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Outline

V' Introduction
v Neutrino interaction for SN v detection
v’ Current supernova neutrino detectors

e \Water Cherenkov detector
e Scintillation detector

v’ Future prospects
* Relation with gravitational wave

v' Summary
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SN1987AIn LMC

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

4 )
i ® Kam-ll (11 evts.) || Water Cherenkov
! o IMB-3 (8 evts.) Kamiokande-l| IMB-3
- _Ql;ro o |A Baksan (5 evts.) \uh/ \ E |
° 24 events total e ’
\2’30 - % IR
N HHEAR 5
O @?5}‘?; - .
;JZO ++ ‘% + + \%“L J ' <
5 * ¢ frmm i=== 0
10 j + ¢ Strong directionality for v . event
I + \ y
ot ) faid Scintillator Baksan )
0 2 6 8 10 12 quid <
Time (sec) Good Ve eventidentification — , " -
v
Most of them seems to ve event P s
) ghiiy ﬁz:zfyﬂ atn
L i )
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Neutrinos from supernova burst

Expected time profile

- 100 , e — 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 L Mean neutrino energy . _____ _ JNeutrino physiCS

an Yyl Vx: e neutrino oscillation

o ___‘,‘/"" -

I 5 _5 * etc..

2 e s Measurements of neutrino

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

2014%E3828H HAYIEBRS /S ViNI A



Neutrinos from supernova burst

What we want for a detector

v Massive target
e Current : O(kton), sensitive for galactic center
e Future : O(Mton), sensitive for ~Mpc(?)

v’ Low background rate ~MeV energy region
e Underground detector

v No dead time

v  Precise timing measurement

v Good energy resolution

v Measurable for direction, if possible

v' Neutrino flavor sensitivity
» Use specific neutrino interactions

2014%E3828H HAYIEBRS /S ViNI A



Underground facilities for SN v

Sudbery
(Canada)

6 Y § g e Kamioka
' ; (Japan)

ocA

Antarctica

South Pole

20143 828H HAYIEBRS /S ViNI A 7



Gravitational wave and neutrinos

Only GW and Neutrino are released
during the initial stellar collapse itself, and
arrival at Earth through any obscures.

Coincidence analysis

v Status of progenitor core
* mass, mass density distribution,
rotating ratio,...

v Status of SASI, convection
V27pTL-9 (2= A)

an

0 ~k ~r tp
HEH S AR
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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

[73 +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’ Large cross section

v Good energy resolution
e Ec~Ey-(Mn-mp)

V' Poor directionality

v' Neutron tagging using delayed coincidence
enNn+p— d+ Y

2014%E3828H HAYIEBRS /S ViNI A
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Neutrino interaction for SN v

Inverse beta decay

[7e+p—>e++n]

v Dominates for detectors \
* Detect positron signal in w

v Ve sensitive

v’ Large cross section

v Good energy resolution
eEc~E, - (mn' mp)

v' Poor directionality

v' Neutron tagging using de
en+p—d+y

(10*%m?)

ON
L

S

o pe

10

'4_|||| ||||||
10°%"~"""90 20 30 40 50

Strumia, Vissani
Phys. Lett. B564 (2003) 42

1t
107
102¢

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

Energy (MeV)
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Neutrino interaction for SN v

Inverse beta decay Captured by proton
Ferpoen) o YeN(p, o Y
Vetp—e +n P
. _ 2.2MeV
v/ Dominates for detectors with
* Detect positron signal in water, et ~200 micro sec.

v Ve sensitive
v’ Large cross section

v Good energy resolution
e Ec~Ey-(Mn-mp) Possible to enhance this signal if Gd loaded

v Poor directionality GADZOOKS!

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

2014%E3828H HAYIEBRS /S ViNI A 12



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
BAYEZER /2RI DL
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Neutrino interaction for SN v

Elastic scattering

<~ 10

£

QU

[V ex T € — Vext e'J %
(Both Charged Currentand Qv |
Neutral Current interaction) 5 107
v All neutrinos are sensitive  ° 2]

v The cross section for ve is larger

than others because of CC effect. 10°¢/~"

v' Well known cross section.

" -4:I | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
e few % of inverse beta decay 107, 10 20 30 40

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

—h
TTTITT T

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

50

Energy (MeV)
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Neutrino interaction for SN v

Elastic scattering Water Cherenkov

,\/ex ..................... ;‘L )

[Ve,x"'e'—) Ve,x"' e_J ’ e

O
(Both Charged Current and Af ~25°/VN
Neutral Current interaction) 04—
: " : Angular distribution

v All neutrinos are sensitive " between incident neutrino
v The cross section for ve is larger ~ °%  and recoil electron
than others because of CC effect. . Ev=10MeV
v Well known cross section. *

e few % of inverse beta decay
v Good directionality
v Measurable for only recoil

electron energy, not neutrino energy
20143 H28H BAYEZER /2RI DL
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Neutrino interaction for SN v

CC interactions on nuclei

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

_______

. N 10
Ve + (N,Z) = (N-1, Z+1) + e |
oO
Ve+ (N,Z) = (N+1, Z-1) + e*|2 1t
\ ) S -
ON
T N T 107:
(for example) o
oxygen in water ° oL
Ve + 16180 — 16,18F 4+ -
V_e"' 160 — 15N + e* 10-3%"
carbon in scintillator 104 o
Ve+12C — 12N + e 0 10
Vet 12C > 1B +e”
\_ J
2014535 28H BARYEZS /Y VIR DL

| | L1 |
30 40

50
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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+ (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 nuclear de-excitation y’s

v'Need nuclear physics info.

carbon in scintillator

v+ 12C — v +12C*
— 2C + v (15.11MeV),

\_

L

de-excitation y in oxygen
/

/
e
s
/I

0 %\/10 15 20 25

E (MeV)

oxygen in water

v+ 180 — v + 16O*
Ev < ~150MeV)

~

> 160 + v
J

2014%E3828H HAYIEBRS /S ViNI A
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Supernova neutrmo-
detectors o




Current SN v detectors

50kton Water Cherenkov detector

Super-Kamiokande

32kton fiducial volume for SN
20’ PMT photocathode

R (inner)  coverage
S |SK-1 11,146 40%
- —{SK-2 5,182 19%
=gl (SK-3 11,129 40%
1] 2 5 : SK-4 same as SK-3
WS- with new electronics
| _.1‘ } il B + ¥ — — —
e = - .
= & ’*"‘:- it = S e -
|_‘_- : B
', -3': SR \\%;%%5.‘7;‘;2‘1:4:? < -
| e S AR
Boe oF 1000m
) N iRk 3
) *\‘\’;?:_— F '.’,:/_' % -;..:;_ , V,'- bl e / \\
: Placed inside the Kamioka mine
neutrino 39.3m

2014%F3H28H

e

v¥" Underground in Kamioka
mine, (almost BG free)

v 3.5MeV energy
threshold for recoil electron

¥ Dominant process is

inverse beta decay
v Good directionality for ve

elastic scattering

1000m underground

BAYEZER /2RI DL



Current SN v detectors

50kton Water Cherenkov detector
| Fi

Super-Kamiokande | .
2 . h d .
~ s

N

| Expected number of event

~7300 ev (inverse beta decay)
~100 ev (%O CC)
~300 ev (ve elastic scattering)

~360 ev (160 NC y)
at 10kpc, 4.5MeV energy threshold

10 ) 1 10 10 2 10 2 _ Livermorc? simulation
Totani, Sato, Dalhed, Wilson, ApJ. 496 (1998) 216

center
ALMC

) E Galactic

events/32 kton

distance(kpc)
2014438 28H BERYEBER /2RI T 20




Current SN v detectors

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

8180 |
§1605-
8140}
8120 |
100 |
80|
60|
40¢
20}

ol

2014%F3H28H

Time variation of event rate Time variation of mean enerqgy
13 26} Tmianom ) L
] E [ | Buras et al. (2006) s112_128_f
1 o 24 || Sumiyoshi et al.(2005) Shen EOS
-
18 22¢
{ ® [
] § 20|
1S [
] 18|
'I'Mdd..siﬂ 16 -
m.ﬁz%%ﬁ%s 14
Liebendorfer et al.(2005) VERTEX [ 1
............................. 12!
0 005010150202503 0 005010150202503
Time (sec) Time (sec)
HAYEBEZS /> ViRI DL 21



Current SN v detectors

Super-Kamiokande Simulation of angular distribution

§ 50| Energy=5-10MeV & 100[ Energy=10-20MeV |

v v-e elastic scattering has ” sl 5 ol e |
good directionality. 0] R | \}’
v Direction of supernovacan | (I Ll iy
be determined with an ol A i
accuracy of ~5 degree. . L e
" -1 -0.5 0 0.5 1

v  Spectrum of ve events can

cos(6g,)

be statistically extracted g [ 2030y £ zas[ o=V
using the direction to 2 ol | M | | ||i’ 172_; v _A
supernova. so gl " 121:H| | |
Vv If Gd loaded, it will be 20 | | || | HH T M M |
more accurate since ve signal 1| B e i Hv L”J | } } }
can be separated. %1 s Ve:p 05 )1 %3 e: o5
cos(0gy, cos(0g,)

2014%E3828H HAYIEBRS /S ViNI A 22



Current SN v detectors

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

Giga-ton detector v' Nominally multi-GeV energy threshold,
E— but can see burst of low energy ve's as
- iIncrease in single PMT count rates.
v Cannot tag flavor, overall rate and fine
time structure.

x10°

s
N
o

expected value

# [1/100ms]

160 f— ! — including errors
150f— .
140 10 kpc
130 '
120/

110 iﬂ:"l,l'lu"'l"ll'n'lu"u,"'v"ulu“'

_|||||||||||||||||||||||||||||||||
104" 2 4 6 8 10 12 14

2014%E3H28H HAYIEZ=,/ > IRy T A 23



Current SN v detectors

Scintillation detectors PMT

v Liquid scintillator CnH2n volume surrounded by

PMTs.
v' Low energy threshold (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 5 SMeV
T
KamLAND LVD Borexino  Baksan o~ O ~J
(Japan) (Italy) (Italy) (Russia) \ P \
\ et /
~200 usec.

+Double Chooz, Daya Bay and RENO
2014535 28H BARYEZS /Y VIR DL 24



Current SN v detectors

KamLAND 1000 ton Liquid scintillator at Kamioka

- ¥ Large volume

" v Low energy threshold Prediction of SN by

‘/ Good ve sensitive Signal from Si burning
e J Good energy resolution
7.25%/\/ E/(MeV) _ MamLAND event

3—_ ‘ — ]

2/\ -
1:— 7

Expected number of event at 10kpc

Detected event [1/0.1MeV/day]

~300 ev (inverse beta decay)
~60 ev ('2C CC) ° 2 bemewren
~20 ev (ve elastic scattering) | ~10 events/day for Betelgeuse
~300 ev (v+p—v+p) AHEAE A
2013%3H /HFEYEFR

20143 828H HAYIEBRS /S ViNI A 25



" Future prospects




GADZOOKS!

(Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande Superl)

- Dissolve Gadolinium into Super-K
J.Beacom and M.Vagins,

Inverse beta decay

(2 2I\/IeV)

- /‘ Phys.Rev.Lett.93(2004)171101
V O p
e . .
o7 Vv’ First observation of SRN
v Also more precise detection
\ Gd of supernova burst neutrino
e
(g 100% 0 O: i ffrdc?éﬁiig ]
or n capture
8Me § 80% - For 50 ktons this means ﬂ‘;/
e |~100 tons of water soluble / |
& GACl, or Gd,(SO,)s /
O 60% - q
- A T~30 L SEeC o | |
- Vertices within~50cm 20% | |
| Gdin
0% - ~ Water

2014%F3H28H HAYEZ= /> 00001% 0001% 0.01% 0.1% 1% 27



15 ton buffer tank

2014%F3H28H

EGADS

(Evaluating Gadolinium’s Action on Detector Systems)

200 ton tank
HAYIEBRS /S ViNI A

Filter
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2014%F3H28H

EGADS

(Evaluating Gadolinium’s Action on Detector Systems)

uut, 213
i Y o

» v
2% . e
\ 5 X WO
. . % e
. W .
n - . .
. ’ ™ T - . | >
e ‘ e * > R <
e A N » .
' 4 L " B . 1 b
~ = 4 s "
o’ - . v - x 4 :
AL . < .
gt - | b >
/ .
' ¢ ~

BAYEZER /2RI DL
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SKE (Supernova simulations with KAGRA and EGADS)
G

I.’/' (9

KAGRA SNe Theory
p : G Giny W 3‘7,‘ :
! ,. v . ';:“ .

ADS 27pTH-5-7

|

GW Analysis v Analysis

— . D-0PCTC
T-Yokozawa, M. Asano-. P
N. Kanda
- KAGRA detector simulations
- Develop/Optimize GW analysis toqlé'

"Pre.pare for realtime observatigar”’

____________________________ BES ARE
20143 828H HAYIEBRS /S ViNI A 30



Progenitor core rotate or not?

No core rotation

No GW signal from core bounce
GW from prompt convection after

h(t)@10kpc

1E-21 [ No core rotation case (O[rad/s])
| GW waveform ¢
0 ]

221 - No GW signal from core bounce
4E-21 [
Lvlerg] 0.16

E+54

E+53 |

Neutronization burst

Strong core rotation
Strong GW signal from core bounce
GW from core bounce before
Neutronization burst

Core bounce time : 0.181[s]

0.18

0.2 0.22 0.24

Neutrino luminosity 1/, V_e

core rotation case(pi[rad/s])

oA

1+ Core bounce time : 0.196[s]

/“MW\WQ

1t Strong GW signal from cpre bounz\de

0.16 0.18 0.2 0.22 0.24

\Neutronization burst

GW from core bounce
before Neutronization burst

0.16 0.18 0.2 0.22 0.24

h(t) and Luminosity(@10kpc for each model ; Time[s] : O is start time of gravitational collapse

E+b2 GW from prompt convection
after Neutronization burst
B9l 06 0.18 0.2 0.22 0.24
2014%3H28H
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Progenitor core rotate or not?

No core rotation Strong core rotation
No GW signal from core bounce Strong GW signal from core bounce
GW from prompt convection after GW from core bounce before
Neutronization burst Neutronization burst
preliminary
100 ' ‘ | 100 | ‘ '
Detection efficiency[%] Detection efficiency[%]
80 |
80 |
60 60|
40 | GW 1 40 |
Neutronization burst &GW
20 ¢ | 20 |
0 . J — 0 1 1 —_—
0O 02 04 06 08 10 12 14 16 18 20 0 02 04 06 08 10 12 14 16 18 20

Distance [kpc]

2014435281 27pTL-8(REF S A), 27pTL-9(EES A), 28aTK-1M(FEF S A) 32



Future SN v detectors

Large scale detectors

2014%F3H28H

Megaton-scale water
detector concepts

5-100 kton-scale
liquid argon
concepts

GLACIER

10-100
kton-scale
scintillator
detector
concepts

LENA

BAYEZER /2RI DL
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Future SN v detectors

Large scale detectors

Megaton-scale water

detector concepts
2014438 28H BARYEZS /Y VIR DL
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Future SN v detectors

Determine starting time

Hlper-KamIOkande with ~0.03 msec precision.
. 84000[ & T Time profile-
53500} s :
: S | |
: - =3000} -
= |
g- 2500 |
S |
Expected number of event £ 2000
. 1500
~168000 ev (inverse beta ¢ b
~2300 ev (*°0 CC) 10900 T e om,,
~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

20143 828H HAYIEBRS /S ViNI A Time (segg



Future SN v detectors

de

Cummulative supernova rate [/yr]
o
in

0

S.Horiuchi

[a—
n
|

[—
]

Hype

|
- = = observed, ing
observed, ex(
predicted, frg
« = « = predicted, frq
= « == predicted, frq
continuum e3

Discoverie

r-Kamiokan

luding impostors
cluding impostors
ym B-band

ym UV

ym Hot

ttrapolation
]

l——-l

I
2S I
I
I

. Nearby galaxy

1 ¢ 0.2~0.6 SN/year is
expected at 4Mpc.

—— —

Dis

2014%F3H28H

tance [Mpc]
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Future SN

Hyper-Kamlokande
<100 vz

v90§
80|
70}
60}
50 |
40}
30}
20|
10}
ot

Detection Probability

Distance (Mpc)

|

1 Vv The detection probability:

0123458678510

V detectors

Nearby galaxy

'V 0.2~0.6 SN/year is

expected at 4Mpc.

31~56% (Nz1) @4Mpc

v 1 event from SN@4Mpc

(need another information
e.g. GW) every 3~10
years Is expected.

2014%E3828H HAYIEBRS /S ViNI A 37



.Summary £
Surprlsmg recent theory |mprovement

Ready to observe ) several Allitrino detectors

Let’s go supernova!

(but after advanced GW detectors are ready)

Thanks




