
with small invariant mass

By, [MeV]

W
o
L

150 -100 -50 0 N ..
0/ o

N
1
I|II

' arbitrary unit

N
o
I|III

25.]£ 225 23 2¥ 2.4 B=115+6/-5+3/-4 MeV

[=67+14/-11+2/-3 MeV

counts/(1 OMeV/cz)
o

)]
II|III

—
(@]
| | |

1 1 1 I 1 1 1 1 I L L L L l 1 1 1 1 | 1 1 1 Ij_ll_l% Il il I il il L I
8 "5 23 o5 23 585 24 245 25
p-A invariant mass [GeV/c']

M. Agnello et al., PRL94, (2005) 212303




Past Experiments on K-pp #2

+ DISTO data: p+p—=pA(Kpp )+ K+ at 2.85 GeV
» M=2267+3+5 MeV / ¢z O
+ T=118+8+10 MeV L JOD. L S

(a) large- angle proton: high-P+(p)

2.5

N
o
———

+ Not observed at 2.5 GeV
+ small A* production cross section

—_
(6)]
—T T

Deviation UNC/SIM (arb. scale)
=

o
o

2150 2200 2250 2300 2350 2400 2450
Missing Mass AM(K) [MeV/c?]

T. Yamazaki et al., PRL 104 (2010) 132502.
P. Kienle et al., Eur. Phys. J. A 48 (2012) 183.



Past Measurements on App #3

« H ADES G. Agakishiev et al., Phys. Lett. B 742 (2015) 242-248.

* p+p—KpA @35 GeV; S/N<<1

* Bonn-Gatchina Partial Wave Analysis
well reproduces the data

HADES acc i

“ K-pp production upper

limit ~4 ub for I'=70 MeV IN\

dN/dM [events/14 MeV/c?]

o

(2.22'2.37 GGV/CZ) IM, [MeV/c?]

[\

“1;3 . WALL acc I fr I
A(1405) production ~10ub %]
S erns Ztlvlty ? :Z; O'—[g80 1800 2000 ~ 2200 1400 1600 800 2000 "f‘ 200 2300 2600

IM, . [MeV/c?] IM, [MeV/c?] IM,, [MeV/c?]



Past Measurements on App #4

+ LEPS / SPring_S A.O. Tokiyasu et al., Phys. Lett. B 728 (2014) 616-621.

« d(y, K+7t) reaction (E,=1.5-2.4 GeV)

# Inclusive missing-mass Z ﬁ e
Gm~10 MeV 1000~ l kf L'.'.il'.i}l;?-ii

[pp——— -..tp — .‘\(1520) K-

".'wf_ mm==rn—=ATK T

* Background /j Lo o = B
f

unts / 10 [MeV/c?)

500 - L \t ¥n— X (1385) K' 0
+ + - z - -"'-’ ‘-.\.’ .
K+A(1520), K+t L x Wmm
« Upper limits:2.22-2.36 GeV/c2 F =S

<1.1-29 pb for =100 MeV, £, f il
9.9-26% ot KmtY productions S eb HH

22 . . 24 . l 7Iﬁ l
MN‘G(K"R—) [GC‘D”J"C;I

Sensitivity ?



Past Measurements on App #5

+ J-PARC E15

7/
%

3He(K- n)

T. Hashimoto et al., PTEP (2015) 061DO01.

reaction @1 GeV/c

* Semi-inclusive missing-mass

“ K-pp production upper limit
100-270 ub/sr for =100 MeV
(~5% of QF K-n elastic)

Sensitivity ?
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T'heoretical calculations on K°pp

* Methods : Variational vs. Faddeev
— Almost same results by using the same interaction model

« KN Interaction Models :
Chiral SU(3)-based (Energy dependent) — Shallow~20 MeV
Phenomenological (Energy independent) — Deep~40-70 MeV

Maeda,
Akaishi,
Yamazaki

Dote,Hyodo, Akaishi, Barnea, Gal,

Ikeda, Schevchenko Revai,

Ikeda, Sato Kamano,Sato ,Gal, Mares Schevchenko

Weise Yamazaki Liverts

B (MeV) 17-23 48 16 60-95 9-16 50-70 32 51.5

[(MeV) 40-70 61 41 45-80  34-46  90-110 49 61

Faddeev- Faddeev- Faddeev- Faddeev- Faddeev-

Method Variational Variational Variational AGS AGS AGS AGS Yakubovsky

Interaction  Chiral Phenom. Chiral Chiral Chiral Phenom. Chiral Phenom.

FSI effects ? (V.K. Magas et al.), A*N bound state (T. Uchino et al.)



Comparison between Theory and Exps.

* Binding energy 140p -
120
* Shallow case: B~20 MeV 1005 N.VShevchegko, A.Gal, 4 Mares
: S F |
* Deep case: B~40-70 MeV 2 8oL T Yikeds, TSato
— A Dote, THyodo, W.Weise
2 60 S +
(C RoameaAcaeztens | FINUDA
y 40__83:3’ S.Wycech, A.M.Green
* Observations: B~100 MeV 20?“"""“"’"‘“‘5’”
N : :1...1...1...1...|...|...|...|..I_._
Width 00 20 40 60 80 100 120 140

B, [MeV]
* agreement: I ~30-100 MeV vt

By Y. Ichikawa




l.essons

* It looks hard to observe the K-pp signal in inclusive
measurements. (LEPS, J-PARC E15 fwd “n”)

* Small and Broad signature ; ~1
two-step reaction (two nucleons be involved)

* Large and Widely distributed QF background ; >10~100
single-step reaction



Recent Measurements on A -pp

v J-PARC E27 @ d(mtt, K+pp)X
v¢J-PARCE15 : 3He(K-, Ap)n



J-PARC E27

Y. Ichikawa et al., PTEP (2014) 101DO03.
» d(rt+, K+) reaction @1.69 GeV /¢ Y.Ichikawa etal,, PTEP (2015) 021D01.

n+ + nnn _—> "A*" + K+
"A*" +"p" --> bound Kpp  minor
--=> quasi-free A* dominant

Missing mass

Yamazaki & Akaishi, Phys. Rev. C 76 (2007) 045201.



* SKS spectrometer

Experimental Setup

SKS

# K1.8 beam line spectrometer
* 1.69 GeV/c mt+
« Ap/p~2x10-3

+ 0.8-1.3 GeV/c K+
“ Ap/p~2x10-3

+ AQ~100 msr

« Target : liquid deuterium(1.99 g/cm?2)




do /AR 5o ;g0 aplt D/ST/2MEV]

Expected Inclusive Spectrum

do 2/dQ /dM d(mtt, K+)
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p(t KN/ @1.69 GeV/¢

N é 60 :z+
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Measured d(;t*,K*) X spectrum

o

2 Jr data

— simulation

5 RANFAN Cusp

Mass shift for Y*
by ~30 MeV

457 1dQIAM po_y o oy [D/ST/(MeEV/C?)]

1 T B
2.2 2.3 2.4 2.5
MM, [GeV/c?]



Range counter for Proton tagging

Range Counter Arrays (RCA)
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K-pp Signal



Coincidence Study
.
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One-proton coincidence

# Coincidence Probability(MM)
= One-proton coincidence(MM) / Inclusive(MM)

+ Enhancement near

the XN threshold z 0'025;_ prolon comcidence |

(2.13 GeV/¢2) g 002rey
o B
a 0.015F H’

“ Broad bump at 3t H| %
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T'wo-proton coincidence

K +p+p = 237 GeVic:
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T'wo-proton coin. & Decay mode

| ; » Two-protons in the final state :
.; H! Kpp— Ap, 2%, Ymp

0%
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Kinematically almost-complete measurement !



Mass-acceptance for each decay mode
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K-pp-like Structure

* Mass:
Relativistic Breit-Wigner

+ Width :

% Binding Energy 95 ﬂg (stat.) J_rg(l) (syst.) MeV
(a) (b)
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Ap/ 2V Branching Fraction

2N cusp +

YX:IN—AN conversion

(a): Ap mode (b): X°%p mode

o
S
o

ot
i
lllll

w
o
IIIII

W
IIIII

)
lllllll LI

—
S
on
I T

h
-
|

o

g

[
|

= } i L ol

" N

= J G

E /

- /

I / S~
:llllllllllllllllllllllllll lllllllll.‘

S S B R Y Y T 2 21 22 23 24 25 28
MM, [GeV/c?] MM, [GeV/c?]

AT/ AM 4.4, [DISTI(15MEV/CY)]
L N & o I A 3 W N & O
, —=
dT AU M 4o, [MDISTI(15MeV/C?)]
o O - @ § © w e &
|
<3

o

B
o,

do

= 0.9277 14 (stat) T g0 (syst)
d) K—pp—>9p

— 3.0 + 0.3(stat) "9 (syst) ub /st

do do do
= — 36.9 ub et =k ~ 15.7%
d$) A(1405) ek dQK_pp—ﬂ\p/Eop/dQA(lllOS) ’



E15:3He(K-, pA)n

Y. Sada et al., PTEP 2016, 051D01.

* Ap(pprr) in CDS. e
O-APN10 Mev solenoid magnet

[ CDH |

“ “n” In missing-mass coc
Gn~40 Mev Kaon bear?fdicrecm; -..©

"""""" Se—Val k=

vacuum vessel

Beam Veto Counter

Fig. 1. Schematic diagram of detectors in the CDS and of the target system [22].
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Kpp Production through A*

¢+ K-+n—n+K-;1GeV/c— 0.2 GeV/c

* K+p—=A*, A*+p—=(Kpp)—A+p
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Remarks

* A(1405) production seems to be necessary,

¢ (OK for DISTO, HADES, J-PARC E27; A for FINUDA,
? for E15)

* but, not enough !
* Need to understand the A*(E)p—K-pp dynamics

« —gensitivity of the measurements
7% of A(1405) in E27 < < 40% in HADES



Discussion on “K-pp”

+ B(FINUDA)>B(DISTO)~B(E27) » B(E15)

115 100 95

+ We have two states ? 250
200"
=
55150
+ Width is broad(>70 MeV) S 100"
—

* I'Mesonic~D0 MeV S0

S BN e et Bttt &

E27

+ N.V.Shevchenko, A.Gal, J.Mares + %

E. Dote, T.Hyodo, W.Weise
T.Yamazaki, Y.Akaishi
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.Gal, E.Z.Liverts FINUDA

L S.Wycech, A.M.Green
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Mysteries of K-pp

* Main decay mode is theoretically expected to be XmtIN channel.

+ 1f B>100 MeV, X1tN mode is closed.

< However ...

+ No observations in Y. 7tN channel.

* Signals are in non-mesonic (Ap, Z%).

* Binding energies:

+ Two states ? Shallow(E15) and Deep(E27, DISTO).
+ Momentum Transfer ~0.2 GeV/c ~0.6 GeV/c



Role of A(1405) as a doorway

T. Sekihara et al., PRC 86 (2012) 065205.

* Tap/Tzp ~0.92 (E27), PRC 79 (2009) 062201(R).
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Other possibilities

# Dibaryon as TAN-nXN bound states
H. Garcilazo, A. Gal, NPA 897 (2013) 167-178.
N1 I o ek

=+ A(1405)N bound state T. Uchino et al., NPA868 (2011) 53.

[=1/2,J7=0-; not so large binding

* A lower mXN pole of “K-pp”

a broad resonance near the XN threshold
A. Dote, T. Inoue, T. Myo, PTEP (2015) 043D02.

+» Enhanced KN interaction due to

Partial restoration of Chiral symmetry;
S. Maeda, Y. Akaishi, T. Yamazaki, Proc. Jpn. Acad., B 89 (2013) 418-437.



Summary

* Two measurements suggest two bound states:

Shallow(~20 MeV) and Deep(~100 MeV).
* At least, there exists a K-pp bound state.
* Whether both states co-exist ?
* Deep : K-ppgs, and Shallow : K-ppexcited ?
or
« Shallow : K-ppes, and Deep : mEN bound state ?
* Measure the Spin-Parity and Isospin of K-pp !



