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1. Introduction
for hypernuclear physics



World of matter made of u, d, s quarks

Nu ~ Nd_~
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Hyperon mixing in neutron star core

Large neutron Fermi energy -> Hyperons appear
Baryon fraction: very sensitive to YN, YY interactions
-> Affect maximum mass, cooling speed One probable

YN scattering experiments are extremely difficult. assumption
Hypernuclear data -> realistic calculations become possible gg:esrzwoi ':'dbe
We still need EN int., AA int., ZN int., KN int., by exp.
AN-XN force, AN p-wave force, Po n star T
NNN and YNN force, ... 10° W —
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Do we understand the
nuclear force?

Short-range parts

(Repulsive core, Spin-orbit force)
—Cause elementary properties of

nucleus (saturation, magic numbers)
—Origins are not understood.

Meson exchange model seems invalid.

— Quark-gluon picture necessary ?

s quark may change the quark gluon force.

Baryon-baryon force including
strangeness can be also described by
meson exchange picture under SU,(3)
symmetry ?

Extending nuclear force to B-B force
will answer these questions.
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total cross sections
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Limited YN
. scattering data

NN forces

Experimentally determined
very well

by pp and pn scattering exp.
iIn wide momentum range
with spin observables

-> phase shift analysis

YN forces
Statistically poor
Limited momentum region

ct(A) =7.9cm, ct(ZY)=2.4cm

. =

information of YN (and YY) forces
from hypernuclear structure
-> Spectroscopic data necessary




2. Brief Summary of
Reaction Spectroscopy



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

A Hypernuclear Spectroscopy

A Hypernuclear Chart -
a1 (2006) - -
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Updated from: O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57 (2006) 564.
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Hypernuclear cross section

mb/sr

ub/sr

nb/sr

Characteristics of hypernuclear

production reactions
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(K,m) reaction
K+n->A+w

(ubisr)

dao/d

(n*, K*) reaction
nt+n->A+K*
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e+p->e +A+K*
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2.1 (K,m)and (n*,K*)
spectroscopy



The best (K-, w) data -- Very small A spin-orbit splitting
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Fig. 4.2. Excitation spectra obtained from the (K—, o) reaction on '°C and '°0 at px = 715 MeV/c are
plotted as a function of the transfer energy My, — M,. The g-dependence (angular distribution) of the peak

intensities is displayed in the right-half. (Taken from Ref. 59.)
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Limitation of
(K-, ) reaction

Small momentum transfer

<50 MeV/c
-> Substitutional states only

Large A
->n hole in outer shell (w/ large L)
-> A in the same outer shell
-> highly unbound
-> |large widths
No information of deep A orbits

counts/MeV

Population of deep A orbits
requires a large AL (a large g > pg).
=> (n*,K*) reaction

B. Povh, NPA 335 (1980) 233
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(*,K*) spectroscopy

Large mom. transfer ~350 MeV/c -> Deeply bound states are well populated
-> |large AL -> stretched states -> clear peaks

Hotchi et al., Phys.Rev.C 64 (2001) 044302 A
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Nuclear potential of A | N .
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Experimental apparatus -- case of (x*,K*)

K*¥momentum
analyzer

Cherenkov counters

Time-Of-Flight
counters

0.75 GeV/c

SKS

Drift chambers

Experimental
target (lithium,

Dr|ft chambers _—F carbon, boron,...)

Beam focusing magnet

Beam bending magnet
1.05 GeV/c Beam
3x106/s N momentum
T et analyzer
——— 9% beam —p
T

Drift chambers (2mm drift length)
Time-Of-Flight counters

__\\

Mass Slit

Gas Cherenkov counter

5 {Om
l 1 J

2-body reaction
nt+ ARZ) = Hy(%,2) + K*
P, = pHy T Py
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\ P22t My +mA‘\/ Pry” + My +\/ Py* + My
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Exnerimental anparatus -- case of (n*,K*)

God particle identification

n/K/p nentum 2-body reaction

analyzer nt+ A(RZ) = Hy(®,Z) + K*

_)pK pnszy+pK

Cherenkov counters

Time-Of-Flight
counters

2 2 — 2 2 2 2
Pt My, +mA‘\/ Pry” + My +\/ Py* + My

0.75 GeV/c b} SKS

Dr|ft chambers i

Beam focusing magnet

Beam bending magnrert”
1.05 GeV/c
3x10%s  \®
AN

Beam

momentum

/ analyzer
— P, | Precise measurement Ap/p 103
Dr|ft ChambeI‘S (2mm drift |engt

\\ Time High-rate trackmg detectors
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2.2 (e,e’K*) spectroscopy



Characteristic features of

(e,e’K™) experiments at JLab
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- Unnatural parity states

-> Absolute mass scale accurately
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Dedicated spectrometer at Hall C

Enge Spectrometer
Ap/p =4x10 (FWHM)
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N e
1.8 GeV

2004.2.23.



Wire Chamber—

Hodoscope—

Enge Spectrometer
Ap/p =4x10* (FWHM)

Dedicated spectrometer at Hall C
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Reaction spectrum on 28Si target
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Comparison between “%,Al and %%, Si
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3. y-ray spectroscopy

3.1 Motivation, method and
apparatus



Reaction spectroscopy and yY-ray Spectroscopy

Reaction Spectroscopy

v-Spectroscopy

Resolution:
1.5 MeV(FWHM) by (w,K*)
0.4 MeV(FWHM) by (e,e’K")

Resolution:
~0.1 MeV (FWHM) by scintillator (Nal)
0.002 MeV (FWHM) by Ge

Bound and unbound states
with width < 10 MeV

Only bound states
without particle decays but faster than

weak decays(10-10s) ->x-=hypernuctei

EN->AN, EN ->AA

Absolute mass can be measured
(precise by (e,e’K*) and (K-,r9))

Angular distributions
-> AL -> Spin assignment

Cross sections
-> Spectroscopic factor
-> wavefunction

Excitation energies only

Yield, Branching ratio,
vy coincidence -> |level scheme

Angular correlation, Polarization
-> spin-parity assignment

Lifetime
-> Transition probabilities (B(M1),B(E2) etc.)
-> wavefunction



Motivation of Hypernuclear y Spectroscopy

High-precision (AE~a few keV) spectroscopy with Ge detectors

. o
1. YN, YY interactions

- . _ _ K, 2%, T,
-> Unified picture of B-B interactions

At a short distance
Understand short-range nuclear forces

AN spin-dependent forces, XN-AN force, ... ; »... 8

Understand high density nuclear matter (n-star) _ -

2. Impurity effects in nuclear structure

Changes of size/shape, symmetry, cluster/shell structure...
B(E2) -> shrinking effect _st;rlnk
hg

3. Medium effects of baryons probed by hyperons
B(M1) -> pu, in nucleus --*QA

swelling”



Method: How to identify hypernuclear y rays

K-+ AZ
= 2D
di Ly W fragmentation
iIrect reactions o, N, G, ...

Mass selection el

Y-y coincidence

Y-y coincidence o
Y- coincidence

A
N4
B Direct reaction method
-- mass selection
(K, ), (m ,K*y) hyperfragment
[ n-rich / p-rich ] C : known

A
A

M [ndirect production method
-- yy coincidence, y-weak coincidence A'z

(K', W)’ (K-’ Y n-weak) A'(Z'+1)



Structure of A Hypernuclel and y spectroscopy

L=1
m Three types of L?
vy transitions J
: : spin-orbit splitting
J core nucleus !’ i
® A f gl
®p@;§; N -> spin-orbit splitting

Intershell transition (E1) |-> spin-dep. AN force

l 7 ﬁ J4+1/2 - core excited states
& Y12 5 B(E2) -> shrinkage

E2,ML,|... ¢ / Core transition (E2,M1,....)

- -> spin-dep. AN force
,) J+1/2 g g

b J ¥ .-"'__1—_-_*_’_:” v i\ spin doublet
ﬂ) Fi172

- Y
A-1 ® Sy \
A
Z \ / -> spin-dep. AN force

f
A spin-flip transition (M1) | > g(m1) -> g,




Fine structure of A Hypernuclel
and y spectroscopy

m Low-lying levels of A hypernucleus

(K ) or (n+,K*)

“Hypernuclear

J41/2 Fine Structure
split by
AN spin-dependent
A-17 / e a i Interactions
<, 0.1 MeV
core J-1/2 -

Only Ge detector Ainos
can separate

AE ~ 0.002 MeV FWHM by y spectroscopy with Ge detectors

AE ~ 1.5 MeV FWHM by (n+,K*)
~ 0.4 MeV FWHM by (e,e’K*)



Past experiments before Hyperball (1998~)

m Only 5y transitions, All by Nal counters (AE ~ 0.1 MeV at 1MeV),
Low statistics

m No significant improvement before “Hyperball”

m Use of Ge detector once attempted but y rays not observed

stop K-on °Li with Nal (1979)

‘Be(K-,m) with Nal (1983)
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Bedjidian et al, PLB 83 (1979) 252 E, (MeV)
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Hyperball (E930)

Past experiments before Hyper

m Only 5y transitions, All by Na 4E
Low statistics % 50!
m No significant improvement b‘.,n :
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w/ Doppler correction
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Past experiments before Hyperball (1998~)

m Only 5y transitions, All by Nal counters (AE ~ 0.1 MeV at 1MeV),
Low statistics

m No significant improvement before “Hyperball”

m Use of Ge detector once attempted but y rays not observed

stop K-on Li with Nal (1979) Another data
- | @] for charge symmetry breaking

4He (K-, T

1+ 0.96+0.04 /
1242005 1% )
| et 1 0s0.00| M M1 N
: sy el ot 5 1152004, 12
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2.04%0.04 Q.- He
a4 2.39+0.03

4
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A s ANEAD
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40 MeV
Bedjidian et al, PLB 83 (1979) 252
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Hyperball

m Large acceptance for small

hypernuclear vy yields
Ge (r.e. 60%) x 14
Q ~ 15%, e~ 2.5% at 1 MeV

m High-rate electronics
for huge background

m BGO counters for ° and
Compton suppression

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

8GO pur

LN, Dewar

y, ~\
/

Ge detector W

X 14 sets

(Tohoku/ Kyoto/ KEK, 1998)

TOHOKU



preamplifier
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s Background suppression
= by BGO counters
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Hyperball2 (2005-)

K+
Clover-type
Ge detector
(rel.eff. >125%)
L o
. BGO counters
dletpe x 6 sets
Ge detector
(rel.eff. ~ 60%)
+
BGO counters

x 14 sets .

beam

€ =25% ->~4% at 1 MeV



Hyperball?

[ i o
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Single-type
Ge detector
(rel.eff. ~ 60%)
L




3.2 Experiments and Data
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12C(n* K2, C mass spectra
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3.3 AN Interaction



AN Spin-dependent interactions

B Two-body AN effective interaction

eff - Bl e o e e e
Van = Volr) + Vo(r) 5,8, + Va(r) Lun$, + W) L3y + Vi(r) Sy
V] A S, Sy T
p-shell: 5 radial integrals for p ;s , w.f.
A=\ umprdr, r=r, -1,

Millengr’'s approach

Dalitz and Gal., Ann. Phys. 116 (1978) 167

Well know Millener et al., Phys. Rev. C31(1985) 499

from U, =-30 MeV

Level spacing: linear combination
(K-7) or (n*,K¥) of4,S, S, T

“Hypernuclear

SN v |y J+1/2 Fine Structure
J / /T split by
=Y AN spin-dependent | 4 g T
A1z / '/ interactions > A
" 6? < 0.1 MeV
AZ core J-1/2 ~

AinOs




AN interaction from 7ALi
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5t . —_r 5/2+ 6 L=2,, | AE =1.294
2.186 2T | wi| |,/ I +2.17S - 2.38T
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E2
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5 _‘ﬂ: -4 |\;1 3/2% 0.692 i& Q spin-spin
S=1L=0 6| |™._Y ‘ 7,1//2+ . interaction
T YD e~ 144 4
A 12" & _a +0.05S - 0.27T
LS, interaction F 6?0 > A=0.43 MeV
N n@¥H

AE =0.70S,, -> Sy~ -0.4 MeV
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PRL 88 ('02) 082501

PRL 93 (2004) 232501



Hypernuclear y-ray data

71 - [l
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==

AN spin-dependent interaction strengths determined:

# 1=0.33(0.43), S,=-0.01, S =-0.4, T=0.03 MeV
|
Almost all these p-shell levels are reproduced by this parameter set.

(D.J. Millener)
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Nijmegen meson-exchange models

l

A S, Sy T ev)
Feedback to o 0.048 |-0.131 -0.264|| 0.018 |)
" : NF 0.072 | -0.175 -0.266|] 0.033 || G-matrix calc.
g
BB |nteraCt|On NSC89 1.052 | -0.173 -0.292|| 0.036 | [ by Yamamoto
models NSC97f 0.754 |-0.140 -0.257|| 0.054 |]
( “Quark” _ 0.0 -0.4 I) )
Strength equivalent to quark-model L{ jorce by Fyjiwara et al.
EXp. o.3~o.4‘ -0.01 -0.4 0.03

Hiyama et al., PRL 85 (2000) 270

Origin of the AN spin-orbit force:
Quark-gluon exchange
rather than heavy meson exchange ?

updated to i

Origin of AN tensor force:
Meson exchange. Same as NN tensor fo

Fujiwara et al. Prog.Part.Nucl.Phys.58 (2007) 439.

=> Nijmegen interaction

nclude it

(ESCO6)

rce



3.4 Impurity effect
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counts /ZkeV

Lifetime measurement

by Doppler shift attenuation method
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Hypernuclear
Shrinking effect

R B<r2>
o O

B(E2) oc|<f| e r2Y, |i>|?
ocR40r (B<rz>)?

Predicted by Motoba, Bando, lkeda
Prog.Theor.Phys. 70 (1983) 189.

“He +d + A model ~20% shrinkage

A in Os attracts nucleons “Glue role of A”

Hiyama et al.
PRC 59 (1999) 2351, NPA684(2001)227
SHe+p+n, “He+p+n+4
Shrink between > ,He — pn distance
22% shrinkage

0+
-1
M&V 3+ L
218 |_5 il
E2}
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. +
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L i
3 n
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A 90
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0s orbit & ! Shrink
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> 19+4% Shrinkage by A
Tanida et al., PRL 86 (2001) 1982



3.5 Medium effect of baryons



Magnetic moment of a Ain a nucleus

= ek My, - Constituent
q 2m,C quark mass

Baryon magnetic moment in nucleus:
affected by partial restoration of chiral symmetry?
— Origin of baryon spin and mass
A free from Pauli effect is a good probe.

decrease m, —increase g, ?

swelling = increase g, ?
B Direct measurement is difficult (t ~0.1-- 0.2 ns)

H A-spin-flip M1 transition: B(M1) -> g, g %
A
B(M1) = (2, + 1) |< Wiow [ 1 [ Wyp 212 J by oo 66%%

= @+ I war we wwl’-’ I é
ucleu Jco -1/2 VAl Ve
W= gCJC+ gﬁ"’ﬁ = g—CJ t (gﬂ_ QC)Jﬁ core nucleus A?m s-orbit .

hypernucleus

3 2J,,,1 1
= 81 2“,IOW+ 1 (QA_ gC)2 [”“Nz]
C

~100% PpPoppler Shift Attenuation Method :

16% Applied to “hypernuclear shrinkage

F=BR/t =—g E5 B(M1) in7,Li from B(E2): PRL 86 ('01)1982



Preliminary data on B(M1) in /,Li (BNL E930)

1B (K-, w) 19,B*, 10,B*(3*) ->7,Li*(3/2*) + 3He indirect population

60 :_ u u
- pre“m'nary simulation
= 50 [ "Li(692)
= | Ge(833) s '
20 WA 1o
iy
-] C |i
3w 4 || ||r',' Lllm H l t=05ps |}
- 72 [ li
10 - Ge(599) 1<< 0.1 ps : stopping time
1 { 1 | 1 1 l 1 | 1 | ‘ 1 1 1 | I | 1 | 1 | 1 1 ~2
600 650 700 750 800 -
7038 EY [keV] 640 660 680 700 720 (k74\1;))
T =0.58 '50PS €
BR(M1)=100% -l B(M1) = 0.30%5:1§ [uy?] |
3+ . 7/ .prgliminary
— . 5/0* A= 11+8g N (statistical error only)
First data of g, in nucleus
1+ =TT ig: ® - g, (free) = 1.226 Ia
6L : :
7 Li -> Precise B(M1) measurement of 7,Li at J-PARC

J-PARC E13




4. Experiments at J-PARC
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Material and Biological 50 GeV Synchrotron

Science Facility (15 pA)

T

.

.....

3 g ; 3 GeV Synchrotron
400 MeV Linac (333 pA)

(350m)
Neutrino Facility

World-highest beam intensity :
~1 MW
x10 of BNL-AGS, x100 of KEK-PS



J-PARC Hadron Hall
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approved / proposed (incl. LOI)

J-PARC Hax

vy spectroscopy of A hypernuclei

n-rich A hypernuclei
= hypernuclei

AA hypernuclei

E-atomic X rays

®* search

Kpp bound states

Weak decays of A hypernuclei
Pion double charge exchange
o hucleus, YN scattering

.":::-_'_'_'-'F-__'_:__: --?T_,_ ﬂngh Mom %
@ Hadron mass in nuclel -

| Nucleon quark structure d yet
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K-atomic X rays
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|
|
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Hadron Hall as of 2008.10







SKS Setup for

spectrometer

(sksMminus) | J-PARC
E13

A half of the setup
Ge crystal  pwo counter =, SDC1.2

PWO background
suppression counter

1.5 GeV/c
|
|
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vy spectroscopy at J-PARC

J-PARC E13 + a

'm B(M1) measurement of 7,Li

| = Charge symmetry breaking (pA =nA?) “,H, 4 He
s AX coupling and ANN force 1B, B,...

. m Radial dependence of AN interaction 1°,F

s Heavy hypernuclei for E1(p,4, p3,2->s4) 8,Y, 2% Pb
m sd-shell: AN interactions and impurity effects

20 Ne, 25, Mg, 28,Si...
m Disappearance of n halo B(E2)in ’,He
s B(M1) for various hypernuclei *?,C and heavier

10~100 times faster data collection at J-PARC




5. Summary

B Hypernuclear spectroscopy provides valuable information on
YN interactions, impurity effects and medium effect of baryons.

B Reaction spectroscopy by (K-, ), (=*,K*) and (e,e’K*) have been
successful:
B Different selectivity in populating states
B Resolution improved down to 0.5 MeV(FWHM)
B A single particle orbits well studied

B yspectroscopy of A hypernuclei:
B Excellent resolution of 0.002 MeV achieved by Hyperball
B Almost all p-shell data accumulated
B Spin-dependent AN interaction strengths determined
B Hypernuclear shrinking effect observed
H g, can be studied

B Hypernuclear spectroscopy will be extensively studied at J-PARC.
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