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A hyper nucleus

Ordinal nuclei neutron proton
+ A (bound due to AN attractive force) u un
d ¢ u d
< Physics motivations > /
B Hyperon(Y)-Nucleon(N) interaction
— Difficulty in YN scattering experiment ™

due to short life time (~260 ps)
— Studied via hypernuclear structure

A hypernucleus

B Property change of baryon in nuclear density
u
— No Pauli effect between A and N ‘d

— A (in Os orbit) as probe

N particle [m=1116 MeV/c?]
B Impurity effect by introducing A N

— structure change of “core” nuclei

e.g. shrinking, deformation Lightest hyperon
(others: X, B, Q)
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Production and decay of hypernuclei

' Example: (K',) reaction Scattered
L | particle
3 . —
Beam irradiation Production o
K— reaction /
N
O—@ A \
Incident q
particle &-_
—| Target nucleus Hyper nucleus
(excited-state)
T — ... s
K13 . .- d}Tc
d - - - = ~ . S
n {d ...... d} A
e == = = - u

Elementary process:
s quark exchange reaction

(de-excite)

Gamma decay

Weak decay

Vray!:

(t =200 ps)

o

Hyper nucleus
(ground-state)

Ordinal nucleus
+ meson ...
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Production and decay of hypernuclei

' Example: (K-, 7) reaction

. "~
S —

Beam irradiation

O

Incident
particle

Scattered

particle Gamma decay
Production m (de-excite) Weak decay
reaction (t =200 ps)

N

-

Target nucleus

Hyper nucleus

(excited-state)

< Experimental methods >

Incident and scattered particle

-> Reaction spectroscopy

Gamma-ray spectroscopy

Decay particle spectroscopy

= &

Hyper nucleus
(ground-state)

Ordinal nucleus
+ meson ...

Absolute mass,
Excitation energy,
Absolute mass,

6=500~2000 keV
o=5 keV
o6=150 keV
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AN interaction and structure of hypernuclei

' Level schema of 7, Li and its “core” nucleus

h

°Li

“core” nucleus

[

A'in p-orbit
E..lkeV] { spin=1/2, 3/2
6y -
L Li+A B.=0 threshold for
N 5220__ ...... Aemlss'on
0'(T=1) ~ 1/2*(T=1)
3563 3877 B
A
Y
712"
2186 e . 2521 A\ in S‘Orbit
p—— 5/2 spin=1/2
- 2050 P
Y — 32 ggp «—— ¢ (1) Jr1/2
N o —

spin-aoublet

ALi

1/2° 0
(1) J-1/2
E

[keV] “core”
spin=J

single A
hypernucleus

Spin dependent
AN interaction
+
Combination of S,

S

Spin-doublet structure
(energy spacing
: 10~1000 keV)

and S,

™S

Gamma-ray spectroscopy
using Ge detectors
(2 keV energy resolution)

Many p-shell hypernuclei are
already studied. (Hyperball project)
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Previous Hyperball project : ‘:.:I
Hypernuclear y-ray spectroscopy

| Hypernuclear y-ray spectroscopy at KEK and BNL (1998~)

"Li, °Be, \'B, 12C, °N, '°O
- Level schemes of these p-shell hypernuclei were determined
with energy resolution of a few keV (using Ge detector array)

LS coupling
scheme Level scheme of [Li (KEK-E419 & BNL-E930) (Ain s state)
(5=1, L=2) 0.471 MeV =
3+ . 712+ 2.521 almMers bit ;
2186 _::..- < spin-spin + spin-orbit (s, ) + tensor
---- 5/2+ 2.050
_ 1.858 MeV =
SPin averaged E_,..(2.186 MeV) + spin-orbit (s,)
$=1, L=0 _
(5=1, X +) 32+ 0.692 |0-692MeV=
0 V_I_, spin-spin
A 6y 12+ 0

Strengths of each spin-dependent part

core ALi in p-shell were determined.



Level scheme of p-shell hypernuclei

| Studied by Hyperball project (only with non-charge exchange reaction)

\
+
0 +
3.563 . 1/2
56 = 12
Ml1| |M1
3t +
2.186 <N 712
T 50t
E2
A -+
+ . 3/2
0 L y *Ml y
+
6L 12
AL1
Ml
: 32t
" st | /5
I+
0.718 —— E2
1
3 —] 712
0 ° 512
1og 11
B

3.88

2.521
2.050

0.692

1.987
1.483

0.263
0

(1/2) 4.229  ©6:176

5.241
5.183

)

3/2..‘._'.
50t
12+
M1
Ml
12" 3
15 16
O 0
—_— KEK E518
KEK E566

"~ 6.786
15 6.562

1T 0.026

—_— (317 471
+ + * L
e 327 3.067 5 gpq Lot
3.040 — .
5/2F 3.024
O+
2.313 = —X— /3" 2.268
E2 E2 = T=1
N MI
0 +
0— : — 12" o e 12
Be JBe 0 e —e 327 0
1" 6.050 N AN
—_—
U -1 2.834 —_— KEK E419
2,000 m—
I BNL E930('98)
M1 | | M1
_— BNL E930('01)
327 M1 -
0 - ____._%_ (()).162 il
1
11 12
C “C

Strength of spin-dependent term of AN interaction
were determined (in p-shell)

< Next step >
* s-shell, sd-shell hypernuclei
* Mirror hypernuclei

Shrink effect was found
(via B(E2) measurement)

no

o/,,o
oLi

p

=

19%

A

o

7 L
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Hyperball2 (2005-) }
@ KEK, CYRIC

T ".‘r '.
! Hyperball (1998-2002) - -
{ @KEK BNL - =<

/“ For hlgh countlng rate condition

= B Transistor-reset type PreAmp.
» Ultra-high rate Amp. module

14 single type Ge detectors (60%)
+ BGO counter
&,~2.5%

14 s1ngle type Ge detectors (60%)
6 clover type Ge detector (120%)
+ BGO counter

&,~4%
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Charge symmetry breaking
In hypernuclear structure
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Charge symmetry in NN interaction

Charge symmetry : u quark < d quark
identical under iso-spin reversal |j‘> >+ (T,=+1) = - (T,=-1)
(180 deg. rotation) uus dds

Charge independence : |j‘> Y+ =Y0_
identical under iso-spin rotation uds

holds almost exactly In NN interaction

G. A. Miller, A. K. Opper,
(only small effect was known)

and E. J. Stephenson,

Ann. Rev. Nucl. Part. Sci. 56, 253 (2006).

Coulomb effect is dominant

Level schema of 3H / 3He mirror nuclei _‘

1/2+ —— CSB effect from hadronic
1/2+ t A:é:dllns energy interaction : 71 keV
___________ = e
3H 3He
® p%-® mixing effect
90 Q‘ due to u,d quark mass difference

Q 0 (explained with meson-exchange model)




CSB effect in A=4 hypernuclear structure

4He @_

A binding energy(B,):

- Ap#An?

No direct electromagnetic effect

>

B, difference in mirror hypernuclei:

good test of CSB effect.

A=4 system is suitable
w/ theoretical ab initio calc.

Level schema of

mirror hypernuclei 4,H/4,He

Spin-doublet

1/27F

°H

[MAMI-C]

— 1T 0.95+0.04

1.24%0.05

Y
B, [MeV]

TR 04%0.04 v
2.12+0.01+0.09 4 H

2.39£0.03

4
THe

AB, (0*) = 0.35 MeV

AB, (1*) = 0.28 MeV
B,(0*): emulsion technique
E,(1*): y-ray spectroscopy (Nal)

Un expectedly large difference
( Long standing problem since 1960’s )

while many theoretical studies based on
widely accepted NSC interaction model




2N

1t 0.95+0.04
. 12+ 1.24%005 1F 12+
Candidate of CSB source
°H ' Ey=1.10504 3He
| ot +0.
p A P (n) A T 0| | o
TRV S j\H 2394003
4
oV S o B, Mev] A
I | (_gNN ) 20
n z | g .4, .............. A_zo mixing
ME—_ME+
= 8 MeV AN-ZN mixing have important roll
D A p A for CSB effect ?
AN-2N mixing AX0 mixing

Ymass difference
pX coulomb force

e (CSB interaction

AX Mixing effect can be
larger than NA system

- NA
~300 MeV
Y NN
N-A (S=0)

| ~80 Mev A

A-2 (S=-1)

NX




A. Nogga et al., Phys. Rev. Lett. 88, 172501 (2002).

1t 0.95+0.04
/- . 12+ 1.24%005 1F 12+
/  Candidate of CSB source Lo :
3H Ey=1.15 : 3He
q ot £0.04
\ p A p ( n) A AT 04 v oﬁ""‘
N VIS j\H 2394003
4
: o TV S o By, (MeV] AHle
N (—In - 0
" - Z .E -------------- A-Z° mixing
. Mz Mg,
= 8 MeV AN-ZN mixing have important roll
?
» A p A for CSB effect :
AN-XN mixing AX% mixing
« Xmass difference « CSB interaction
* pZ coulomb force
Including all possible sources
-“ * Change in “core” Coulomb effect
Nogga Only 70 keV CSB difference ( # 350 keV)
AB,(1%) 0.28(5) -0.01 » "
I t ta :
AB,(0Y)  0.35(5) 0.07 Need to check old experimental data
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Test of previous experimental data

Level schema of 4, H /4 ,He

] 1t 0.95+0.04
1/2+ 4""“.’ ---------------- L 1.24i0.05 1+ 1/2+
E/_109 ------- / . —
+0.02
H o EeLls He
. ~ |
SR 04 ! 0+"’,
2.12+0.01+0.09| 4 B AR
[MAI\;ILI-C] : AH 2.39+0.03
4
A He
B, Mev] *

B,(0*): emulsion technique

M. Juri “c et al., Nucl. Phys. B 52, 1 (1973).

E,(1*): y-ray spectroscopy (Nal)

M. Bedjidian et al., Phys. Lett. B 62, 467 (1976).
M. Bedjidian et al., Phys. Lett. B 83, 252 (1979).
A. Kawachi, Doctoral Thesis,

University of Tokyo (1997), unpublished.




Test of previous experimental data

Level schema of 4, H /4, He
B, (4,H(0%)), 2015 IULEYN
+
Decay 1 spectroscopy (MAMI-A1) L_0.9520.04
‘ . L 244005 1+ N
2.157 + 0.077 MeV e R e _ 2
{_ .
w/ better systematic errors +0.02
y H E~115 [ °He
A. Esser, S. Nagao et al., o+ +0.04 /
Phys. Rev. Lett. 114, 232501 (2015) ' V
7 2.04%0.04  / ot
A1 collaboration., NPA 954 (2016) 149 2.12+0.01 +0.09 4 H —————
"MIAMI-C] A 2.39+0.03
C World data on “\H from nuclear emulsion 4
£ 40 [ [T M. Juri€ et al. NP B52 (1973) Y AH e
:>J’ an E_ G. Bohm et al. NP B4 (1968) BA [MeV]
of —
] | AGH) (MeV) B,(0*): emulsion technique

35 E peak maximum = 37 events
ay o hackground at peek =75 vents M. Juri c et al., Nucl. Phys. B 52, 1 (1973).
S E B.GH(0))
T o,5F  =2.1240.01+0.09 MeV ray spectrosco Nal
2 2 Near to old data ysp py (Nal)
g 20 — 230 keV CSB effect /idian et al., Phys. Lett. B 62, 467 (1976).
2 15F wr-pedjidian et al., Phys. Lett. B 83, 252 (1979).
2 10F- A. Kawachi, Doctoral Thesis,

5E M University of Tokyo (1997), unpublished.

ik P 308 By Py ' 101
05 110 115 120 125 130 135 140 145 150
Pion momentum in SpekC (MeV/c)



Test of previous experimental data

Level schema of 4, H /4 ,He

+
1.24£0.05 1 12+

1 1t 0.95%0.04
| 12+ R LRRLE
> Ey=1.09
3 *e . +0.02
H ........
_|._
........ TTIED 04
4
AH
E, measurement in 1970’s
(y-ray spectroscopy)
stopped K~ reaction + Nal detectors y

AH(LE.2 07) 1He(1T — 07)

g,

M. Bedjidian et al. (1976) [12] :.‘I’.OQ +0.03™, -
M. Bedjidian et al. (1979) [13] { 1.04 £0.04
i “1,114 +0.030

A. Kawachi (1997) [14]

Weighted average

1.09£0702 15 £0.04

Need high quality
experimental data

We are aiming for
J-PARC E63 (near future)

Need solid
experimental data

< >

We performed
J-PARC E13 (2015)




Old experiment for E (*)He)

Only one experiment was performed ;

\ """

* Stopped K- reaction (Li target)
» detecting n®—>yy
(with Pb + scinti. sandwich)
for tagging hypernuclei
* Doppler broaden y peak

* Nal detector
* Energy resolution : 12%

 Limited statistics

Higher sensitivity and statistics
can be achieved by
* In-flight *He(K-,7t-)* \He reaction

* Ge detector (Energy resolution : 0.2%)
* High intensity K beam

+ Iarge acceptance spectrometers

T

|
10+

O—

50

T

L0

30

T

20

T

iy

0=
™

-. IITS*GOHMQV

Gamma -ray energy spectrum
with detectlng n0—yy decay

'y T # ”+|]|n #?TT &W

b)

210 | 25
ENERGY OF ( -RAYS(MeV)

M. Bedjidian et al., Phys. Lett. B 83, 252 (1979).

reported value : 1.15 (0.04) MeV




PARC 13

Gamma-ray spectroscopy of 4, He
(performed in 2015)



4 He production

Need to produce 1* excited state

124=0.05 1+SPin-flip
E/~=1.15 3He
+0.04
 / of spin-nonflip
2.39%0.03
4
1He

Na\/1

(K-,m") reaction @px=1.5 GeV/c

3 quark exchange reaction

CROSS SECTION (mb/sr)

O Large cross section | Good for

enough yield with

Ge detector

reasonable beam intensity

X Huge background
due to beam K decay

*He (K|,|z7) 1He™ — ‘HeHy

T. Harada, private communication (2006)

Cross section of elementary n(K-,n°)A

6 T ] T I T ] T I T l T I T
K+n—>A+m

- 4 He(0+)
N\ L 1.5GeVie

‘\\\ SPIN-NONFLIP i i
!fF

ol “a He(1+) J |
B SPIN_FLIP ° ------ INUINPNS ]
1 gl? /
L T \\\\;/ -3 \”' . |
) I 1//%’“" e s et N
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

LAB MOMENTUM py- (GeV/c)

Reaction-y coincidence measurement

as performed for p-shell
gamma-ray spectroscopy




4AHe cross section (theoretical prediction)

Background
Spin—non—flip

Cross section [ublsr]’

1oer i
900 -

\u
¥

||||'1"||||T‘||ll'rl|||'r[|||'r||||'r||||'r|||1'!'||||

1 5 GeV/c

Cross section [ub/sr]

Signal

Spin—flip

>’<

o
(=)

S 1 1 GeV/c

(8]
(=)

H
(=)

W
(=)

N
=)

IIII]IIIIIIIIIIIIIIIIIII]IIIIIII

-
o

18GeV/c‘ A

|III|III|III|III el = I|III|III

0 2 4 6 8 1012141618 20

Reaction angle [degree]

0 IIIIIII|III|III|IIIIIII|II‘I]

0 2 4 6 8 1012141618 20
Reaction angle [degree]

- ~2 x 108 kaons/h

Necessary for

High intensity beam

Long target : lig. *He 22 cm ( 2.75 g/cm?)

reaction-y coincidence




J"PA RC (Japan Proton Accelerator Research Complex)

N —

T Sout €0 Norti%

A AT
\ . UJHE I'MLI-
- T. X o ﬂlloﬁ
\@/nchrotron | i
% R ) _ai
Bk L
: i kS 0L

= Tokai-village
REMG UL s
deael | I

R B ANSS Lyl L {
_‘.Jyu"*una
LR
llliﬂl,'.' o ?RBEE! =F§
,“Eﬂk t ‘ I R
Experimen e A
\ 4 al Facili P

Bird's eye phuto In Jahuary of

Primary intensity is increasing
(so far 3x10%6 protons/h)
— >4 times higher in future

High intensity secondary meson beam (p<2 GeV/c)

— suitable for study of hypernuclei
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Hadron Experimental Hall

Beam line

GARC Hadron Experimental Hall

Gamma-ray spectroscopy of 4, He
(J-PARC E13)

Beam
from MR

ﬂea First beam at K1.8 beam line

I_\

3 beam lines are now available
(K1.8, K1.8BR, KL)

e New beam lines are constructing
(K1.1, high-p, COMET)




ﬂ‘PARC K1 _8 beam Iine For high intensity

| and high purity K beam

\ | "Maximum momentum 2.0 GeV/c - —
Production target gold K1.8 experimental area AN
Target thickness 66 mm
Production angle 6° Experimental target 4/
Momentum bite +3% b :

Beam line length 46 m T
MQM

0 5 10 m \MSI1
|

2 sets of electric static separator (ESS)

T ). — high purity (K/t) beam
Primay target \ IFV
Au 6 x 6 mm*x 66 mm ' Q3Q4 MDalngZ Dipoles
: C‘T\\ Q1-Q13 Quadrupoles
\ S1-S4 Sextapoles
L 01-02 Octapoles
=;,_~r{,a’ » Beam dump CMI-CM4  Vertically steering dipoles
primary proton ;
g Slits
3 5 ? :
(30 GeV) « = KL beam line (k?) IFH Intermediate focal point horizontal
’f}' ' IFV Intermediate focal point vertical
Vacuum chamber 4 4 MOM Momentum  slit horizontal
0:?,)} MSI1, 2 Mass slit vertical

7,
% Electrostatic separators

ESSI, 2



| Spectrometer
- SFV for scat. particle
Experimental setup (E13) oo partic
SMF
Use high intensity K- beam delivered I 7
"] from J-PARC K1.8 beam line /' SKS magnet

AZ(K‘,ﬂ_)IA\Z*—>ﬁZ+7/ TOF

reaction-y coincidence experiment SAC1

B Tag hypernuclear production Target

- Beam line spectrometer BC3,4

Ge detector

- SksMinus spectrometer arrzv '
. H -J
F Detect y ray from hypernuclei yperoa
- Hyperball-J K—
| D4
Mass slit
4 He : lig.He target (2.7 g/cm?) Boam line
length : ~23 cm spectrometer
size : 12cm¢
p, = 1.5 GeV/c 5m
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J

Use high intensity K- beam delivered
| from J-PARC K1.8 beam line

= e Ao A Iron block —*
Z(K |z )rZ" - "Z+ roF ——/ /7
SDC3,4
Ge
liquid He
cryostat /| PWO SPO msagﬁet
—‘l
I f; | —>
K~ BH2 u} J T
W — li spc|[[[[[| sbcz
BAC1 '
ﬂ ?H ﬂ
pulse-tube [l [T
cooler |
20cm

Spectrometer
for scat. particle

(SksMinus)

SKS magnet

Ge detector
array

Hyperball-J

Beam line
spectrometer

5m




J-PARC K1.8 beam line + SKS

7 N
| %

LN

T;}_('-’!

SU'SES Yal3L,
P - laaay T
} T

L
BT 4

? =
K1.8 Beam -
. wgSpectfometer
S

|

D4




/El3 setup (2013.5)

E

. \| | a | A E 3 26 :
: \ = \\\ ** J\ B Wiz S| Ge detector array |
By el Hyperball-J ;S

/18
- . - £ 2
s - 1

- ¢ s
~— ' I+
- /



p—
LN

E13 setup (2013.




o

Beam line spectrometer XUy
12 planes
< Functions > ELED
* PID with Time-of-flight wITR
Timing counter: BH1—BH2 (Flightlength=11m)

e Momentum reconstruction
Upstream: Fiber tracker (BFT)
Downstream: Drift chambers (BC3,4)

- 3rd-order QQDQQ transfer matrix

* Reaction vertex reconstruction ,
(combined with scattered particle tracking) Q2

‘ Cross-sectional view ‘ o
i Scintillation fiber

x,x’ 2 planes (61 mm) ,

i x' plane! D4

{0 be 000008 “1'“(.}/“:” oo i Mass slit 11

¢ SOOI e, plane @ Beam line
AN spectrometer
§ ’ Beam
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" Analysis for beam particle

Counts / 20 ps

] Time-of-flight Momentum (K- beam)
. ' . . 10000_— : i
L —— BH2trig. - Center
I SAE e 8000~ ~ =1.52GeV/c
15001 BH2xBAC trig. - » aEV)
B : N W'dth z
L g 00 =4 % (FWHM)
1000(— 8 -
- 4000_—
500— 2000}
: 0_ L N R I ) e
~ i R 1450 1500 1550 1600
0 -1 3 Beam momentum [MeV/c]
| Time-orfight ] Beam size (at target)
G?od PID performance sof X Y
with aerogel Cherenkov counter s
Q 200;— @ 8005_
§15°§_ § 600_— . <_10 mm
Horizontally wide beam
- Need large size target
98-0. . t(‘SIO ’ l—4IO‘ . ‘-210‘ ‘ I(; = IZIO' I ‘4|0I I I60 80 -08-0‘ ‘ ‘-6|0I I I-4IO‘ I -20 l = 2:)‘ . .4]0I . .6:.'). . ‘80

Horizontal position [mm)] Vertical position [mm]
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\

‘Se

cattered particle spectrometer (SksMinus)

Wide acceptance magnet [Superconducting Kaon Spectrometer (SKS) ]

» with modified detector configuration

\

Wide angular acceptance
(0-20 deg.)
* Large yield
= Angular distribution
-> populated state identification
Wide momentum acceptance
(1.1-2.0 GeV/c)
* Wide beam momentum
can be chosen with same setup
e.g. 1.8 GeV/c for 19,F run
Enough momentum resolution
(~5 MeV/c)
* Hypernuclear production can be
tagged by selecting missing mass

SksMinus acceptance
(momentum and angle dependence)

15
eScatA [deg']

1

0.9

0.8

0.7




B

Functions of SksMinus

* PID with Time-of-flight
BH2—TOF
* Momentum reconstruction

Timing counter:

Up and Down stream: Wide size drift chambers SDC1,2,3,4
X, u, v total 22 planes - Runge-Kutta method

* Reaction vertex reconstruction
(combined with beam particle tracking)

Beam through e T
veto counter SDC3 ¢ SKS magnet
1 SDC4 \ P ( 25T)
= O -

/ ;'("g: '\ \TOF

Iron block

SMF

< Other detectors >

 Beam through veto counter

Timing counter + aerogel Cherenkov

 Beam K~ decay veto counter
SMF  K—pu+v,(64%)
SPO K-—m+n°(21%)



Counts

Analysis for scattered particle

' mass”2 distribution
- (PID with time-of-flight)

2500 — — <— Accepted
2000
1500
1000 .

- Beam scattering

N :_ //{{4
B 1 | 1 | 1 1 | 1 1 1 1
%4 0.2 0 0.2 0.4 0.6

Mass square [(GeV/c?)?]

L
]\‘[scat — %\/ 1 — 52: 6 —

cAt

Enough PID performance

counts / 1 MeV

12 C Missing mass spectrum
CH, target (2.9 g/cm?) data

100

80

60

40

20

O bedeaolead J [ W R J 1 zT.II_J_A--" Al’;‘:: h Lod ' 2l load
-40 -30 -20 -10 0 10

-B, [MeV]
Mass resolution = 4.8(3) MeV

Enough missing mass resolution

(combined with beam spectrometer)



Beam K- decay veto counter (SMF)

| Momentum vs angle Beam K~ 2 body decays cause huge background
1800 : ; —— ,
- ~ SksMinus acceptance e Cannot distinguish by aerogel Cherenkov
1600 > ... * Kinematically overlap

with hypernuclear production

"He(K ,n )iHe

14005
T - {} Introduce SMF
g 1200 5 ' |
% . ~95% rejection power
< R (trigger rate : decrease to 43%)
1000 S
- : : ‘ - -+v (64° 1500
K-—>m+70 (21%) | K op+y, (64%) ; ron block
(rejecl:by se ec:ting anglé) 1000;
L 5 : E [ v .
Y M T BT R S N B .g. 500 i :
e 10 15 20 25 30 X ; M,
Scatering angle 6, [deg.] % . [ //
8 » Tc7 1
g Qi
T et et e -2 _-500] I
K~—p~+v,, rejection by distiguish o N i
7/ with iron block -1000f R :
~: electro magnetic R § f
H & -1500 0 500 1000 1500 : '70 cm' SMF
7 : electromagnetic + hadronic Stop position Z [mm] TOF
C——— —— Beamdirection




ﬂ-lyperball-J new Ge detector array

|

\ | Features Lower half of Hyperball-J
4 Large photo-peak efficiency Ge detector PWO counter
— &£~6 % @1 MeV with 32 Ge detectors
4 Fast readout system .
& Low temp. Ge detector o Cj;
for radiation hardness - i )
— Mechanical cooling % %
¢ Fast background suppressor | §
— PWO counter
— Developed Ge detector
Ge detector Pulse tube refrigerater

Pulse-tube cooler




g

" Radiation hardness (neutron damage)

Energy resolution of Ge detector becomes worse with radiation damage.

‘\»._'_"_

Scattering of fast neutrons
with Ge atoms

-

Creation of lattice defect
( creation of hole trap )

[Ge atom Neutron

Energy peak of a damaged Ge detector
2400 . . - - - 4
2200
2000
1800
1600
« 1400
S 1200

O
O 1000

‘H‘ ‘ _7®
ap

Low energy tail
( Asymmetric shape )

-I:J_l_Llll_lL_j_ oo, PN e e o Ll

9310 1315 1320 1325 1330 1335 1340 1345 1350
Energy (keV)

Incomplete hole collection due to lattice defection




P

Radiation hardness (neutron damage)

‘E\n_grgy resolution of Ge detector becomes worse with radiation damage.

Energy peak of a damaged Ge detector

Scattering of fast neutrons YTy J—
wiith Ca ctame SN NS S S B
S i @ 1.33MeV
L R L R AR M D I I I
Effect of radiation damage S ! . :
<30 1 LN, E
can be suppressed at < r_ . E
lower temp. = | |
2 200 l B
E. Hull and R. H. Pehl et al. - 5L 'o =
IUCF Ann. Rep. 143, (1993) < | | :
= 10f I B
. ~ '
Use mechanical cooler 2 e FV\jIHIﬂ
L 0"‘l I ' IBSI - l"“ = 1951 = ."‘"I s l106‘ ! l'”“ = ‘1151 = !120
to obtain lower temp. 90 100~ 110
Temperature (K)
183MeV neutron 3.2x108 n/cm? @ IUCF




' YPER
Ge detector for Hyperball-J H

Ge detector Pulse tube refrigerater Pulse-tube refrigerator
(Fuji electric, Co.)

'E _"-”" Bl _}:- )[v Weight : ~11 kg
MIlll=3i-- X —~ | Cooling power:
# 885.9 mm J 2.5 W @77K

#® Mechanical cooling (Pulse-tube cooler)
- High cooling power
Crystal temp. : 67 K (LN, :92K) Enough low for radiation hardness
- Low mechanical vibration
Energy resolution(FWHM) 3.1 keV @1.33 MeV (LN, : 3.1 keV)

# Slim and compact design
— dense placement of detectors

. . Gain : 150 MeV/reset
@ Transistor-reset Pre. Amp. (+Low gain) ):J _» Reset rate < 1kHz

Expected condition : Single rate = 100 kHz
Energy deposit rate = 100,000 MeV/s




Ge detector for Hyperbalil-J

\ e _"’l‘l- — L‘;«.h"
' \ 4 ' [ J’ E rigcram% Pulse-tube refrigerator
: T /XY PRt : (Fuiji electric, Co.)
- LA S
| B |< |Weight:~11kg
Ml X~ | Cooling power:
2.5 W @77K

\

"
4

Enough low for radiation hardness

@1.33 MeV (LN, : 3.1 keV)

Lain150 MeV/reset
PTR mounting work |et rate < 1kHz

(by ourselves) @KEK




Gfain drift of Ge detector

g | 1333 keV peak position
{_Worth stability of crystal temp. I

| ~ 18 keV
: . . . 10000 ; -
by introducing mechanical cooling
LN, cooling: <1K s
Mechanical cooling: ~ 5K 3 so0o
: Gain vs crystal temp. i |
418 0™=5280 5500 5520 5540
- . . : $ ADC channel
—— Fit function (ax+b) /
i a=9.88(18)x10™ /
4.16 b=4.048(2)

4.14_ //

- / Introduce continuous \
] Ge detector

Pulse hight / Energy [ch/keV]

i / energy calibration
(with weak Th-series source)
412 wTh-W bar
— 8 100 120

Crystal temp. [K]



Fast background suppressor

Voltage [V]

' Conventional BGO counters Crystal BGO | PWO
~ Effective atomic 75 76
PWO(PbWO,) counters number
Typical pulse shape for 661 keV Density[g/cm?3 ] 7.23 8.28
% CETTT \ (w ________________ EEETREY Decay constant [ns] 300 ~6
2 (tpe) [Light yield [Nal=100] | 15 | 51
-20 (a)PWO _——
22 Anti coincidence gate The lower light yield becomes a
e 0 200 400 600 problem for low energy y rays of
__ Time (ns) ~ 100 keV.

] Jf | " Threshold
Y (1p.e.) Never used for low energy nuclear y

(b)BGO Increase light yield (4 times)
Anti coincidence gate P Dopmg

|||||||||||||||||||||||||

0 500 1000 1500 B Cooling
Time (ns)




/In-beam performance

Live time vs beam intensity

\ n intensity

2 . 1l »
S 2 0P ) 10 2 0.9 * i
B (14 g/cm ) . .. . Ge2

£ o0.8 =

P .

= 0.7 o
0.6 - - - -

E13 beam intensity Ly

0.5 - (Single rate =20 kHz)

0 1 2 3 4 5 6
Beam intensity (M/spill)

200~

1OB(1+—)3+)
718 keV

<= 3.4keV

150

Counts /0.5 keV
)
o

(41}
o
g T T

w/ PWO
suppression

1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
700 710 720 730 740
E, [keV]
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HyperbaII-J mounting detectors

to the frame.

§° Hyperball-J frame
| mstalled in K1 8

HyperbaII-J frame

A‘

| 2012.8 @J- _PARC K1.8

. /



Gme line of the E13 experiment

HyperbaII-J o

\ 2012.8 Installation of Hyperball-J
5’643.4 Installation of SksMinus detectors

2013.3-5 Commissioning beam time
whole system was checked
( suspend just before physics run )

2015. Physi ith a “H
0154 ysics run with a “He target This talk

- y-ray spectroscopy of 4,He

- missing mass spectroscopy of 4;He

Irradiated K-beam : 23 G
( Total beam time = ~5 days )

2015.6 Physics run with a CF, target
- y-ray spectroscopy of 19 ,F
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-

/
y 4

\

" First K beam experiment @ K1.8

N J-PARC E13 was first experiment which use K beam
We tuned beam line parameters (~3 years)

-> Reasonable kaon intensity !

20

Missing mass spectr

um

(online analysis)

o

Pr

I|III|III|III|III|III|III|III|III|III‘

2

Hﬂ_‘\ | |

elimi

W

inary

4

3.91 3.92 3.93 3.94 3.95

3.96

3.97

Missing mass 4He(K,pi)X [GeV/c2]

Kaon & pion o rre -

FL[CfFo/cE—ALAZRTL !
Kaon EEHVIEFEYBESILFEL -,



End run photo

(2015.04)

KEK,

JAEA,

Tohoku univ.,

Kyoto univ.,

Osaka univ.,

Seoul national univ.

(2015.06)



4 He identification

Missing mass analysis

6000

Missing mass distribution
[ “He(K-,n-)X kinematics]

* Peak structure : *\He bound events N I T SN WY 208 SN i 1
* Low level background I
i 1171 )| MR SSSPRISMISSINS SRSNAHPSIIN MO FTSINE SNSRI o | 1| N FS— S
due to background veto counters *g -
o) e e oo SN S
o 2000 empty vessel
“\He bound events can be 1000 =iy M (scaled) .
clearly selected i |
6000} ............................................................................................................
- B)
° Missing mass resolution : S 5000 :_ .............................................................................................................
- 4 :
5 MeV (FWHM) % 4000 B AN T
» “)He(1*) yield < *\He(0*) yield 2 8000l N
(considering Ge detector efficiency) g -
2000_ ........................................................................ .
- same as theoretical prediction © . From gamma-ray a"?'VS'S
10005_ ............................................................................. A\He(1) .............
0:11...11,J -\ I I
-20 210 0 10 20 30

Excitation energy [MeV]



Gamma-ray measurement

Gamma-ray energy spectrum (Spill-off beam period)

40000 208 ( 1h data taking ) Run-by-run
TI (583) Energy calibration
/ 2087] (2614) S/
2287¢ (911) / ( w/ Th-series source )
25000

CTTTETTT T l|||‘IIII’IIII’IIII’IIIIIIII

20000 / Energy resolution :
* signal region |~ Tl SE (2103) ~5 keV (FWHM) @ 1.4 MeV
10000 \ ! ,/ ( summing all detectors )
5000
O o0 000 ﬁs&)JUk 2000ﬁ ' 2500 |
Ey [keV]

Event-by-event Doppler correction

(a) Simulation K- /O T
e

After correction

No broadening

Emeasured
Before correction

E, =
y(1 + Bcosb,)
N

l---l--l'T-l ----------- l--l .....

1300 1400 1500

(7 cm¢x7 cm)




HPER

,@sult of J-PARC E13 S

Tag hypernuclear production

= (c) bound region w/ missing mass analysis
S 150/
3 : : : - O > 3.5 deg. highly unbound region
100 = Doppler shift correction 5000~ bound region § -
5 E_ = i : : /N\JVL !
1 (d) bound region ' UN Jj/f JVMMM
150 = Doppler corrected i : L w\
- L | :
- 5 : empty target
1001 He : 1'— 07 (1406) || 2000 o . (normalized)
S0 [ [ f ?
- AT e p Ly, - ]
0 Ml .
500 1006 1500 2000 2500 ol M TR
Ey [keV] Excitation energy [MeV]
L (b) Presentdata| iNgle peak was observed
>
()] -
~ 10—
§ -
© 5

P N AR H R S S B
1300 1350 1400 1450 1500
Ev [keV]



counts /

counts / 2 keV

‘Result of J-PARC E13 Bl

Tag hypernuclear production

s (c) bound region w/ missing mass analysis
- : : Okr > 3.5 deg. highly unbound region
100y - Doppler shift correction 5000 hannd raxian : =
500 <Evidence for peak assignment>
: - : * Only one peak structure after...
(d) bound region )
150 c Doppler corrected G Bound event SeleCtlon
100/ - - Doppler correction
50 E « Obtained peak shape was

consistent with simulated one
Gamma-ray yield is reasonable

(assuming theoretical prediction)

15 (b) Present data

We successfully measured
10

4,He (1*—>0*) M1 transition

. Peak energy :
%ﬁ&% 1406 + 2(stat.) £ 2(syst.) keV

IIIIIIII|I

T. 0. Yamamoto et al., Phys. Rev. Lett.
115, 222501 (2015)

PR [ S T S SR S S T S SR S SN ST S SR N SR SR S S SR S S S|
1300 1350 1400 1450 1500
E, [keV]
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Updated level scheme

1t 0.95+0.04 Before our experiment
1/2+ ," ------------------- 1.24i0'05 1+ 1/2+
E~=109 | | | ___ T e Cl h I
3 £0.02 s ear hypernuclear
H N (5L, He identification method
P 3 0410 o * Good energy resolution
.04=0. + .
2.12+0.01 iO{; 4H 5 39100—30" w/ Doppler correction
[MAMI-C] 39+0.
v f\He
B, [MeV] .
With our new result
AE, = E(*\He) - E (*;H) 17 0.95%+0.04 | 0.98+0.03 1%,
= 0.32+0.02 MeV 1/2% oo 127
= E,=1.406
3H +0.02 - +0.002| 3He
+0.002] :
Combined with B, (0*) data ot v [present] |
+ .".....2.".(.)'4.3-..(.)'04 +"',"
AB,(1%) 2.12+0.01+0.09 4H y 0
_ 4 A _R (4 + [MAMI-C] A 2.39+0.03
B,(*AHe(1*)) - B,(*,H(1")) 4
rHe

= 0.03 £ 0.05 MeV

Y
BA [MeV]
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“Our finding

Updated level schema

AE, = E (% He) - E(4\H) L_095%0.04 0.98+0.03 17,
+
= 0.32£0.02 MeV V2T oo 1/2
o Bl E,~1.406 |
3H +0.02 +0.002 3He
Combined with B, (0*) data +0.002)
.“0'*‘ v [present]| |
ABA(1+) /'42()41()()4 | 0+.—"“
2.1240.01 £0.09 :
= B,(*\He(1*)) - B,(*,H(1*)) | (mAmI-C] AH 2.39+0.03
= 0.03 £0.05 MeV v  1He
B, MeV]

* Sizable Ex difference between mirror hypernuclei
- Confirm existence of CSB effect uniquely by y-ray data

* B, difference in 0* and 1*: AB,(1*) =0.03 + 0.05 MeV
AB,(0*) =0.35 + 0.05 MeV

- CSB effect has strong spin dependence




] ) w/o w/

meoretlcal studies  sbodyAs 3bodyAr

; 1+ 1+ Y. Akaishi, et. al.,
-1.03  -1.04 Phys. Rev. Lett.

\ | Ni Az N -1.04 84, 3539 (2000).
0+
\ AX mixing is ) ) Larger effect

key of CSB effect? N Al -2-§+7 In 0* state?

Pcoh.Z =1.9%

CSB effect calc. w/ AX mixing

unit : MeV
( ) A. Nogga et al., Phys. Rev. Lett. 88,

Ex Calc 172501 (2002).
352 (2015).
AB,(1*) 0.28(5) 0.03(5) -0.01 | 0.03 -0.19 |r
D. Gazda, A. Gal,
AB,(0*) 0.35(5) 0.35(5) 0.07 0.22  0.14 || neagsa(2016) 161
/ |

Widely accepted simple potential || Chiral EFT model
NSC37e interaction model AN-XN can be source of CSB effect?

High accuracy data of CSB effect may provide new information

to investigate origin of CSB and underlying AN interaction



ezt

J-PARC gg3

Gamma-ray spectroscopy of 4 H
(future experiment at J-PARC)
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‘Toward the exp. completeness

§ Gamma-ray spectroscopy

of .H [J-PARC] 0 e+ A

Gamma-ray spectroscopy
Next step of 4, He [J-PARC E13]
17 0.95+£0.04 | 0.98+0.03 1‘1
- " 1 Done
 E=1.09 a0 1
3 +0.02 " +0.002 |3
H +0.002 | He
‘0—1— b [present]
2.04%0.04 4i
v 07
/ XH 2.39£0.03
4
A4 He
_ B, [Mev] *
Decay ©" spectroscopy Counter experiment
(%;AH) [MAMI-C] (“4He) [?]

Done

Not yet elaborated




: YPER
For experimental completeness H

Level schema of mirror hypernuclei 4,H/4,He
1% 0.95£0.04| 0.98+0.03 1+/
12+ ’ ) 12+
W S E,~1.406 | ;
=+ 21 7
e are aiming for 3H +0.002 3He
J-PARC E63 | [present] |
- | T 04 >
Neec.f I:"ghd ' - [2M1§|\;:J 8]1 £0.09 4 “H R 0 L\) We obtained
precision data : ‘He high precision data
/ A
\ B, [MeV] A (J-PARCE13)
AH(1T = 07) <10 keV accuracy data can help

M. Bedjidian et al. (1976) [12] 1.09 +0.03
M. Bedjidian et al. (1979) [13] 1.04 £0.04
A. Kawachi (1997) [14] 1.114 £0.030

theoretical studies of AN interaction

Weighted average 1.09 +£0.02 For higher pI'ECiSiOI’l
* Stopped K- — in-flight (K ~,n7)

rather large deviation
9  Nal detector — Ge detector

All of three used Experimental method used in 4,He

e Stopped K reaction can be used!
* Nal detector
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Old experiment for E.(¢\H)

Gamma-ray energy spectrum

BNk ol
5 \
JUREV

o i a. AH(1T — 07)
: (D M. Bedjidian et al. (1976) [12] 1.09 £0.03
@ M. Bedjidian et al. (1979) [13] 1.04 £0.04
® A. Kawachi (1997) [14] 1.114 £0.030
Weighted average 1.09 +£0.02

e Stopped K- reaction (Li target)
— Doppler broaden y peak
* Nal detectors

counts per

| 9 [ %
= 1 o
[]
[]
. $
[]
) []
] n
| []
- - M
- r‘ = I.i target
" .
[]
7 =
so V1 A .
/ — U/ [ ]
o W/ L]
/ []
[]
[]

H
}JHU‘; l . ‘{"ruquﬁxp—“

i LU -. LALLLLL
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1

Old experiment for E.(¢\H)

Gamma-ray energy spectrum

counts per 50keV

J

o

5 ®
] .

SIS

_“ In next experiment

* In-flight (K-,n-) reaction

50

Lo

30

20

10

AH(1T — 07)

M. Bedjidian et al. (1976) [12]
M. Bedjidian et al. (1979) [13]
A. Kawachi (1997) [14]

1.09 +0.03
1.04 £0.04
1.114 +0.030

Weighted average

1.09 +£0.02

|« Stopped K- reaction (Li target)
— Doppler broaden y peak
— Nal detectors

PM e Ge detectors
b E

I.i target

 / Lfkll_y—LI {"ﬂf—ur}HﬁJﬁJ‘}}.

Recoil momentum [MeV/c]

| — nKooA . Momentum transfer

o (KA ‘\ S—

Beam momentum [GeV/c]
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/ Hint of 4,H? via in-flight "Li(K",w") @0.9 GeVi/c
| A

.~ 4 H generates as hyperfragment M.May, PRL 51(1983)2085
> via the in-flight “Li(K-,7t)? ,Li reaction L e
A (MeV) = (0.15)

1.1 MeV 3 56 [ %_

200

S 600} 2.18 = R :
i g : 1.4 MeV A
- . 1 . = t——""1"
b ’Li target : | . ,2+ -
K ! ! / = (0.36)
! — N T ooo;fu 6L - .
1 ]
1
1

00
S ] 3He | Nal detector . foor- \5. Highly unbound
- energy resolution : h
74 keV(FWHM) 00

(b)

TN

They considered 1.1 MeV peak N
as *\H +%,He mixture o -
(now we know this is not the case — only *,\H) o }
j* Bound region -
4 ol B R | | \ L | , |

1.0 2.0 3.0 4.0 5.0

Ey(MeV)



Hint of 4, H? via in-flight "Li(K-,n") @0.9 GeV/c

M.May, PRL 51(1983)2085

| | | [ | i | T I I |

4 \H generates as hyperfragment

via the in-flight “Li(K",t’)7 , Li reaction (ot Fioss
1.1 MeV 3 56 O e = —— _% ’

R 600 2.18 3*::::g+ _
P 2 (0.28) _|

_______ | g ; 400 14Mev| | %

:r o TLij target/:uv ; 200 ¢ = *=Z__3 ;ﬁ ]

K ! { ) % (0.36)

L O E > O ________ ooofd 6L i L ]

| i 00

Lo [ ‘O 3He | Nal detector ool \ Highly unbound

. energy resolution :
7, Li* \\'O 74 keV(FWHM) 00

I ——rray | L
! ~ 60 .

L1 11

[direct] “He(K-,m)* He (0* only, non-spin-flip)
[two step] A+3H >4 H (Both 0*,1* ratio =1:3 expected) ;

L1 11

T I I | ! [
2.0 3.0 4.0 5.0

Ey(MeV)




y-ray spectroscopy of 4,

4 \H generates as hyperfragment
via the in-flight “Li(K",t’)7 , Li reaction

Low momentum K beam for small Doppler effect
— move to J-PARC K1.1 beam line

H (J-PARC E63)

Experimental setup (J-pARC E63)

measure w/ SKS
spectrometer

-~
N
C.
—r
Q
=
«Q
®
[
\
1
1
1
1
1
]

_________

measure w/
beam line

measure w/ Ge detector

spectrometer \ (I;lygir Ea-II;J-)
e @——irray |
%He : o
O——Lor]

measure w/ range
counter (optional)

SKS spectrometer |

SKS magnet

Ge detector array “: Range counter
Hyperball-J

A (optional)
Beam line @
spectrometer | —=2="
o ‘ J-PARC K1.1
beamline

E,(1*) will be measured with

<5 keV accuracy (w/6 days beam time)
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/ y-ray spectroscopy of 4, H (J-PARC E63, 2018?)

\ . Drawing of HEF

K1.8 beam line
\ E13 for 4 He (2015.4)

SKS magnet
Installed in new K1.1 beam line
8 (2016)

\

A -
e . — =

% | N
o Y s e "ta,

_ EARN
e B Lo L

LE—”? 7= K1.1 beam line

E63 for 4, H (2018?)
s )

Ve

Preparation of E63 is now on going m



Far future experiment
for CSB in p-shell hypernuclei

Theoretical prediction: ~100 keV CSB effect

iz

A. Gal, Phys. Lett. B 744,
352 (2015).

Existing data BA(g.S.) P P TP : ABA(g.S.)

emulsion reaction emulsion with reaction
" He - 15.60 & 0.17 [70, 71] - —0.44 £ 0.19
" Be 5.16 + 0.08 : -
SLi 6.80 4 0.03 : - +0.04 £ 0.06 -
8 Be 6.84 + 0.05 : -
ALi 850 £0.12 : 836 +£0.16 [72]: —0.21£022 —0.07 % 0.24
°B 8.20 + 0.18 : iy
A Be 911 £0.22 : 860 +£0.18 [12] : —0.22 £0.25 (—0.50 & 0.21)
1B 8.80 £ 0.12 : (8.1 4 0.1)773] : +0.04 &+ 0.21°
’B 11.37 £ 0.06 : 11.524 £ 0.019 [74] : (—0.57 £ 0.19) (—0.72 £ 0.18)
12C (10.80 &= 0.18) tuvrrvurruvenrensennenness —0.03 £ 0.197  —0.18 £ 0.18"

Difficulty in reaction spectroscopy

“Need charge exchange reaction for mirror hypernuclei “

Experiment with (e,e’K*) reaction (JLAB)
-> A=7, 10 hypernuclei (~100 keV accuracy)

T. Gogami et al.: Phys. Rev. C 94 (2016) 021302.
T. Gogami et al.: Phys. Rev. C 93 (2016) 034314.



Far future experiment H vy
for CSB in p-shell hypernuclei

Next step : Gamma-ray spectroscopy of p-shell mirror hypernuclei

(n,K?) reaction + "7 E -5
gamma-ray spectroscopy ' i SKS

i + i
O " : Spectrometer
________ " /
“Ctarget - additid

r i
rs w6
y O— > O  OT | | Range counter

nal

Beamline | = \N_/N_  --mmmme- -
* I il Ge detector
spectrometer | 12,B It T-raY ! (Hyperball-)

* Smaller cross section
Challenges * Limited acceptance (for additional counter)
-> Need to handle high intensity beam




Far future experiment
for CSB in p-shell hypernuclei

SKS spectrometer |

Almost same setup
with 4, H gamma-ray spectroscopy

SKS magnet

+ additional range counter inside Gearray || ||| \—// . |n |\~
) ~_ Exp. target

(n,K%) reaction + —— . . Wi——
gamma-ray spectroscopy | - | SKS A J R

________ . L.....-} spectrometer | Ge detector array “:ij\ Range counter

{ | 12Ctarget K Hyperball-J j (optional)

T ~O 5 -

O 5 ’ Q O™ || Range counter (]
Beam line D\r ------------ : | R |

! ! Ge detector ) | W
spectrometer | 12,B Ly-ray Beam line @

(Hyperball-J) spectrometer | -—=% J, "
- . J-PARC K1.1

beamline

Need detector development

( range counter, Readout system, etc )



Summary

» Charge symmetry breaking (CSB)

in AN interaction studied via A=4 hypernuclei
Large CSB effectinB,?
Need to check old experimental data

B Gamma-ray spectroscopy of 4,He (J-PARC E13, 2015)

- new result: 4,He(1*) excitation energy
E, (4 He)=1.406 £ 0.004 MeV <« ~1.1 MeV (¢, H)
— existence and spin dependence of CSB effect

B Gamma-ray spectroscopy of 4, H (J-PARC E63)
- near future plan: 4,H(1*) excitation energy
New J-PARC K1.1 beam line, preparation on going

Far future : gamma-ray spectroscopy of p-shell mirror hypernuclei



