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Outline

Vv’ Introduction

v Neutrino interaction for SN v detection

* Inverse beta decay

e Charged Current interaction

* Neutrino-electron elastic scattering
e Neutral Current interaction

v Current supernova neutrino detectors

e \Water Cherenkov detector
e Scintillation detector
e Others

v’ Future prospects
v Summary

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS



-
L
. .
.
: .
. £
. .
L
- o .
’ . . .
. . .
. * -
o -
¢ - . »
.
.
. » .
.
N
’ - o
. Rl o F »
L
- . L . .
N » ° .
© . | 1
. )
. .
*
. »
’ v .
. ..
- % B
. . . . .
.
: . |
. v g .
2 *
_ .
»
-
» »
-




Review of the SN1987A in LMC

at 50kpc, v's seen ~2.5 hours before first light

H
o

® Kam-Il (11 evts.)

o |IMB-3 (8 evts.)
A Baksan (5 evts.)

w
o
|

N
o
g =
—D>—

3
=

ENERGY (MeV)

24 events total

6 8
Time (sec)

(Water Cherenkov

Kamiokande-l|

IMB-3

Strong directionality for v e event

\

 Liquid Scintillator

Most of them seems to ve event

2015%3RK16H

Good V¢ event identification

Baksan
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Review of the SN1987A in LMC

J.Bahcall ‘Neutrino Astrophysics’

Kamiokande (1983-1995)

kamioka mine (2700mwe)
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Review of the SN1987A in LMC

Kamiokande

Realtime detector
eDate : 23 Feb. 1987

S
o

Energy (MeV)

N
o
T T T | T T

10/ Background level
r 2] o

eTime : 07:35:35 (UT)
11 events in 13 sec.

Energy is determined by
the number of hit PMTs
for which the residual
time (T-Tof) is £ 15nsec

60 -3

lw ey

—=  Trigger if 20 hits within
Time (sec) 100 nsec ~ 7.5 MeV
(@50% eff.)

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 6



Review of the SN1987A in LMC

Kamiokande

2015%3RK16H I T REIAE, S-OBHEZ1 -~/ HRS



Review of the SN1987A in LMC

IMB (INine-l\/lichigan-Brookhaven)

"Most'?t the original IMB group in wR%umc{TON D. c, Bh‘r{st)

#xg A 3 ‘ \'3"\ ““‘

E R e b e T

Einstein LoSecco
Smith Wuest  Sinclair Learned Cortez
Bratton Sobel Vander Velde  Goldhaber Reines Sulak
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Review of the SN1987A in LMC
IMB (1979-1989)

Morton salt mine in Mentor, Ohio, USA (1570mwe)

(close to the Lake Erie)

8 kton water (3 3kton FV) with 2048 8 PMTs

22.5m
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Review of the SN1987A in LMC

SN1987Ain IMB

Realtime detector

eDate : 23 Feb. 1987
Time : 07:35:41 (UT)
*8 events in 6 sec.

Energy is determined by
the number of hit PMTs
for which the residual
time is within 50nsec

Trigger if 25 hits within
50 nsec ~ 35 MeV
(@50% eft.)

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 10



Review of the SN1987A in LMC

Baksan underground scintillator telescope
2700mwe) ...
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Review of the SN1987A in LMC

e

e 3156 tanks filled with liquid

12th dinode

an == scintillator and one 15cm PMT
| Total target mass : 330 ton
|l Detection eff. 10MeV @ 50%

700 -
mim e

2015%3H168 M TRERIMR E-LEHEZ1 -~/ HARS 12
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Review of the SN1987A in LMC

Baksan underground scintill

ator telescope (1978~)

—y -
— TR = =)

5t dinode

e o m e e - - —— i

b dmodes Realtime detector

L eDate : 23 Feb. 1987
= eTime : 07:36:11 (UT)
- 5 events in 9 sec.

i

2015%3RK16H

MM TIRER) F-EBREZ 12—~ /RS 13



Review of the SN1987A in LMC

Soviet-ltalian LSD (Liquid Scintillation Detector)
under Mont Blanc (5200mwq, 1985~1999)

72 scintillation counters (1.5m?3, 1.2ton) with three PMTs

(a) s
Fe (2 Cm)/ 150 cm
t

49

55

25

500 cm
50 cm

31

e

AL

2015%3RK16H

Total target mass : 90 tons
Energy threshold > 5MeV

Realtime detector

eDate : 23 Feb. 1987
eTime : 02:52:32 (UT)
5 events in 7 sec.

(7~11MeV,
one has delayed coincidence)

I T REIAE, S-OBHEZ1 -~/ HRS 14



Review of the SN1987A in LMC

LSD vs Others ?

Annu. Rev. Astron. Astrophys.
1989, 27 : 629-700

Our reasons for this belief are as follows: (a) No neutrino events (which
were clearly different from background) were observed in the much larger
Kamiokande II and IMB detectors at the earlier time reported by the
scintillator detectors [(55, 179) and especially (180)]. The number of free
protons in the Mont Blanc telescope (0.08 x 10%?) is more than an order
of magnitude less than in the Kamiokande II detector (1.4 x 10** protons)
and the IMB detector (4.5 x 10°? protons). (b) The expected number of
events in the Mont Blanc detector for a standard stellar collapse (see Table
3) is only ~1 event, assuming a 100% detection efficiency (40). The
satisfactory agreement between the a priori model predictions and the
observations made with the Kamiokande IT and IMB detectors strengthens
this argument. (c) The reported events have energies that are close to the
threshold energy for the detection, which is between 5 and 7 MeV [depend-
ing upon which counters were excited; see (2)]. The measured energies are
(in MeV) 7, 8, 11, 7, and 9. Theoretically, one expects a greater spread in
energy, since the absorption cross section increases with the square of the
neutrino energy for charged-current absorption, and the numerical models
predict an average antineutrino energy of more than 10 MeV. (d) No
plausible astrophysical scenario has been suggested for two distinct neu-
trino bursts [cf. (126)]. (e) It is difficult to obtain a satisfactory light curve
for the visual supernova if the earlier time indicated by the scintillation
experiments is adopted as the time at which the star collapsed [cf. (22-25,
353) and Figure 1].

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 15
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Review of the SN1987A in LMC

Angular distribution

Veevent ?
O kamiokande 6 | ' imB 1 ese
f\30_ = /\30_
> > | .
Q 7_ ((b) . 3
=20 ge sl S201- 3 .
O i 5 1_ ((b) i 7
LLl ° o o2 L]
o 33 10 4 10}
- 1 1 | ] ] i 1 1 1 1 | ]
-1 0 1 -1 0 1
cos0 cosO

2015F3AH16H

Hard to say anything...
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Neutrinos from supernova burst

Expected time profile
(Livermore simulation)

100 e m0re SMUERen) —, What we can learn

] e v,

N ——— ) .

R — v Core collapse physics

8 F 7 s e explosion mechanism

Padl ¥4 TN * proto-neutron star cooling

g \ee e black hole formation

£ 10 - . etc..

% 25 £ Mean neutrino energy \J.ﬁ___,,,__._‘,_f JNeutrino physiCS

an Yyl Vx: e neutrino oscillation

o ___‘,/"" -

I 5 _5 * etc..

2 e s Measurements of neutrino

< T T flavor, energy, time profile
" ime (see] 10 are the key points

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 18



Neutrinos from supernova burst

What we want for a detector

v Massive target
* Now : O(kton), sensitive for galactic center
e Future : O(Mton), sensitive for ~Mpc(?)
v Low background rate ~MeV energy region
e Easy for underground detector
v’ Precise timing measurement
v Good energy resolution
* Energy spectrum measurement is crucial for all the physics
v Measurable for direction, if possible
v' Neutrino flavor sensitivity
* Use specific neutrino interactions

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS
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Underground facilities for SN v

Sudbery & = w7

7 4

NORTH
s

ocE

Antarctica

South Pole

GranSasso

(Italy)
2015%3AH16H M BETEXAR, E—LEHEZ1—~J /RS

Kargnioka |
(Japan)
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Néutrino _ihteraCf‘iOn |
for supernova geutrino
’ ~ detection

_ Charged Current Neutral Current
Ve, Ve —_ e, e’
W

n, p, e_/\ p, n, e+ n, p, e_/\ n, p’ -




Neutrino interaction for SN v

Inverse beta decay

[79, +p—oe’+ n] (Charged Current interaction)

v Dominates for detectors with lots of free proton
* Detect positron signal in water, scintillator, etc.

v Ve sensitive

v’ Obtain the neutrino energy from the positron energy
¢ Ec ~ Ey - (Mn- mp), Ey > 1.86MeV

v Well known cross section

V' Poor directionality

v' Neutron tagging using delayed coincidence
or]+r)—>d-+y

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 22



Neutrino interaction for SN v

Strumia, Vissani

|I‘Ive|'se beta decay Phys. Lett. B564 (2003) 42
10 .

E T T T T | T T T T | I. T T T | T T T T | T T T T
- Total cross section for water

[7e+p—>e++n]

Vetp _

(10*%m?)

v’ Dominates for detectors\ o |

* Detect positron signal inw T 107
v Ve sensitive ;
v' Obtain the neutrino energ

eEe~Ey-(Mnh-mp), E\, > 1.
v Well known cross section _
v Poor directionality S R

T R
v' Neutron tagging using de o2 30Ener33(MeV5)o

en+p—d+y

o pe

102¢

10°:

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 23



Neutrino interaction for SN v

Strumia, Vissani

|I‘Iverse beta decay Phys. Lett. B564 (2003) 42

0.7 -

[7e+p—>e++nj

0.6

v Dominates for detectors with | §
* Detect positron signal in water, _.

Vv Ve sensitive ;

v' Obtain the neutrino energy fro =,

¢ Ec ~ E, - (Mn- my), E, > 1.86Me
v Well known cross section |
v’ Poor directionality e

v' Neutron tagging using delayed coincidence
en+p—d+y

0.5 0 0.5 i
cos B

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 24



Neutrino interaction for SN v

[

lnverse beta decay Captured by proton

[76+p—>e++n] Ve\g// /O\\.A%

2.2MeV
v/ Dominates for detectors with /
 Detect positron signal in water, \e+ ~200 micro sec.
Vv Ve sensitive
v' Obtain the neutrino energy frd )

L Ee ~ E (mn mp) E > 1 86|\/|eV
v Well known cross section Possible to enhance this signal if Gd loaded

L . — M.lkeda’ tati
v Poor directionality ( eda’s presentation)

v' Neutron tagging using delayed coincidence
en+p—d+y

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 25



Neutrino interaction for SN v

2015F3AH16H

Inverse beta decay

[7e+p—>e++n]

v Dominates for detectors wi
* Detect positron signal in wat

Vv Ve sensitive

v' Obtain the neutrino energy
e Ec ~ E, - (Mn-mp), E, > 1.86

v Well known cross section

V' Poor directionality

Liquid Scintillator
(— K.Ishidoshiro’s presentation)

Captured by proton
O Delayed

\p M 2 2MeV

E, - 1 86|v|evxe/v ~200 micro sec.

\_

®- T 0.511Mev
7 0.511MeV

Prompt signal :
Evis=Ev-1.86+2 x0.511
= Ev-0.84 (MeV)
>1.022 MeV

v' Neutron tagging using delayed coincidence

en+p—d+y

I T REIAE, S-OBHEZ1 -~/ HRS 26




Neutrino interaction for SN v

Elastic scattering

{V ex TE€ — Vext e'J

(Both Charged Current and
Neutral Current interaction)

v All neutrinos are sensitive

v The cross section for ve is larger

than others because of CC effect.

v Well known cross section.
e few % of inverse beta decay

v Good directionality

v Measurable for only recoil
electron energy, not neutrino energy

Cerenkov Light

neutrino

v o )
\\,e' /ﬂ
elect?tg \ v

9

neutrino

Ve\/ e-

eIectro[]

e-

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 27



Neutrino interaction for SN v

Elastic scattering

A10:""""""IIII||||
€ “Total cross section for water
o |
[V ex T € — Vex ™ e_J o 1
(Both Charged Current and gm _11
Neutral Current interaction) 35 19
o
e - / I

v All neutrinos are sensitive w2l |
v’ The cross section for ve is larger | [~ Vet
than others because of CC effect. 10°:/

v' Well known cross section. |
[ -4 | | | | | | | | | | | | | | | | | | | | | | |
 few % of inverse beta decay 10°% "0 20 30 40 50

v Good directionality Energy (MeV)
v Measurable for only recoil

electron energy, not neutrino energy
2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 28




Neutrino interaction for SN v

Elastic scattering Water Cherenkov
Vv

[V ex TE€ — Vext e'J

(Both Charged Current and
Neutral Current interaction)

v" All neutrinos are sensitive
v The cross section for ve is larger

than others because of CC effect.

v Well known cross section.
e few % of inverse beta decay

v Good directionality
v Measurable for only recoil
electron energy, not neutrino energy

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS
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0.2

0.1

e, X

AG ~ 25° /v/N

0- ! ! ! !

Angular distribution

_ between incident neutrino
0.3

and recoil electron

Ev=10MeV




Neutrino interaction for SN v

Elastic scattering Water Cherenkov

,VeX ..................... ;‘ )
[V e,X +e — Ve,x + e_J ’ e

(Both Charged Currentand  AE ~ 15%/+v/E/10MeV

12

Neutral Current interaction) S %differential cross section
. o = -
v All neutrinos are sensitive T Ev=30MeV
v' The cross section for ve is larger %, s|
than others because of CC effect. w
v Well known cross section. s Ev=20MeV
0 i T ;
e few A;_of inverse beta decay | Ev=10Mev
v' Good directionality 2i
v Measurable for only recoil ) SR P SO S |
electron energy, not neutrino energy Recoil electron total energy (MeV)

2015434168 P T TR, B —RiBHE 30



Neutrino interaction for SN v

CC interactions on nuclei

(Ve+tnoptre: Vet (NZ)— (N-1,Z+1) + e
\V_e+p—>n+e+: 7/_e+(N,Z)—>(N+’I,Z-1)+e+)

~N

Ve (Ve) \/ e (e*)
CC W
/\
n (p) p (n)

v Observables:
e charged lepton e*"-
* possibly ejected nucleons
e possibly nuclear y’s

P
(for example)

oxygen in water

Ve + 16180 ;5 16,18F 4 -

Ve+ 10 — 1N + e

carbon in scintillator

Vet+t12C - 12N + e
Vet 1?C > 1°B +e”

\_

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS

31



Neutrino interaction for SN v

CC interactions on nuclei

v Small cross section by
bound nucleons

v Also has large uncertainties
* Nuclear physics is important

[\)
O

(3]
o

O

Average Energy [Mev] L
)

5 L Ll 1l I 1 1 IIIIIII

0 (10*°%cm?)

—F-T JAIﬂI‘I‘Il

‘I | | | Ir{"l | | | I I | | I I

T T T T | T T T T | I. T T T | T T T T | T T T
Total cross section for water

Vetp

. s
| I'IIIII| L1 II‘IIII|

______

P vxte

0.1 1

10 20 30 40 50
Energy (MeV)

This signal is small portion, but may access neutrino oscillation effect
2015438168 S MTREAR) $-ERHE-1— U HRS 32



Dighe and Smirnov, PRD 62 (2000) 033007

Neutrino oscillation in SN

H ,Normal hierarchy v Inverted hierarchy H , v,
<
?‘t’
v,
L—.—-——""‘-* e

g
1
3&///’ : H
\
:
:
L -
L H n
n n >
e e ¢ >
NZU" = NI x sin® 012 X Py 4+ NI x (1 — sin® 612 x Pp) NS = NI x sin® 015 + NI x cos® 012

NZ'" = NI x (1 —sin® 012 X Py) + N x (1+sin® 012 x Py) N3 = NI x cos® 015 + NI x (1 + sin® 612)
NG = NJT"™ x cos? 15 + NZ™ x sin 012 N = NJ"™ x cos® f19 X Py 4+ NZ" x (1 — cos® 612 x Py)

N = NI x sin® 615 + NI" % (1+ cos? 61) N = NI x (1 - cos? 015 X Py ) + NI x (1+ cos 015 X Pg)
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Neutrino oscillation in SK

g
- S~

T
- S v
S ot
L R o
NG -
S L4
S .
~ *
8 . .
S
~ = @
< a @
uf @
j'

SN at 10kpc

—a—k)/275vHXZLivermoreSal— 3> &Y

*._ Osc.Nor. P,;=0

nnnnnn
uuuuuu
L

Osc. Inv. P,=0 1
Osc. Inv. P,=1, Nor.
No oscillatifn =

Neutronization v+e
No oscillation

... Osc. Nor. P =1, Inv.

0.02

0.04

2015%3RK16H

0.08

Time (sec)

0.06

0.1

Jinl

2 RN

VetP

| m R A—2 D IEE
| (v+e BELORAHEERELTHZS

| REIAL
] EREE P BBV

B 1

o) EREBM TP =0DEE

Py: crossing probability at H resonance
(P=0: BRZARTIE & IZHEY)
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Neutrino interaction for SN v

Langanke, Vogel, Kolbe

NC interactions on nuclei Phys. Rev. Lett. 76 (1996) 2629

4 )

v+ (N,Z) — (N,Z) + v
v+ (N,Z)—> (N-1,Z)+n+v
v+ (N,Z)— (N, Z-1)+p +v

J

v’ Important to probe vy, v: flux
v’ Observables:

* nuclear emission (p,n)
e v's by giant resonance

v'Need nuclear physics info.

carbon in scintillator

v+ 12C — v +12C*
— 2C + v (15.11MeV),

\_

-

L

giant resonance

160*

23

=
7 X
15O+n4/ \;7

15N+p

(v.v')

160

oxygen in water

v+ 180 — v + 16O*
Ev < ~150MeV)

~

|—>16O+y
J

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS
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Neutrino interaction for SN v

Langanke, Vogel, Kolbe

NC interactions on nuclei Phys. Rev. Lett. 76 (1996) 2629

4 ) 4 ] )
v+ (N,Z) > (N,Z) +v v by glant;esonance
v+ (N,Z)—> (N-1,Z)+n+v
v+ (N,Z) —-> (N,Z-1)+p+v
. y, 2 T
v’ Important to probe vy, v: flux
v Observables: T \
* nuclear emission (p,n) f/)/
e v's by giant resonance 06 —"10 15 20 on
v'Need nuclear physics info. E (MeV)
carbon in scintillator 1 | oxygen in water
v+ 12C v + 12C* v + 10 — v + 160*
— 2C+y(5.11Mev)) | (Ev<~150MeV) RN

.
2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 36




Neutrino interaction for SN v

NC interactions on nuclei

Measurement of y’'s from giant resonance in oxygen and carbon
— precise cross section measurement

|.Ou’s presentation
Grand-Raiden|
AJ& (®=80cm)

W& (@=10cm) M+

(30x30x40cm)

B 284 7(@=3cm) Proton beam

2015%3RK16H I T REIAE, S-OBHEZ1 -~/ HRS
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Neutrino interaction for SN v

NC neutrino-proton elastic scattering

(\, Fp v+ p] v Observables:
* recoll proton by liquid scintillator detector

Beacom, Farr, Vogel ° : : -
PRD 66 (2002) 033001 free from neutrino oscillation

1 | QOriginal neutrino energy and
1 |temperature can be determined
by recoil proton spectrum

Fiot =2.0x 10> ergs T =8 MeV:

>
A 4.2 x 10% ergs, 6MeV g
%400 N/ _lax10¥egs, 10Mev ] ~900 events/1000ton above 200 keV
2 K™ ] ~150 events/1000ton above 350 keV
e e 7 cf
: T 1 KamLAND : 1000 ton with 350 keV threshold
s T T s TS Borexino ;300 ton with 200 keV therehold
E . [MeV]

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 38




Supernova neutrmo-
detectors o




-1
s sr )

-2 -1

Intensity (cm
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= Super-Kamiokande
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Cosmic ray muon flu

Crouch World Survey, 1987
Crookes and Rastin, 1973
Bergamasco et al., 1971
Stockel, 1969

Castagnoli et al., 1965
Avan and Avan, 1955
Randall and Hazen, 1951
Bollinger, 1950

Soudan 2
Minos
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Wilson, 1938
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Homestake

SNO
------ T, K-muons
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~
N
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Clay and Van Gemert, 1939
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16

Large size of detector is required,
because of very small cross section

4 2 )
o G%S
T
~(Ev[GeV])x10-4'cm?

quite small cross section,
e.g. a neutrino with 10MeV interacts
after transverse 3x102' cm in the water.

i ~ 17
9 (ref. 1 light year ~ 9.5x10%" cm) y

Neutrino detectors

Depth (10 *hgem ) @BHE= 21—~ U /HHEES
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Low background

10® Mev
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Current SN v detectors

- &3
Kamioka, = =

\ 4 ' ~ '\ 1015
4 3kn from’m‘h‘e“.qupo’rmSea - TS _ . AT
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Current SN v detectors

Kamiokal =
37 km fﬁo’m’ 4. Ni pr;o’nfoéa’
’ 4 1‘ .f‘ ':,’ 7

» s P p
ALy /]
Mozumi a&é"

1/1000HQ
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Current SN v detectors

(4‘ . = )
3 km fro’mﬁh'e; Ni 2 73
> .

Mozumi areé; -
7 4

# (byou)

R (baku)

#2144 (moko)
{8 (syunjun)
AR (syuyu)
52\ (syunsoku)
848 (danshi)
#IBB (setuna)

77i® (rittoku)

2015%3H16H
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Current SN v detectors

50kton Water Cherenkov detector

Super-Kamiokande

32kton fiducial volume for SN
20’ PMT photocathode

e

(inner)  coverage (
. [SK-1 11,146 40%
- T SK-2 5,182 19%
s : |SK-3 11,129 40% v¥" Underground in Kamioka
_:}:%;.; e 3 SK-4 same as SK-3 mine, (almost BG free)
o B [ 41.4m ~_ threshold for recoil electron
Lo B e G : v' Dominant process is
= i inverse beta decay
K= | g v Good directionality for ve
~ « : .' “ lMpoom elastic scattering
! — _ S S .
. . . ex e
. Placed inside the Kamioka mine
neutrino

2015%3RK16H

1000m underground

MM ETREIE) F—O8HE-1—~JU/HER



Current SN v detectors

For atm./acc. neutrinos

Super-Kamiokande
P (~GeV)
vV, +n2>(e)+p HETZHBLT VI -
FED=a— U/ OB A u
v, +n (W +p moca-rusomEERE

Super-Kamiokande IV Super-Kamiokande IV
un 999999 Sub 0 Ev un 9 99 s Vi

........
00000000
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Current SN v detectors

] For solar / SN neutrinos
Super-Kamiokande (~MeV)

Trigg
E= .08 7 = 0.949%
Solar Neut o
Time(ns) O
o < B15
L

Super-Kamlokande
Run 1742 Event 102496

-------- 107:12:23

How to reconstruct?

Detector performance
Resolution@10MeV Information

vertex 55cm hit timing

direction| 23deg. | hit pattern

® 1035-1055

i ' energy 14% # of hits.

~ 6 hits/MeV
well calibrated by LINAC /
DT within 0.5% precision

Ee = 8.6 MeV (kin.)
Cosesun = 0.95

0
] 500 1000 1500 2000

Times (ns)
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Current SN v detectors

] For solar / SN neutrinos
Super-Kamiokande (~MeV)

4

> 10 T\ A OV I T FTIURLA
= 103] JU(EIZ, FHE R
S 2E & (spallation) MEXY ZIZL /m
€ 10 o BLVOKBFE=Za—kr)/)
O g
< i uuﬂnn, ] \_/
N i SK-1V final data sample peak of
5; 1 _ solar °B (for solar neutrino_éanalysis) dB/dxplot 7\
el Oo 5
210 F RN (T. =4MeV) oo 1 Lirrass
c 2 [ eff - 2 ] lic candidate
d>J 10 [ SRN (T_=6MeV) ~AMTDE ﬂ'ﬂﬁﬂ- o relic ¢
o E SRN (T_,=8MeV) Qo
3| . /\\
10 | E| )
10 —" DFHE

™ BEOSRNBATOLELME
6 8 10 12 14 16 18 20
Total Energy(MeV)




Current SN v detectors

] 50kton Water Cherenkov detector
Super-Kamiokande |, _ =

& charged i
E@ g, particle 44/
5 108 et maas
X a7h ]
210° | Expected number of event
: 182 | |~7300 ev (inverse beta decay)
03 ~100 ev (°0O CC)
10 - ~300 ev (ve elastic scattering)
18 ~360 ev ("°O NC v)
10 at 10kpc, 4.5MeV energy threshold

10 1 10 10 10 Livermore simulation

distance(kpc) Totani, Sato, Dalhed, Wilson, ApJ. 496 (1998) 216
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Current SN v detectors

Super-Kamiokande

v’ v-€e elastic scattering has

good directionality.

v’ Direction of supernova can
be determined with an
accuracy of 4~5 degree.

v  Spectrum of ve events can
be statistically extracted
using the direction to
supernova.

v If Gd loaded, it will be
more accurate since ve signal

can be separated. (later)

2015%3RK16H M T TREIAE) R

events/bin

events/bin

Simulation of angu

50| Enefgy = 5-10 MeV‘
40 |

v+e
30}

20

10|

e\/entslllbin

0 025 05 075

1

‘ eveni:slbm

. cos(0gy)
i
A

Vetp

%5 06 07 08 09

1

cos(6gy,)

—OBFHFE-_21—tVU /AR
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60 |

40

20|
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225}
20 |
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15|
1 125}
10 | 1

$

257)

7.5
5

%

ar distribution

Energy = 10-20 MeV

Vetp

0 025

0.75 1
cos(6gy)

0.5

Energy = 30-40 MeV

v+e\
|

| iy
4 I

HTT
5 06 07 08 09 1

cos(6gy,)
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Current SN v detectors

Super-Kamiokande Time variation of ve+p at 10kpc

Time variation of event rate Time variation of mean enerqgy
o | e e e et _|""|""I""I'"'I""I""_
2180/ 13 26| Tmsavom e
E160[ 12 || Bussetal (2006)s112_128 1 T LA
g : ] > 24 || Sumiyoshi et l.(2005) Shen EOS
#1140} 184
c : ] i
2120 [ : E 22 ;
100} 18 20}
801 1% 18]
60} | |
40F ¥ tmenimn,, il
20 Sumiyoshi of o (2008) Ghen E08 14 1
i LIabandorfaretaI(ZOOS)VERTEX
o “o./ A NN BN B N B B

0 0.05 0.1 045 0.2 0.25 0.3 12 0 0.05 0.1 0.15 0.2 0.25 03

Time (sec) Time (sec)
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Current SN v detectors

Super-Kamiokande For Supernova Relic Neutrinos

~

50 R ! ! ' | L SRN flux MEHE(F, Horiuchi et
= 10 6 [reactor Vo al. PRD, 79, 083013 (2009)
2 3 SRN (T _=8MeV) ;
E 1°4E ‘ SRN (T, =6MeV) 3
E I SRN (T, =4MeV) :
FR § SRN (T_=SN1987A) 1§
£ 02f \ -
510 F
) E
= C
10 3
1 SRNFEARINL| ]
o ¥ (v. fluxes) 3
10 . 2tmospheric v a
-3
. HEShHSRNIEBSOH
10 1.3 -6.7 events/year/22.5kt
. (10-30MeV)
N Sk B MR
0 10 20 30 40 50 60 70 80

Neutrino Energy (MeV)
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Current SN v detectors

Super-Kamiokande Backgrounds for SRN

Ve e 7 Vx
NC Elastic S e
“reactor + solar” \
c
----- T < 50 MeV --=n¥
V Tt eeal 2r i >
Decay electron H e T
“atm. muon neutrinos” o visible muon” S
Ve CC Ve  TT--- > —>a
“atm. electron neutrinos”
-y
...... Vx
W/ V===l NC _..-=""
ey T > 200 MeV
“U/TT production from 2T
atm. neutrinos” Vi e e
H 7T — )";T')
v RO

20154538168 sl M RREE, S—oieye —visible shoggmyon track”
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Supernova Relic Neutrinos

Current Super-K w/o neutron tagging

SK collaboration, Phys. Rev. D 85, 052007 (2012)

SK-I/1ll
a5 data
. vy, CC
_ no/g \Y/ 30 v, CC _ | KK
Ve\ p P of \ o5 BG
O p/7 > C. thr. |
=0 all background
et 15
10
5 =
Only this S|gnal 25 50 75 25 50 75 25 50 75
Yo DERZEAICE BT E (MeV)
Low angle events Signal Events [sotropic Events
I {@ I
25-45
reconstructed
n (invisible) angle near 90°
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Supernova Relic Neutrinos

Current Super-K w/o neutron tagging

SK collaboration, Phys. Rev. D 85, 052007 (2012)

SN v, Energy in 105serg

e” candidates>16MeV/22.5kton year

0L 3 E
25 3.0 35 40 45 50 55 6.0 6.5 7.0 7.5 8.0 .0 35 40 45 50 55 6.0 6.5 70 7.5 8.0
T in MeV T, in MeV

v

2015%3R816H MM ETREME) F—O8HEZ1—~JU/HARS 55



Supernova Relic Neutrinos

Current Super-K with neutron tagging (2.2MeV gamma)

SK collaboration, Astropart. Phys. 60, 41-46 (2015)

v Good for ve+p signal

;/nles)IYI t?]\r/e'ih%?éo(‘f?? l:'):\/leV) =90k  Am/Be calibration data
Y ltis possible to detect from E:Ej T At Eﬁzg%i)%/sec
SK-4 with new electronics. IR Y - 19,470

2 600 =

E 500

/O\ -
Ve \p \% 400 |

2.2MeV 300 F

\ ) / 200

e -
200 usec.

- 100

100 200 300 400 500 600 700 aoo
AT (us)
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Supernova Relic Neutrinos

Current Super-K with neutron tagging (2.2MeV gamma)

SK collaboration, Astropart. Phys. 60, 41-46 (2015)

> : ‘:\ 102 —_l | T TT | T TT | T T | T TT | T TT | T TT | T T | T TT | I I:
= 0 g7 3 | :
- - N F — - =
T s = S ¥ . KamLAND ]
(7] C Q 4 0 B :ﬂ: 7]
ng 7H st G,IE gty
T 6 o 3 § 10¢ - SKw/ neutron tag. 3
(11 - 2:_ ] + C _‘_'.‘-.-_._ ]
sl WL L LT E T el T e
4;_ E. ) .T. I .TT. | .T. I .T. ) |TT TTIT_ E’_ —A— oo
- 100 200 300 400 500 o 1 = —A— —
3 ATws) | 3 F A 5
2t 2 f A A—A ]
1= _I—l__ﬁ;L_‘ - = SK w/o neutron tag. |
S P e S Ll 107 = w/ spectrum inf. AT =
32 16E A A AL o .
~ 155_ —A—p— B i
> 14E A A " - s
2 135 oY
S 125 —a—a- I i
'G 11§_A__A__A__A_ 200 v v v b b b b e Ly
e 10— 10
= 12 14 16 18 20 22 24 26 28 30 14 16 18 20 22 24 26 28 30
Neutrino energy (MeV)

Electron energy (MeV)
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Supernova Relic Neutrinos

_ ,0

\\p .

/p.\\:v

2 2MeV)

/é‘“ e

*Delayed Coincidence
e Suppress B.G. drastically

for ve signal
e AT~20usec

e VVertices within ~50cm

2015%3RK16H

P T TR, 8B

GADZOOKS!

J.Beacom and M.Vagins,

Dissolve Gadolinium into Super-K

Phys.Rev.Lett.93(2004)171101

Captures on Gd

100%

80%

60%

40% |
20%

0% .
0. 0001% 0.001%

—OIEB#HEZ

T

]

-~ >90% eﬁ'mency
for n capture \

/,
For 50 ktons this means ’
'~100 tons of water soluble /
GdCl; or Gd2(804)3 /

1

|

L1k Cdgives

0.01 % 0.1%

a—kU/HRE

1%

Gdin
Water
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Supernova Relic Neutrinos

EGADS

(Evaluating Gadolinium’s Action on Detector Systems)

Purpose

v Water transparency
v How to purify

v How to introduce and
remove

Vv Effect on detector

v Effect from
environment neutrons

v etc.

R&D for Gd test experiment

50m
A Super-Kamiokande
N s

/

New hall (10m(w)x15m(l)x9m(h))

200 ton tank

..............

edsuel} Jajepn

aw Aoual

Now working well

— M.lkeda’s presentation

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS

99




UDEAL

water transparency measurement

200 ton tank

15 ton buffer tank| Control panel of circulation system
2015%3A168 MM " TRZMR) F—OBHEZ1—-tY /HES




SKE (Supernova simulations with KAGRA and EGADS)

SNe Theory(A05)
Y. Suwa

+ Provide time correlated data,
GW and neutrino

+ Suggest signature signals
physical phenomenon

GW Analysis(A04) v Analysis(A03)

T. Yokozawa, M. Asano CoOpErate Kayano, Y Koshio
N. Kanda M. Vagins

* KAGRA detector simulations
* Develop/Optimize GW analysis tools

- Prepare for realtime observation

+ R&D of EGADS detector

+ Signal simulations with EGADS
and SK

v Detectable or not
v’ Discussion about time variation
v' GW search with neutrino trigger

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS

Betelgeuse SN burst

em ~80,000 events in EGADS

Y.Suwa’s art

—>
N
J.::\ﬂ{

— T.Yokozawa’s presentation

arXiv 1410:2050
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GADZOOKS!

Expected S|gnal of Supernova Relic Neutrinos

> > 8
é’ N Teff: 8 MeV | @ 7 Teff: 6 MeV |
% SRN signal 9“5
g 6| e ga SAN signal _ popemem 1 Assumption:
25 SR e 1 * 90% neutron capture efficiency
g4l Y R | 74% Gd y detection efficiency
3 33 - * |Invisible muon B.G. is 35% of ones

2 B I(g\:lzlt?rbsl?e%gt?oﬂ by n-tag.) 1 2 5 :Ifqa\clzlt%lrbSI?eEl?Jgt?oTl by n-tag.) | in the SK-IV

1T e 1}

[} JLIDOEEE S at'r'n'gs';;;;r-ucv 0 atmospherlcv

10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50

V|5|b|e energy (MeV) visible energy (MeV)
> 87 ' > 8 AN AsaaEasaas
2| Teff: 4MeV 2| Teff: SN1987A
N [ N
(7] I »
s 6| S6F .
| g 10~45 SRN events in
24 £4] 10 years data taking
3L 2 3f: —
- ‘3 (Evis=10-30MeV)

2 I(?a\éltts)lrb5$egngt?o?1 by n-tag.) ] 2 [ I(g\éltglr%l?emgt%ﬂ byntag)

11 1S

) IO—" ot i epherio ¥, 0 e,

10 15 20 25 30 35 40 45 50 10715 20 25 30 35 40 45 50 _

visible energy (MeV) visible enerav (MeV) — 1 — U /%= 62



GADZOOKS!

Super-Kamiokande

Simulation of angular distribution

V' v-e elastic scattering has ¢« 70 o [ Eneray = 1020 e
good directionality. § 35| e g 60 vie
v Direction of supernova can |
be determined with an . 30|
accuracy of 4~5 degree. 10| 20
v Spectrum of ve events can  hubusmtttlat . | b Tt R T
0 025 05 0.75 1 0 025 05 0.75 1

be statistically extracted e cosbe) . cosley
. . . 5 Energy = 20-30 MeV e . Energy = 30-40 Mev

using the direction to Z sl 3 22

supernova. ° | S 7

v If Gd loaded, it will be | 125 vte

more accurate since ve signal
can be separated.

N N L
aan oo

5

+

©

Sh +' H THTT T

! =+ ! ! L . . .

%.5 06 07 08 0.9 1 %.5 06 0.7 08 0.9 1
cos(9g,) cos(6g,)

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS 63




GADZOOKS!

Super-Kamiokande

Vv’ v-€e elastic scattering has
good directionality.

v’ Direction of supernova can
be determined with an
accuracy of 4~5 degree.

v  Spectrum of ve events can
be statistically extracted
using the direction to
supernova.

v If Gd loaded, it will be
more accurate since ve signal

can be separated.

2015F3AH16H

200

175

100

Number of supernovae

75

50

25

Determination of the SN direction

150 |

125 |

- tag eff. = 1.0
~2.8 degree

d tag eff. = 0.8
- ~3.3 degree

u T tag eff. = 0.0
Jj __L ~5.1 degree

ST v =Tt
2 3 4 5 6 7 8

MM ETREIE) F—O8HE-1—~JU/HER



Current SN v detectors

~km long string \Water Cherenkov detector
at the South Pole

lceCUBE
v Nominally multi-GeV energy threshold,

Giga-ton detector

e

but can see burst of low energy ve's as
increase in single PMT count rates.

20 MeV
positrons

¥ ice uniformly illuminated

‘%~ detect correlated rate increase
on top of PMT noise

FEEAT i T SR

2015%3RK16H

wo 0}

1 meter

VI



Current SN v detectors

~km long string \Water Cherenkov detector
IceCUBE at the South Pole

Giga-ton detector v' Nominally multi-GeV energy threshold,
but can see burst of low energy ve's as
iIncrease in single PMT count rates.

v Cannot tag flavor, or other interaction
info., overall rate and fine time structure.

600

" Onset of neutrino
500 r emission

400 - ~3msec precision
300

Halzen, Raffelt
arXiv : 0908.2317

10 kpc -

200 r
100

Events per bin (1.6384 ms)

2400 m

-10 -5 0 5 10 15 20 25 30
Time post bounce (ms)
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Current SN v detectors

Scintillation detectors PMT

v Liquid scintillator CnH2n volume surrounded by

PMTs.
v’ Low energy threshc_)ld (O(100keV)) \ev
v Good neutron tagging using delayed c

coincidence technique — advantage for ve signal. scintillator
v’ Poor directionality, since light is almost isotropic

KamLAND LVD Borexino Baksan V no/ Ig)
(Japan) (Italy) (Italy) (Russia) e\p _ Y

+ 2.2MeV
\.e/yv ~200 p sec.
AY/ € 0.511MeVv

0.511MeV

+Double Chooz, Daya Bay and RENO
2015438168 MEWN BOTREMAR) E—OL0BHE-1—~J /HRR 67



Current SN v detectors

KamLAND 1000 ton Liquid scintillator at Kamioka

~ f Large volume

Rock linin

lo]

¥ Low energy threshold Spectrum

] Innertank

\ N Ul = ¥ Good energy resolution = | v, ~ 300 events (10 kpc)
iy .. 125%/\/E/(MeV)

ve
-y
o

Neutrino Even

Expected number of event at 10kpc

~300 ev (inverse beta decay)

~60 ev (1°C CC) o |

~20 ev (ve elastic scattering) \ Neutrino Energy eVl
~300 ev (v+p—v+p) unique for KamLAND
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Current SN v detectors

KamLAND 1000 ton Liquid scintillator at Kamioka

~ f Large volume T
on ¥ Low energy threshold .Predlctlon OT SN l:?y
¥~ ¢ Good Vs sensitive signal from Si burning
. il - ¥ Good energy resolution

KamLAND event

3_. T ‘ —— ]

m

7.25%/\/E/(MeV)

Expected number of event at 10kpc

Detected event [1/0.1MeV/day]

~300 ev (inverse beta decay) ) |
~60 ev ('2C CC) LR M
~20 ev (ve elastic scattering) | ~10 events/day for Betelgeuse
~300 ev (v+p—ov+p) Ishidoshiro

(JPS meeting, March, 2013)
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Current SN v detectors

HALQO Helium and Lead Observatory at SNO lab. (Canada)
o | Ve + 208 Dh — 20Bj + n + e
— | CC Ve + 208Pp — 206Bj + 2n + e-
vy + 208Pph — 207Pp + n
NC . +208pp _, 206pp + 2n

v' HALO-1 is using an available 76 tons of Pb

v 85 neutrons at SN @10kpc

* 65 neutrons through CC
3He neutron counter e 20 neutrons through NC

with lead target v ~50% of detection efficiency
He tn—ptT v Totally, ~40 events are expected
Thermal neutron v HALO-2 is a future kton-scale detector

lonization by proton (573keV) and tritium (101keV)
Detection by proportional counter
2015438168 MEM MTREMR) F—OBHE-_1—~Y /HES 70




Current SN v detectors

NOVA 15kton scintillator near surface at Ash River (MN, USA)
v for long baseline neutrino oscillation experiment

Ve +p—e +n
Energy : 20MeV

"
~~—
c
o
>
w
-
(o}
—
@
Q2
E
3
=

~15 min of data
with typical ~10s
supernova signal
100ms time bins

= — / Y4 00 400 500 600 700 800 900 1000
DotF:;tor . '»‘" ”.‘ Time(S)
Supernova sensitivity is beyond baseline project scope

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS "




Current SN v detectors

600 ton Liquid Argon in Gran Sasso (ltaly)
ICARUS (-> FNAL (USA))

ve + 0Ar — 0K* + e
CC ve + OAr — A0C|* + g7
NC vx + 40Ar — vy + 40Ar*
ES vext+te — vexte

EM Shower l

' i iS00 s
Good electron neutrino sensitivity | 17X et
e U bubble size~

each point:
2015%3A16H EM T RIZMAR) F—0OBH 2 1 Hadronic Interdction 3 x3 %02 mm®
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Current SN v detectors
XMASS 800kg Liquid Xenon detector

—— o illq‘? Direct dark matter search
. | P - \
P @
\ (< ;" T ‘ \O ?‘ hv O ")

nuclear recoil interaction

15m
Coherent elastic

Vx+ (N,Z) — vx+ (N,2)

CC interactions

Vet (N,Z) — (N-1,Z+1) + e
Ve+ (N,Z)— (N+1,Z-1) + e*

2015%3R816H WM T REMER F-LBHE-1—~Y/HER 73

ge)
]
Rl ]
/ Caie)

— K.Hiraide’s presentation



SuperNova Early Warning System

arXiv : astro-ph/0406214
arXiv : 0803.0531

SNEWS

AMANDA/
lceCube
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" Future prospects




Future SN v detectors

SNO+ Large liquid scintillator detector at SNO lab. (Canada)

1000 t of D O replaced

by liquid scintillator
* Neodymium-loaded at 0.1%
* 780 kg of natural Nd

9000 PMTs

e 3.5%resolution at  Nd
endpoint (3.37 MeV)

Water shield
e 1700+ 5300 tons UPW
New rope system to hold

down the 6 m radius
acrylic vessel

%+ v Main purpose is
™ searching for double-beta

2t decay loaded °‘Te

‘:‘* v 780 tones of liquid

"f ~ scintillator.
% v Good energy resolution
v Deep underground
i., * 6800mwe (2700 for Kamioka)
#*= ¥ For SN, similar ability
e as KamLAND is expected.

Comlng soon
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Future SN v detectors

Large scale detectors

Megaton-scale water
detector concepts

5-100 kton-scale
liquid argon
concepts

GLACIER

10-100
kton-scale
scintillator
detector
concepts

LENA

2015%3RK16H

P it T SRAZAATE

F—OBHFEZ21—~J/HARS
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Future SN v detectors

Large scale detectors

Megaton-scale water

detector concepts
201543816 MEM MTREXMAR) F—OBHFEZ21— I/ HRER
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Future SN v detectors

Hyper-Kamiokande

e IR M VAR /' Main purpose is
for vCP searching for CP violation
In lepton sector by long
baseline experiment.
v’ Total volume ~ 1 Mton
v Fiducial volume : 0.56
It s Mton, 0.74 Mton for SN
K23 Lalgelr VU Tl | | - which is ~20 times as SK.
& Proton Decay Source ‘/ higher intensity V by : ‘/ Number of phOtO-

upgraded J-PARC ‘
N =y <P 8 sensors : ~99000
y S | - g@;g’-

‘.. ‘/' —‘-:.2";:;:{,"-, = ;
= f Lol
» arXiv 1109.3262
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Future SN v detectors

Hyper-Kamiokande

Water Purificatio

RS
—
— (@]
S 3
©
©)

center
g-LMC

Expected number of event

~168000 ev (inverse beta decay) E ........................... O __________ ________________________ __________________ 1
~23OO ev (160 CC) ........................... .............................. ....................... .................. ?
~7000 ev (Ve eIaStIC SCatterlng) ........................... .............................. ........................... IR 3

: NN
~ 16 A S R A
8300 ev (150 NC y) e R
at 10kpc, 4.5MeV energy threshold distance(kpc)
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Future SN v detectors

Hyper-Kamiokande

10001 Energ‘;y=5-1‘0MeV | 4

events/bin

: 25 ‘ 0507 . ;
5 1200/ Enagy = 20-30MeV
Expected number of event £ 1000 J
~168000 ev (inverse beta decay) | —~ *
~2300 ev (°0O CC) °
~7000 ev (ve elastic scattering) | sc—sess5—s—
~8300 ev ('O NC vy) ot

_ 2000}
| & 1750}
‘51500—
1 ® 1250}
1000}
750}
500 |
250

events/bin

Angular distribution

Enegy = 10-20MeV

0

4501
400}
3501
300}

250

200
150}
100}

50|

%

5 06 07 08 09 1
ooses,)

direction determination is with

at 10kpc, 4.5MeV energy threshold ~2 degree.

2015%3H168 I T REIAE, S-OBHEZ1 -~/ HRS
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Future SN v detectors

Determine starting time
with ~0.03 msec precision.

B4 ... Time profile-

Expected number of event £2000/
. 1500
~168000 ev (inverse beta ¢ - F
~2300 ev ("°0 CC) 10001 7 T oo
~7000 ev (ve elastic scatte 500 [  smensioancos 1
~8300 ev (O NC vy) oL .
0 0.05 0.1 0.15 0.2 0.25 0.3

at 10kpc, 4.5MeV energy threshold

Time (se
2015438168 HPM (T RERAR) S—0BFE-1— KU /RS ( %2



Future SN v detectors

Hyper-Kamiokande , ,,

[a—
n

[—
|

Cummulative supernova rate [/yr]
o
in

0

S.Horiuchi

— — — observed, inqluding impostors

observed, ex¢luding impostors
predicted, frgm B-band

« = « = predicted, frqm UV
= « = predicted, frgm Ho

Discoveries

continuum extrapolation

!

l_-—

|

I
I
I
I

—— —

- -

Dis

2015%3RK16H

tance [Mpc]

4Mpc.

Nearby galaxy

MM ETREIE) F—O8HE-1—~JU/HER

.6 SN/year is expected at
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Future SN v detectors

Nearby galaxy
6 SN/year is expected at

Hyper-Kamlokande v 0.2~0.

8 27 4Mpc.

1.8}
§ 16l V' If the analysis energy threshold
S for HK is set to 18MeV for
% 14| reduce B.G., the # of expected
¢ 1.2} events : 0.37~0.83 @4Mpc.
O : While the expected accidental
208t B.G. is 0.00656 events.
2 06l
0 0.6}
> -
Wo0.4¢

0.2}

ol

0123456780910

Distance (Mpc)
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Future SN v detectors

<100y
< < 90}
80§
70}
60}
50 |
40|
30}
20|
10}
ot

Hyper-Kamlokande v

Detection Probability

012345678910
Distance (Mpc)

Nearby galaxy

0.2~0.6 SN/year is expected at
4Mpc.

If the analysis energy threshold
for HK is set to 18MeV for
reduce B.G., the # of expected
events : 0.37~0.83 @4Mpc.
While the expected accidental
B.G. is 0.00656 events.

The detection probability :
31~56% (Nz1) @4Mpc

1 event from SN@4Mpc (need
another information e.g. GW)
every 3~10 years is expected.
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Future SN v detectors

Hyper-Kamiokande

Sensitivity of Supernova Relic Neutrino
(w/o neutron tagging, w/ spectrum information)

N_,.(20-30MeV) ng LMA SRN model, 100 trials are averaged.
oDs
300 8
250 i
3 ¥ %3
150 4 x5U
3 = x7|J
100 5 / —& x10y
x7u(>20MeV)
o0 A 1
0 * 0

O 2 4 6 8 10Yyears 0 2 4 6 8 10 Years
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Future SN v detectors

Hyper-Kamiokande

h

REODEMSE

"INAN=AZIADYTICEITS

5
HEAY

e

FEH-_a1—KY /&AL

118/19
e lIERreRe i i
RHE
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_.Summary

'Surprisih.g ‘rece‘nt'?the;).’ry i‘iroyemént |

- Ready to observe by éeverai neutrino detectors

. Let’s go supernova!

Thanks




